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The objectives of this research were to (1) develop the production process of porous
hydroxyapatite (HA) ceramics with controllable porosity and (2) study key forming factors
affecting on porosity and mechanical strength of porous HA scaffolds. The HA powder was
synthesized through a precipitation reaction bétween calcium hydroxide and orthophosphoric acid.
The porous samples were prepared from F without and with 1wt% surfactant (agar
powder) through three methods; il template technique using polymethyl
methacrylate (PMMA) gre ontent, (2) direct foaming technique
using hydrogen peroxide (L€ i angifl@ frem. | 40 30wt% in concentration, and (3)
combination technique betws . and direct foaming techniques using PMMA
and H,0;, at liquid to po lerwards, the porous samples were
sintered at 1,100°C for 2 ge. Moreover, the HA powder was
characterized by X-ray D Lo Trasisform Infrared (FTIR), Particle Size
Analysis (PSA) and Scaaflinglgflién Microstope (SEM), The porous samples were investigated
for porosity, microstructurggftouiprgssive dnd N furdl steeng h, and stiffness.

The study founddtha acrifitial tefplate technique using PMMA provided pore sizes
ranging between 100-300 ' TANg ng ‘between 52-74%, compressive and flexural
strengths ranging between 0,355 hﬁ% 657 MPa, respectively, compressive and flexural

/m?, respectively; (2) direct foaming
beh-.rcen 100-1,000 pm, porosity ranging

stiffness ranging between 3
technique using H,0; prnwdad_

between 80-85%, com rcm ! nEths ing between 0.07-0.7 MPa and 0.1-1.1
MPa, respectively, a stiffriess rangig between 60-550 kN/m” and 2-
75 MN/m’, respecti ﬁ ) hnique AN and H,0; provided pore sizes
ranging between mu-gm 9o g between 82-90%, compressive and flexural
strengths ranging betwecen 0.03-0.5 MPa and 0.1 l] 7 MPa, per.:tivel:,r, and compressive and
flexural stiffnes between 13-440 K&m’ and 0.5-45 MN/m’, respectively; (4) the
combination t ﬁﬁvﬁ#ﬁ &tﬁ? m '\1@ sacnfcial template and the
direct foaming rificial template technique was

th: best meihnd to mmm] the porosity, {6} Increasing PMMA contentg H>0, concentration and

P W ask h; and (7) addition
: 4 asing nmlm the porous samples
via dm:ct fuammg technique using H;0,, at 95% confident interval. At the H,O,

mnmntratmn between Swit% and 20wt%, the compressive strength increased from approximately
0.29 to 0.46 MPa (increased about 60%).
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CHAPTER |

INTRODUCTION

1.1 Background

From the advent of fire, ceramics have been developed to facilitate human life
for many decades ago. The remarkable eveldlion of using ceramics is for the medical
purposes, including repai;-reconstruction and-replacement of diseased or damaged
parts of human organs. Ceramics used for this purpose are termed “Bioceramics”
(Hench, 1998). According.io an increasing demand of patients suffering from losing
their organs, such ceramics have become an integral part of the modern health care
system. ’

Recently, bioceramies have been Eleveloped for various uses in medical
industry, for example implant devices for' bone and joint surgery, prostheses for
orbital implant, or carriers for drug deliv'e’fryj system. Furthermore, bioceramics are
also used in dentistry, e.g. dental cemenfs-, %6oth filler or tooth root. The prime
example of bioceramics is hydroxyapati’té;"'fhe most popular bioactive material
utilized in medical -appiication:—iviany studies focused  on hydroxyapatite (HA)
because of its identical chemical composition t0 human bone and its excellent
biocompatibility with human tissue (Liu, 1997). There are some examples of clinical
applications of. HA,» including o orthopedic ) surgery, <orbital implant, surgical
application, dental application and drug delivery system.

Clinically, hydroxyapatite, can, be. used in various, forms,“depending on the
purpose ‘'of‘medical application, ‘i.et granules for bone filler, dense and porous block
for artificial bone, composite for making artificial device or microcrystal for drug
delivery carrier (Aoki, 1994), as well as thin layer for coating on metallic implant
(Gibson, 2001).

Interestingly, porous HA favors more growth of cells and tissue than dense
one due to the surface area of porous form greater than dense form. In addition, a
rough surface of porous HA can improve the mechanical strength of the attachment

between the implanted material and the surrounding tissue, providing a greater



mechanical stability at the critical interface. Moreover, interconnections are also
necessary for a formation of new bone and tissue because they allow migration and
proliferation of osteoblast, a type of bone cells, and vascularization (Lu et al, 1999).
Additionally, pore size larger than 300 um (Karageorgiou and Kaplan, 2005) and
interconnected pore size larger than 50 um (Flautre et al, 2001) are required to
achieve this purpose. Therefore, porous HA with suitable size is an appropriate
material for making devices or prostheses jattached to the biological surrounding
environment.

Generally, porous-ceramics can-be grouped-into two general groups, including
reticulate ceramics and foame-ceramics. The former IS composed of interconnected
voids surrounding by a websof eeramic whereas the latter is comprised of closed voids
within a continuous ceramie matrix (Li et al, 2003). Besides the structure, the sizes of
pore are also classifiedy including micropores (<20 nm), mesopores (between 20 and
50 nm) and macroporgs (350 nm). Cohsequently, the reticulate ceramic with
macropores seems to be suitable to fulfill the requirement of tissue engineering.

Nevertheless, all parous materials'have a common limitation that is the
inherent lack of strength assoclated with pbroléity. So, their application tends to be
limited to low-stress.location. The porous HA is frequently used in low-load bearing
applications. The outStanding-exampie of low=ioad beariig application is the use of a
porous hydroxyapatite eyeball in orbital implant. That'is why a lot of commercial
products are manufactured from natural materials which have an appropriate porous
structure, e.g. Biocoral® isderivedfromnaturalicoral and<Endobon® is produced from
bovine bone.

In fact, porous HA.can be.produced.from’both natural.sources and completely
synthetic routes. 'But, the use of porous'HA derived frominatural'source, e.g. coralline
HA, is restricted by the scarce resources, as well as a risk of contamination from
remaining organic matters and undesirable minerals. Thus, HA derived from synthetic
route has become an alternative for making porous material. For all above reasons,
many attentions focus on how to fabricate a suitable porous structure.

Until now, numerous methods of making macroporous HA have been
presented. In addition, the route to fabricate porous ceramics has been classified into

three techniques, including replica technique, sacrificial template technique and direct



foaming technique (Studart et al, 2006). Replica technique is based on the replication
of the morphological structure of the original template. Sacrificial template technique
is found on the use of the template as a pore former. And direct foaming technique is
ground on incorporating gaseous bubbles into ceramic suspension. The schemata of
these techniques are shown in Figure 2.6 in chapter 2.

Although there are previous studies on fabrication of macroporous HA, they
have mainly focused on using a single technique. For instance, replica techniques
such as replamineform (White et al, 1975),-hydrothermal (Roy, 1975; Hing et al,
1999; Xu et al, 2001) -and-impregnation (Tian-et-al, 2001); sacrificial template
technique such as dual-phase” mixing (Li et al, 2003) and starch consolidation
(Rodriguez et al, 1998); and.direct feaming technigue such as foaming method
(Almirall et al, 2004) and<gelcasting (Sepulveda et al; 2000). Surprisingly, a few
works focused on the fabrigation of poroﬁs HA using a eombination between replica
and direct foaming techniques, €.g. a combiﬁation of PU impregnation and gelcasting
(Padilla et al, 2002). Therefore, “it seems' there is.no study focused on using a
combination between sacrificial template aﬁdjdirect foaming techniques, which may
be a new approach to producing perous HA éedﬁolds.

In this dissertation; the production bgrdcé'ss of porous HA was developed. HA
powder used in this Study-was-synthesized from-an-adqueous precipitation reaction
between calcium hydroxide and orthophosphoric acid. Porous HA scaffold was
prepared via direct foaming, sacrificial template and combination techniques. The key
process parameters affecting en’porosity andimechanical:strength were also studied.
The prepared HA powder and the resultant porous HA samples were characterized as

well.



1.2 Objectives of Study
The objectives of this study are as follows,

1. To develop the production process of porous HA ceramics with
controllable porosity.

2. To study key forming factors affecting on porosity and mechanical
strength of porous HA scaffolds

1.3 Scopes of Study

The scopes of this.study-are as fallows,

1. Synthesized hydroxyapatite derived from an aqueous precipitation reaction
between calCium hydroxide ‘and orthophosphoric acid will be used as a
material for'makingthe specir‘T)e.ns In this dissertation.

2.

1.4 Expected Outcomes — -

Sacrificial templatg method, direct foaming method and combination
technique beiween the both rﬁ_ethods will be used for the fabrication of

porous hydroxyapatite ceramics. *
' §

= !J..l

il

Expected outcomes of this study were as follows,

1.
2.

Pure hydroxyapatite-powder-couid-be produced.

Porous hydroxyapatite scaffolds could be rrprepared using sacrificial
template, direct foaming and combination methods.

Comparisom between sacrificial template~ymethod and direct foaming
method were studied.

Relationship. between.key. pracess. parameters affecting.on porosity and

mechanical propertiesiof.the*porous samples were investigated.



CHAPTER |1

LITERATURE REVIEWS

In this chapter, the previous studies of bioceramics, hydroxyapatite, porous
bioceramics, fabrication methodolegies of parous bioceramics, and heat treatment of

bioceramics were reviewed.

2.1 Bioceramics

Many years ago, ceramics have been developed to improve the quality of
human life. The considerable breakthrough is the innovative use of specially designed
ceramics for the repairyreconsiruction, and replacement of diseased or damaged parts
of the body. Ceramics used for this purposé- are termed “Bioceramics.” Bioceramics
can be polycrystalline, bioactive, or poroué for tissue ingrowths (Hench, 1998). This
particular ceramics has become an“integral and vital segment of the modern health

care delivery system.

2.1.1 Needs of Biocefamies

Bioceramics are needed to relieve pain and restore function to diseased or
damaged parts of the body. A major contributor to the need for spare parts for the
body is the progressiverdeteriaration;af tissuetwithhage: Bonesis especially vulnerable
to fracture in older people because of a loss of bonedensity and strength with age.

Figure 2.1 showed.the effect of age.on. bone strength.and fracture probability
from the age of 30 years' onward. The ‘bone strength'.decreases, -but the fracture
probability increases, with an increasing age. Particularly, the effect is severe in
women because of hormonal changes associated with menopause. As a result, bone
density decreases because bone-growing cells (osteoblast) become progressively less
productive in making new bone and repairing micro-fractures. The lower density
greatly deteriorates the strength of the porous bone, called trabecular or cancellous
bone, in the ends of long bones and invertebrae. An unfortunate consequence is that



many old people possibly fracture their hips or have collapsed vertebrae and spinal
problems.

The great challenge of using ceramics in the body is to replace original
deteriorating bone with a material that can function the remaining years of the
patient’s life. According to the fact that the average longevity of human is now over
80 years and the need for body spare parts begins at around 60 years of age,
bioceramics need to last for owver 20 ‘vears. This demanding requirement of
survivability is under conditions of use thai‘are especially harsh to ceramic materials
(e.g. corrosive saline solutions-at 37°C under-variable, multi-axial, and cyclical
mechanical loads). So, the speeially designed bioceramics can satisfy this requirement

with the excellent performance. ,
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Figure 2.1 | Effect of age on the strength of bone and probahility of fracture
(Hench, 1998)



2.1.2 Classification of Bioceramics

To consider the classification of bioceramics, it is essential to recognize the
level of survivability of bioceramics and bioreactivity of tissue attachment. Generally,
bioceramics can be classified into 3 types, according to biological response of cells

and tissues. There are (A) bioinert, (B) bioactive and (C) bioresorbable.

(A) Bioinert Ceramics

The term bioinert refers to any bioceramics once placed into the human body
has biologically minimal-interaction -0r inactive-with its surrounding tissue, but
promotes the formation of fibrous tissue. Their general function is to sustain high
mechanical loads. For this«role; they are used to realize parts in which the applied
compressive load is«veryshigh, Conseguently, they are particularly employed to
produce joint parts of prostheses, such asithe head of a hip joint or the plates of knee
joint. The most utilized examples -6f sucﬁ bioceramics are alumina (Al,O3) and
zirconia (ZrOy) :

(B) Bioactive Ceramics

Unlike inert bioceramics, this type of bioceramics is the most favorable to
medical application because-it-encourages the surroundifig tissue. Generally, they are
calcium phosphates. The prime example of these materials is hydroxyapatite (HA).
Their function is generally to sustain repair or growth of bone; therefore, their main
application is/zinathepbore, cwhere amineral ©omponent=is similar to that of
hydroxyapatite.

Bioactivity .is an .interfacial response..of the tissue toward. material, which
results at the'end in‘a tissue bonding. The bioactivity of a-material can be subdivided
into (1) osteoinduction (the repair or growth of tissue due to the ions freed in the
biological environment) and (2) osteoconduction (the process by which bone is

directed to conform to the surface of the material).



(C) Bioresorbable Ceramics

Upon placement within the human body, bioresorbable (or biodegradable)
ceramics starts to dissolve and be slowly replaced by the surrounding tissues. The
examples of such ceramics are calcium phosphate salts, tri-calcium phosphate (TCP),
calcium oxide (CaO), and calcium carbonate. Usually, bioresorbable ceramics have
the high level of bioresorption (the process of removal of material for degradation
exercised by the biological environment), Wwhereas bioactive hydroxyapatite exhibits
high biostability (the capacity of a maienal te resist changes in a biological

environment) (Barbucci, 2002).

2.1.3 Calcium Phosphates{Family;

There are severalsTorms, of Calcium phosphate, forming a family of
compounds called “apatites:” Apparently,r the main Inorganic components of bone and
teeth are hydroxyapatiteswhich has caloitim -and phosphate as the major constituents
(Guelcher and Hollenger, 2006). However,-the' exact structure of biological apatites is
not clear due to the numerous forms of‘their morphology and variation in non-
stoichiometry. Therefore, the mast converiier{f way to classify calcium phosphate
compound is by groups of definite Ca/P atomic ratios. Table 2.1 presents several
types of calcium phosphates-categorized by sorting according to respective Ca/P
atomic ratios.

Generally, various types of calcium phosphates, having different Ca/P ratios
from 2.0 to 0.5; can be synthesized by mixing/a calciumsand:phosphate ion solution
under acid or alkaline conditions. The calcium phoSphate compounds with high Ca/P
ratios can be synthesized.in alkaline environment, whilst those with low Ca/P ratios
can be precipitated in acid 'solution. Kydroxyapatite can'be produced in both neutral
and alkaline condition. Usually, the stability of calcium phosphate in solution
increases with increasing Ca/P ratios. Interestingly, hydroxyapatite is the most
popular material among its family since it is found in natural hard tissues as mineral

phase.



Table 2.1 Various calcium phosphate with their respective Ca/P atomic ratios
(Adapted from Aoki: 6, 1994)

Name Abbreviation Chemical Formula  Ca/P
Tetracalcium phosphate monoxide TCPM Ca,0(PO,), 2.00
(Hilgenstockite) (TTCP/TetCP)
Hydroxyapatite HA Cay(PO4)e(OH), 1.67
Amorphous calcium phosphate ACP Ca,(PO4),
Tricalcium phosphate TCP
Alpha tricalcium phosphate a-TCP Caz(POy), 1.50
Beta tricalcium phosphate (Whitlockite) B-TCP CasP,0g 1.50
Octacalcium phosphate QCPR CagH,(PO4)6.5H,0 1.33
Dicalcium phosphate dehydrate DCPD CaHPO,.2H,0 1.00
(Brushite) '
Dicalcium phosphate anhydrous DCPA CaHPO, 1.00
(Monetite)
Calcium pyrophosphate CPRED 4 Ca,P,0, 1.00
Calcium pyrophosphate dihydrate CPPD Ca,P,07.H,0 1.00
Heptacalcium phosphate HCP Ca7(Ps0g6)2 0.70
(Tromelite) _
Tetracalcium dihydrogenphosphate TDHP ' CasH,Ps040 0.67
Monocalcium phosphate monohydrate MCPM Ca(H,P0O,),.H,0 0.50
Monocalcium phosphate anfiydrous MCPA Ca(H,P0,), 0.50
2.1.4 Coralling

Coral is_a natural substance-made by marine invertebrate which has a unique
interconnected porous structure. Clinically, corals for use as Bone implants were
selected' mainly on'the basis-of, their.structural Similarity to haonge. It provides an
excellent structure for the ingrowth of cells and hard tissue (bone), and the main
component is gradually degraded by the body.

Chemically, the main constituent of coral is calcium carbonate, CaCOs, (or
Aragonite). In 1975, Roy patented the first hydrothermal method to convert carbonate
life forms to HA. Recently, Guelcher and Hollenger (2006) also converted corals to
HA by a hydrothermal ion exchange process. Additionally, Hu et al. (2001) and Xu et
al. (2001) also reported that corals genus ‘Goniopora’ and ‘Porites’ can be used as
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original materials because of its inimitable microstructure and favourable strength.
For example, Interpore-200 and Biocoral are commercial names of the coralline HA
which resembles cancellous bone. Currently, both pure coral and coralline HA
derived from coral are utilized to repair damaged bone, to replace diseased bone and
to reconstruct a number of bone defects.

Figure 2.2 exhibited the microstructure of the pure coral (Biocoral) which is
composed of crystalline calcium carb&naf(}}o aragonite and that of human cancellous
bone. The compressive strength of the pur@erles from 26 MPa (50% porosity)
to 395 MPa (dense) depend-mg—en the pbrosuy—&-mﬂarly, the elastic modulus ranges

s, 7_ ¥ o o _:JH o i . i Ll \ v T, e i
_(q) Pure coral g (b) Humay_rcancellous bone

s-"

Figure 2.2 The mlcréstructure of the section of (a) Blor:”ﬁral at 50% porosity and (b)

the sectlonjof human cancellous bone (from-http /lwww.biocoral.com)

2.1.5 Human Boné  CJ

Bone |s al composite material, con5|st|ng -of approxmateiy 10% water, 20%
organlc ,‘nateﬁlal[ -ar{d 'fO% mlneﬂai 141atte“r by \t\ielgl‘[t The orgaqlc component is
mainly composed of collagen fibrils. The remainder of the organic material is made
up of other proteins, a cement-like substance, and a cellular component, comprised of
(1) Osteoblasts, (2) Osteocytes, and (3) Osteoclasts, which aid in dissolution,
deposition, and nourishment of the bone. The inorganic, mineral component is a
calcium-deficient carbonate-substituted apatite containing calcium and phosphate
ions, similar in structure and composition to Hydroxyapatite (Caio(POs)s(OH),)
(White et al, 2007).
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There are several types of cells constituting the bone, including

(1) Osteoblasts:

Osteoblasts are mononucleate bone-forming cells which descend from
osteoprogenitor cells. They are located on the surface of osteoid seams and make a
protein mixture known as ‘Osteoid’, which mineralizes to become bone. Osteoid is
primarily composed of type | collagen. Ostegblasts also manufacture hormones, such
as prostaglandins, to act .on the bone “iself..They robustly produce alkaline
phosphatase, an enzyme that-has a role-in the mineralization of bone, as well as many

matrix proteins. Osteoblasts arethe tmmature bone cells.

(2) Osteocytes: ,

Osteocytes originatg from osteobiasts which have migrated into and become
trapped and surrounded by bone matrix wh:ich they themselves produce. The spaces
which they occupy are known as Iacunae-.'O'steocytes have many processes which
reach out to meet osteoblasts and other"bsteocytes probably for the purposes of
communication. Their functions inctude to v'-aryli'ng degrees: formation of bone, matrix
maintenance and calcium homeostasis. They have also been shown to act as mechano-
sensory receptors, regutating the-bone's response to stress and mechanical load. They

are mature bone cells.

(3) Osteaclasts:

Osteoclasts are the cells responsible for bone resorption (remodeling of bone
to reduce .its.volume).. Osteoclasts . are . large,.multinucleated cells_located on bone
surfaces'in'what are called Howship'slacunae of resarption pits. These lacunae, or
resorption pits, are left behind after the breakdown of bone and often present as
scalloped surfaces. Because the osteoclasts are derived from a monocyte stem-cell
lineage, they are equipped with engulfment strategies similar to circulating
macrophages. Osteoclasts mature and/or migrate to discrete bone surfaces. Upon
arrival, active enzymes, such as tartrate resistant acid phosphatase, are secreted
against the mineral substrate.
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Figure 2.3 showed the hierarchical structure of bone. Hydroxyapatite micro
crystals are arranged between the ends of collagen fibrils, which are then arranged
into sheets called ‘lamellae.” The morphology of the hydroxyapatite microcrystals is
generally agreed to be plate like with dimensions on the scale of 10-100s of
angstroms. The collagen lamellae are either arranged in concentric circles, called
“Tubular Haversian Systems,” or in sheets These sheets form the spongy, cancellous

bone (or trabecular bone) found | ;jéture and at bone ends. The Haversian

system configuration, on thg\e{ the dense, cortical bone, which

comprises 80% of bone rrouhds ous bone.

SIu u:alo

UL *‘n?evmwé’wmmet ol 200)
ammmm wnwma El



13

2.2 Hydroxyapatite
Hydroxyapatite (HA) has been extensively utilized as raw materials for the
application in the biomedical fields. HA has become the most attractive bioceramics

due to its chemically identical to human bone and its biocompatibility.

2.2.1 Crystal Structure of Hydroxyapatite

Hydroxyapatite is the one of calcium phosphate’s family with hydroxide ion
and has the main chemical component” ef-togth and bone minerals. Table 2.2
summarized the crystal.data-of HA:" Its chemieal formula is Cajp(PO4)s(OH),.
Chemically, hydroxyapatiie _has-the molecular weight of 1004.8 g/mol, the Ca/P
atomic ratio of 1.67 and the lattice parameters of a = 9.42148 A, b = 2a and ¢ =
6.81447 A (Guelcherand Hollenger, 2006).

Table 2.2 The crystal data of hydroxyapatiie (Aoki: 3,1994)

Crystal data Détails
Chemical formula Cam('P'O{)e(OH)z
Molecular weight (g/mol) 10048
Crystal system Hexagenal
Ca/P atomic ratio 1.67
Lattice constants (A) a=9.423,¢c=6.875
Chemical unit number Z=1

Figure 2.4 illustrated the erystal structure of hydroxyapatite. The crystal
structure' of HA is/hexaganal. There are two crystallographically"Ca atoms in the unit
cell. The former is surrounded by six O atoms belonging to PO, groups and OH
groups, whereas the latter is nearly surrounded by six O atoms. Apparently, the
chemical component and crystal structure of HA are also similar to those of the

mineral component of human bone, are the most important factors to its in bioactivity.
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Figure 2.4  Crystal structure of hydroxyapatite (White el al., 2007)
w

2.2.2 Properties of Hydroxyapatite

Admittedly, the #Synthesis pérameters, forming method and exactly
stoichiometry will have™ a' direct_ effect on the properties of synthesized
hydroxyapatite. In this'section, solubizlityfbiological and mechanical properties of HA

)

were discussed. ]
N sid '-f-..r.-'..
(A) Solubility 7 ;J_,‘
Hydroxyapatite is soluble i an acrdn: solutlon while insoluble in an alkaline

solution, and sllghtly soluble in water. In 1999 Paul.and Sharma reported that the

solubility of caIC|um phosphate increased in the followm,g phase sequence: HA, B-
TCP and a-TCP. Hamq_l and Ide-Ektessabi (2007) also symmanzed that the solubility
of HA was mainly dependent on many factars, such as the amount of electrolyte in
solution, the condition-af pressure; ' temperature and pH' level, as well as chemical
composition, marphology, particle size, porosity, density, crystal size and crystallinity
of HAparticles:

In deionized water, Zhang et al. (2001) found that HA had a higher
dissolubility under the hydrothermal condition than under normal pressure and
temperature as well as the solubility of HA decreased with the increasing pH value.
Moreover, Sun et al. (2006) confirmed that the difference in surface density and
crystallinity of HA had an effect on its solubility rate. Aoki (205-225; 1994) indicated
that the solubility of HA was strongly related to biocompatibility with tissues and

chemical reaction.
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In the Ringer’s solution, Kwon et al. (2003) reported that TCP showed a
higher dissolution rate than HA-TCP composite, exhibiting an intermediate
dissolution behavior between that of HA and TCP.

(B) Biological Properties

Among the various properties of HA, the most interesting properties is its
excellent biocompatibility. Indeed, it appears to form a direct chemical bond with
hard tissues when HA is implanted into the.environment of such tissues, since the
composition and crystal struciure of HA' are similai-to that of the mineral component
of bone. There are four factors; reviewed by White et al. (2007), having an influence
on cellular response: including /(1) Ca/P ratio (phase purity), (2) trace element
impurities, (3) ceramic hanaling properties, and (4) sintering characteristics.

Particularly, the'bioactivity of thé ceramic Is very sensitive to the Ca/P ratio.
Synthesis conditions, sugh as pH and reactio:r-l rate, and sintering parameters can affect
the Ca/P ratio. Stoichioniétric HA has a Ca/P ratio of 1.67 and is classified as
bioactive ceramic, forming a stable bon'di of carbonated apatite at the HA/bone
interface through a process of dissolution,Tprél’bipitation, and ion exchange. In vivo
studies have confirmed this bond, showing'tharfailure typically occurs in the bone or
HA, but not at the HA/poene interface:

Synthetic materials pose their own set of challenges. Hench (1998) identified
two key components to the clinical success of a biomaterial: (1) it must be able to
form a stable interfacecwithrthe surrounding tissuerand(2) itsmust functionally match
the mechanical behavior of the tissue to be replaced.

(C) Mechanical Properties

While HA has excellent bioactivity, its poor mechanical properties compared
with bone have hindered its use in clinical applications. Table 2.3 summarized the
mechanical properties of hydroxyapatite in various forms. White et al. (2007)
reported that dense HA had a compressive strength four times that of cortical bone,
and yet a significantly lower tensile strength and fracture toughness. However, it must
be noted that even among studies of dense, single-phase HA, the values reported for

mechanical properties vary widely due to differences in the preparation process and
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the measurement techniques. As well as the final firing conditions can be resulted in
the phase transition between HA and TCP. Even with this consideration, HA does not
match the mechanical behavior of natural bone and thus can not be used in major

load-bearing applications in its present form.

Table 2.3  Reviews of mechanical properties of hydroxyapatite in various forms

_ Authors Compressive « Flexural/tensile Elastic Fracture
Materials (Year) strength strength Modulus toughness
(MPa) (MPa) (GPa) (MPa.m"?)
Cortical bone White et al 100-230 50-150 n/a 2-12
(2007)
Cancellous bone  White et al 2-12 10-20 n/a n/a
(2007)
Dense HA Kothapalliet al n/a S n/a n/a
(2004)
Dense HA White et al 430-920 17-110 n/a 1
(2007) '
Dense HA Park and Lakes 294 147 40-117 n/a
(2007)
Dense HA He et al ey W n/a 13.86 n/a
(2008)

Note: n/a = No data available T/

Table 2.4 listed the physical propertiésrof synthetic hydroxyapatite. Park and
Lakes (2007) reported that the synthetic HA had the elasiic modulus ranging between
40 and 117 GPa, the-eompressive strength of around 294 MPa and bending strength of
approximately 147 MPa. The hardness in Vickers’ scale of the synthetic HA was 3.43.
Poisson’s ratio for the mineral or synthetictHA was about 0.27, which is close to that
of bone (around 0.3). Furthermore, the theoretical density aof synthetic HA was 3.156
glem®,

Table 2.4 Physical properties of synthetic hydroxyapatite
(Park and Lakes: 153, 2007)

Properties values
Elastic Modulus (GPa) 40-117
Compressive Strength (MPa) 294
Bending Strength (MPa) 147
Hardness (Vickers, GPa) 343
Poisson’s ratio 0.27

Theoretical Density (g/cm?) 3.156
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2.2.3 Medical Application of Hydroxyapatite

Hydroxyapatite has been widely used in medical applications due to its
identical chemical composition and high biocompatibility with human bones. Table
2.5 summarized the medical applications of hydroxyapatite in many forms. HA has
been synthesized and used for manufacturing various forms of implants as well as for
solid or porous coating on other implants. In this section, various medical applications

of hydroxyapatite were reviewed.

Table 2.5 Medical applications of hydroxyapatite-in-many forms
(Adapted from Table 5-1, Aoki: 90, 1994)

Forms of Hydroxyapatite

Applications Denseg - Porous Granule = Micro- Coating Composite
: crystal

Orthopedic Applications
- Artificial bone v v 4
- Artificial joint 4 Y 4
- Bone fillers v
- Bone formation promoter } v
Orbital implant v
Surgical Applications
- Artificial Blood Vessel
- Artificial Heart Valve
- Artificial Trachea
Dental application
- Toothpaste v
- Dental cement v
- Bone fillers
- Tooth root
Drug Delivery Carrier v v

RS h UeS
ANANRN

NN

(A) Orthopedic Applications

Orthopedic applications of hydroxyapatite, reported by White et al. (2007);
including bone grafts,"autografts and allografts, bone filler, as well as artificial bones
and joints, are already being utilized clinically worldwide. When bone defect occur
due to diseases or accidents, bone grafts are introduced to perform both a mechanical
and biological role, serving to restore skeletal integrity, fill voids, and enhance bone
repair.

Murugan and Ramakrishna (2005) indicated that HA is an appropriate material
for bone grafting due to its bioactivity, osteoconductivity and crystallographic

structure similar to bone mineral. Dense and porous HA are also used to produce
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artificial bone. Autografts involve a second incision to harvest the replacement tissue
from another area of the patient’s own body. This requires additional healing at the
donation site and can involve long-term postoperative pain. Allografts, as they come
from a foreign body, carry with them the risk of viral infection, immune system
rejection, and resorption due to immunological responses.

The potential advantage offered by a porous bioceramic implant is the
mechanical stability of the highly convoluted interface developed when bone grows
into the pores of the ceramics. There are two.-primary clinical applications of porous
ceramics, including bone-filler-and joint repiacement. For Bone fillers, HA granules
or porous bodies can be used as prostheses for bone repair in non-load bearing
location. Bone formation premeter is made of microcrystal HA.

For joint replacement, hydroxyapatite has been used as a coating material on
metal and alloy (e.g. stainless steel or titanium alloy) in order to prevent loosening
and corrosion of using unceated metals and alloys. There are many artificial joint,

including hip, knee, shoulder, finger and otherjoints.

(B) Orbital Implants

Lloyd et al. (2001) indicated that orbital implant is-needed due to the fact that
removal of the globg Orits-internal-contents requires the fhsertion of a solid implant to
maintain the orbital vafume. To repair these, artificial eye ball are implanted into eye
socket. Recently, porous ocular implants made of Hydroxyapatite are widely accepted
for reconstruction of the artificial eyesiafter:surgeny.\Rorous HA capable of sustaining
fibrovascular growth are termed as integrated implants. Porous implants have an
advantage .. of _becoming... infiltrated . by. fibrovascular . tissue,. thereby providing
resistance to infection, migration:and eéxtrusion (Kandu et.al, 2004).

Porous HA for orbital implant can be produced from natural sources or
synthetic materials. From natural source, it seems coral is a perfect precursor for
making eye ball due to its unique cellular structure and mechanical strength. Many
methods of using coral as original templates are proposed by White et al (1975), Roy
(1975) and Xu et al (2001). In addition to natural sources, porous HA eye ball can be
synthetically produced through various methods, such as replica methods, sacrificial

template or direct foaming method. The details will be given in the other section.
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(C) Surgical Applications

In surgical field, artificial blood vessels, heart valve, trachea and urea tubes
made of sintered hydroxyapatite have been developed. Recently, all available artificial
bold vessels are made of polymer materials because of their softness and flexibility. A
vascular access tube, developed by Aoki and his colleagues, are made of sintered HA.

The trachea is an important part of respiratory system. Since HA is known as
the best materials among others, a sintered HA tube was applied for making the

artificial trachea in combination with yttriutm altminum YAG laser irradiation.

(D) Dental Applications

In dental applications, many types of dental materials based on hydroxyapatite
have been developed,“including togthpaste, dental cement, root canal, tooth and bone
fillers, and tooth root..Some teothpaste had included hydroxyapatite fine powder in
order to improve properties in preventing caﬁes (decay in teeth) and pyorrhea (disease
from infected gum). 54

Generally, dental cements-must be 'nonf[oxic and demonstrate great bonding to
teeth and artificial teeth as wek as posseés 6utstanding mechanical and chemical
properties. Furthermore these céments must have suitable-properties to resist against
saliva. To fulfill thissrequirement,-HAand polyacryiic -acid copolymer are used as
dental cement. For bone reconstruction, granules and porous bodies of HA have been
recently used. Additionally, tooth root can be made of sintered HA or HA coated
titanium, depending| en}implant locatione Hydraxyapatite has been also used for
coatings on metallic pins and to fill'Targe bone voids resulting from disease or trauma.

(E)'Drug Delivery Systems

Friefs and Warner (2002) noted that porous HA has been extensively used as
scaffolds for controlled drug delivery system. In cases of chronic disease or localized
surgical intervention, in which a sustained local drug delivery becomes important,
such porous HA blocks have been utilized as local drug delivery systems, allowing
slow release of antibiotic substances. Additionally, drug delivery carriers made of
hydroxyapatite microcrystals have been developed (Aoki: 104-106, 1994).
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2.2.4 Synthesis of Hydroxyapatite

Recently, various methods of synthesizing hydroxyapatite have been reported.
Generally, there are three main techniques to synthesize HA, including (1) wet
chemical process such as precipitation, hydrothermal and hydrolysis method; (2)
solid-state reaction process such as mechanochemical synthesis; and (3) solvent
evaporation process such as sol-gel method. In this section, the synthesis
methodologies based on these techniques sare reviewed. Additionally, the other

techniques such as biomimetic and electrochemical-deposition are also referred.

(A) Wet Chemical Precipitation
The precipitation method is the most commonly used techniques for synthesis
of hydroxyapatite due'to its'‘convenient and effective process. This method is suitable
for mass production gf*small crystalline'or non-crystalline hydroxyapatite powders.
There are typically tworkinds of process ri-n the precipitation method (Aoki: 176,
1994). The former is a Process involving'a'neutral reaction of acid and alkaline
solution, as shown in Equation 2:1> The Iatter invalves the reaction of calcium salts
and phosphate salts, such as the chemical reéctiéins shown in Equation 2.2 and 2.3.
10Ca(QH), +6H3P0O; = Caig(PO4)s(CH),,+ 18H,0 (2.1)

10C3.(N03)2 + 6(NH4)2HPO4 + 8NH,OH 2> Calo(PO4)6(OH)2 + 20NHsNO3 + 6H,0
2.2)

10CaCl, + 6(NH4)2HPO4 +2H,0 > Calo(PO4)6(OH)2 + 12NH.CI + 8HCI (23)

As mentioned, the first’process of this method is the reaction between calcium
hydroxide suspension and orthophosphoric acid with initial Ca/P molar ratio of 1.67.
The resulting product is hydroxyapatite and the only by-product is water, whereas the
latter (equation 2.2 and 2.3) results the undesirable by-products.

In addition, Kweh et al (1999) studied on the production of HA through two
precipitation reactions (Equation 2.1 and 2.2). They reported that the disadvantage of
equation 2.3 is that the purity of the precipitated HA powder is affected by the purity

of the calcium nitrate and the excess ammonia and ammonium by-products must be
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removed by extensive washing. In contrast to equation 2.2, the reaction in equation
2.1 is a more convenient process and suitable for the industrial production of HA.

Although Kweh and colleagues (1999) referred that using ammonium solution
is no need for the synthesis through equation 2.1, many researchers, in practice, used
ammonium solution to maintain pH level of the reaction (Liu, 1997; Yeong et al,
1999; Gibson et al, 2001; Patel et al, 2001). The addition of ammonium solution into
the reaction between Ca(OH), and HsPOy is.necessary because orthophosphoric acid
dissociates well in environment of high pH level (generally pH over 10.5), resulting in
completed reaction. So,-it-seems washing excess-ammonia by-product is still an
indispensable process.

Besides adding ammonium solution, some previous works applied heat in the
synthesis of HA through eguation 2.1, resulting in nano-crystalline HA (Lazic et al,
2001; Afshar et al, 2008; Saericet al, 2003). Some researches synthesized HA at 90°C
to gain polycrystalline HA (Bouyer et al, 200-0; Padilla et al, 2002).

Moreover, heating during the reaction‘in Equation 2.2 was carried out by Tas
et al. (1997); Kivrak and Tas (1998); and'KothapaIIi et al. (2004). Also, use of heat
during the reaction in Equation 2:3-was conduci’éd by Pang and Bao (2003). The heat
was used for improving the crystallinity and crystal size of HA crystals. The effect of

temperature on synthests-of-HA-witi-be-discussed-1n-section 2.2.5.

(B) Hydrothermal Reaction

The hydrothermal ~method> ist one=of ither mostementioned techniques for
preparing hydroxyapatite powders and other forms; however, this techniques seem to
have complicated and time-consuming process. This.method.involves, converting the
calcium ‘carbonateintorthecalcium: phesphate ‘under conditions'of ‘high temperature
and pressure. Moreover, this method can be employed either organic or inorganic as
the source of calcium phosphate.

The hydrothermal method was firstly introduced by Roy in 1975. Roy
patented the process for hydroxyapatite converting directly from natural carbonate
skeleton of marine life; such as echinoderm and coral. It was informed that the
complete replacement of aragonite (CaCO3) by phosphatic material was achieved by

using the hydrothermal process. In 1996, hydroxyapatite derived from Indian coral,
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genus “Goniopora”, using hydrothermal process was reported by Siva-Kumar and co-
workers. This method involves reacting a mixture of calcium carbonate (CaCOs3) and
di-ammonium hydrogen phosphate ((NH4);HPO,), as Equation 2.4. The resultant
material of this method is known as coralline hydroxyapatite, whether in the porous
structure or in the powdered form. Instead of coral, other invertebrate marine life is
eligible to be used as calcium templates. For example, cuttlefish and seashells were
utilized as calcium source by Rocha et al (2005) and Zhang and Vecchio (2006)

respectively.
10CaCO; + 6(NH,);HROs+2H,0 = Cao(PO4)s(OH), + 6(NH,),CO3 + 4H,CO;
(2.4)

In addition to the marine lite, bovine bone was also used as the calcium source
materials. In 2002, Jinawath and colleagués presented the process of the hydrothermal
synthesis of hydroxyapatite/from di-calciufﬁ phosphate di-hydrate (CaHPO,4.2H,0,
DCPD or brushite) and anhydrous di-ca|ciUm'phosphate (CaHPQO,4, DCPA) powders,

extracted from the by-produgt in the manufactqre of gelatin from bovine bone.

(C) Hydrolysis Reaction

Hydrolysis reactien-is-the-process-in-which-a molecule is split into two parts
by reacting with a molecule of water. In 1996, Graham and Brown studied on the
hydrolysis reaction of octacalcium phosphate (OCP) with tetra-calcium phosphate
(TetCP) or calcium hydroxide tofarmiStoichiometric HA«They indicated that the rate
of OCP hydrolysis'to HA was reduced when calcium hydroxide was present. In 2004,
Shih, Chen..and others .investigated on .the ‘manosized, hydroxyapatite powders
synthesized from "“DCPD and' Cal€ium carbonaté by!hydrolysis method in which
crystallinity of HA is improved with increasing annealing temperature. Afterwards,
Shih, Wang and coworkers (2006) studied on the phase transformation of HA
synthesized by the previous method and reported that HA was crystallized at 600°C
and maintained as the major phase until 1400°C. At 1500°C, the HA steadily
transformed to the a-TCP.

In addition to the synthesis of HA particles, the hydrolysis synthesis of HA
whiskers was also studied. Yoon and colleagues (2005) synthesized HA whiskers by a
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hydrolysis reaction of a-TCP at 70°C for 15 hours, using microwave heating. At this
condition, HA whiskers with a nearly complete conversion of a-TCP to HA were

obtained.

(D) Mechanochemical Synthesis
Mechanochemical method involves reacting powder mixtures of suitable
composition by the use of grinding media..Usually, DCPA or DCPD and calcium
compound are used as starting materials for.preparation of hydroxyapatite, with ball
milling under low temperature: In 1991, Brown and Fulmer used DCPA and tetra-
calcium phosphate (Cas(PO4)70) as reactants and ball milled in anhydrous ethanol
followed by drying at 80°Gy'asdn/Equation 2.5. Additionally, Yeong et al (2001) used
DCPD and calcium oXide/(CaO) as the starting materials, as in Equation 2.6. This
reaction provides the product of HA with'the by-product of water in form of moisture.
2CaHPO, £2Ca,(P0,4);0 2 Cayp(PO4)s(OH), (2.5)

6CaHPO,4.2H,0 + 4€a0 9"¢a19(PO4)6(OH)2 + 14H,0 (2.6)

(E) Sol-gel Method ),

The sol-gel \process involves the transition of a system from colloid in a
suspension (the sol) into a solid (the gel) phase. This method is favorable for
preparing hydroxyapatite,thin film. Many researchers focus on the synthesis process
of HA with different starting matetials. In“1998, Layrolle and-others used calcium di-
ethoxide (Ca(OEt),) and phosphoric acid (H3PO,4) as starting materials in order to
synthesizes samorphous ~caleium ; phosphate, ~afterwards+, sintered into pure
hydroxyapatite.

In 2001, Hsieh and co-workers studied the conversion of hydroxyapatite
synthesis from gel to ceramic using solid-state nuclear magnetic resonance (NMR)
spectroscopy and X-ray diffraction. Calcium nitrate tetra-hydrate (Ca(NO3),.4H,0)
and tri-ethyl phosphate ((C;HsO)sPO) was mixed in 2-methoxy ethanol. They
indicated that indicated that the existence of a CaO impurity might affect OH—0O=PO3

linkages in a HA unit cell and result in longer P spin-lattice time.
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Subsequently, Hsieh et al (2002) investigated the formation mechanisms of
sol-gel-derived HA using different thermal processings, a Rapid-Thermal-Calcination
(RTC) heating at 100-600°C/min and a Conventional-Furnace-Calcination (CFC)
heating at 1.67°C/min. It indicated that RTC can quickly remove organic portion of
the gel networks, leading to a porous surface morphology and a collapse of gel
networks at local areas, On the other hand, slow evolution of organics during CFC
leads to carbonaceous residues that isolate the inorganic species and inhibit nucleation
of HA crystallites until at a higher temperature:

In 2003, Bose and-Saha studied'on synthesis-of hydroxyapatite nanopowders
via sucrose-template sol-gel methed. Using sucrose as a gelling agent, nanocrystalline
HA was synthesized using#a sol-gel method from an aqueous solution of calcium
nitrate tetra-hydrate and amamonium hydrogen phosphate ((NH4),HPO,). Furthermore
Bezzi and others (2003) preposed the sirhply sol-gel method using etilen-diammine-
tetraacetic acid (EDTA) and urea as gelling énd ammonium donor agent.

Many reports indicated -that sol-gél processes require a strict pH control,
vigorous agitation and a lgng time for pfoqessing. However, Wang et al (2005)
proposed a simple sol-gel methed, which ci-jidrl"'not require controlling pH value and
vigorously stirring, for preparing HA nanopbv'vd'ers from calcium nitrate tetra-hydrate
and phosphoric pentoxide(P>0s)-dissolved tn-ethanol-without controlling pH value,
vigorously stirring, and long time process. The result shows that crystalline degree
and morphology of HA powder are dependent on sintering temperature and aging

time.

(F).Other Techniques

In addition-to the' previous‘méntioned cormmon methaods; "hydroxyapatite can
be synthesized by other techniques. However, these techniques are applied for a
specific purpose and can produce only a small quantity and different characteristic of
HA. Two most referred techniques are electrochemical deposition and biomimetic.

The electrochemical deposition is a technique used for coating apatite on
metal substrates, e.g. titanium. From previous studies, there were many key factors on
this technique, such as composition of electrolyte, temperature of electrolyte, current

loading time, current density and composition of substrate. Ban and Hasegawa (2002)
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developed a novel method for coating hydroxyapatite on pure titanium plates with
different condition, namely hydrothermal-electrochemical coating method, and found
that the size of needle-like apatites remarkably increased with the electrolyte
temperature and current loading time, and slightly changed with current density.
Nevertheless, previous studies on electrochemical processes were conducted at
elevated temperature. Kuo and Yen (2002) studied the electrochemical process of HA
coating on titanium at room temperature. They indicated that coatings deposited at
room temperature exhibited stronger adhesion.thanthose at elevated temperature.

The biomimetic strategy is based on-the-prineiple that nucleation and growth
of inorganic crystals in biologiCal environments occur in the presence of biological
macromolecules. The synthesiscof HA is taken place in simulated body fluid (SBF),
containing ion concentration /nearly -equal to those of human blood plasma. By
adapting this techniqug; Tas (2000) presehted the synthesis process of hydroxyapatite
from calcium nitrate tetra-hydrate and di-émmonium hydrogen phosphate in SBF
rather than in pure water. Boanini and Bigi- (2006) studied on synthesis of carbonated
hydroxyapatite thin films, deposited on a“étgaric acid monolayer template at room
temperature. They indicated that the stoiéhio""metry of the solution can modulate
carbonate content, Ca/P molar ratio, crystal'linity', morphology and thermal stability of
the deposited film.  li-addition;-Hutchens-et-al-(2006) Finvestigated the biomimetic
synthesis of calcium=deficient hydroxyapatite (CdHA) deposited in a bacterial
cellulose (BC) hydrogel, The SEM results showed that ~1 um CdHA spherical

clusters compased-of narjo<Sized crystallites:had formed within:the BC network.

2.2.5 Synthesis-Parameters Affecting on.the.Properties,of HA

Even “numerous synthesis“methodologies for' preparing” syathetic HA are
available; the most common method is precipitation reaction still be popular due to its
convenient and economical process. Many research indicated that the synthesis
parameters have an influence on the characteristic and properties of the resultant HA.
Kweh et al. (1999) indicated the significant parameters affecting on the overall
characteristic of the HA; including reaction temperature, mixing rate (i.e. addition rate

of acid), concentration of reactant, pH level and residence time.
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This section focused mainly on the synthesis parameters of HA through an
aqueous precipitation reaction between calcium hydroxide and orthophosphoric acid,

which was the most popular method and probably used in this study.

(A) Reaction Temperature

Reaction temperature is a basic parameter affecting on HA crystal. Recently,
many studies have been reported that the reaction temperature has an effect on the
stoichiometry (phase purity), morphology, spectficsurface area, size and crystallinity
of HA crystal, as well as rheology and thermal siability of precipitated powder.

From crystallography.sttdy of Tampieri et al. (2000), the size and crystallinity
of the crystals increasedwith /an increase of the preparation temperature. By
controlling the reaction temperature between 35°C and 95°C, it is possible to vary the
degree of crystallinity of the HA product;approximately from 20 to 60%. Lazic et al.
(2001) reported that HA precipitated at Io\;\} temperature following an appropriated
maturation showed the properties of stoichiometric low crystalline HA and appeared
to be very promising as a bigceramic prchr‘fsojr, Contrary to previous study of Bouyer
et al. (2000), the specific surface area (SSA) of HA particles decreased with an
increase of the reaction temperature. Y

In morphological—study,Bouyer—and co=workers (2000) discovered that
reaction temperature afso had a sensitive effect on marphology (shape and size) of
HA nanoparticles. Moreover the particles of HA synthesized at low temperature
(<60°C) was monocrystallines Atclow synthesis temperature; the crystals carried a
needle shape cerresponding to the c-axis of the HA structure. At higher synthesis
temperature,. nanocrystals.seemed to_loose. the tendency to.grow as.a monocrystal
following the c-axis of the' apatite“structure. So, increasing thereaction temperature
changed the crystal from as-needle shape to a more regular shape close to circular.

For ceramic suspension, the ideal property is good flowability, namely a low
viscosity allowing the suspension to be readily pumped by a peristaltic pump. In
rheological study, viscosity seems to increase with the synthesis temperature, but the

viscosity decreases with an increase of shear rate.
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As well as above, the effect on thermal stability has been studied by Lazic et
al. (2001). HA precipitated at 95°C showed thermal stability even without ripening.
Nearly theoretical values for lattice parameters were obtained for the sample
precipitated and matured at 95°C, whilst HA precipitated at low temperature after
appropriated maturation offered thermally stable composition. Importantly, the
thermal stable of HA increased with a decreasing precipitation temperature during

maturation stage.

(B) Mixing Rate

In 2000, the same study.-0f Bouyer and co-workers also indicated that the
Mixing rate (or addition raie) of erthophosphoric acid into the suspension of calcium
hydroxide had an effect on morphology; phase, SSA and rheology. The shape, size
and specific surface area of HA nanopérticles were very sensitive to the reactant
addition rate. For low addition rate of acid the particles have an as-needle shape and
for very high addition rates the particles had"an elongated shape with a very small
diameter like fiber. The HA particles syntheS|zed at high acid addition rate contained
some residual and unreacted calcium hydrOXIde Consequently, the acid addition rate
seemed to give opposite effects on the SSA of HA particle, increasing the acid
addition rate leads t0 SSA-increase:

For phase purity of synthesized HA, a high addition rate of phosphoric acid or
in excess could lead to the formation of calcium deficient HA precipitate, resulting in
an increase of the anreacted"Ca(OH); content.cKwehiet'als(1999) reported that a slow
and controlled addition of phosphoric acid in an alkaline environment was necessary

to the production of pure stoichiometric HA.

(C) Maturation, Ripening or Aging Conditions

Maturation, ripening or aging condition of suspension after reaction has an
effect on characteristic of precipitated HA. Lazic and colleagues (2001) indicated that
stoichiometry, size, morphology and ordering of HA crystals precipitated from
calcium hydroxide and phosphoric acid are significantly affected by the maturation
conditions (i.e. time and temperature). The important of maturation stage in obtaining

stoichiometric HA increase with decreasing precipitation temperature. They also
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found that the crystals precipitated in temperature range from 20 to 95°C with
maturation for 20 hours at the precipitation condition show thermally stable HA.
Nearly theoretical values for lattice parameters were obtained for the sample
precipitated and matured at 95°C.

Additionally, Saeri and colleagues (2003) noted that aging the HA suspension
leads to the growth of the particles and changes the morphology to a more equi-axed
status (nearly circular), attributed to the nanoparticles tend to form small

agglomerates.

(D) Level of pH

In addition to thesreaction temperature and addition rate, the favorable
synthesis conditions of puge and/manocrystalline HA involves a reasonably high pH
at the end of the reaction. Kweh and othérs (1999) noted that a pH level of about 9
produces the correct stoichiometric conditiorh whereby only pure, single-phase HA is
formed. Below a pH of 9, traces of TCP Were detected. However, if the slurry
suspension's pH swings to the otherextreme of pH 11, traces of calcium oxide (CaO)
were identified. =

Also, Bouyer. and co-workers (2000) indicated that the pH at the end of
synthesis, which depehds-on-the-acid-addition rate; is-a key parameter, which can be
used to determine the purity of the synthesized HA nanocrystals and for the
stabilization of the suspension. Additionally, Afshar et al. (2003) noted that a
decreasing of the pH level-can reduce)thecamountiof Caleiumin the precipitated HA

powder.

(E)'Ca/PIRatio'of Reactant

Basically, the Ca/P ratio is considered as a particularly relevant parameter,
because both mechanical properties and biodegradation rate depend on it. The Ca/P
atomic ratio of stoichiometric HA is 1.67, but it can preserve its crystalline structure
with Ca/P ratios as low as 1.5. Fanovich and Porto-Lopez (1998) found that, upon
sintering, the samples with Ca/P ratio of 1.51 transformed to 3-TCP and HA, resulting
in materials with low densities. Furthermore, the samples with a Ca/P ratio of 1.77,

without B-TCP, showed better sinterability and homogeneous microstructures.
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Compared to the precipitation reaction between Ca(NOs3),.4H,O and
(NH4),HPO,, the Ca/P ratio of the resulting powders was strongly dependent on the
pH of the solution and weakly dependent on the initial Ca/P ratio, investigated by
Kwon and others (2003). Single phase TCP powder was obtained at pH=7.4 and the
initial Ca/P ratio had a little effect on the resulting Ca/P ratio. Biphasic composite
powders were prepared at pH=8.0. Moreover, the Ca/P ratio of resulting powder can

be easily controlled by adjusting the initial Ca/P. ratio.

(F) Ultrasonic Irradiation

So far, the ultrasonic.irradiation has been well known as a promising tool to
assist the synthetic reactions to prepare fine ceramic powder. This can stimulate the
reactivity of chemicalspecies involved, resulting in the acceleration of heterogeneous
reactions between liquid and: selid reaétant effectively. These processes involve
dissolution and precipitation of solids thréﬁgh particle size reduction and surface
activation by intensive stirring.- From préviOUS study of Vargas et al. (1998), the
ultrasonic vibration, either applied during tﬁe aging stage or throughout the chemical
synthesis process, can cause a significani—rél’duction in the HA particle size by
avoiding the formation of larger agglomeratés by flocculation.

The synthesisreaction—betweenCa(OH)z and- H3;PO, via the ultrasonic
irradiation, investigated by Kim and Saito (2001), 1s more effective than that via
direct heating method, resulting in the nearly completion of the synthesis reaction by
60 minutes. The ultrasonic irradiationdeads:tae thesformation«of very fine HA powder
with a relatively narrow size distribution. The SSA of the powder sonicated is much
higher than that heated. Moreover,. prolaonged. sonicating increases.the reactivity of
DCPD and stimulates the reaction'ef DCPD and Ca(OH),-to praduce-HA monophase
effectively. Comparing this result with those by heating method, although the reaction
between DCPD and Ca(OH), occurs to produce HA partly, the heating operation
alone is not favorable for the preparation of HA monophase. Thus, the high power
ultrasonic irradiation is very effective to homogenize the reactants in the suspension,
leading to the improvement of reactivity of both solid and liquid by the stimulation of

their active surface.
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In addition to previous reaction, the effect of ultrasonic irradiation on
synthesis reaction between Ca(NOs), and NH4H,PO, was investigated by Cao and
colleagues (2005). The result showed that the particle size of the HA crystallites
decreased linearly with the increase of ultrasonic power, which can be deduced that
the irradiation of ultrasound on the reaction solution during the precipitation process
is helpful to make finer particles. It also revealed that the formation of acicular
(plated-like) and spherical particles was abtained in different ultrasonic powers of 200

and 300 W, respectively.

(G) Reactant Concentration

Recently, there 1s.no direct investigation on the effect of the reactant
concentration of HA-synthesis through precipitation reaction between Ca(OH), and
HsPO,. The previous reseasch mostly studied on the reaction between Ca(NOs), and
(NH4),HPO,. Many studies cconfirmed that fhe crystallinity and morphology of HA
crystal are strongly dependent -on the concentration of reactant. Kothapalli et al.
(2004) reported that the aspect ratio (ratio beiween length and breath of particles) of
the HA particles increased withthe concentration. Moreover, Cao et al. (2005)
indicated that the crystallinity improved with an increase of concentration of Ca* ion.

(H) Other Parameters

In addition to previous major parameters, other conditions were also
investigated. The effects of\atmosphere)controlling] pHsadding extra acid solution,
the amount of stirring Speed and post-chemical treatment on the properties of HA
powder.were. investigated. by Afshar and others (2003).. The results'clearly reveal that
these factors: have!significant' influences on the tcharacteristics' of .HA precipitated
powder, resulting in good purity, stoichiometry and thermal stability.

Controlling atmosphere is very important for synthesizing pure HA particle.
Due to the fact that the HA powder is very hospitable for substitution of carbon
dioxide in its crystal structure, carbonate ions can substitute hydroxyls or phosphates
sites. So, to achieve a pure HA without any carbon dioxide contamination, it is
effective to control atmosphere during precipitation process. For example, by using

the filtered inert gas, carbonate ion in final HA powder significantly reduced.
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An addition of extra acid during aging stage has an effect on the properties of
HA powder. The main purpose of adding the extra acid solution is to remove any
excess calcium in the HA precipitate. Also, the amount of extra acid has some effects
on stoichiometric of precipitated HA, but not in a proportional manner.

Furthermore, the stirring speed and power are also needed. While the stirring
speed increased, the amount of I200)cao/l 0o2)Ha ratios fell. Using a sufficient speed and
power of the stirring (preferably mechanical stirring), the intensity of (2 0 0) plan of
CaO in the XRD pattern decreased, resulting ln‘deereasing its stoichiometry.

Moreover, the post-chemical treatment-has-an-influence as well. For instance,
washing the suspension of HA"with phosphoric acid solution before centrifuging is a
significant process to remaowve any.exira calcium in some samples.

In comparison” between smethods, Mostafa (2005), compared the powder
properties of HA synthesized from wet hechanochemical and precipitation method
prepared at 100°C, revealed that the cryst‘alﬁte size and particle size of HA prepared
through wet precipitation’ method  are l-a'rg'er than those of HA derived from
mechanochemical. Inversely, the-surface area of precipitated HA particle is smaller
than that of another. While wet mechanocjﬂer'lﬁ:ical leads the powder attaining high
sintering density at.lower temperature in’i:'drhparison with those prepared by wet
precipitation method at-£66°C:
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2.3 Porous Bioceramics

Contrary to metals and polymers, pores have been traditionally avoided in
ceramic components due to their inherently brittle nature. However, an increasing
number of applications that require porous ceramics have appeared in the last
decades, especially for critical environments where high temperatures, extensive wear
and corrosive media are involved. Such applications include for example the filtration
of molten metals, high-temperature thermal insulation, support for catalytic reactions,
filtration of particulates from diesel engine~€xhaust gases, and filtration of hot
corrosive gases in various-industrial processes.

Besides the above, .ihe-application for medical, such as bone repair,
reconstruction or replacement and dental application, needs porous ceramic which is
compatible with cell and bielogical environments. The great example of such ceramic

IS hydroxyapatite.

2.3.1 Pores and Porosity of Bloceramics R

Porosity is defined as the percentagfés‘of void space in a material and it is a
morphological property independent of the hatérial. Karageorgiou and Kaplan (2005)
indicated that pores, are necessary for bone tissue. formation because they allow
migration and proliferation—of —osteobiasts —and meseénchymal cell, as well as
vascularisation. In addition, a porous surface Improves mechanical interlocking
between the implant biomaterials and the surrounding natural bone, providing greater
mechanical stability atghis-critical interface:

Figure 2:5 exhibited the schemas of various types of pores in porous ceramics.
Generally, pore.can_be. classified.into. three types; including.(1)..opened pore, which
has the channels or windows Connecting to the surface of materials;-(2) closed pore,
which is completely isolated from the external surface; and (3) interconnected pore,
which link to other pores.

Moreover, Li et al. (2003) grouped porous ceramics into two general groups;
including (1) reticulate ceramics and (2) foam ceramics. The former is composed of
interconnected pores surrounding by a web of ceramic whereas the latter is comprised

of only closed pores within a continuous ceramic matrix.
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Moreover, Wo?%ard et al. (2007) reported that ‘ acroporosity (pore size > 50
nm) is thoug i ni( ell and ion transport.
M|croporosﬂyh@;jei?eJ ﬂﬁ?j ﬂgjocnﬁicaﬁolds by increasing
surface area for protein adscfrptlon increas ionic “solubility in the
mmro@w%ﬁwﬂna ﬁinﬁlm ut%’l\’g (ﬁ rﬂ qoa o&loblasts Pore
mterconﬁectlwty has been shown to positively influence bone deposition rate and

depth of infiltration in vitro and in vivo. Regular interconnected pores provide spacing

for the vasculature required to nourish new bone and remove waste products.
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2.3.2 Pore Characteristics
The characteristics of porous bioceramics in terms of porosity can be reported
by the terms including:

(1) Pore size: the pore size can be classified into micropores (<20 nm), mesopores
(20-50 nm) and macropores (>50 nm).

(2) Porosity: porosity is the ratio between the total pore volume and the materials
volume.

(3) Pore size distribution: The distribuiion” of-pore volume with respect to pore
size; alternatively,-it-may be defined by-the-related distribution of pore area
with respect to pore size:

(4) Specific Surface Area (SSA): This is the total surface area of the sample, which
is in contact*with' the /external ;environment.” This parameter is mainly

dependent on the pare size and thepore volume of material.

2.3.3 Roles of Porosity, Pores and Interconnections in Bioceramics

Clinically, pores and interconnecti'ons‘play an important role in determining
the rate and degree of cell ‘and bone ihgriﬁwth (Woodard et al, 2007). Bone
regeneration in a porous scaffold in vive involves recruitment and penetration of cells
from the surrounding-bene-tissue;-as-weli-as vaseuiarisation. Higher porosity is
expected to enhance osteogenesis and numerous studies have verified this hypothesis.
Mastrogiacomo and colleagues (2006) showed that porosity and pore interconnection
of osteoconductive:scaffolds caminfluencesthesoverall-amount:of bone deposition, the
pattern of blood vessels invasion and finally the Kinetics of the new bone formation
process.

Based on early ‘study ¢f Karageorgiou and-Kaplan-(2005), the'minimum pore
size required to regenerate a new bone is considered to be approximately 100 um due
to cell size, migration requirements and transport. However, pore sizes larger than 300
um are recommended, because of enhanced new bone formation. This was confirmed
by Flautre et al. (2001). They found that the optimal pore size for osteoconduction
was 175-260 um (larger than 100 um and approach 300 um). Moreover, the
interconnection size must be over 50 um to favor new bone ingrowth inside the pores.

They also indicated that the interconnection size of 130 um (larger than 50 um)
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provides the best osteoconduction. In bioresorbable ceramics, Lu et al. (1999)
reported that pore density and interconnection density are more important than their
size, contrary to other bioceramics in which the sizes and the densities are equally
important.

Mechanically, Kwon et al. (2002) reported that the strength of porous HA
samples increased exponentially as the porosity decreased. Although an increasing
porosity and pore size facilitate bone ingrowith, the result is a reduction in mechanical
properties, because this compromises the SitrtiCtural integrity of the scaffold. The
mechanical strength can be-adjusted to-match- thespeeific requirements by controlling
overall porosity of the scaffold: la‘addition to previous reports, Woodard et al. (2007)
also indicated that the ghanges in macroporosity have been shown to affect
mechanical properties'morgthan those in.:microporosity

Table 2.6, Table'2.7.and Table 2.é-presented the reviews of pore size, porosity
and mechanical propertigs of parous calciurr;-phosphate ceramics fabricated by replica
technique, sacrificial template technique and direct foaming, respectively. From the
reviews, it seems that the /compressive S’frepgth, elastic modulus and flexural or
bending strength are strongly dependent uéon'lfihe porosity, whilst these mechanical
properties are unclearly influenced by the [obfe*éize. This may be due to the different
fabrication technique-of-each-works: At the pore size fess than 100 um, Deville et al.
(2006) found that the maximum compressive strength was up to 145 MPa with 40%
porosity. At the pore size between 100 and 1,000 pum, the compressive strengths
ranged from 0510245 MPa and thexmaximumebending strength  was approximately 20
MPa. Therefore, the compromise between the mechanical properties of the scaffold
and its_porosity.sets an. upper.limit in.terms of how much the porosity and pore size

that can be tolerated'in‘the applied site.
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Table 2.6 Reviews of pore size, porosity and mechanical properties of porous

calcium phosphate bioceramics fabricated by replica technique

. Pore size Porosity Mechanical
Authors (year) Materials (um) (%) Properties Values
White et al (1975) HA 5-500 um n/a n/a n/a
Roy (1975) HA 150-300 um n/a n/a n/a
Tancred et al (1998) HA/TCP nla <90 % n/a n/a
Hing et al (1999) HA ~500 um n/a Modulus. 1.2 to 3.1MPa
C.S. 1to 11 MPa

Hu et al (2001) HA 200-250 pm n/a n/a nla
Xu et al (2001) HA ~100-um n/a n/a n/a
Tampieri et al HA 200-500 pm nla C.S. 21-45 MPa
(2001)
Tian and Tian HA 150-400'um 58-80% C.S. ~15 to 2 MPa
(2001) '
Kwon et al (2002) HAITCP ~500 um 65-90 % CS. ~3.0t00.3 MPa
Padilla et al (2002) HA 30-60 pm" nla n/a n/a
Ramay and Zhang HA 200-400-um ~70-77% Modulus. ~4t0 7 GPa
(2003) \ & CsS. ~0.5t0 5 MPa
Maio et al (2004) CP ~1,000-0m ~70% n/a n/a
Hsu et al (2007) HA 20 and-45-ppi- n/a F.S. ~18-20 MPa
Saiz et al (2007) HA 100-200 um n/a n/a n/a
Fidancevska (2007) HA/TIO, & 100-.,000um /. 65+4% Modulus 1.7+0.2 GPa

- F.S. 2.1+0.3 MPa

CS. 7+1 MPa

Note: ‘n/a’ = No data available,

‘C.S” = Compressive Strength,
‘F.S” = Flexural Strength;-and

“T.S’ = Tensile Strength
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Table 2.7 Reviews of pore size, porosity and mechanical properties of porous

calcium phosphate bioceramics fabricated by sacrificial template

technique
Authors (year) Materials Po(:len?)lze Po(c;()s)lty hg?ggs:]tli(;? Values
Liu (1997) HA 100,200 and 55-70 % n/a n/a
400 um
Rodiriguez et al HA 80 um 45-69 % F.S. ~14 to 2 MPa
(1998)
Vaz et al (1999) HA/LizPO, 10Qum n/a n/a n/a
Rivera et al (2001) HA 10-40 pm n/a n/a n/a
Komlev and Barinov HA 100 pm n/a T.S. ~4.5t0 1 MPa
(2002) and 500 um
Li et al (2003) HA 200-800 pm <60 % n/a n/a
DeOliveira et al HAITCP 300-400 um 51-78 % n/a n/a
(2003) i 4
Kawata et al (2004) HA > 100 um 40-85 % n/a n/a
Kundu et al (2004) HA 100-250 pm 4 75 % C.S. 10+0.3 MPa
Tadic et al (2004) HA 250-400.pm 15% n/a n/a
(macro)
“ ¥ 34% (micro)
Yao et al (2005) HA 50-75 pm J ~30 % F.S. 25-27 MPa
120-150 pmi_‘__‘- 25-40 % F.S. 14-23 MPa
1-260-350 pm~++33.5+0.2 % F.S. 11.5-13.5 MPa
Madhavi et al HA B:8-0-9-pm=="0, n/a n/a n/a
(2005) i S
Deville et al (2006) HA > 10 um 40-65 % Cs. 65-145 MPa
Zhang and Zhu ~HA ~120 um 50-75 % Modulus. 4.0-10.4 GPa
(2007) ¥ C.s. 1.3-7.6 MPa
Lee et al (2007) HA >10 pm 56-75 % Cs. 17 t0 0.94 MPa

Note: ‘n/a’ = No data available,
‘C.S” = Compressive Strength,
‘F.S” = Flexural Strength, and
“T.S’ = Tensile Strength
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Table 2.8 Reviews of pore size, porosity and mechanical properties of porous

calcium phosphate bioceramics fabricated by direct foaming technique

Authors (year) Materials Pore size Porosity Mechanical Values
(um) (%) Properties

Engin and Tas HA 200-400 pum 80-92 % n/a n/a
(2000)

TCP 71-78 % n/a n/a
Sepulveda et al HA n/a Modulus 3.6t0 21 GPa
(2000) C.S 1.6 t0 5.8 MPa
Almirall et al (2004) TCP/C H : n/a n/a
Potoczek (2008) Cs. 5.9t0 0.8 MPa
Li et al (2009) 2.2-2.8 MPa

Note: ‘n/a’ = No data available

///f' 0-8 C.S.
\

‘C.S’ = Compressive.Streng
‘F.S” = Flexural Strengthya

“T.S” = Tensile Streng

ﬂ‘lJEl’J‘VIEWﬁWEJ’]ﬂi

Q’maﬂﬂ‘im UAIINYAY
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2.4 Fabrication of Porous Bioceramics

Generally, different fabrication methods and parameters led to a variety of
microstructural ranges varying in their application and results with different materials.
Similarly, the resultant properties were a fundamental consequence of the
microstructures resulting from fabrication (Rice: p.3-9, 1998).

Recently, many novel methods for the fabrication of porous ceramics with
different structures were developed. Each technique provided different microstructure
and properties. Versatile techniques that“allowe one to tune the porosity, pore
morphology and size distribution; and-that can-additionally be applied to ceramic
materials of many different.ehemical compositions are demanded. In this section,

various techniques for preparing porous ceramics were thoroughly reviewed.

2.4.1 Classification ofPorg Farming Tebhniques for Bioceramics

There are a large number of produ:(-:tion methodologies of porous ceramics
proposed by many researchers. Interestingiy, ‘Studart and others (2006) proposed the
classification of processing route based on'jjoye forming technique. According to this
classification, the routes to poreus biocerémil’tis were categorized into three main
techniques; including (1) replica, (2) sacrificial template, and (3) direct foaming
techniques. TherefQre;—thehieraturereviews of the current available production
methods of porous bioceramics were stated.

However, this classification excludes the computerized techniques to produce
porous ceramics withs complex) shape;) suchy s csolid, freeform fabrication (SFF),
creating a preeisely controlled pore “structure by means of a layer-by-layer and
sequential .building. process, .as described. by.Chu* et .al_(2001);.robacasting, which
allows 10 build ceramic scaffolds usiing ceramic dinks with minimal.organic content
(<1wt.%) and without the need for a sacrificial support material or mold, as referred
by Miranda et al (2006) and Saiz et al (2007); and extrusion processes, in which the
thermoplastic ceramic and fugitive filaments are aligned alternatively and then the

fugitive material is removed with thermal treatment, as explained by Bae et al (2006).
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2.4.2 Replica Techniques

Figure 2.6 illustrated the schema of replica technique for fabrication of porous
bioceramics. This technique is based on the impregnation of a cellular structure with a
ceramic suspension or precursor solution in order to produce a porous ceramic
exhibiting the same morphology as the original porous material. Thus, the pore size
and the structure of the products can be controlled by selecting the different

reticulated substrate. J

/7

Table 2.9 showed the reviews of rephtﬁ,iechnlques for porous bioceramics.
Many synthetic and natural-celiular strtictures-can be used as templates to fabricate
porous ceramics throughfﬁi’ c ﬂique.l

Drying,
template
removal,
ﬁ 3

and sintering

]

Synthetic or natural
template

~or ceramic precursor

—

Figure 2.6 Schema of repfrCa techmque’s‘fc‘r fabricati Jon of porous bioceramics

‘s— - ’j : o
Yy, ¥
Table 2.9 Reviews of'repllca techniques for porous blor:eramlcs
Replica template Methods Materials Author (year)
Synthetic templates
- Poly urethane foams Impregnation with HA Tian and Tian (2001)
(PU foam) ceramic suspension HA/TCP Kawvon et al (2002)

HA Padilla et al (2002)*
HA Ramay.and Zhang (2003)*
CP. Miag &t al (2004)
HA/TCP Hsu et al((2007)
HA Saiz et al (2007)
HA/TIO, Fidancevska et al (2007)**

- Cellulose sponges HA Tampieri et al (2001)

(Spontex)
Natural templates
- Coral Replamineform HA White et al (1975)
Hydrothermal treatment HA Roy (1975)

HA Hu et al (2001)
HA Xu et al (2001)

- Bovine bone Replamineform HA/TCP Tancred et al (1998)

- Natural cancellous bone  Hydrothermal treatment HA Hing et al (1999)

= using combination technique / ** = comparing between various techniques
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(A) Synthetic Templates

For synthetic templates, polymeric sponges have become the most popular
template for preparing macroporous bioceramics with controlled structure because of
it simplicity and flexibility. Due to the highly reticulated structure, it seems
polyurethane sponge (or PU foam) has been extensively used as a template. This
polymer sponge was utilized by Tian and Tian (2001), Kwon et al (2002), Padilla et
al (2002), Ramay and Zhang (2003), Hsu et:al (2007), Miao et al (2004), Saiz et al
(2007) and Fidancevska et.al (2007). In-addition, cellulose sponge was used as
templates by Tampieri et-al(2001).

Through impregnation-method, the selecied substrate is soaked with ceramic
slurry until the internal pores are saturated with ceramic material. The impregnated
sponge is then passed‘throughsrollers to remove the excess suspension and distribute
the slurry homogeneously (Saiz, 2007). the formation of a thin ceramic coating over
the struts of the original'substrate is aIIoWéd at this stage as well. At this stage, the
slurry should be viscous enough o avoid dripping. The ceramic-coated polymeric
template should be dried at room temperatﬂrg no less than 24 hours (Tian and Tian,
2001) and subsequently burned eut at tempéra%ﬁre over 800°C. Heating rates usually
lower than 1°C/min are required to allow thré"'gT'aduaI decomposition and diffusion of
the polymeric material;-avoiding the-butid=up-of presstureé within the coated struts.
Binder and plasticizers are added to the initial suspension in order to provide ceramic
coatings sufficiently strong to prevent cracking the struts during pyrolysis.

A drawback ofsthe~spongesreplicactechnique isythe, fact that the struts of the
reticulated strueture are often cracked during pyrolysis of the polymeric template,
markedly degrading the final.mechanical. strength of .the porous Ceramic. The strut
flaws reduce the compressive: strengthof replica=derived.- porous ceramics to levels

usually lower than the strength theoretically predicted for open cell structure.
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(B) Natural Templates

In addition to synthetic polymer foams, natural cellular structures have been
used as templates for the fabrication of macroporous ceramics through the replica
approach. Natural templates are focused on, due mainly to their pore morphology and
unique microstructure, which might be difficult to replicate.

Coral have been applied as a natural template for the preparation of
macroporous ceramic materials, particularly for the production of scaffold for tissue
engineering and bone replacement. In the 1970s, White et al employed a lost wax
method named “replamingiorm™ to replicate the-strueture of corals and other marine
invertebrate skeletons. Tn this-technique, the coral is first impregnated with hot wax
under vacuum to obtain negative replica. Afterwards, the calcium carbonate of the
coralline skeleton is remowved with a streng acid. The porous ceramic is obtained by
impregnating the negative weaxreplica wiéh ceramic slurry and subsequently removing
the organic materials by pyralysis. 7 ’

In 1975, Roy propesed the ‘method to directly convert the cellular structure of
corals into porous hydroxyapatite scaffb’fldg by hydrothermal treatment at high
temperature and pressures (as deseribed abé-ve'lfi:n section 2.2.4(B)). This treatment is
performed in a phosphate solution, so that carbonate ions present in the coral are
partially or totally exchanged-by-phosphate-tons. in-2001, Australian coral and coral
genus Porites were employed as original templates by Hu et al and Xu et al,
respectively. In addition to corals, natural cancellous bone (e.g. bovine bone) has been
utilized as porousctemplates. T he jporous-hydroxyapatitesscaffolds prepared through
replamineform and hydrothermal treatment were referred by Tancred et al. (1998) and

Hing et.al (1999), respectively.
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2.4.3 Sacrificial Template Techniques

Figure 2.7 illustrated the schema of sacrificial template techniques for
fabrication of porous bioceramics. This technique is usually based on the preparation
of a biphasic composite comprising a matrix of ceramic particles or ceramic
precursors and a dispersed sacrificial phase that is initially homogeneously distributed
throughout the matrix and is ultimately removed to generate pores within the
microstructure. This method leads to\p’Pw terials displaying a negative replica of
the original sacrificial tempIaLQ_zés Qppose@;ﬁpositive morphology obtained from
the replica technique.

o g Drying,
.l . ® C“ pyrolysis /

Q’f‘l o ﬂ: evaporation,

\| and sintering

Ceramic or
ceramic precursor
in solid or liquid form

Figure 2.7 Schema of saermdal tempWiEGhmques for fabrication of porous

\_:‘ bloceramms;‘~!_£

| —
The biphasic eémposite IS comrrionly preparée‘l‘ by (a) pressing a powder
mixture of the EII:/ ase suspension that is
subsequently pr ﬁ ije ﬁﬁoﬁ% gﬂnﬁgsﬁ% e or direct casting or
(© impregnatlng previously consolidated pre-forming of the sacrificial material with a

suspenamaxa obvined & pgramiey/ || VI )71 )

The powder pressing (or powder compaction) technique is frequently claimed

as the classic route to porous ceramic. These techniques consist of three basic types:
including (1) cold uniaxial pressing, compressing the powder by piston in a same
axis; and (2) cold isostatic pressing, applying very high pressure through a device
comprising a compression chamber, which is filled with oil to a preformed body,
shaped while still in the form of powders, and isolated from the environment by a thin

impermeable rubber envelope to preserve the body from contamination by oil; as well
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as (3) hot isostatic pressing, the powder pressing and heat treatment are performed
simultaneously. Among these techniques, cold uniaxial pressing seems to be the most
popular way to fabricate porous materials from the mixture of ceramic and porosifier
due to its basic and economical method. To fabricate porous HA, this method was
used by Liu (1997), Komlev and Barinov (2002), DeOliveira el al (2003), Kawata et
al (2004) and Zhang and Zhu (2007), while the cold isostatic pressing was utilized by
Kundu et al (2004) and Tadic et al (2004).

Additionally, hot pressing techniques were.applied to produce porous ceramic.
In 2005, Nakahira and colleagues utitized hydrothermal hot pressing technique to
fabricate porous HA. The desirea amount of powder was added into autoclave with
piston and then pressed at.he pressure of 10-20 MPa under the temperature of 150-
300°C, following by sintering at 11.00°C.. .

Table 2.10 summarized the appliéd conditions (pressure and temperature) of
each compaction from yarigus researche‘s.rlt seems the isostatic pressing required
more pressure than uniaxial pressing. :

Table 2.10 Reviews of the various powder%okﬁpactions to produce porous HA

Compaction Technigue Pressure - Temperature Materials Authors
(MPa) (C)
Cold uniaxial pressing 27,55 Room HA Liu (1997)
10-100 Room HA Komlev and Barinov (2002)
" Room HA/TCP DeOliveira et al (2003)
20-40 Room HA Kawata et al (2004)
50 Roam HA Zhang and Zhu (2007)
Cold isostatic pressing 160 Room HA Kundu et al (2004)
400 Room HA Tadic et al (2004)

Hot isostatic pressing 10-40 150-300 HA Nakahira et al (2005)
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Table 2.11 exhibited the examples of the sacrificial template methods
reviewed in this literature. The way that the sacrificial material is extracted from the
consolidated composite depends primarily on the type of pore former employed. A
wide variety of sacrificial materials have been used as pore formers, including natural

and synthetic organics, salts, liquids and ceramic compounds.

Table 2.11 Examples of the sacrificial template methods reviewed in the literature

Sacrificial template Fabrication method Materials Author (year)
Synthetic organics
- PVB Uniaxial pressing HA Liu (1997)
Slipreasting HA Rivera-Munoz et al (2001)
-PVC Slipseasting HA/LisPO, Vazetal (1999)
- PMMA Slip,easting AsO3 Tang et al (2003)
Slip casting HA Yao et al (2005)
- Naphthalene Uniaxial pressing - HA/TCP DeOliveira et al (2003)
|sostatic pressing — HA Kundu et al (2004)
- Naphthalene and PMMA & Dual phase mixing HA Li et al (2003)
- Carbon bead & Agar Uniaxial pressing % \HA Kawata et al (2004)
- Carbon fibers Impregnation HA/TIO, Fidancevska et al (2007)**
- Rod-like urea Uniaxial pressing v 4 RA Zhang and Zhu (2007)
- Polystyrene (PS) sphere Impregnation " HA Madhavi et al (2005)
Natural organics =3/,
- Starch Starch copsolidation — " HA Rodriguez-Lorenzo et al
iy (1998)
* = CaCOg3 Lemos and Ferreira (2000)
A0z Gregorova et al (2006)
Silica Mao et al (2008)*
Liguids
- Gelatin and vegetable Uniaxial pressing HA Komlev and Barinov (2002)
oils
- Water Freeze-casting HA Deville et al (2006)
- Camphene Room-temperature freeze = 'Al;O3 Araki and Halloran (2005)
casting Al,O3 Koh et al (2006)
HA Lee et.al (2007)
Salts
- NaCl & PVA fiber Isostatic pressing HA Tadic et al(2004)

Note: * = using combination technique / ** = comparing between various techniques

Synthesis and natural organics are often removed through pyrolysis by
applying thermal treatment at the temperature below sintering temperature (typically
between 200-600°C). The long periods required for completing pyrolysis of the
organic matters and the amount of gaseous by-products generated during this process
are the main disadvantage of using organic materials as sacrificial phase.
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Most of these drawbacks can be partially overcome by using liquid pore
formers (such as water and oils) or a solid phase that can be easily sublimated (e.g.
naphthalene), as listed in Table 2.11. Even though the burnout process is also time
consuming, liquids and volatile oils can be evaporated or sublimated at milder
conditions without generating undesired toxic gases during pyrolysis period and
excessive stresses during removal of the pore former. For example, Kundu et al.
(2004) used naphthalene (C1oHs) as a sacrificial template which starts to vaporize at
around 80°C. However, during the burnodi‘process, watchfulness on the samples is
needed in order to preveni.the eracking:

Additionally, freeze casting is an alternative to fabricate porous complex-
shaped ceramic. In freezes€asting, ceramic slurry is poured into a mold and then
frozen at the extremely cold ténperature, usually below -40°C. The frozen solvent,
generally water, acts temporarily as a binder to hold the part together for demolding.
Subsequently, the part iS subject to freezé- drying to sublimate the solvent under
vacuum, avoiding the drying stresses and'shrinkage that may lead to cracks and
wrapping during normal drying. After dryi‘hg‘, the compacts are sintered in order to
fabricate a porous material with inproved st}ehlcjth, stiffness and desired porosity. The
result is a scaffold.with-a complex and often anisotropic porous microstructure
generated during freezing. By controliing the growth direction of the ice crystals, it is
possible to impose a preferential orientation for the porosity in the final material
(Deville et al, 2006).

To avoid crackingduring heat:treatment period, some; researcher proposed a
new strategy to, producé porous ceramics without Sintering process. In 2004, Tadic
and coworkers_presented the method to. produce porous HA without sintering, using
NaCl and polyvinylialeohol (PVZA) fibers as sacrificial templates. TThe mixture was
isostatically pressed at 4000 bar (equivalent to 400 MPa) at room temperature (20°C).
Subsequently, the compacts was submerged in cold water (approximately 20°C) and
then warm water (approximately 50°C) for 12 hours in order to remove NaCl and

PVA fibers, respectively.
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2.4.4 Direct Foaming Techniques

Figure 2.8 illustrated the schema of direct foaming techniques for fabrication
of porous bioceramics. This technique is based on incorporating air into a suspension
or liquid media, which is subsequently set in order to keep the structure of air bubbles
created. Generally, the consolidated foams are afterwards sintered at high

temperatures to enhance mechanical strength.

Setting,
Gas drying,

incorporation and sintering

NG

- - <]
Ceramic suspension O Gas
or ceramic precursor —~

Figure 2.8 Schema of direct foaming techniques for fabrication of porous
9 bioce@.lmgi'cs
: 25244

Table 2.12 presented the examples @jr_e_ct foaming methods reviewed in this
literature. By foaming method,j foaming agehtqis added into the mixture in order to
create the gas voids |n the ceramic suspension. Recen'tly, there are many kinds of
foaming agent used, as shown in Table 2.12. However, it seems adding hydrogen
peroxide (H.0,) is the imost favorable waysto create pore in ceramic bodies. The
amount of porosity. and especially pore size ‘are increased. when using a higher
concentration of*H,O, (Almirall et al, 2004).

Besides usiig.a foaming agent, Sepulveda ‘and " others (2000) proposed the
gelcasting method, which combines foaming and the incorporation of organic
monomers into aqueous ceramic suspensions for porosity generation and setting,
respectively. The process yields cellular structures with porosity fractions varying

from 0.40 to .0.90, with pores closed or open, depending on pore fraction.
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By this technique, the total porosity of directly foamed ceramics is
proportional to the amount of gas incorporated into the suspension or liquid medium
during the foaming process. Furthermore, the pore size is determined by the stability
of wet foam before setting occurs. Wet foams are thermodynamically unstable
systems due to destabilization processes, including drainage, coalescence and
disproportionation (Studart et al, 2006). These processes significantly increase the
size of incorporated bubbles, resulting .in_large pores in the final cellular
microstructure. Therefore, the critical subjeci-on.direct foaming methods is how to
stabilize the air bubbles incorporated within the initial suspension or liquid media.

A surfactant is necessary for stabilizing bubbles produced in the slurry by
reducing the surface tensions at' the' gas-liquid interfaces (Fuji et al, 2006).
Intrinsically, surfactants Jhave / several .long-chain amphiphilic molecules and
biomolecules. These imolecules retard fhe coalescence and disproportionation of
bubbles by adsorbing atithe air bubble surféce and reducing the air-water interfacial
energy. However, due to the low adsorpt-ion'fenergy, surfactant can not prevent the
long-term stabilization of foams.“Thus, dit‘efct‘foaming methods based on surfactants
require a setting agent to consotidate thé— fléam microstructure before extensive
coalescence and disproportionation take pIaCe.' =

Numerous progcessing routeshave been developed in the last decades to
prepare porous ceramics using direct foaming method based on surfactants. Several
chemicals (as shown in Table 2.12) have been used as surfactant in previous works.
For example, /Sepulveda et al /(2000) rused acrylatesmenomer; Ramay and Zhang
(2003) used Surfonals”DF-58; Fuji et al (2006) used poly(oxyethylene)sorbitan
monolaurate;Zhang et al. (2006) used,ammonium_lauryl sulphate; and Mao et al
(2008) used sodium carboxy-methyl-ceHulose as a‘surfactant.

Due to toxicity of polymerizable monomer, several setting agents from food
industry have been used as a surfactant. Studart et al. (2006) indicated that gelling
agent such as agar, sucrose and carrageenan gum have been applied as non-toxic

processing route for fabrication of porous ceramics.
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Table 2.12 Examples of Direct foaming methods reviewed in the literature

Foaming agent Chemicals (function as) Materials Author (year)
/ Gas bubbles
Foaming method
- Triton X114 - Ammonium polyacrylate (as deflocculant)  Alumina Sepulveda and Binner
- Tween 80 - Acrylate monomer (as sufactant) (1999)
- H,0, No TCP/CdHA  Almirall et al (2004)
- H,0, - Dolapix CE 64 (as deflocculant) HA/TIO, Fidancevska et al (2007)**
- H,0; - Methyl cellulose (as deflocculant) CdHA Li et al (2009)
- Polyethylene glycol (as viscous agent)
- Liquid detergent - Sodium carboxymethylcellulose Silica Mao et al (2008)*
(White Cat ®) (CMC) (asssurfactant)
Gelcasting
- Air bubble - PolyacrylatesandsAcrylic monomers HA Sepulveda et al (2000)
(as gelling agent)
- Dispex A40, Alligd CoIIO|ds
(as deflocculant) P
- TergitoLFMINA0S Aldrich —
(as surfactant) —
- Methyl cellulose No HA & TCP  Engin and Tas (2000)
- Air bubble - Methacrylamide and N, N I\/l‘"ethylenebls- HA Padilla et al (2002)*
acrylamide (@s gelling agent) .+ 4+
- Ammonium persulfate (as initiétor)
-N,N,N° N’ tetramethylethylene*djamlne
TEMED (as catalyst) ol
- Darvan 811, R.T-\VVanderhilt _
(as deflocculant). 7
- Air bubble - Acrylamide & N,N' Methylenebl HA Ramay and Zhang (2003)*
acrylamide (as gelling agent) d
- Ammonium persulfate (as initiator)
- TEMED (as catalyst) .
- Darvan C, R.T.VVanderbilt
(as defiocculant)
- Surfonals DF-58 (as surfactant)
- N, gas - MMA& MBAWM+(as,gelling agent) Silicaglass  Fuji et al (2006)
- Ammonium.persulfate (as initiator) and Al,O
- TEMED (as catalyst)
- (A) Ammonium laurylk sulphate, (B) Fatty
alcehol.ethoxy.sodium; and (C)
Poly(oxyethyleng)sorbitan monolaurate
(as surfactant)
- Ammonium citrate (as deflocculant)
- N, gas - Ammonium lauryl sulphate (as surfactant) ~ Silica glass  Zhang et al (2006)
- same chemicals as Fuji et al (2006) and Al,Os
- Air bubble - Agarose (as gelling agent) HA Potoczek (2008)

- Darvan 811, R.T.Vanderbilt
(as deflocculant)

* = using combination technique / ** = comparing between various techniques
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Moreover, Fuji and colleagues (2006) compared the performance of using
three different surfactants (including (1) Ammonium lauryl sulphate, (2) Fatty alcohol
ethoxy sodium, and (3) Poly(oxyethylene)sorbitan monolaurate) on their
microstructure and some intrinsic properties. They also indicated that the first
surfactant with large foaming ability provides low density, highly porous structure,
broad pore size distribution and low thermal conductivity, which is suitable for
making porous ceramics.

Apparently, each pore forming technigtes-are based on the basic fabrication
methods, e.g. hydrothermal-conversion; casting, freeze casting or powder compaction.
Table 2.13 listed the reviews of current available methods for producing porous
bioceramics, categorized by the fabrication metheds and pore forming techniques.
However, it seems that'Casting s the most frequently used method to fabricate porous

ceramics. This may be due to the simple and convenience process of this method.

Table 2.13  Reviews of current available methods for producing porous bioceramics,

categorized by, the fabricatioh-‘f't?gthods and pore forming techniques

Ir;,_abr‘:ication method

Pore forming

techniques Hydrothe_rmal Cas_ti_r]g_}_ \ Freeze casting Powde_r
conyversion compaction
1. Replica methods - Replamineform - Polyurethane g - -
-'Hydrothermal foam
treatment impregnation
- Cellulose sponge
impregnation
2. Sacrificial - - slip casting with - Freeze casting - Cold
template various-templates (water<as a Uniaxial
methods - Dual-phase vehicle) pressing
mixing - Room temperature - Cold
#Starch freeze casting Isostatic
consalidation (campheneas @ pressing
vehicle) - Hot pressing
3. Direct foaming - - foaming method - -

method - gelcasting
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2.4.5 Combination Techniques

From above literature reviews, each technique provided a different and unique
porous structure. As a result, some studies employed a combination among these
techniques. Previous works, using a combination among pore forming techniques for
making porous bioceramics, were summarized in Table 2.14.

For a combination between replica and direct foaming techniques, Padilla et al
(2002) fabricated porous HA samples through Polyurethane foam (PU foam)
impregnation and gelcasting, respectively. They found that the porous structure of the
sample was a replicate of.the-celiular feam. Then,-Ramay and Zhang (2003) prepared
porous HA scaffolds via the samemethod. They agreed with the previous finding and
also indicated that the poressize and shape, depending on the original foam structure,

are controllable.

Table 2.14 Previous works using combination among pore forming techniques for

making porous bioceramics

Pore forming techniques

Author (year) Materials Replica- /4 Sacrificial Direct foaming
template
Padilla et al (2002) HA PU foam. ;- Gelcasting
impregnation
Ramay and Zhang HA PU foam Gelcasting
(2003) impregnation
Mao et al (2008) Silica Starch Foaming method
cansolidation

Bartuli et al (2009) Zirconia PE decomposition Gelcasting
Tulliani et al. Zirconia PE decomposition Gelcasting
(2009)

For a'.combination between sacrificial template and direct foaming techniques,
Mao et al (2008) proposed a combination between starch consolidation and foaming
method, respectively, to fabricate porous silica samples. They found the tri-modal
hierarchical structure was composed of the large-sized cells, moderate-sized pores and
small-sized voids, which were attributed to the bubbles in foams, the elimination of
starch particles and the interstices among the silica grains, respectively. Additionally,
Bartuli et al (2009) and Tulliani et al (2009) developed the combined forming

technique between sacrificial template and direct foaming techniques for making
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porous Zirconia, using PE spheres decomposition and gelcasting, respectively. They
found that the amount, size and distribution of macroporosity of the cellular ceramics
can be strictly controlled by correctly selecting the size of polyethylene spheres and
by optimizing their dispersion in the gelling agent.

Consequently, there were a few works focused on a combination among
various pore forming techniques. Particularly, there was no research introducing a
combination between sacrificial template and direct foaming techniques for porous

hydroxyapatite fabrication.

2.5 Heat Treatments of HydroXyapatite
In this section, the ihermal transformation of calcium phosphate, the
calcination behavior~andsSintering -behavior of hydroxyapatite were described,

respectively.

2.5.1 Thermal Transformation-of Calcium Phosphate

The thermal behavior of phosphates'is the subject of an intricate debate due to
the fact that each phosphate Caf remarkably]:influence the overall process of the
transformations which —can ~oceur at ' the different. temperatures. Thermal
transformations are \Very-tmportant,;-because-a ceramic 15 obtained through a thermal
treatment and consequently all eventual transformations that can occur at high
temperatures must be expected as they form the base of the chemical quality of the
original powders utilized for the production:

Each calcium ‘phosphate refers to a chemical compound with a defined
stoichiometric _formula. .Most _of. the .compounds . crystallize“and have many
crystallization phases.” Generally;“the crystallized " phases have 'different names.
Sometimes the name used is the chemical one, and a Greek letter is adopted to
distinguish the different phases (e.g. a-TCP or B-TCP).

Hydroxyapatite (HA) is a well-defined chemical compound with formula
Cay(PO4)s(OH),. It belongs to a family of homologous compositions, crystallizing in
the same spatial group, defined as apatites. The hydroxyl group can be replaced, for
example, by fluoride and chloride ion so that fluorapatite (Cajo(PO4)sF) and

chlorapatite (Ca;o(PO4)sCl,) are obtained, respectively. Also, the cation can be
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replaced by other bivalent ions (e.g. Sr**, Ba®*, Pb*) to give rise to strontium, barium,
and lead hydroxyapatites. All these apatitic compounds crystallize with only one
phase; with the specific lattice group P6s/m.

Stoichiometric hydroxyapatite is a very stable compound up to 1400°C. At
temperatures over 1200°C, HA can transforms into TCP and calcium oxide (CaO) as
the chemical Equation 2.8 below. Particularly if CaO is present with HA, TTCP can
be occurred as shown in Equation 2.9. By.combining both equations, HA can be
converted to TCP and TTCR. On the other.hand, Equation 2.10 is completely shifted
to the right side at 1550°C.

Cag(POLE(OH), = 3Caz(PO,), + CaO + H,0 (2.8)

Ca;(PO1)s(QH), + 2 CaO . =2 .3CasO(POy), + H,0 (2.9)
Can(PO#)s(OH)» > 2Cas(POL), + Ca,0(PO.), + H,0  (2.10)

Moreover, the formation of oxyapa'tifte (Caug(PO4)s0O) through condensation of
HA, particularly above 1400°C;-can take j-plalée. There are also other cations and
anions which, though unable to reach a comprete substitution, may be available for
playing a role in the fermation-of soiid-selutions confined within the apatitic crystal
lattice. As regards theMg®", it was ascertained to be a characteristic ion not favoring
the apatitic structure. This ion can be incorporated into synthetic apatites in quantities
lower than 0.4%! Similar ions are R.0#F; Sn?uandeAl¥ allof:which tend to divert the
formation of amorphous calcium phosphate compounds (ACP). Other ions, such as
COs* may. be .contained in the apatitic lattice in*sufficiently large percentages on
condition that Mg®™is not present.”A further ion that may-'occut in ‘sufficiently large

percentage proportions is HPO4>.
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2.5.2 Calcination Behavior of Hydroxyapatite

Calcination (or calcining) is a thermal treatment process applied to solid
materials in order to bring about a thermal decomposition, phase transition, or
removal of a volatile fraction. The calcination process normally occurs at
temperatures below the melting point of the materials. Calcination is to be
distinguished from roasting, in which more complex gas-solid reactions take place
between the furnace atmosphere and the solids, however calcination takes place in the
absence of air.

It seems that calcination-is verysimportani-process for preparing HA powder in
that calcining allows the poweer-properties to be controlled in order to optimize the

properties of the final produet.

(A) Particle Size and Morphology

Juang and Hon (1996) indicated that:éalcination increased the average particle
size of HA powder and also changed the pérti’cle size distribution of the powder from
multimodal to unimodal because of coalesCe‘:hc‘e of finer particles during calcination.

Moreover, Patel et al. (2001} reporte'-d tﬁat coarsening of the microstructure of
the powder surface increased as the calcinatiOthemperature increased, corresponding

to the decrease in the Spectfic-surface-area-of-the-powder:

(B) Crystallinity

Calcinatiom isgan ~essential | step «in corder | toy produce powder with high
crystallinity. Kweh “et™al. (1999) found that the” XRD spectrum of HA powder
calcining at 800°C and above exhibited the sharp, narrow diffraction peaks. Moreover,
Patel et al. (2001) ‘stated that an increase in calcination temperature to.the temperature
between 800 to 1000°C resulted in the powders with highly crystalline, fused, sub-
micron particles. Additionally, Saeri et al. (2003) also confirmed that calcining the as-
precipitated HA at 850 and 1200°C caused the reduction of OH group and the increase
of crystallinity.
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(C) Phase Transformation

Calcination can directly cause the phase transformation of calcium phosphate.
From previous study of Kweh et al. (1999), it seems the temperature below 1000°C
maintained the phase of HA. Furthermore, Juang and Hon (1996) indicated that the
HA powder calcining at 900°C showed no phase transformation, while the HA
powder calcining at 1000°C and above provided the undesirable phases (such as TCP
and CaO).

(D) Flowability

Kweh et al. (1999) reported that the flowability of the HA powder was greatly
reduced after calcination,.which ‘may not be desirable during plasma spraying.
Besides, a spherical~geometry /of .the .powder was highly desired for enhanced

flowability and deposition consistency:

(E) Mechanical Properties

Juang and Hon (1996) indicated‘that the temperature of 900°C was the
beneficial temperature for calcination of :the]: HA samples, resulting in a higher
bending strength (about 55-MPa) with finer grain size.

Moreover, Patel-et-al-(2001) reported that no difference in micro-hardness
between the calcined ‘powder and non-calcined powder were observed. Therefore,

there was no benefit in precalcining the powders prior to sintering.

2.5.3 SinteringBehavior of Hydroxyapatite

Sintering is. a firing .technique  for, makKing. objects. from" powder, through
heating the material’ below! its' meltingpoint until’its particles mutually attach. This
technique is commonly the last step in actually making a ceramic body. The sintering
methods for hydroxyapatite can be grouped into three common techniques, including
(1) normal sintering, (2) hot-pressing, and (3) hot-isostatic pressing.

Although a normal sintering does occur in loose powders, it is greatly
enhanced by the powder compaction, and most commercial sintering is done on
compacts. Compacting is generally done at room temperature, and the resulting

compact is subsequently sintered at elevated temperature without application of
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pressure. Secondly, a hot-pressing, ceramic can be sintered simultaneously at high
temperature and under high pressure. A hot-pressing apparatus consists of a press
machine and furnace. Generally, the hot-press technique has been used for fabrication
of dense ceramic at lower temperature compared to the normal sintering technique.
Finally, a hot-isostatic pressing (HIP) is a technique for isostatically compressing
materials by gaseous pressures at high temperatures. By using this technique,
ceramics with small grain sizes and little 'pores can be obtained at lower sintering
temperature. By HIP technigue, sintering at-L100°€ under the argon gaseous pressure
of 160 MPa for 1 hour causes-hydroxyapatite-to-ehange into transparent form (Aoki,
1994: 271).

Not only the synthesis parameters, but heat treatment also has an influence on
the characteristics and properties .of HA. Recently, there are many researches

investigated on the effget oftheat treatment on the properties of HA, and vice versa.

(A) Density and Porosity

White et al (2007) stated that many‘factors; including powder properties,
sample preparation, phase purityof thej réiw materials, sintering temperature,
atmosphere, and heating rate, affected the density of the final samples.

Furthermore, Gibson-etal-(2001)-also-confirmed-that heating rate affected the
final density of HA. Higher ramp rates gave a higher final density, but the rate greater
than 10°C/min resulted in decomposition of HA. The low crystallinity HA achieves a
final sintered density ef between 27:98%of thel theoretical density at approximately
1200°C, whereas commercial crystalline 'HA requires ‘a’ sintering temperature of
approximately .1300°C. to..reach..a similar.density. .Only ,the sintering temperature
significantly " affected “the' sintered ‘density ofCLab-HA, whereas the sintering
temperature, time, heating rate and compaction pressure all affected the sintered
density of commercial HA.

Additionally, Mostasfa (2005) indicated that the sintered density was
depended on the particle size, the homogeneity and the agglomeration character of the
HA powders. Moreover, He et al. (2008) found that the bulk density increased with an
increasing sintering temperature, whilst the open porosity and total porosity

decreased.
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(B) Sinterability

Gibson et al. (2001) found that the sinterability of the low crystallinity HA
powder, with a median particle size of 22 um and a high specific surface area (SSA)
of 63 cm?/g, was significantly greater than for a commercial HA powder, which was
crystalline and had a median particle size of 5 um and a low SSA of 16 cm?/g.

Moreover, Mostasfa (2005) stated that HA prepared from different methods
affected different sinterability. The HA powder prepared by mechanochemical route
exhibited better sinterability; uniform microstructure and improved mechanical

properties, comparing to the HA powder prepared from precipitation method.

(C) Shrinkage .

Gibson et al. (2001)reported that'the linear shrinkage of low crystallinity HA
and commercial crystalline /HA were appfbximately 24% and 18%, respectively.
Besides, Yang et al. (2008) found" that the drying shrinkage decreased with an
increasing B-TCP content, while the sintering shrinkage increased with an increasing

temperature and B-TCP content,

(D) Thermal Stabtiity

One of the main factors affecting the integrity of the final sintered product is
the Ca/P ratio. White et al. (2007) indicated that even the slightest deviation from the
stoichiometric/1:67 Ca/Pratiocaused the decampasition during sintering. Typically, a
precursor with €a/P ratio lower than 1.67 caused decomposition to B-TCP (followed
by a second.conyversion. to.a- TCP.at higher tempeérature) and Tetracalcium phosphate,
and a precursor with:Ca/P ratio more than 1.67 caused the.decomposition to CaO.

Saeri et al. (2003) stated that the synthesized HA powder had favorite thermal
stability at 1200°C. Moreover, Mostasfa (2005) reported that the start of sintering
depended mainly on the Ca/P ratio of HA powers, since the start of sintering of both
precipitated Ca-deficient HA and mechanochemical HA start at lower temperatures
than precipitated stoichiometric HA.

Additionally, Yang et al. (2008) found that the p-TCP-rich samples began

sintering at a lower temperature than the HA-rich samples, corresponding to the
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previous results of Mostasfa (2005). Although the start of sintering depended on the
Ca/P ratio, the relative density at 1100°C was almost the same as the less sintered HA-
rich samples because of the lower initial packing efficiency of the B-TCP-rich
samples. After sintering the phase composition changed depending on the sintering

temperature and phase purity.

(E) Grain size

Basically, grain size increases with sintering temperature and time (Rice: 5-6,
1998). Yeong et al. (1999)-found that the average-grain size increased with increasing
sintering time at 1200°C and-the increase in average grain size led to a noticeable

improvement in fracture toughness of the sintered HA.

(F) Mechanical'Properties —

The mechanical properties of por{;_ug HA are directly related to the density,
pore size, porosity and porous 'structure,-tinfluenced by sintering parameters. The
higher the degree of sintering, the better't}"l:er_ mechanical properties will be, as any
porosity will induce cracking and eventually;eé%éstrophic failure (White el al, 2007).

Gibson and others (2001) found thét"fhé'hardness of HA ceramic increased
with an increase of sihtering-temperature: Fhus; hardness 0f low crystalline HA and
commercial crystalline HA increased with an Increasing the sintering temperature.
Moreover, they also found that the hardness of low crystalline HA powder was greater
than the commercial (HA~when firing"at:the, lawer-sintering temperature (below
1200°C).

However, Yeong et al..(1999). indicated that.the steady deCrease in hardness
for materials'sintered at 1200°C for'more than 7 Hours'was apparently due to the fall

in sintered density with prolonged sintering time.
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2.6 Summary

In this chapter, the literature review summarized the concept of bioceramics,
its classification and some examples of bioceramics, such as calcium phosphate
family, coralline and human bone. The crystal structure, properties, medical
application and synthesis methodologies of hydroxyapatite were reviewed. In addition
to the synthesis methods, the synthesis parameters affecting on the properties of
precipitated HA were also examined. The definition of pore and porosity, the
characteristics of pore, and roles of peresity; pores and interconnections in
bioceramics were mentioned.-IMoreover, the classifieation of pore forming techniques
and previous works on fabrication of porous bioceramics divided by single technique
and combination techniques .were explored. Additionally, thermal transition of
calcium phosphate and calCination and. sintering behavior of hydroxyapatite were
determined. ’

From above reviews, Synthesis thfbugh an agueous precipitation reaction
between calcium phosphate and orthophdsphoric acid can produce hydroxyapatite
with standard quality, high production rate'énq economical cost. Furthermore, there is
no research on fabrication of porous hydréx;}épatite through combination between
sacrificial template and direct foaming technique.

In this dissertation; the-production-process of porous HA was developed. HA
powder used in this study was synthesized from an agueous precipitation reaction
between calcium hydroxide and orthophosphoric acid. Porous HA samples were
prepared through wirect| foaming,osacrificial ctemplateyand combination techniques.
The key process parameters affecting on porosity and mechanical strength were also
studied... The. prepared. HA _powder .and. the. resultant.porous.HA  samples were

characterized as well.
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MATERIALS AND METHODS

In this chapter, the preparation of hydroxyapatite powder, the fabrication
procedures of porous samples without and with surfactant, the heat treatment plan,

and the characterization of the material and the'Samples were described.

3.1 Preparation of Hydroxyapaiite Powders

In this work, hydroxyapatite (HA) was synthesized using an aqueous
precipitation reaction-between,0 5, calcium hydroxide (Ca(OH),, N0.31219, Riedel-
deHaen, Germany) and‘0.3M orthophosphoric acid (HsPO4, 85%, Merck, Germany),
due to its simple and economical progess.

Figure 3.1 showed the production éyst‘em of synthesized HA via an aqueous
precipitation reaction between Ca(OH), ahd H3PO4. The reaction was carried out at
room temperature and the pH of the reaci-iohl"'was also maintained at 10.5 by the
addition of ammonia, solution (NH,OH, 28%, N0:2672, APS Finechem, Australia).
During the synthesis process; both-reactants must-be stirr€d using magnetic stirrer.

To receive the stoichiometric HA, Ca/P molar ratio of the reaction must be
preserved at 1.67. The solution of H3PO,4 acid was slowly dropped into the vigorously
stirring suspension ofoCa(QOH);z)at theraddition rateef<around 3 ml/minute. Slow
dropping was eontrolled using a peristaltic pump™ (313U, Watson Marlow, USA).
After the ending of. the, reaction,.the reacted suspension was.continuously stirred for
further 60 minutes:and then'aged-overnight at room temperature.

Figure 3.1 illustrated the preparation process of HA powder. After aging, the
resultant precipitate was filtered and repetitively washed using deionized water in
order to remove some remaining ammonia and its odor. The filtered cake was dried in
the vacuum oven (WTC, Binder, Germany) at 80°C overnight and then ground into
powder using a pestle and mortar. Subsequently, the powder was passed through a
series of sieves. As a result of the sieving process, the desire particle size of the

powder has been acquired.
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Figure 3.2  Schema of the preparation process of hydroxyapatite powder
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3.2 Fabrication of Porous Hydroxyapatite Samples

In this section, the fabrication procedures of porous HA samples without
surfactant through three pore forming techniques; including (1) sacrificial template
using PMMA, (2) direct foaming using H,O, and (3) combination technique using
PMMA and H;O, (combination between sacrificial template and direct foaming),
were elaborated.

3.2.1 Sacrificial Template Technique using PMMA

In this work, the.commercial poly(methyl-methacrylate) granules (PMMA,
No0.445746, Sigma Aldrich,.Gemmany), which has a molecular weight of around
350,000 and a density of 1.47 g/ml (the details from manufacturer), were selected as a
sacrificial template. ;

Figure 3.3 presented the flow chért of the preparation process of porous HA
via sacrificial template gechnigue using ‘PMMA granules. To fabricate the porous
samples through this technique; the HA -pov‘vder was homogeneously mixed with
PMMA granule and deionized water. Af'te}fmixing, the paste was placed into the
removable cylindrical molds with-& diameteﬁoflfQS mm and the bar-shaped molds with
dimensions of 10x40x20-mim - (widthxlengthxheight), and then kept at 60°C in a
vacuum oven overnigit: Afterwards; the green samples were removed from the mold
and heat-treated in a furnace.

Table 3.1 showed the experimental plan and sample names for the HA
samples prepared via sacrificial template technique using"RMIMA granules. To study
the effect of PMMA content and L/P ratio, the PMMA granule and deionized water
were added with the content of. 0.5, 10,,20,.30, 40.and,50 wi% and with the liquid to
powder ratio (L/P ratio) of 1.3-and"1.5'ml/g, respectively.



HA

powder aranules

PMMA

DI Water

i

7R

/D NN
i g

Ll N\
y 7 &\

- |
!OFOUS EA i

FlguretﬁFr!lIQv ﬂaﬂojueg}épyaﬂ :r]o::gssv] poro:]

template technique using PMMA granules

¢

via sacrificial



Table 3.1  Experimental plan and sample names for the HA samples prepared via

sacrificial template technique using PMMA granules

% PMMA content L/P ratio

Sample Name (W%6) (ml./g.)

HO00-P0O0-L13 0

H00-P05-L13 5

H00-P10-L13 .

H00-P20-L13 , ' 1.3

H00-P30-L13

HO00-P40-L13 40

HOO0-P50-L13 .5

HO00-P0O0-L15

HO0-P05-L 15 NN

H00-P10-L15

H00-P20-L15 PR 15

H00-P30-L15 0

HO00-P40-L15 &

H00-P50-L15 a4l

TRIT IR \
ol

Note: ' .

Hxx was referred to the sample produced with , concentration of xx wt%

Pyy was referred to the sample produced wi MA content of xx wt%

Lzz was referred to the samplw_e:dggggl-_.ﬂﬁ : tio of 1.3 or 1.5 ml/g

a
J G
AUEINENINYINg
ARIAN TN INY Y
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3.2.2 Direct Foaming Technique using H,O,

In this study, the commercial solution of hydrogen peroxide, 30wt% (H,0O-,
Merck, Germany) was used as a foaming agent. To investigate the effect of
concentration of H,O,, a set of solutions with various concentrations were prepared
by diluting the commercial solution with deionized water.

Figure 3.4 illustrated the flow chart of the preparation process of porous HA
via direct foaming technique using H;O, selution. The procedure began with the
mixture of the HA powder and H,O; solution, and then followed by homogeneous
stirring. After mixing, the paste was poured inio-the-removable cylindrical molds with
a diameter of 25 mm and the bar-shaped molds with dimensions of 10x40x20 mm
(widthxlengthxheight) andethen leit in atmosphere for 15 minutes for expansion. To
dry the sample and remove'the remaining H.O,, the foamed paste was kept at 60°C in
a vacuum oven overpight. Afterwards, t‘hea_green samples were removed from the
mold and heat-treated in/@ furnace. '

Table 3.2 exhibited the 'ex’perimeﬁfal‘ plan and sample names for the HA
samples prepared via direct foaming techhi':_;_'mgal__using H,0, solution. To examine the
effect of concentration of hydrogen peroxid;—sbfiution and L/P ratio, the concentration
was varied using 0, 1,3, 5; 10, 20 and 30 Wf%With the L/P-ratio of 1.3 and 1.5 ml/g.
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Table 3.2  Experimental plan and sample names for the HA samples prepared via

direct foaming technique using H,O, solution

% H,0, concentration L/P ratio
Sample Name (Wt%) (ml/g.)
H01-P00-L13 1
HO03-P00-L13 3
HO05-P00-L13 13
H10-P00-L13 \\HL’/ '
H20-P00-L13 P
H30-P00-L13 — 3
HO01-P00-L15 I
HO03-P00-L15 - e
H05-P00-L15 A1/ l\‘m 15
H10-P00-L15 "/ TEENOIRNRS '
H20-P00-L15 AV ZEET NN
H30-P00-L 15 lllﬂmw&\“‘
* A

JN‘-,

Note: e

Hxx was referred to the sample produ
Pyy was referred to the sample pro with the PM
Lzz was referred to the samy

oncentration of xx wt%
A content of xx wt%
) of 1.3 or 1.5 ml/g
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3.2.3 Combination Technique using PMMA and H,0,

The poly-methyl-methacrylate granules (PMMA) being commercial grade was
applied as a pore former for sacrificial template technique, while hydrogen peroxide
solution (H,0,) was used as a foaming agent for direct foaming technique.

Figure 3.5 displayed the flow chart of the preparation process of porous HA
specimens via combination technique using PMMA granules and H,O; solution. The
fabrication started with preparing the homogeneous mixture of the HA powder,
PMMA granules and H,0, selution. After mixing,the paste was the paste was poured
into the removable cylindrical-molds with a diameter of 25 mm and the bar-shaped
molds with dimensions of 10%40x20 mm (widthxlengthxheight) and then left in
atmosphere for 15 minutessfor'expansion. In order to remove the remain H,O,, the
foamed paste was kept at 60°C for 2 hours In a vacuum oven overnight. Afterwards,
the green samples werg‘denolded and heat-treated in a furnace.

Table 3.3 presented the experim'e,nial plan and sample names for the HA
samples prepared via cambination techh‘i'qU'e using PMMA granules and H;0;
solution. To investigate the gffectof both PMMA content and H,O, concentration, the
mixture was prepared using PMMA granule at various contents (0, 5, 10, 20, 30, 40
and 50 wt%) and HyO, solution at the different concentration (0, 5, 10, 20 and 30
wt%), with the L/P raito-of 1.3 mt:/g.

Table 3.3  Experimental plan and sample names for the HA samples prepared via
combination technique using PMIMA granules and H,0O, solution
% PMMA % H,0, Concentration L/P
Content (Wt%) ratio
(Wt9%6) 5 W% 10 Wt% 20 Wt% 30Wt% (ml./g)
0 HO5-P0O0-L13 KH10:P004L:13 H20<P00-L 13 H30-P00-L.13
5 HO5-P05-L.13 H10-P05-L.13 H20-P05-L13 H30-P05-L.13
10 HO05-P10-L13 H10-P10-L13 H20-P10-L13 H30-P10-L13
20 H05-P20-L.13 H10-P20-L13 H20-P20-L13 H30-P20-L13 13
30 H05-P30-L13 H10-P30-L13 H20-P30-L13 H30-P30-L13
40 HO05-P40-L.13 H10-P40-L.13 H20-P40-L13 H30-P40-L.13
50 HO05-P50-L.13 H10-P50-L.13 H20-P50-L13 H30-P50-L.13
Note:

Hxx was referred to the sample produced with the H,O, concentration of xx wt%
Pyy was referred to the sample produced with the PMMA content of xx wt%
Lzz was referred to the sample produced with the L/P ratio of 1.3 or 1.5 ml/g
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3.3 Fabrication of Porous Hydroxyapatite Samples with Surfactant

To investigate the effect of addition of surfactant on the characteristics of
porous HA, the food-grade agar powder (AGAR, Mermaid brand, Thailand) was
selected as a surfactant. The fabrication procedures of the porous HA samples with
surfactant via three pore forming techniques; including (1) sacrificial template using
PMMA, (2) direct foaming using H,O, and (3) combination technique using PMMA
and H,O, (combination between sacrificial template and direct foaming) were

respectively explained.

3.3.1 Sacrificial Template Teehnigue using PMMA

Figure 3.6 presented the flow chart of the preparation process of porous HA
via sacrificial template'technigue using PMMA granules with surfactant. To fabricate
the porous samples through this technfque, the HA powder was homogeneously
mixed with PMMA granule and deionized VV\J/-ater at the L/P ratio of 1.3 ml./g., as well
as 1wt% agar powder. After mixing, the paste was placed into the removable
cylindrical molds with a @diameter of 2‘37mm and the bar-shaped molds with
dimensions of 10x40x20 mm (Widthxlendth;f]eight), and then kept at 60°C in a
vacuum oven overnight. Afterwards, the gfééh';s'amples were removed from the mold
and heat-treated in a furnace:

Table 3.4 showed the experimental plan and sample names for the HA
samples prepared via sacrificial template technique using PMMA granules with
surfactant. To study the effect ©fiPMMA content, the PMIMA“granule was varied with
the content of 045, 10, 20, 30, 40 and 50 wt%.
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Table 3.4  Experimental plan and sample names for the HA samples prepared via

sacrificial template technique using PMMA granules with surfactant

Sample Name % PMMA content L/P ratio % Agar

(Wt%) (ml/g.) (Wt%)

HO00-P0O-L13A 0

HO00-P05-L13A 5

HO00-P10-L13A 100011

HO0-P20-L13A 208\\\17/ 1wt

HO0-P30-L13A SN

HO00-P40-L13A A0

H00-P50-L13A

Note:

Hxx  was referred to thessampl ! -\i‘»"\\ ation of xx wt%

Pyy was referred to the samp ‘with the \!! |A content of xx wt%
Lzz was referred to the .{ of 1.3 or 1.5 ml/g

A was referred to the sa Vi idifion of 14 % agar
e \\
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3.3.2 Direct Foaming Technique using H,O,

Figure 3.7 illustrated the flow chart of the preparation process of porous HA
via direct foaming technique using H,O, solution with surfactant. The procedure
began with the mixture of the HA powder and H,O; solution at the L/P ratio of 1.3
ml./g., and then added 1wt% agar powder, followed by homogeneous stirring. After
mixing, the paste was poured into the removable cylindrical molds and the bar-shaped
molds and then left in atmosphere for 15 minutes for expansion. To dry the sample
and remove the remaining H;O,, the foamed pastewas kept at 60°C in a vacuum oven
overnight. Afterwards, the-green samples were-removed from the mold and heat-
treated in a furnace.

Table 3.5 exhibited the experimental plan and sample names for the HA
samples prepared via“direct foaming technigque using H>0, solution with surfactant.
To examine the effect of concentration Ofinog, the concentration was varied using 0,
1, 3,5, 10, 20 and 30 wt% atthe L/P ratio of:-l.3 ml./g.

3.3.3 Combination Technigue using PMM;A‘and H,0,

Figure 3.8 displayed the flow chart j-of the preparation process of porous HA
specimens via combipation technigque using'P'MMA granules and H,0, solution with
surfactant. The fabrication-started-with-preparing the hemogeneous mixture of the HA
powder, PMMA granules, H,0, solution and 1 wt% agar powder at the L/P ratio of
1.3 ml/g. After mixing, the paste was the paste was poured into the removable
cylindrical meldscand: the“barsshaped  maolds jand jthen<leftzin atmosphere for 15
minutes for expansion. In order to remove the remain H,0,, the foamed paste was
kept at.60°C.for. 2 hours in a.vacuum.oven overnight. Afterwards; the green samples
were demolded and heat-treated in'a furnace:

Table 3.6 presented the experimental plan and sample names for the HA
samples prepared via combination technique using PMMA granules and H,0;
solution with surfactant. To investigate the effect of both PMMA content and H,0,
concentration, the mixture was prepared using PMMA granule at various contents (0,
5, 10, 20, 30, 40 and 50 wt%) and H,O, solution at the different concentration (0, 5,
10, 20 and 30 wt%), with the L/P ratio of 1.3 ml/g.
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combination technique using PMMA granules and H,O; solution with

surfactant
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direct foaming technique using H,O, solution with surfactant.

Experimental plan and sample names for the HA samples prepared via
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Sample Name % H,0; concentration L/P ratio % Agar

(wt%o) (ml/g.) (wt%o)

HO01-P0O-L13A 1

HO03-P00-L13A 3

HO05-P00-L13A 5

H10-POO-L13A 10 L3 Lwt

H20-P00-L13A 20

H30-P00-L13A 30 J

Note:

Hxx was referred to the sample produced with the H,O, concentration of xx wt%

Pyy was referred to thessample produced with the PMIMA content of xx wt%

Lzz was referred to the sample produced with the L/P ratio of 1.3 or 1.5 ml/g

A was referred to the sample produced with.the addition of 1wt% agar
4 ‘;l C

Table 3.6 Experimental plan and sample names for the HA samples prepared via
dd I

combination technigue using PMMA granules and H,O; solution with

surfactant e
% PMMA % H,0, Concentration L/P %
Content - (wit%o) . ratio Agar
(Wt%0) 5 wt% 10 wt% 20 wt% 30 wt% (ml/g) | (wt%o)
0 H05-P00-L13A H10-P00-L13A H20-P00-L13A | H30-POO-L13A
5 H05-P05-L13A H10-P05-L13A H20-P05-L1#3A | H30-P05-L13A
10 H05-P10-L13A H10-P10-L13A H20-P10-L13A | H30-P10-L13A
20 H05-P20-L 13A H10-P20:L43A H20-P20-1=13Aw, |-H30-P20-L13A 1.3 1 wt%
30 H05-P30-L 13A H10-P30-L13A H20-P30-L13A | | H30-P30-L13A
40 H05:P40-L13A H10-P40-L13A H20-P40-L13A | H30-P40-L13A
50 H05-P50-L13A H10-P50:L13A H20-P50-L13A | H30-P50-L13A
Note:
Hxx was referred to the sample produced with the H,O, concentration of xx wt%
Pyy was referred to the sample produced with the PMMA content of xx wt%

Lzz was referred to the sample produced with the L/P ratio of 1.3 or 1.5 ml/g
A was referred to the sample produced with the addition of 1wt% agar
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3.4 Heat Treatment

To find the suitable sintering temperature, the samples H10-P00-L13A, H10-
PO5-L13A, H10-P10-L13A and H10-P20-L13A were selected to be sintered at the
various temperatures (at 1000°C, 1050°C and 1100°C). Moreover, the effect of
sintering temperature on porosity and mechanical properties of these samples was also
investigated.

Figure 3.9 illustrated the heat treatment plan for the porous HA samples. After
drying process, the dried samples were placed.in the furnace and then heated at 400°C
for 1 hour with the slowdy-ramp rate of 1°C/min-te-burn out the remaining PMMA
granules and to avoid the craeking. Afterwards, the samples were sintered at 1100°C
for 2 hours with the ramperate’ of 5°CImin and then furnace cooled. The sintering
temperature of 1100°C, whigh /was -suitable for these porous HA samples, was

obtained from the above experiment. g
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Figure3.9  Heat treatment plan for the porous HA samples
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3.5. Physical Characterization

3.5.1 Phase Purity Checking

To determine the phase purity of the synthesized HA, the sample powders
were characterized on X-ray diffractometer (XRD), Fourier transform infrared
spectrometer (FT-IR) and energy-dispersive X-ray analyzer (EDX).

(A) X-ray Diffraction (XRD)

The phase analysis-of-the synthesized-HA-powder sintered at 1100°C for 2
hours was performed on X-ray.diffractometer (XRD), using CuK, radiation at a
voltage of 40KV and a curient.of40mA. The characterization procedures were based
on ASTM F2024 (standagd practice for .2 X-ray diffraction determination of phase
content of plasma-sprayed hydroxyapaﬁte coating). To confirm the purity of the
sample powder, the spectra/of 3 samples Were compared with the ICDD standard
peak, according to ASTM F1185-03 (sfa‘ndard specification for composition of
hydroxyapatite for surgical implants).

(B) Fourier transform infrared (F'TIR)'

To confirm the-group-of -chemical-component; the infrared spectrum of the
sample powder was analyzed using Fourier transform infrared (FTIR) spectrometer.
To prepare the specimen for FTIR analysis, a small amount of the sample powder was
mixed with potassium bdromide (KBr)awhich dsi transparenttesinfrared light, and then
pressed into a thin coin"'which can be analyzed. The'scanning was operated from 4000
to 400 cm™.

(C) Energy-dispersive X-ray (EDX)

The quantitative chemical composition of the sample powder was examined
using energy dispersive X-ray (EDX) analyzer. This technique was used in a
conjunction with scanning electron microscope (SEM). This analysis provides the
composition of all elements detected in the sample. The composition of Ca and P
elements measured from this analysis can be utilized for calculating the Ca/P molar

ratio of the as-received HA powder.
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3.5.2 Particle Size Analysis

The median particle size and particle size distribution of the sample powders,
i.e. HA powders and PMMA granules, were assessed on laser particle size distribution
analyzer using Malvern mastersizer S. Also, the Mastersizer software provided a
series of particle sizes in diameter at the percentile of 0.1, 0.5 and 0.9. To confirm an
accuracy of the measurement, the sample powders were characterized for 3

replications.

3.5.3 ThermogravimetricAnalysis

To determine the deeomposition temperature of the as-received PMMA
granules, thermogravimetrie'analysis (TGA) was performed on simultaneous thermal
analyzer (STA) with the heating raie.of 10°C/min.
3.5.4 Microstructural Study

Scanning electron: microscope (SEM) was employed to investigate the
morphology of the powders and the micros'tf‘qqture of the porous samples. To perform
the SEM analysis, the samples were preparédr by coating with gold and then attached
on a brass strut using a carbon adhesive taiﬁéf“T 0 avoid the discharge of electron on
the surface of sample; the-sampie-must-be cieaned and dried before coating process

and then kept in a closed container after coating process:
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3.5.5 Bulk Density and Porosity

To calculate volume of the specimen, the dimensional measurements of the
sintered HA specimens were performed by digital vernier caliper having an accuracy
of 0.01 mm. Mass of the specimen was measured using digital weighing apparatus
with an accuracy of 0.001 g. The volume and mass of the specimen were then used to
calculate bulk density following in Equation 3.1. Additionally, porosity of the porous
HA sample was determined using the bulk density of the sample and the theoretical

density of hydroxyapatite (3.156 g/cm?®) as’sSHown.in Equation 3.2. (Hing et al., 1999)

M
o2 M 3.1
7 (3.1)
P (1_ Be ]xlOO% (3.2)
D
Where ,
BD = Bulk density {g/em?),
=) = Porosity (%), |
= Mass (g),
V = Volume (cm®), and

Dua = Theoretical density of hydroxyapatite (3.156 g/cm®).
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3.6 Mechanical Characterization

To determine mechanical properties of the porous HA specimens, compressive
and three point flexural tests were performed on multipurpose testing machine,
SHIMADZU SERVOPULSER SFL 50kN. Compressive strength, flexural strength

and stiffness were obtained from these following experiments.

3.6.1 Compressive Strength

Figure 3.10 exhibited the graphical sChemaof compressive test for the porous
HA samples. In this study,the-compressive tesi-procedure was conducted according to
ASTM C773-88 standard test inethod for compressive strength of ceramics. To
prepare the test specimen,ihe sintered samples were machined to right cylinder and
then cleaned by immersionsin.an ultrasonic bath filled with hot water and follow by
drying at 90°C for 2 hours. The test starte__d with placing the specimen carefully on the
center between pressing and bearing :":plaétes, and then loading the specimen
continuously until ultimate faillure without i'mp'act shock, with the cross head speed of

2.5 mm/minute. The compressive strengt'l‘i:"rof each specimen can be calculated as

it

follows: =
CSi %xlo6 | (3.3)
Where
CS = Caompressive,strength.of. the.specimen (Pa)
P = L.ead'on the 'specimen at failure (N)

= Cross sectional area of the bearing surface of-the specimen

()
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Cross head speed = 2.5 mm/min.
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Figure 3.10  Graphicalsche la of P rthe porous HA samples
ety \

BRI
Nalely

Py e e

S, 0

LTI
e MTA ST b =20mm

Test specimen

Front view Side view

Figure 3.11  Graphical schema of three-point flexural test for the porous HA
samples
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3.6.2 Flexural Strength

Figure 3.11 illustrated graphical schema of three-point flexural test for the
porous HA samples. In this work, three-point flexural test was carried out, following
the standard test method of ASTM C1161-02c for ceramics at ambient temperature.
The specimen was prepared into right dimension bar and then cleaned by immersion
in an ultrasonic bath filled with hot water and follow by drying at 90°C for 2 hours.
The test began with placing the specimen carefully on the center of the support span
to preclude the possible damage and to ensure alignment of the specimen, and then
slowly applying the load-ie-the fixture-until failure,-with the cross head speed rate of
0.2 mm/minute. The flexural sirenagth of the sample bar is as follows;

’ 23;‘-2 10 (3.4)
Where o

FS = Three-point ﬂexurafs,trength (Pa)

FS

= Load on the specimén’.at failure (N)
Long supportspan (mm)*™

= Specimerwidth (mm)= =

o T I T
1

= '+ -Specimen thickness (mm)
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3.6.3 Stiffness

Stiffness is a measure of the resistance of the materials offered by an elastic
body to deformation. From the compressive and flexural tests, both compressive

stiffness (Ec) and flexural stiffness (Ef) were obtained. The calculation formula for
compressive stiffness is defined as;

(3.4)
Where

(3.5)

b

= ﬂu?‘ Onﬂ Specimer atfallﬂe (N) 3
ARtk nkh (AR T

= Specimen width (mm)

= Specimen thickness (mm)
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3.7 Statistical Analysis

3.7.1 Analysis of Variance

Analysis of variance (ANOVA) was performed to confirm the effect of
fabrication factors on the responses of the porous HA samples prepared through (1)
sacrificial template using PMMA, (2) direct foaming using H,O, and (3) combination
technique using PMMA and H,0..

Table 3.7 listed the factors and respenses of ANOVA test for porous HA
samples prepared through-various methods. Signifieant level (o)) was set to be 0.05
due to a small sample size_fellowing upon previous research. Most importantly, the

test was significant unless the P=value was over the significant level.

Table 3.7  Factors and responses of ANOVA test for porous HA samples prepared

through vagious methods.

Factors -5 Responses

(1) Sacrificial template using PMMA
1. PMMA content (Cp) ;
2. L/P ratio (LP) b

3. Addition of agar = 1. Bulk density (BD)
(2) Direct foaming using H,0, 2. Porasity (P)
1. H,0, concentration {Cg)
2. L/P ratio (LP) 3. Compressive strength (CS)

3. Addition of agar
4. Flexural strength (FS)

(3) Combination technique using PMMA and H,0,

1. PMMA content (Cp) 5. Compressive stiffness (Ec)
2. H,0, concentration (Cy)
3. Addition of‘agar 6. Flexural stiffness (Er)

(4) Sintering.temperature

3.7.2 Regression Analysis

The experimental results were used to generate regression model to predict the
responses, including porosity and mechanical strength. Moreover, analysis of variance
(ANOVA) was carried out to investigate the significance of the model and R-square

value of regression was also indicated by using significant level (o) of 0.05.




CHAPTER IV

EXPERIMENTAL RESULTS

This chapter described the experimental results of produced powder and
porous hydroxyapatite ceramics, such as phase purity, particle size distribution,
thermogravimetric analysis, .mierostructure; bulk.density, porosity, and mechanical
properties. The phase purity-of HA pewder analyzed using XRD, FTIR and EDX
were reported. Particle size _distributions and mean particle sizes of the HA powder
and PMMA granules were" explained.. The TGA curve of PMMA granules was
demonstrated. The SEM micrographs of HA particle, PMMA granules and some
porous HA samples were investigated: Additionally, bulk density and porosity of the
porous HA samples werg summarized. Finaliy, compressive strength, flexural strength

and its stiffness of the porous HA samples were represented.

4.1 Characteristics of the PMMA Granule .
4.1.1 Particle Size Distribution

Figure 4.1 exhibited particle size distribution of the commercial PMMA
granules. The distribution of the PMMA granules was a unimodal distribution with a
peak of around-150 rinvin particle Size:

Table 4.4;summarized average and standard deviation of mean particle size of
the PMMA granules. The.average and, standard deviation, of .median.particle sizes (at
d(0.5)) of the PMMA granules'were-150.75+0.15 pm.

4.1.2 Thermogravimetric Curve

Figure 4.2 illustrated the TGA curve of the commercial PMMA granules. The weight
of PMMA reduced gradually until the temperature of around 250°C and then dropped
rapidly. The PMMA granules have been completely decomposed at about 400°C, at

which a stable weight was attained.
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Figure 4.1 Partlclf/ i the co mmercial PMMA granules
Table 4.1  Average andsstay ‘- ' t zes of the PMMA granules
Sample lmuum : size (um)
' | m- _ (do.5) (d0.9)
PMMA granule -*\ii!..; '

Sample 8296 4/ 0.92 222.83
Sample 2 8 150.65 223.49
Sample 3 — 150.69 222.53
Average + SD «@wﬁ% 027, 150.75 +0.15 222.95 + 0.49
Note:  d0.1 was refer(e to the measured dt 10vol% of the particles
d0.5 was referred to-the-measured-particie-size-of-diaimete r; 0vol% of the particles

90vol% of the particles

d0.9 was refer ww
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Figure 4.2  TGA curve of the commercial PMMA granules
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4.1.3 Microstructure and Morphology

Figure 4.3 exhibited the SEM micrographs of the commercial PMMA granules
at the magnification of (a) 100X, (b) 500X and (c) 800X. In Figure 4.9 (a), the particle
of the PMMA granules had a spherical shape with various particle sizes. In Figure 4.9
(b), the large particle size was about 150 um in diameter. In Figure 4.9 (c), the small
particle size was approximately less than 50 um in diameter. Moreover, surface of the
PMMA granule was nearly smooth. : f//

L

— I

X188 188mm BB48 10 3d-s

TZBNm BESE 18 38 SEI

(c) 800X

Figure 4.3  SEM micrographs of the commercial PMMA granules at the
magnification of (a) 100X, (b) 500X and (c) 800X
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4.2 Characteristics of the HA Powder
4.2.1 Phase Purity

(A) X-ray Diffraction (XRD)

Figure 4.4 displayed the XRD spectrum of the synthesized HA powder
sintered at 1100°C for 2 hours. The spectrum consisted of series of sharp and narrow
diffraction peaks. According to ASTM 1185-03, the spectrum showed a single
phase of HA, matching with-ICDD standard-peak-of stoichiometric hydroxyapatite
(standard N0.09-0432).

(B) Fourier Transform Infrared (FTIR)

Figure 4.5 showed the FTIR spéctrum of the synthesized HA powder. The
spectrum was composed of water grou‘p; (H.0), phosphate groups (PO,*) and
hydroxyl group (OH"). The PQ,* groups was found at 564, 603 and 1034 cm™. While
the OH™ groups was at 3570 and 630 c:m-l Additionally, the H,O groups were

it

detected at 3420 and near 1640 ¢ =g

(C) Energy Dispersive-X=ray-(EDX)

Figure 4.6 illustrated the EDX spectrum of the synthesized HA powder
sintered at 1100°C for 2 hours. The spectrum was comprised of the desirable elements
of Ca, P and O:and ather efements'of Crand"Au,|However, hydrogen (H) element can
not be detected.

Table 4.2 listed the elemental compasitions.of the synthesized HA powder
sintered ‘at 1100°Cfor 2 hours in term-of weight @and atomic percentage. The weight
percentage of the O, P and Ca elements were 50.84%, 15.64% and 33.52%,
respectively. While the atomic percentage of the O, P and Ca elements were 70.32%,
11.18% and 18.50%, respectively. Consequently, Ca/P atomic ratio of the HA powder
was approximately 1.66 (= 18.50/11.18).
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Table 4.2  Elemental compositions of the synthesized HA powder
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4.2.2 Particle Size Distribution

Figure 4.7 showed the particle size distribution of the synthesized HA powder.
The distribution of the HA powder was a bimodal distribution with the peaks of
approximately 4 um and 20 um in particle size.

Table 4.3 summarized the average and standard deviation of mean particle
sizes of the HA powders. The average and standard deviation of median particle size

(at d(0.5)) of the HA powders was 4.97:+0.03.m.

10

Volume (In%)

0 0 1 i 910 100 1000
Size (micron)

Figure 4.7  Particle size distribution of the synthesized"HA powder

Table 4.3  Average,and standard deviation of particle.sizes of the HA powders

Particle size (um)

Sample (d0.1) (d0.5) (d0.9)
HA powdes
Sample 1 114 4.95 26.16
Sample 2 1.12 4.96 26.25
Sample 3 1.12 5.01 26.53
Average + SD 1.12+0.01 4.97 +0.03 26.31+0.19

Note:  d0.1 was referred to the measured particle size of diameter at 10vol% of the particles
d0.5 was referred to the measured particle size of diameter at 50vol% of the particles
d0.9 was referred to the measured particle size of diameter at 90vol% of the particles
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4.2.3 Microstructure and Morphology

Figure 4.8 presented SEM micrographs of the synthesized HA powder before
sintering at the magnifications of (a) 500X, (b) 2,500X and (c) 10,000X. In Figure 4.7
(@), the non-sintered HA powder had various particle sizes. In Figure 4.7 (b), the
particle had an angular shape. In Figure 4.7 (c), the particle had a rough surface with
some small particles attached.

() 50 2l | (b) 2,500X

Y]

1y

ﬂ‘UEl’J“fIEWﬁWEHﬂ‘i

4(c) 10,000X
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the magnifications of (a) 500X, (b) 2,500X and (c) 10,000X
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Figure 4.9 illustrated SEM micrographs of the synthesized HA powder after
sintering at 1100°C for 2 hr at the magnifications of (a) 500X, (b) 2,000X and (c)
10,000 X. In Figure 4.8 (a), the sintered HA powder had a wide range of particle size.
In Figure 4.8 (b), shape of the sintered HA particle was also angular. In Figure 4.8 (c),
the surface of the sintered HA particle was coarser than that of the non-sintered

particle. Additionally, a large amount of smaller particles attached on the surface.

(b) 2,000X

ﬂﬂﬂ?ﬂﬂﬂ‘ﬁﬂﬂ’]ﬂ‘i

“c) 10,000%

Foudhd | $E ﬁmmumlmﬂmﬁﬂm .

1100°C for 2 hours at the magnifications of (a) 500X, (b) 2,000X and
(c) 10,000 X
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4.3 Selected Sintering Temperature

4.3.1 Bulk Density and Porosity

Table 4.4 summarized bulk density and porosity of the HA samples sintered at
various temperatures. These porous HA samples were prepared through combination
technique using PMMA and H,O,. At 1000°C, these porous samples showed the
density ranging from 0.27 to 046 glem?® and porosity ranging from 85.58% to
91.36%. At 1050°C, these samples had the density ranging between 0.29 and 0.62
g/lcm® and porosity ranging-between 80.47% and-90.74%. At 1100°C, all samples
showed the density ranging.from 0.42 to 0.59 g/cm® and porosity ranging from
81.35% to 86.55%. |

Figure 4.10 illustrated the'relationship between bulk density (BD) and PMMA
content at L/P ratio of. 4.3 ml/g with varbus sintering temperature of the porous HA
samples from Table 4.94At1000°C, bull{_ dénsity of these samples reduced with an
increasing content of PMMA. At'1050°C;-' bulk density dropped until the PMMA
content attained 10wt% and then unchang'ea;A_t 1100°C, bulk density was decreased
slightly when PMMA content "ircreased. 'Iihéinrend line of the sample sintering at
1100°C was over those sintering at 1050°C and 1000°C, respectively.

Figure 4.11 presented-the refationship between porosity and PMMA content at
L/P ratio of 1.3 ml/g with various sintering temperature of the porous HA samples
from Table 4.9. At 1000°C, porosity of these samples raised from approximately 85%
to 90% until the! PMMAI content; was 40wt% and then-increased slightly. At 1050°C,
porosity also rose from=82% to ~90% until the PMMA content was 10wt% and then
was stable, At.1100°C, porosity. was, increased:from. about.82% to,85% and then

increased slightly when'the PMMAcontent was over 5wt%.



Table 4.4  Bulk density and porosity of the HA samples sintered at various
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temperatures
Bulk Density Porosity
Sample 3
# (g/lcm®)  Average SD # (%) Average SD
1000°C
H10-P0O0-L13A 1 0.46 0.45 0.01 1 85.58 85.81 0.33
2 0.44 2 86.04
H10-P0O5-L13A 1 0.40 0.41 0.02 1 87.48 87.10 0.54
2 0.42 2 86.72
H10-P10-L13A 1 0.33 0.31 0.08 1 89.43 90.12 0.98
2 0.29 J 2 90.82
H10-P20-L13A 1 0.2 0.27 0.00 1 91.36 91.37 0.01
2 0 2 2 91.38
1050°C
H10-PO0-L13A 1 0.62 0.58 0.06 i 80.47 81.78 1.86
2 0.53 z 4 2 83.09
H10-P0O5-L13A 1 0.45 0.46 0.01 i 85.71 85.54 0.25
2 0.46 L 4 2 8536
H10-P10-L13A 1 0.29 0:384 0.05 1 90.76 89.56 1.70
2 037 : 2 88.36
H10-P20-L13A 1 0.33 0-33"0.00 1 89.54 89.44 0.14
2 0.34 o 2 89.34
1100°C e d
H10-PO0-L13A 1 0.57 0:58 - 0.01 1 81.94 81.64 0.42
2 0.59 el 2 81.35
H10-PO5-L13A 1 0.50 0.48 0.03 1 84.23 84.84 0.87
2 0.46 2 85.45
H10-P10-L13A 4 0.46 0.45 0.01 1 85.54 85.78 0.33
2 0.44 ) 86.01
H10-P20-L13A 1 0.44 0.43 0.01 ) 86.12 86.34 0.30
2 0:42 2 86.55
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ml/g with various sintering temperature of the porous HA samples
H10-Pyy-L13A
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4.3.2 Mechanical Properties

Table 4.5 summarized the compressive strength and flexural strength of the
HA samples sintered at various temperatures (i.e. 1,000°C, 1,050°C and 1,100°C). At
the sintering temperature of 1,000°C, the highest compressive and flexural strengths
were 0.13 MPa and 0.46 MPa, respectively, while the lowest strengths were 0.02 MPa
and 0.10 MPa, respectively. At the temperature of 1,050°C, the highest compressive
strength increased to be 0.25 MPa and the highest flexural strength rose to be 0.56
MPa, whereas the lowest compressive and. flexural strengths were slightly improved
to be 0.03 MPa and 0.15-MPa; respettively.-At-the temperature of 1,100°C, the
highest compressive and flexural-strengths were developed to be 0.50 MPa and 0.70
MPa, respectively, whilst ihe lowest compressive and flexural strengths were 0.06
MPa and 0.21 MPa, respeciively. ;

Figure 4.12 displayed the relationéhip between compressive strength (CS) and
PMMA content at L/P satio of 1.3 mI/g‘VV\J/-ith various sintering temperature of the
porous HA samples H10-Pyy-L13A from' Table 4.22. Obviously, an increase in
sintering temperature improved the compré{siye strength of the samples. The samples
sintering at 1100°C showed a distinct combre'lsf'éive strength over the other samples.
Moreover, the compressive strength also showed a.decrease as the PMMA content
increased at all sintering temperatures:

Figure 4.13 depicted the relationship between flexural strength (FS) and
PMMA content at L/P ratio of 1.3 ml/g with various sintering temperature of the
porous HA samples H10:Ryy-L13A from Table 4.22. Seemingly, the flexural strength
was increased when thesintering temperature rose. Furthermore, the flexural strength

also decreased with.an increasing.content of PMMA at every sintering temperature.
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Table 4.5 Compressive strength and flexural strength of the HA samples sintered at

various temperatures

Sample Compressive strength Flexural strength
# (MPa)  Average SD # (MPa) Average SD
1000°C
H10-P00-L13A 1 0.13 0.12 0.01 1 0.40 0.43 0.04
2 0.11 2 0.46
H10-P05-L13A 1 0.07 0.07 0.01 1 0.28 0.28 0.01
2 0.08 2 0.29
H10-P10-L13A 1 0.06 0.05 0.00 1 0.23 0.24 0.01
2 0.05 J 2 0.24
H10-P20-L13A 1 0.03 0.02 0.01 1 0.15 0.13 0.04
2 0.02 2 0.10
1050°C
H10-P0O-L13A 1 0.25 0.20 0.08 N 0.56 0.52 0.06
2 014 % & 2 0.48
H10-P05-L13A 1 0.12 B 0.01 . 0.42 0.41 0.01
2 0.14 L 4 2 0.40
H10-P10-L13A 1 0.05 0.06/ 0.03 1 0.28 0.31 0.05
2 0:08 3 2 0.35
H10-P20-L13A 1 0.03 0:03=0.01 1 0.15 0.17 0.02
2 0.04 K 2 0.18
1100°C e d
H10-P0O-L13A 1 0.46 0.48——-"0.03 1 0.70 0.67 0.04
2 0.50 el 2 0.64
H10-P05-L13A 1 0.37 0.35 0.04 1 0.51 0.49 0.03
2 0.32 2 0.47
H10-P10-L13A 4 0.25 0.22 0.05 I 0.31 0.34 0.05
2 0.19 2 0.38
H10-P20-L13A 1 0.06 0.06 0.00 T 0.21 0.24 0.04
2 0:06 2 0.26
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Table 4.6 presented the compressive stiffness and flexural stiffness of the HA
samples sintered at various temperatures (i.e. 1,000°C, 1,050°C and 1,100°C). At the
temperature of 1,000°C, the compressive stiffness ranged from 21.33 to 81.60 kN/m?,
while the flexural stiffness ranged from 0.02 to 4.62 MN/m? At 1,050°C, the
compressive stiffness ranged between 34.08 and 122.05 kN/m?, whilst the flexural
stiffness ranged between 0.27 and 16.13 MN/m? At 1,100°C, the compressive
stiffness ranged from 54.01 to 464.94 kN/m?, whereas the flexural stiffness ranged
from 0.50 to 27.06 MN/m”.

Figure 4.14 illustrated-the relationship-between compressive stiffness (Ec) and
PMMA content at L/P ratio.of 4.3 ml/g with various sintering temperature of the
porous HA samples H10-Pyy<LL13A from Table 4.23. Apparently, an increasing
sintering temperature“produced an increase in compressive stiffness. However, the
compressive stiffness reduced with an inérease of the PMMA content at all sintering
temperatures. 7 J-

Figure 4.15 showed the relations-h'ipf between flexural stiffness (Ef) and
PMMA content at L/P ratig of 1.3 ml/g w:th various sintering temperature of the
porous HA samples H10-Pyy-Li3A from 'ﬁab}’é 4.23. Supposedly, flexural stiffness
showed an increase.as the sintering tembéf’anre elevated. Moreover, the flexural

stiffness reduced with-an-inereasing-content-of PiviiviArat-every sintering temperature.
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Table 4.6 Compressive stiffness and flexural stiffness of the HA samples sintered
at various temperatures
Sample Compressive stiffness Flexural stiffness
# (KN/m? Average SD # (MN/m®  Average SD
1000°C
H10-P0O-L13A 1 83.32 81.60 2.44 1 4.56 4.62 0.08
2 79.87 2 4.68
H10-PO5-L13A 1 50.68 53.63 447 1 0.17 0.21 0.06
2 56.59 2 0.25
H10-P10-L13A 1 49.65 4553 5.83 4 0.19 0.12 0.10
2 41.41 , 2 0.06
H10-P20-L13A 1 26.85 24733 7.80 1 0.03 0.02 0.00
2 15.81 2 0.02
1050°C
H10-P00-L13A 1 18533+ 12205 89.50 % 19.56 16.13 4.85
2 58.76 v 2 12.70
H10-PO5-L13A 1 70.16 82.58 17.55 1 418 4.17 0.02
2 9499 { 4\'% 4.16
H10-P10-L13A 1 47.39 66.34 26.80 1 0.39 0.38 0.01
2 8529 : 2 0.37
H10-P20-L13A 1 21.72 34.08 40" 0.36 0.27 0.13
2 46.45 i, 2 0.18
1100°C 2
H10-POO-L13A 1  383.10 46494 11573 1 34.96 27.06 11.18
2 546.77 S =) 19.15
H10-P05-L13A 1 19555  183.42 17.15 1 8.86 7.69 1.65
2 t128 2 6.53
H10-P10-L13A 1 13820  130.35 11.10 1 2.34 2.46 0.17
2 12251 2 2.58
H10-P20-L13A 1 72411 54.01 25.59 1 0.56 0.50 0.08
2 35.91 2 0.44
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4.4 Characteristics of the Porous HA Samples

4.4.1 Microstructure

In this section, microstructure of the HA samples without surfactant, prepared
by H,O based technique, sacrificial template using PMMA, direct foaming using
H,0O, and combination technique using PMMA and H,0,, were thoroughly explained.

(A) H20 based Technique

Figure 4.16 showed-the- SEM micrographs-ef-the HA sample H00-P00-L13 at
the magnification of (a) 100:(b) 500X, (c) 2,500X and (d) 5,000X. The HA sample
HO00-P00-L13 was prepared using 0wt% H,O, and Owt% PMMA at the L/P ratio of
1.3 ml/g. In Figure 4.16 (a)@nd (b); a small amount of pores with an average pore size
of less than 50 um weie found: In Figurej~4.1_6 (), the pore had an irregular shape. In
Figure 4.16 (d), the surface was densely sﬁgolnth without any pores.

Figure 4.17 illustrated the SEM m'[(-‘;?r'o’graphs of the HA sample HO0-P0O-L15
at the magnification of (a) 100X, (b) 50’05_(_“,—_ (c) 2,500X and (d) 5,000X. The HA
sample HO0-PO0-L15 was prepared using ewto/i) H,0, and Owt% PMMA at the L/P
ratio of 1.5 ml/g. In Figure 4.17 (a) and'(-.t')");*'é'large number of small pores were
investigated. The pore size was approximately less than'50 um. In Figure 4.17 (c), the
pore shape was also irregular. In Figure 4.17 (d), the sample had rough surface and a

lot of tiny pores, less than 5 um.
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(B) Sacrificial Template Technique using PMMA

Figure 4.18 demonstrated the SEM micrographs of the HA sample H00-P10-
L13 at the magnification of (a) 100X, (b) 500X, (c) 1,000X and (d) 5,000X. The
sample HO0-P10-L.13 was prepared by adding 10 wt% PMMA and 0 wt% H,0, at L/P
ratio of 1.3 ml/g. In Figure 4.18 (a) and (b), the sample contained two groups of pore
size range. The former was the large pores with the size range of 100-200 um. The
latter was the small pores with the size of less than 50 um. In Figure 4.18 (c), the pore
with the diameter of approximately 30 um-had an‘irregular shape. In Figure 4.18 (d),
the surface of this sample"was composed of a number of very small pores less than 5
wm.

Figure 4.19 exhibited the'SEM micrographs of the HA sample HO0-P30-L13
at the magnification of (a)/100%; (b) 500X, (c) 2,500X and (d) 5,000X. . The sample
HO00-P30-L.13 was made from:30 wt% PMMA and 0 wt% H,O, with the L/P ratio of
1.3 ml/g. In Figure 4.19 (a) and (b), the'r_sample also had two groups of pore size
range. The large pores had pore size rangi':[']g"-from 100 to 300 um, while the small
pores had pore size less than 50 pm. Morea\;en',__. the large pore had a spherical shape.
In Figure 4.19 (c), the small pore had an ir’régu-_lar shape. In Figure 4.19 (d), a few of

very small pores less than 5 um was observed.
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(C) Direct Foaming Technique using H,0O;

Figure 4.20 displayed the SEM micrographs of the HA sample H10-P00-L13
at the magnification of (a) 100X, (b) 500X, (c) 1,000X, (d) 5,000X and (e) 10,000X.
The sample H10-P00-L13 was prepared from 10wt% H,O, and Owt% PMMA at the
L/P ratio of 1.3 ml/g. In Figure 4.20 (a), the samples had a number of pores with the
diameter of larger than 100 um. In Figure 4.20 (b) and (c), some pores with the size of
less than 100 um were observed. In Figure:4.20 (d) and (e), surface of the sample
consisted of a lot of tiny pores with the size 0flgss'than um.

Figure 4.21 presented the SEM micrographs of the HA sample H10-P00-L15
at the magnification of (a) 200X (b) 500X, (¢) 1,000X, (d) 5,000X and (e) 10,000X.
The sample H10-P0O-L15was‘made from 10wt% H;0, and Owt% PMMA at the L/P
ratio of 1.5 ml/g. In Figure 421 (&), a very large pore with the size of over 500 um
was found. In Figure 4:21 (b) and (c), the sample still had some pores with the size of
less than 100 um. In Figure 4.21 (d).and (é), surface of the sample was composed of a
great number of pores with the diameter of Iess than pum.

(D) Combination Techniques usindPMMA and H,0,

Figure 4.22 presented SEM microgrépﬁs of the sample H10-P10-L13 at the
magnification of (a)-£0X, (b) 100X, (c) 500X, (d) 2,500X (&) 5,000X and (f) 10,000X.
The HA sample H10-P10-L13 was prepared using 10wi% PMMA and 10wt% H,0,
with the L/P ratio of 1.3:ml/g. In Figure 4.22 (a) and (b), large pores over 500 um in
size and intercaonnected pores were observed; In Figure 4.22 (c), spherical and
irregular shape "pores were found. In Figure 4.22 (d), the irregular pore size was
approximately 30 gy in diameter, In"Figure 4.22  (e) and (T), surface of the sample
consisted of a number of pores less than 1 um in size and a bunch of agglomerated

particles.
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Figure 4.21  SEM micrographs of the sample H10-P00-L15 at the magnification of
(@) 100X, (b) 500X, (c) 1,000X, (d) 5,000X and (e) 10,000X



113

4 (d) 2,500X
| il

AUEINENINYINS
ARIAN TN INAE

() 5,000X () 10,000X

Figure 4.22  SEM micrographs of the sample H10-P10-L.13 at the magnification of
(a) 50X, (b) 100X, (c) 500X, (d) 2,500X (e) 5,000X and (f) 10,000X
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4.4.2 Bulk Density and Porosity
In this section, bulk density and porosity of the porous HA samples without
surfactant, fabricated via sacrificial template using PMMA, direct foaming using

H,0, and combination technique using PMMA and H,0,, were described.

(A) Sacrificial Template Technique using PMMA

Table 4.7 summarized the bulk depsity and porosity of the HA samples,
prepared via sacrificial template technique using RMMA granules. The samples using
PMMA granules over 40.wi% were handless-in-every condition. The sample having
the maximum bulk density of 4751 g/cm® was H00-P00-L13, while the sample having
the minimum bulk density.of 0.84 glcm® was HO0-P00-L15. Moreover, the maximum
porosity attained through this method was 73.59%, which was the sample H00-P40-
L15. The minimum poi@sity was 52.04%,_;which was the sample HO0-POO-L13.

Figure 4.23 illustrated the relationézhib petween bulk density (BD) and PMMA
content of the samples from: Table ‘4.3. Ave‘rage bulk density of all samples was
decreased when the content of PMI\/IA'-'i"r)t;reased. Bulk density of the samples
prepared at the L/P ratio of 1.5 mil/g was Ioi;yé'rlf"'than those of the samples prepared at
the L/P ratio of 1.3 ml/g. - o

Figure 4.24 presented-the relationship between porosity and PMMA content of
the samples from Table 4.3. Average porosity of all samples was increased when the
content of PMMA increased. Porosity of the samples fabricated with the L/P ratio of

1.5 ml/g was higher thanthose:of the; samples prepared-at-the/P ratio of 1.3 ml/g.
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Table 4.7  Bulk density and porosity of the HA samples, prepared via sacrificial
template technique using PMMA granules
Bulk Density Porosity
Sample 3

# (g/lcm®)  Average SD # (%) Average SD

HO00-P00-L13 1 1.51 1.51 0.01 1 5204 52.17 0.18
2 1.51 2 5230

HO00-P05-L13 1 1.49 1.49 0.00 1 5265 52.72 0.11
2 1.49 2 5280

HO00-P10-L13 1 1.45 1.46 0.00 1 5391 53.81 0.15
2 1.46 2 5370

HO00-P20-L13 1 128 1.29 0.01 1 5951 59.24 0.38
2 1.29 2 5898

HO00-P30-L13 1 B 1.10 0.01 1 6492 65.19 0.39
2 1,09 2. 6547

HO00-P40-L13 1 0.88 0.88 0.00 1 719 72.02 0.08
2 0'88 2 7207

HO00-P50-L13 1 F . 4 1 - - -
2 ; L 4 2 -

HO00-P00-L15 1 1.49 1424, " 010 1 5272 54.92 3.11
2 435 o 4 2 5712

HO00-P05-L15 1 1.48 1-40=90.018 1 5537 55.62 0.35
2 1.39 7N 2 5587

HO00-P10-L15 1 138 13702 1  56.14 56.51 0.52
2 1.36 — 2 56.87

H00-P20-L15 1 1.195 . 120455001 1 62.32 62.11 0.30
2 1.20 2 [ 61.90

HO00-P30-L15 - ——102 1.03 0.02 i~ 67.78 67.42 0.51
2- 1.04 2 67.05

HO00-P40-L15 1 0.83 0.84 0.00 1 7359 73.52 0.10
2 0.84 20 7345

HO00-P50-L15 1 - - - 1 - - -
2 2




116

1.8
1.6 —A— HOO0-Pyy-L13
—~ —o— H00-Pyy-L15
e 14
L
212
)
m
1.0 -
0.8 |
0.6
40 45
Figure 4.23 [ n bulk densi d PMMA content of the
{'Via sachi nplate technique using PMMA
I/g, respectively.
80
75 |

Porosity (%)
o)) ~
ol o

2]
o
I

ARINNTASUTIN Y -

Figure 4.24  Relationship between porosity and PMMA content of the HA samples

without surfactant, prepared via sacrificial template technique using
PMMA granules with L/P ratio of 1.3 and 1.5 ml/g, respectively.
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(B) Direct Foaming Technique using H,O,

Table 4.8 summarized the bulk density and porosity of the HA samples
prepared via direct foaming using H,O, solution. At the L/P ratio of 1.5 ml/g (H30-
P00-L15), the samples fabricated through this method using over 20wt% H,O, were
handless. The minimum bulk density was 0.41 g/cm®, whereas the maximum porosity
attained was 86.99%, which was the sample H20-P00-L15. The minimum porosity
was 52.04%, which was the sample HOO-P00-L_13.

Figure 4.25 exhibited the relationshipsbetween bulk density (BD) and H,0,
concentration of the samples-from Table 4.4. Bulk density decreased slightly even
with higher concentration of H50s. The Bulk density of the sample with the L/P ratio
of 1.5 ml/g. (Hxx-P0OO-L15)"was Jower than that of the sample with L/P ratio of 1.5
ml/g (Hxx-P00-L13).

Figure 4.26 displayed ' the ré%ationship petween porosity and H;0;
concentration of the samples from Table‘r4a.-4. Porosity increased slightly even with
higher concentration of HpO,. The porosify of the sample with the L/P ratio of 1.5
ml/g. (Hxx-P00-L15) was higher-than tha't’:!orfj the sample with L/P ratio of 1.5 ml/g
(Hxx-P00-L13). =
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Table 4.8  Bulk density and porosity of the HA samples prepared via direct foaming

using H,O, solution

Bulk Density Porosity
Sample 3

# (g/lcm®)  Average SD # (%) Average SD

HO01-P00-L13 1 0.60 0.61 0.02 1 80.99 80.64 0.49
2 0.62 2 80.30

HO03-P00-L13 1 0.59 0.59 0.00 1 81.39 81.44 0.08
2 0.58 2 81.50

HO05-P00-L13 1 0.56 0.56 0:.00 1 82.14 82.24 0.14
2 0.56 2 82.34

H10-P00-L13 1 et 0:55 0.00 1 82.62 82.56 0.09
2 0.55 2 82.49

H20-P00-L13 1 085 0.53 0.01 1 83.11 83.30 0.28
2 Q87 2 83.50

H30-P00-L13 1 0.44 047 0.03 1 85.99 85.21 111
2 0.49 2 & 2 8443

HO1-P0O0-L15 1 0589 0.60, 0.01 1 81.31 81.10 0.30
2 0.60 A 4 2 80.89

HO03-P00-L15 1 0.49 0.49° 0.00 i 84.48 84.53 0.08
2 049 5 4 2 8459

HO05-P00-L15 1 0.49 0.48 f 0.01 1 84.59 84.86 0.38
2 047 A 2 85.13

H10-P00-L15 1 047 047422230100 1 85.23 85.12 0.15
2 0.47 — 2 85.02

H20-P00-L15 1 0.41- - 04314/ ~062 1 86.99 86.50 0.69
2 0.44 R 86.02

H30-P00-L15 (s = - oy - - -
o .
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(C) Combination Technique using PMMA and H;0,

Table 4.9 summarized the bulk density and porosity of the HA samples,
prepared via combination technique using PMMA granule and H,O, solution.

At 5wt% H,0,, the samples prepared through this method adding PMMA
granules over 30 wt% were handless. Bulk density of the samples prepared at 5wt%
H,0, ranged between 0.36 and 0.56 g/cm®, whilst porosity ranged from 82.14% to
88.66%.

At 10wt% H,0O,, the samples prepared using PMMA over 20 wt% were
handless. Bulk density of.the-samples prepared-at-10wt% H,0, ranged between 0.32
and 0.55 g/cm®, while porosity-ranged from 82.49% 0 89.84%.

At 20wt% H,0,, the samples prepared using PMMA over 10 wt% were
handless. Bulk density"of ihe samples prepared at 5wi% H,O, ranged between 0.36
and 0.53 g/cm®, whilst porosity ranged frém 83.11% to 88.59%.

At 30wt% H,O, the samples pi‘gp;éred using PMMA over 10 wt% were
handless. Bulk density of the/samples prebared at Swt% H,0, ranged between 0.38
and 0.49 g/cm®, whilst porosity ranged from':’&}._43% t0 88.09%.

Figure 4.27 exhibited the-effect of PMMA content and H,O, concentration on
bulk density (BD) of.the HA samples from Table 4:5, Bulk density decreased with the
increases of the PMMA-centent-and-the-H>Oz-conecentration,

Figure 4.28 illustrated the effect of PMIMA content and H,O, concentration on
porosity of the HA samples from Table 4.5. Porosity increased with the increases of
the PMMA content andthe"H,0z concentration;
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Table 4.9  Bulk density and porosity of the HA samples, prepared via combination

technique using PMMA granule and H,0, solution.

Bulk Density Porosity
Sample 3

# (g/lcm®)  Average SD # (%) Average SD

H05-P00-L13 1 0.56 0.56 0.00 1 82.14 82.24 0.14
2 0.56 2 82.34

H05-P05-L13 1 0.52 0.50 0.03 1 83.48 84.15 0.94
2 0.48 2 84.81

H05-P10-L13 1 0.45 0.46 0.02 1 85.78 85.40 0.53
2 0.47 2 85.02

H05-P20-L13 1 0.40 0.38 0.02 1 87.37 87.86 0.69
2 0.37 2 88.35

H05-P30-L13 1 0.36 0.36 0.00 1 88.45 88.56 0.15
2 0.36 2 88.66

HO05-P40-L13 1 - - - i, - - -
2 - 2 -

H05-P50-L13 1 F - % 1 - - -
2 4 : 2 -

H10-P00-L13 1 0.55 0:55 0.00 i 82.62 82.56 0.09
2 0155 b 4 2 82.49

H10-P05-L13 1 0.47 044 '0.04 1 85.13 85.93 1.13
2 0.42 TR 2 86.73

H10-P10-L13 1 0:37 0.39 780 0? 1 88.27 87.72 0.78
2 0.40 . 2 87.17

H10-P20-L13 1 0.35 0334 j5=002 1 88.95 89.40 0.63
2 0.32 2 89.84

H10-P30-L13 1, - - - s - - -
% - 2 -

H10-P40-L13 1 - - - il - - -
2 - 2 -

H10-P50-L13 1 - - - 1 - - -
2 : 2 -

H20-P00-L13 1 053 0.58 0.01 1 83.11 83.30 0.28
2 0.52 2 83.50

H20-P05-L13 1 0.39 0.42 0.04 1 87.61 86.64 1.37
2 0.45 2 85.67

H20-P10-L213 1 0.36 0.39 0.04 1 88.59 87.59 141
2 0.42 2 86.59

H20-P20-L13 1 - - - 1 - - -
2 - 2 -

H20-P30-L13 1 - - - 1 - - -
2 - 2 -

H20-P40-L13 1 - - - 1 - - -
2 - 2 -

H20-P50-L13 1 - - - 1 - - -
2 2
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Table 4.9 Bulk density and porosity of the HA samples, prepared via combination
technique using PMMA granule and H,0, solution. (Continued)

Sample Bulk Density Porosity

# (glem®  Average SD # (%) Average SD

H30-P00-L13 1 0.44 0.47 0.03 1 85.99 85.21 111
2 0.49 2 84.43

H30-P05-L13 1 0.41 1 87.16 86.95 0.30
2 2 86.74

H30-P10-L13 1 1 87.73 87.91 0.25
2 2 88.09

H30-P20-L13 1 1 - - -
2 -

H30-P30-L13 1 - - -
2 -

H30-P40-L13 1 - - -
2 -

H30-P50-L13 1 - - -
2 -

AULINENTNEINS
AN TUNN NN Y
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4.4.3 Mechanical Properties

(A) Sacrificial Template Technique using PMMA

Table 4.10 summarized the compressive strength and flexural strength of the
HA samples prepared via sacrificial template technique using PMMA granules.
Fabrication of HA specimen using PMMA over 40wt% was handleless. The average
compressive strength of the samples prepared via this method at the L/P ratio of 1.3
ml/g and 1.5 ml/g ranged from 0.65 MPa 10-34'45.MPa and ranged from 0.54 MPa to
31.04 MPa, respectively..Fhe-average flexural strength of the samples prepared at the
L/P ratio of 1.3 ml/g and1.5 ml/granged from 0.7 MPa to 5.98 MPa and ranged from
0.59 MPa to 5.06 MPa, respectively.” |

Figure 4.29 displayed the/relationship between compressive strength (CS) and
PMMA content of thesHA samples fron’__r*TabIe 4.10. Compressive strength of these
samples decreased with an increase of PMMA content added. The samples with lower
L/P ratio had a higher level of compressivei-strength than the other with the higher L/P
ratio. ’{i_f; _

Figure 4.30 illustrated ‘the relationéhi;f)_'f between flexural strength (FS) and
PMMA content of the HA samples from Table 4.10, Flexural strength of all sample
showed a decrease When-PiviiviA-content inereased: Fhe samples with the L/P ratio of

1.5 ml/g had the lowest strength in flexural.
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Table 410 Compressive strength and flexural strength of the HA, prepared via

sacrificial template technique using PMMA granules

Sample Compressive strength Flexural strength

# (MPa)  Average SD # (MPa) Average SD

HO0-P00-L13 1 33.11 34.45 1.90 1 6.53 5.98 0.79
2 35.80 2 5.42

HO0-P05-L13 1 27.11 25.78 1.88 1 4.93 5.46 0.75
2 24.45 2 6.00

HO00-P10-L13 1 17.53 (16 Uil 1 3.52 331 0.31
2 16.80 2 3.09

HO00-P20-L13 1 7.25 6.58 0.95 1 1.72 1.84 0.16
2 5 Ol 2 1.95

HO00-P30-L13 1 2.50 2.6l 0.02 1 0.72 1.44 1.01
2 2,08 2 2.15

HO00-P40-L13 1 0.68 0.65 0.05 L 0.58 0.70 0.17
2 061 2 0.82

HO0-P50-L13 1 i = 3 L - - -
2 - w 2 -

HO00-P00-L15 1 33.46 3P 342 1 5.23 5.06 0.23
2 2862 == 4 2 4.90

H00-P05-L15 1 Bof * 722957 .40 1 3.89 3.85 0.07
2 2197 2 3.80

HO00-P10-L15 1 1465 13.93 0 ? 1 3.25 3.14 0.16
2 1321 — 2 3.03

H00-P20-L15 1 4,025 A 224528 1 1.65 1.77 0.16
2 4.41 2 1.88

HO00-P30-L15 i 2.00 2.09 0.13 % 0.69 1.29 0.85
2- 2.19 2 1.89

H00-P40-L15 1 0.57 0.54 0.03 il 0.54 0.59 0.07
2 0.52 2 0.64

HO00-P50-L15 1 - - - 1 - - -
2 4 2 -
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Table 4.11 summed up the compressive stiffness and flexural stiffness of the
HA samples, prepared via sacrificial template technique using PMMA granules. The
samples using PMMA over 40wt% were handleless. The average compressive
stiffness of the samples prepared through this method at the L/P ratio of 1.3 ml/g and
1.5 ml/g ranged from 401.15 to 5,150.50 kN/m? and ranged from 33.80 to 4,900.13
kN/m?, respectively. The average flexural stiffness of the samples prepared at the L/P
ratio of 1.3 ml/g and 1.5 ml/g ranged from 10.91 to 649.90 MN/m? and ranged from
8.45 to 362.31 MN/m?, respectively.

Figure 4.31 presented-the relationship between compressive stiffness (Ec) and
PMMA content of the HA sampies from Table 4.11. Compressive stiffness of these
samples was reduced Whenrthe content .of PMMA rose. The sample prepared at the
L/P ratio of 1.3 ml/g (HO0-Ryy-L13) had the higher compress stiffness than the
sample prepared at the L2/P ratio of 1.5 ml;lg (HOO-Pyy-L15).

Figure 4.32 showed the reIatiorisHip between flexural stiffness (Ef) and
PMMA content of the HA/Samples from Table 4.11. Flexural stiffness of the samples
dropped until the PMMA content of 10Wt°;’¢ was attained and then decrease slowly
until the PMMA content reached-40wi%. Tﬁe g'émple prepared at the L/P ratio of 1.3
ml/g (HOO-Pyy-L13).had the higher flexural stiffniess than the sample prepared at the
L/P ratio of 1.5 ml/g (HOO=Pyy=15).
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Table 411 Compressive stiffness and flexural stiffness of the HA samples, prepared

via sacrificial template technique using PMMA granules
Sample Compressive stiffness Flexural stiffness

# (KN/m»  Average SD # (MN/m%  Average SD

HO00-P0O-L13 1 4,881.59  5,150.50 380.30 1 729.17 649.90 112.11
2 541941 2 570.62

HO00-PO5-L13 1 5528.05  4,821.28 999.53 1 272.10 328.04 79.11
24,1451 2 383.98

HO00-P10-L13 1 3,384.33  3,162.30 313,99 1 212.23 206.18 8.56
2 2,940.27 2 200.13

HO00-P20-L13 1 2,503.32 226881 . 33165 1 139.48 172.55 46.77
2 2,034.29 2. 205.62

HO00-P30-L13 1 1,926.54 _.4/96963 60.93 1 67.58 92.20 34.81
22,0124 2 116.81

HO00-P40-L13 1  416.54 nod 49" _ 4 "20%76 1 8.98 10.91 2.74
2 385176 2 12.85

H00-P50-L13 1 i - Y 1 - - -
2 - 1 4 ) -

HO00-POO-L15 1 5,494.64° 4,900.13 840.77 1 368.50 362.31 8.74
2 4,305.61 o 4 2 356.13

H00-PO5-L15 1 4,892.23 = 4,379.65 724.91 1 252.71 246.95 8.15
2 3,867.06 2 241.18

H00-P10-L15 1 2,677.30  2,531.17 20666, 1 212.41 200.02 17.53
2 2,385.04 = 2 187.63

HO00-P20-L15 1 1,375.37 142147 6520~ 1 120.48 148.07 39.01
2 1,467.58 2 175.66

H00-P30-L15 1  640.16 706.03 93.16 1 67.05 79.75 17.96
2 7H91 2 92.44

H00-P40-L15 1 32.99 33.80 905 1 7.75 8.45 0.99
2 34.62 2 9.15

H00-P50-L15 1 1 - - 1 - - -
2 2
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(B) Direct Foaming Technique using H,O,

Table 4.12 reported the compressive strength and flexural strength of the HA
samples, prepared via direct foaming technique using H,O; solution. At the L/P ratio
of 1.5 ml/g, the samples using H,O, over 20wt% were handleless. The average
compressive strength of the samples prepared at the L/P ratio of 1.3 ml/g. and 1.5
ml/g. ranged from 0.15 to 0.40 MPa and ranged from 0.08 to 0.20 MPa, respectively.
The average flexural strength of the samples prepared at the L/P ratio of 1.3 ml/g. and
1.5 ml/g. ranged from 0.22 to 0.81 MPa_.and.ranged from 0.12 to 0.59 MPa,
respectively.

Figure 4.33 exhibited.ine relationship between compressive strength (CS) and
H,0, concentration of the IHA samples from Table 4.12. The compressive strength of
these samples reduced with /an increasing concentration of H,O, solution. The
compressive strength of the'samples prepéred at the L/P ratio of 1.3 ml/g. (Hxx-POO-
L13) was higher than that of the samples prépared at the L/P ratio of 1.5 ml/g. (Hxx-
P0OO-L15).

Figure 4.34 depicted the relationshiﬁbgtween flexural strength (FS) and H,0,
concentration of the HA samples from Téble'lf':4.12. The flexural strength of these
samples had non-linear trend line. Thé*'ét’rength dropped rapidly until the
concentration of H,O3 inereased-to-5wi%; then the strength decreased slowly after the
concentration surpass 5wt%. The flexural strength of the samples prepared at the L/P
ratio of 1.3 ml/g. (Hxx-P00-L13) was higher than that of the samples prepared at the
L/P ratio of 1.5:ml/g. (Hxx<R00-1L 15).



131

Table 412  Compressive strength and flexural strength of the HA samples, prepared

via direct foaming technique using H,O, solution

Sample Compressive strength Flexural strength

# (MPa)  Average SD # (MPa) Average SD

HO01-P00-L13 1 0.40 0.40 0.00 1 0.84 0.81 0.04
2 0.40 2 0.78

HO03-P00-L13 1 0.38 0.38 0.00 1 0.69 0.68 0.03
2 0.38 2 0.66

HO05-P00-L13 1 0.34 U8R 0.02 1 0.46 0.51 0.07
2 0.32 2 0.56

H10-P00-L13 1 0.28 0.30 0.02 1 0.41 0.45 0.06
2 0.31 2 0.49

H20-P00-L13 1 0:20 0.19 0.01 1 0.29 0.30 0.01
2 049 < 0.31

H30-P00-L13 1 0.12 -3 0.03 1 0.22 0.22 0.01
2 0717 1 & 2 0.22

H01-P00-L15 1 049 0.20, 0.01 1 0.59 0.59 0.00
2 0.21 v 2 0.59

HO03-P00-L15 1 047 0.16" 0.00 i 0.44 0.41 0.04
2 ghef - 5 4 2 0.39

HO05-P00-L15 1 0.18 0455, 0.03 1 0.34 0.34 0.00
2 047 2 0.34

H10-P00-L15 1 0.15 014/ +20,00 1 0.24 0.27 0.04
2 0.14 — 2 0.30

H20-P00-L15 1 0.07- - 0.08 </<-0.02 1 0.10 0.12 0.03
2 0.09 2 0.14

H30-P00-L15 L - - - 1 - - -
2 - 2 -
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Figure 4.34  Relationship between flexural strength (FS) and H,O, concentration
of the HA samples, prepared via direct foaming technique using H,O;
solution with L/P ratio of 1.3 and 1.5 ml/g, respectively.
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Table 4.13 presented the compressive stiffness and flexural stiffness of the HA
samples, prepared via direct foaming using H,O, solution. At the L/P ratio of 1.5
ml/g, the samples using H,O, over 20wt% were handleless. The average compressive
stiffness of the samples prepared at the L/P ratio of 1.3 ml/g. and 1.5 ml/g. ranged
from 79.48 to 398.13 kN/m? and ranged from 59.45 to 168.11 kN/m?, respectively.
The average flexural stiffness of the samples prepared at the L/P ratio of 1.3 ml/g. and
1.5 ml/g. ranged from 2.05 to 12.79 MN/m?sand ranged from 1.64 to 10.52 MN/m?,
respectively.

Figure 4.35 illustrated-the relationship-between compressive stiffness (Ec) and
H,0, concentration of the HA samples from Table 4.13. The compressive stiffness
increased with an increasg«0f H;0, concentration until the concentration of 5wit%.
Then, the stiffness decrgased /with- an . increasing concentration of H,O,. The
compressive stiffness of the‘porous HA sémples prepared at the L/P ratio of 1.3 ml/g.
(Hxx-P00-L13) was higher than that of thersamples prepared at the L/P ratio of 1.5
ml/g. (Hxx-P00-L15).

Figure 4.36 displayed the relatior'réhijp, between flexural stiffness (Ef) and
H,0, concentration of the HA samples frém'lf;rable 4.13. The flexural stiffness of
these samples dropped dramatically until the H,05 concentration was at 5wt% and
then reduced gradually:-However, the fiexural stiffness of the samples prepared at the
L/P ratio of 1.3 ml/g. (Hxx-P00-L13) was higher than that of the samples prepared at
the L/P ratio of 1.5 ml/g. (Hxx-P00-L15).
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Table 4.13 Compressive stiffness and flexural stiffness of the HA samples, prepared

via direct foaming technique using H,O, solution

Compressive stiffness

Flexural stiffness

Sample # (KNIm) Average  SD # (MNIm) Average  SD
HOL-P00-L13 1 34608 34128 679 1 1341 1279 087
2 336.48 2 1218
H03-P00-L13 1 35800 34126, 2366 1 4.83 5.89 151
2 32453 2 6.96
HO5-P00-L13 1 41954 39813/ / 3027 1 3.34 360 037
> 376.72 2 3.87
H10-P00-L13 1T R0 L 2.44 266 032
2 18948 2 2,89
H20-P00-L13 1 11620" 11203 . 602, 1 2.15 226 015
2 10778 2 2.36
H30-P00-L13 1 6833 7948 1677 A 2.04 205 001
24 90> Y > 2.06
HOL-P00-L15 1 60567 59455 172 O, 1. 1083 1052 044
2 " 5gos L 4 2 1021
H03-P00-L15 1 L J 150179 1404 0 1 432 423 012
2 Fleul7 , 5 4 2 4.15
HO5-P00-L15 1 180.12 © 168,11..,1699 | 4 2.87 301 020
2 156.10 2 3.15
H10-P00-L15 1 10005 /1240839 21088 = 1 2.10 243 047
2 11574 =" 2 2.77
H20-P00-L15 1 6853 77.15 11249 1 148 164 023
> 85.77 2 1.81
H30-P00-L15 1 - - — : - -
. i > :
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(C) Combination Technique using PMMA and H;0,

Table 4.14 summarized the compressive strength and flexural strength of the
HA samples, prepared via combination technique using PMMA granules and H,0;
solution.

At 5wt% H,0;, the samples prepared through this method adding PMMA
granules over 30 wt% were handless. The average compressive strength of the
samples prepared at 5wit% H,O, ranged /between 0.04 and 0.33 MPa, whilst the
average flexural strength ranged from 0.17 10 0°51.MPa.

At 10wt% H,0.;-the samples-prepared-using PMMA over 20 wt% were
handless. The average compressive strength of the samples prepared at 10 wt% H,0,
ranged between 0.03 and 0:80 MPa, while the average flexural strength ranged from
0.15 to 0.45 MPa. ;

At 20wt% H,05, the samples pfepared using PMMA over 10 wt% were
handless. The average compressive strength:-of the samples prepared at 20wt% H,0,
ranged between 0.10 and 0.15 MPa, whereas the average flexural strength ranged
from 0.18 to 0.30 MPa.

At 30wt% H,O,, the samples prep;arél’d using PMMA over 10 wt% were
handless. The average compressive strength' of the samples prepared at 30wt% H,0,
ranged between 0.03-and-0:15-viPa,whtist the-average flexural strength ranged from
0.15to 0.22 MPa.

Figure 4.37 showed the relationship between compressive strength (CS) and
PMMA content: af the |HA samplesifrom Table 4:24.The' compressive strength
decreased with the increases of both PMMA content and H,O, ctoncentration.

Figure 4.38. presented. the relationship between. flexural“strength (FS) and
PMMA ‘content ofthe HA samples from Table 4.14. The-flexural strength decreased
with the increases of both PMMA content and H,O, concentration. However, the

variance of flexural strength showed a wider range than that of compressive strength.
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Table 4.14  Compressive strength and flexural strength of the HA samples without
surfactant, prepared via combination technique using PMMA granules

and H,0, solution.

Sample Compressive strength flexural strength

# (MPa)  Average SD # (MPa) Average SD

H05-P00-L13 1 0.34 0.33 0.02 1 0.46 0.51 0.07
2 0.32 2 0.56

H05-P05-L.13 1 0.20 0.19 0.02 1 0.42 0.43 0.02
2 0.17 2 0.45

H05-P10-L13 1 0.12 0.13 0.01 1 0.41 0.39 0.04
2 0.14 2 0.36

H05-P20-L13 1 0.06 0.05 0.01 1 0.38 0.32 0.08
2 0.04 2 0.27

H05-P30-L13 1 0.04 0.04 0.00 1 0.17 0.17 0.01
2 0.04 2 0.16

H05-P40-L13 1 - - - . - - -
2 - L & 2 -

H05-P50-L13 1 F : 3 L - - -
2 - - 2 -

H10-P00-L13 1 0.28 0:30¢ 0.02 1 0.41 0.45 0.06
2 0831 2 0.49

H10-P05-L13 1 0.17 0:167% .01 1 0.37 0.40 0.05
2 0.15 r dia 2 0.43

H10-P10-L13 1 010 0.11 0.01 1 0.28 0.31 0.04
2 0.12 = 2 0.33

H10-P20-L13 1 0.03 0.0345 =000 1 0.16 0.15 0.02
2 0.03 2 0.13

H10-P30-L13 1. - - - 1 - - -
2 - 2 -

H10-P40-L13 1 - - - 1 - - -
2 - 2 -

H10-P50-L13 1 - - - 1 - - -
2 4 2 -

H20-P00-L13 1 0.20 0.19 0.01 1 0.29 0.30 0.01
2 0.19 2 0.31

H20-P05-1L.13 1 0.12 0.13 0.02 1 0.23 0.24 0.01
2 0.14 2 0.25

H20-P10-L13 1 0.11 0.10 0.02 1 0.23 0.18 0.08
2 0.09 2 0.12

H20-P20-L13 1 - - - 1 - - -
2 - 2 -

H20-P30-L13 1 - - - 1 - - -
2 - 2 -

H20-P40-L13 1 - - - 1 - - -
2 - 2 -

H20-P50-L13 1 - - - 1 - - -
2 - 2 -
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Table 4.14  Compressive strength and flexural strength of the HA samples without
surfactant, prepared via combination technique using PMMA granules
and H,0, solution (Continued).

Compressive strength flexural strength
Sample

# (MPa)  Average SD # (MPa)  Average SD

H30-P00-L13 1 0.12 0.15 0.03 1 0.22 0.22 0.01
2 0.17 2 0.22

H30-P05-L13 1 0.11 1 0.14 0.18 0.06
2 2 0.23

H30-P10-L13 1 1 0.18 0.15 0.05
2 2 0.11

H30-P20-L13 1 1 - - -
2 -

H30-P30-L13 1 - - -
2 -

H30-P40-L13 1 - - -
2 -

H30-P50-L13 1 - - -
2 -

AULINENTNEINS
AN TUNN NN Y
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Table 4.15 listed the compressive stiffness and flexural stiffness of the HA
samples, prepared via combination technique using PMMA granules and H,0O;
solution.

At 5wt% H,0,, the samples prepared through this method adding PMMA
granules over 30 wt% were handless. The average compressive stiffness of the
samples prepared at 5wt% H,0, ranged between 41.58 and 434.03 kN/m?, whilst the
average flexural stiffness ranged from 0.42t0/3.60 MN/m?.

At 10wt% H,0O,, the samples prepared using PMMA over 20 wt% were
handless. The average compressive stiffhess of-the-samples prepared at 10wt% H,0,
ranged between 24.707and 240.22 kN/m? whereas the average flexural stiffness
ranged from 0.35 to 2.66 MN/m?.

At 20wt% Hs0;, the samples prepared using PMMA over 10 wt% were
handless. The average.compressive stiffnéss of the samples prepared at 20wt% H,0,
ranged between 91.68 and 121 81 kN/mz,‘WhiIst the average flexural stiffness ranged
from 0.93 to 2.26 MN/m?. b4

At 30wt% H,0O,, the samples préﬁa(ed using PMMA over 10 wt% were
handless. The average compressive stiffneséofjf"fhe samples prepared at 30wt% H,0;
ranged between 42.03 and 79.48 kN/m? while the-average flexural stiffness ranged
from 0.77 to 2.05 MN/m*:

Figure 4.39 displayed the relationship between compressive stiffness (Ec) and
PMMA content with various H,O, concentration of the HA samples from Table 4.15.
The compressive stiffnessrdecreased with<the:increases af,both PMMA content and
H,O, concentration.

Figure 4.40. illustrated.the relationship between. flexural“stiffness (Ef) and
PMMA content with various H,O,Concentration af the HA samples'from Table 4.15.
The flexural stiffness reduced with the increases of both PMMA content and H,0,

concentration.
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Table 4.15 Compressive stiffness and flexural stiffness of the HA samples, prepared
via combination technique using PMMA granules and H,O, solution.

Sample Compressive stiffness Flexural stiffness

# (kKN/m®  Average SD # (KN/m?  Average SD

HO05-P00-L13 1 431.98 434.03 291 1 3.34 3.60 0.37
2 436.08 2 3.87

HO05-P05-L13 1 123.65 99.77 33.77 1 2.58 2.89 0.44
2 75.89 2 3.20

HO05-P10-L13 1 76.06 81.8% 7.50 1 2.35 1.77 0.82
2 86.67 2 1.19

HO05-P20-L13 1 80.48 62.37 25160 1 0.44 0.55 0.15
2 44.27 2 0.66

H05-P30-L13 1 B 4158 13.93 1 0.34 0.42 0.11
2 51743 2 0.50

HO05-P40-L13 1 ; : - 1 - - -
2 - 2 -

HO5-P50-L13 1 - | Oy - - -
2 - ¥ 2 -

H10-P00-L13 1 231426 210.22 29.76 1 2.44 2.66 0.32
2 189.18 4 2 2.89

H10-P05-L13 1 12227 160.01 53.38 3 1.69 2.22 0.75
2 719875 v 2 2.75

H10-P10-L13 1 113.90 $12:966y 1.32 1 1.07 1.12 0.08
2 112.03 ‘f = 2 1.18

H10-P20-L13 1 12.73 24707516192 1 0.36 0.35 0.02
2 3667 = 2 0.34

H10-P30-L13 1 - - - 1 - - -
2 - R -

H10-P40-L13 ik - - - 1 - - -
2 - p) -

H10-P50-L13 1 - - - 1l - - -
2 - 2 -

H20-P00-L13 1 116.29 112.03 6.02 1 2.15 2.26 0.15
2 - 107.78 2 2.36

H20-P05-L13 1 111:07 121.81 15.19 1 1.96 1.89 0.11
2 13255 2 1.81

H20-P10-L13 1 117.13 91.68 35.99 1 0.98 0.93 0.07
2 66.23 2 0.89

H20-P20-L13 1 - - - 1 - - -
2 - 2 -

H20-P30-L13 1 - - - 1 - - -
2 - 2 -

H20-P40-L13 1 - - - 1 - - -
2 - 2 -

H20-P50-L13 1 - - - 1 - - -
2 - 2 -
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Table 4.15 Compressive stiffness and flexural stiffness of the HA samples, prepared
via combination technique using PMMA granules and H,O, solution
(Continued).

Sample Compressive stiffness Flexural stiffness

# (KN/m?  Average SD # (KN/m?  Average SD

H30-P00-L13 1 68.33 79.48 15.77 1 2.04 2.05 0.01
2 90.62 2 2.06

H30-P05-L13 1 68.29 vl 15.00 1 1.35 177 0.59
2 2 2.18

H30-P10-L13 1 1 0.98 0.77 0.30
2 2 0.55

H30-P20-L13 1 1 - - -
2 -

H30-P30-L13 1 - - -
2 -

H30-P40-L13 1 - - -
2 -

H30-P50-L13 1 - - -
2 -

X

AULINENTNEINS
AN TUNN NN Y
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4.5 Characteristics of the Porous HA Samples with Surfactant

To study the effect of addition of surfactant, a preliminary experiment on the
porous HA samples with surfactant was conducted. The results found that the addition
of 1wt% agar powder could affect on characteristics of the porous HA samples
prepared through various methods. Therefore, the microstructure, bulk density,
porosity and mechanical properties of the porous samples were investigated and

reported as follows.

4.5.1 Microstructure

In this section, microsirucitre of the HA samples with surfactant, prepared by
H,O based technique, dirget feaming using H»O; and combination technique using
PMMA and H,0,, were explained.

(A) H,0 based Technigue

Figure 4.41 presented SEM microgfaphs of the HA sample H00-P0OO-L13A at
the magnification of (a) 100X, (b) SOox;’(c) 1,000X and (d) 5,000X. The sample
H00-P00-L13A was prepared usiig Owi% H202 Owt% PMMA and 1wt% agar at the
L/P ratio of 1.3 ml/g. In Figure 4.41 (a) and (b), the.sample was composed of large
agglomerated particles; forming some pores:-in Figure 4 41 (c), the pore had irregular
and angular shape. In"Figure 4.41 (d), the surface contained some clusters of pores

with the size of less than 5 um.

(B) Direct Foaming Technique using H,O,

Figure 4.42.showed SEM.micrographs, of.the .HA sample "H10-P00-L13A at
the magnification ‘0f (a) 100X, (b)*500X, (c) 1,000X,’ (d) 5,000X and (e) 10,000X.
The HA sample H10-P00-L13A was prepared by adding 1wt% agar into the mixture
of 10wt% H,0, and Owt% PMMA at the L/P ratio of 1.3 ml/g. In Figure 4.42 (a) and
(b), a number of pores larger than 100 um were found. In Figure 4.42 (c), pores with
the size less than 50 um was observed. In Figure 4.42 (d) and (e), surface of the

sample was made from thousands of crystal bars.
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Figure 4.43 illustrated SEM micrographs of the HA sample H20-P00-L13A at
the magnification of (a) 50X, (b) 100X, (c) 500X, (d) 1,000X and (e) 5,000X. The HA
sample H20-P00-L13A was prepared by adding 1wt% agar into the mixture of 20wt%
H,0, and Owt% PMMA at the L/P ratio of 1.3 ml/g. In Figure 4.43 (a) and (b), the
pores with the size of over 100 um were noticed. In Figure 4.43 (c) and (d), the pore
with the size of less than 50 um remained in the sample. In Figure 4.43 (e), surface of

this sample had some pore with the size of less than 1 um.

(C) Combination Technigue using PMMA and H,0,
Figure 4.44 showed SEM-micrographs of the sample H10-P10-L13A at the
magnification of (a) 50 X4(b)«100, (c) 500X, (d) 1,000X and (e) 5,000X. The HA
sample H10-P10-L13A was prepared using 10wi% PMMA, 10wt% H,0, and 1 wt%
agar with the L/P ratie*of X3 ml/g. In Figure 4.44 (a) and (b), the pores with the size
of over 500 um and thejnterconnected po'res were still noticed. In Figure 4.44 (c) and
(d), pores with the size of areund 50. uim Were observed. In Figure 4.44 (e), the tiny
pores (less than 1 um) In surface on _tlhis_,_'__.sample were barely found. A few

agglomerated particles remained on.the surféi‘,e.;_
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Figure 4.42  SEM micrographs of the HA sample with 1wt% agar of the sample
H10-P00-L13A at the magnification of (a) 100X, (b) 500X, (c)
1,000X, (d) 5,000X and (e) 10,000X



148

(a) 50X S (b) 100X

() y 1 (d) 1,000X
7

AULINENINYINS
AR TN TN

() 5,000X

Figure 4.43  SEM micrographs of the HA sample with 1wt% agar of the sample
H20-P00-L13A at the magnification of (a) 100X, (b) 500X, (c)
1,000X, (d) 5,000X and (e) 10,000X
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Figure 4.44  SEM micrographs of the HA sample with 1wt% agar of the sample
H10-P10-L13A at the magnification of (a) 50 X, (b) 100X, (c) 500X,
(d) 1,000X and (e) 5,000X
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4.5.2 Bulk Density and Porosity

(A) Sacrificial Template Technique using PMMA

Table 4.16 summarized the bulk density and porosity of the HA samples with
surfactant, prepared via sacrificial template technique using PMMA granules. The
sample using PMMA over 40 wt% was handless. The average bulk density and
porosity of these samples ranged from 0.91 to 1.46 g/cm® and ranged from 53.70% to
71.28%, respectively.

Figure 4.45 illustrated-the effect of adding-surfactant and PMMA content on
bulk density (BD) of the HA samples prepared via sacrificial template technique using
PMMA granules. The bulkdensity ‘of both samples decreased with an increase of
PMMA content. However, Addition of surfactant (agar) resulted in a decrease of bulk
density of the samples prepared using _;PMMA between Owt% and 30wt%. Over
30wt% PMMA, the samples adding agar:":_sﬂowed pbetter bulk density than the other
without surfactant. bty %4

Figure 4.46 presented the“effect of-‘?adgjing surfactant and PMMA content on
porosity of the HA samples prepared via saéfifi'}:ial template technique using PMMA
granules. The porosity of both samples incfééé‘éd with an increase of PMMA content.
Moreover, Addition of surfactant (agar) caused-an inctease of porosity of the HA
samples prepared using PMMA between Owt% and 30wt%. Over 30wt% PMMA, the

porosity of the sample adding agar was lower than the other without surfactant.
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Table 4.16  Bulk density and porosity of the HA samples with surfactant, prepared

via sacrificial template technique using PMMA granules.

Bulk Density Porosity
Sample 5

# (g/lcm®)  Average SD # (%) Average SD

HO00-P00-L13A 1 1.46 1.46 0.00 1 53.60 53.70 0.15
2 1.46 2 53.81

H00-P05-L13A 1 1.44 43 0.01 1 54.45 54.64 0.27
2 1.43 2 54.82

H00-P10-L13A 1 1.49 1.42 0109 1 52.91 54.90 2.81
2 1.36 2 56.88

HO00-P20-L13A 1 "o 1723 0:02 1 61.42 61.06 0.52
2 1724 2 60.69

H00-P30-L13A 1 T2 1.40 0.03 L 64.54 65.10 0.80
2 1408 2 65.66

H00-P40-L13A 1 0.90 0.91 0.00 1 71.36 71.28 0.11
2 0.9% j 2 71.20

HO00-P50-L13A 1 ; - - 1 - - -
2 - 2 -
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Figure 4.46  Effect of adding surfactant and PMMA content on porosity of the HA

samples prepared via sacrificial template technique using PMMA
granules
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(B) Direct Foaming Technique using H,O,

Table 4.17 summarized the bulk density and porosity of the HA samples with
surfactant, prepared via direct foaming technique using H,O, solution. The average
bulk density and porosity of these samples ranged from 0.47 to 0.61 g/cm?® and ranged
from 80.62% to 85.14%, respectively.

Figure 4.47 exhibited the effect of adding surfactant and H,O, concentration
on bulk density (BD) of the HA samples prepared via direct foaming technique using
H.O, solution. The bulk density of both” samples decreased with an increasing
concentration of H,0,...Moreover, addition-of-surfactant (agar) resulted in an
improvement of bulk density.

Figure 4.48 displayed the effect of adding surfactant and H,O, concentration
on porosity of the HA samples prepared.via direct foaming technique using H,0,
solution. The porosity.of bath samples ihcreased with an increasing concentration of
H,0,. Furthermore, the porasity of the samp;ie adding agar was lower than that of the

sample without surfactant,

Table 4.17 Bulk depsity and porosity of the HA samples with surfactant, prepared

via dirgct foaming-technique-using-H>Oz solution.

Bulk Density Porosity
Sample 5

# =(g/lcm®)  Average SD # (%) Average SD

HO01-P00-L13A 1 0.60 0.61 0.01 1 80.88 80.62 0.37
2 0:62 2 80:36

HO03-P00-L13A 1 0:57 0.60 0.03 1 81.79 81.10 0.97
2 0.62 2 80.41

H05-P00-L13A 1 0.60 0.60 0.0% 1 81.07 80.88 0.26
2 0.61 2 80.76

H10-P00-L13A 1 0.57 0.58 0.01 1 81.94 81.64 0.42
2 0.59 2 81.35

H20-P00-L13A 1 0.55 0.56 0.02 1 82.53 82.13 0.57
2 0.58 2 81.72

H30-P00-L13A 1 0.43 0.47 0.06 1 86.38 85.14 1.76
2 0.51 2 83.90
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Figure 4.48  Effect of adding surfactant and H,O, concentration on porosity of the
HA samples prepared via direct foaming technique using H,O-
solution
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(C) Combination Technique using PMMA and H;0,

Table 4.18 summarized the bulk density and porosity of the HA samples with
surfactant, prepared via combination technique using PMMA granule and H,0,
solution. The average bulk density of the samples adding surfactant ranged between
0.43 and 0.60 g/cm® at 5wt% H,O,; ranged between 0.43 and 0.58 g/cm® at 10wt%
H,0,; ranged between 0.44 and 0.56 g/cm® at 20wt% H,0,; and ranged between 0.40
and 0.47 g/cm® at 30wt% H,O,. The average porosity of the samples adding agar
ranged between 80.88% and 86.38% at Swi% H»O,; ranged between 81.64% and
86.34% glcm® at 10Wt%-HeOo; ranged Between 82:43% and 86.19% at 20wt% H,0y;
and ranged between 85.14% and 87.28% at 30wi% H,0x.

Figure 4.49 showedeffect of PMMA content and H,O, concentration on bulk
density (BD) of the HA samples with surfactant, prepared via combination technique
using PMMA granules.and H,0, solution;with L/P ratio of 1.3 ml/g. The bulk density
of the HA samples adding agar decreased VV\J/-ith the increases of both PMMA content
and H,0, concentration. ;

Figure 4.50, Figure 4.51, Figure 4.'5:!27:11nd Figure 4.53 illustrated the effect of
adding surfactant and PMMA" ¢centent on;bull'k density (BD) of the HA samples
prepared via combination technique using PMMA granules and H,0, solution, at
S5wit%, 10wt%, 20wt% and-30wit% H>Oz; respectively: e bulk density of the sample
adding agar was higher than that of the sample without surfactant. At 30wt% H,0,,
the sample adding agar had a bit higher bulk density than the other without surfactant.
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Table 4.18 Bulk density and porosity of the HA samples with surfactant, prepared

via combination technique using PMMA granule and H,O; solution

H20-P20-L13A

H20-P30-L13A

H20-P40-L13A

H20-P50-L13A

Bulk Density Porosity
Sample 5

# (g/lcm®)  Average SD # (%) Average SD

HO05-P00-L13A 1 0.60 0.60 0.01 1 81.07 80.88 0.26
2 0.61 2 80.70

HO05-P05-L13A 1 0.59 0.57, 0.03 1 81.18 81.82 0.90
2 0.55 2 82.46

HO05-P10-L13A 1 0.51 0.52 0.02 1 83.97 83.48 0.69
2 0.54 2 82.99

HO05-P20-L13A 1 0.46 0.45 0.02 1 85.31 85.83 0.74
2 0.43 2 86.36

HO05-P30-L13A 1 0.42 0.43 0.01 1 86.54 86.38 0.23
2 0.48 2 86.22

HO05-P40-L13A 1 - - - 1 - - -
2 - . -

HO05-P50-L13A 1 - = \ 1 - - -
2 y { 4 2 -

H10-P00-L13A 1 0.57 0.58/ 0.01 1 81.94 81.64 0.42
2 Q59 4 2 81.35

H10-P05-L13A 1 0.50 048=4"0.03 1 84.23 84.84 0.87
2 0.46 o 2 85.45

H10-P10-L13A 1 0.46 0.45 5% 20,01 1 85.54 85.78 0.33
2 0.44 , 2 86.01

H10-P20-L13A 1 0.44 0.43'5/-:001 1 86.12 86.34 0.30
2 0.42 2 86.55

H10-P30-L13A 1 - - - 1 - - -
2. - 2 -

H10-P40-L13A 1 - - - i - - -
2 - > -

H10-P50-L13A 1 - - - 1 - - -
2 { 2 -

H20-P00-L13A 0 0.55 0.56 0.02 1 82.53 82.13 0.57
2 0.58 2 81.72

H20-P05-L 13A 1 0.44 0.46 0.02 1 85.90 85.41 0.70
2 0.48 2 84.91

H20-P10-L13A 1 0.42 0.44 0.02 1 86.69 86.19 0.70
2 0.45 2 85.70
1 1
2 2
1 1
2 2
1 1
2 2
1 1
2 2
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Table 4.18 Bulk density and porosity of the HA samples with surfactant, prepared

via combination technique using PMMA granule and H,O; solution
(Continued)

sample Bulk Density Porosity
P # (g/cm®)  Average SD # (%) Average SD

H30-P00-L13A 1 0.43 0.47 0.06 1 86.38 85.14 1.76
2 0.51 2 83.90

H30-P05-L13A 1 0.44 0.44 0.00 1 86.21 86.19 0.01
2 0.44 2 86.18

H30-P10-L13A 1 0.39 0.40 0.01 1 87.59 87.28 0.44
2 041 2 86.97

H30-P20-L13A 1 = = = i - - -
2 - 2 -

H30-P30-L13A 1 - - - 1 - - -
2 - ) -

H30-P40-L13A 1 - - AN - - -
2 / 2 -

H30-P50-L13A 1 - - - 1 - - -
2 - 2 -

BD (g/cm?)
o
(4]
o

Figure 4.49
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(BD) of the HA samples with surfactant, prepared via combination

technique using PMMA granules and H,O; solution with L/P ratio of

1.3 ml/g
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Figure 4.54 displayed the effect of PMMA content and H,O, concentration on
porosity of the HA samples with surfactant, prepared via combination technique using
PMMA granules and H,O, solution with L/P ratio of 1.3 ml/g. The porosity of the HA
samples adding surfactant (agar) increased with the increases of both PMMA content
and H,O, concentration.

Figure 4.55, Figure 4.56, Figure 4.57 and Figure 4.58 presented the effect of
adding surfactant and PMMA content on bulk density (BD) of the HA samples
prepared via combination technique using PMMA granules and H,O, solution with
L/P ratio of 1.3 ml/g, at--5wi%, 10wt%, 20wi%- and 30wt% H,O,, respectively. The
porosity of the sample adding.agar, was lower than that of the sample without

surfactant.
90
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Figure 4.54  Effect of PMMA content and H,O, concentration on porosity of the
HA«samples with surfactant, prepared via combineation technique
using PMMA granules and H,0, solution with L/P ratio of 1.3 ml/g
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4.5.3 Mechanical Properties

(A) Sacrificial Template Technique using PMMA

Table 4.19 summarized the HA samples with surfactant, prepared via
sacrificial template technique using PMMA granules. Fabrication of HA specimen
with surfactant using PMMA over 40wt% was handleless. The average compressive
strength and flexural strength ranged from 0.75 to 34.17 MPa and ranged from 1.17 to
7.05 MPa, respectively.

Figure 4.59 displayed-the effect of adding-surfactant and PMMA content on
compressive strength (CS) of the HA samples prepared via sacrificial template
technique using PMMA granules with LIP ratio of 1.3 ml/g. The compressive strength
of both samples reduced with/an increasing PMMA content. Moreover, addition of
surfactant (agar) showed an unclear efféct on compressive strength. At 5wt% and
10wt% PMMA, the compregssive strengfh Jc->f the sample adding agar was slightly
higher than that of the sample without surfactant.

Figure 4.60 illustrated the-effect o'f“':hd_d_ing surfactant and PMMA content on
flexural strength (FS) of the HA-samples p%eﬁgred via sacrificial template technique
using PMMA granules with /P ratio of '-.iff:*i'mllg. The. flexural strength of both
samples decreased with-an-inerease-of PiviiviA-content. Furthermore, addition of agar
resulted in an improvement of the flexural strength, except at 5wt% PMMA.
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Table 4.19  Compressive strength and flexural strength of the HA samples with

surfactant, prepared via sacrificial template technique using PMMA

granules.
Sample Compressive strength Flexural strength

# (MPa)  Average SD # (MPa)  Average SD

HO00-P00-L13A 1 36.04 . 2.65 1 7.26 7.05 0.30
2 ‘ 2 6.84

HO00-P05-L13A 1 1 4.86 5.02 0.23
2 2 5.18

HO00-P10-L13A 1 1 3.61 3.55 0.08
2 3.50

HO00-P20-L13A 1 2.58 2.63 0.07
2 2.68

HO00-P30-L13A 1 1.89 1.72 0.25
2 1.54

HO00-P40-L13A 1 1.33 1.17 0.22
2. 1.02

HO00-P50-L13A 1 - - -
2 -

AU INENINYINS
AN TUNN NN Y
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Table 4.20 summed up the compressive stiffness and flexural stiffness of the
HA samples with surfactant, prepared via sacrificial template technique using PMMA
granules. The HA sample with surfactant using PMMA over 40wt% were handleless.
The average compressive stiffness and flexural stiffness of the sample with surfactant
ranged from 40.84 to 4,006.24 KN/m? and ranged from 9.86 to 526.32 MN/m?,
respectively.

Figure 4.61 presented the effect of'adding surfactant and PMMA content on
compressive stiffness (Ec) of the HA samples prepared via sacrificial template
technique using PMMA. granules. The compressive stiffness of both samples
decreased with an increase of PMIMA content. Moreover, the compressive stiffness of
the sample adding agar wasdowerthan that of the samplie without surfactant.

Figure 4.62 showed the effect of adding surfactant and PMMA content on
flexural stiffness (Ef) of the HA sampleé-prepared via sacrificial template technique
using PMMA granules. Fhe flexural stiffhéés of both samples also reduced with an
increasing PMMA content. Furthermore, addition of agar showed an unclear effect on

the flexural stiffness. At less than-10wi% PMM , the flexural stiffness was decreased

when the PMMA granule was addec. =
Table 4.20  Compressive stifiness-and-fiexural stifiness of the HA samples with

surfactant, prepared via sacrificial template technique using PMMA

granules
Sample Compressivestiffriess Flexural stiffness

#| [(KN/m?) ¢ Average SD # | (MN/m?)  Average SD

HO00-P0O-L13A I 3,699.57 4,006.24 433.71 1 372.80 526.32 217.11
2 4,312.92 2 679.84

H00-PO5:L13A" 1 2,880.88 2,658.22 314.89 1 241.20 278.02 52.06
2 2,435.56 2 314.83

H00-P10-L13A 1 2,648.60 2,436.35 300.16 1 221.34 211.54 13.87
2 2,224.10 2 201.73

HO00-P20-L13A 1 425.34 439.61 20.18 1 158.01 165.27 10.26
2 453.87 2 172.52

H00-P30-L13A 1 205.23 195.25 14.11 1 100.42 98.14 3.22
2 185.27 2 95.86

H00-P40-L13A 1 35.01 40.84 8.25 1 11.67 9.86 2.57
2 46.68 2 8.04

H00-P50-L13A 1 - - - 1 - - -
2 - 2 -
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(B) Direct Foaming Technique using H,O,

Table 4.21 summarized the compressive strength and flexural strength of the
HA samples with surfactant, prepared via direct foaming technique using H,O,
solution. The average compressive strength and flexural strength of these samples
adding surfactant ranged from 0.18 to 0.67 MPa and ranged from 0.28 to 1.07 MPa,
respectively.

Figure 4.63 showed the effect of adding surfactant and H,O, concentration on
compressive strength (CS) of the HA samples‘prepared via direct foaming technique
using H,O,. The compressive strength of both samples decreased with an increase of
H,O, concentration. Moreover;” addition of surfactant (agar) improved the
compressive strength of thesH Assample prepared through direct foaming technique.

Figure 4.64 illustraied the Effect of adding surfactant and H,O, concentration
on flexural strength (ES) of the HA san%ples prepared via direct foaming technique
using H,O,. The flexuralsstrength alse redurcae-d with an increasing H,O, concentration.
Furthermore, addition of agar caused an increase of compressive strength of the HA
sample prepared by this technique: -

i

Table 421  Compressive strength and flexural strength of the HA samples with

surfactant; prepared-wia-direct foaming technique using H,O; solution.

Sample Compressive strength Flexural strength

# - (MPa)  Average SD # (MPa) Average SD

HO01-P00-L13A 1 0.66 0.67 0.02 1 1.05 1.07 0.03
2 0:69 2 109

HO03-P00-L13A ) 0:57 0.60 0.04 1 0.79 0.80 0.01
2 0.63 2 0.81

HO05-P00-L13A 1 0.50 0.51 0.02 1 0.80 0.73 0.11
2 0.53 2 0.65

H10-P00-L13A 1 0.46 0.48 0.03 1 0.70 0.67 0.04
2 0.50 2 0.64

H20-P00-L13A 1 0.38 0.33 0.06 1 0.43 0.43 0.00
2 0.29 2 0.43

H30-P00-L13A 1 0.20 0.18 0.02 1 0.25 0.28 0.04
2 0.17 2 0.30
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Table 4.22 presented the compressive stiffness and flexural stiffness of the HA
samples with surfactant, prepared via direct foaming technique using H,O, solution.
The average compressive stiffness and flexural stiffness of these samples adding
surfactant ranged from 90.50 to 464.94 KN/m? and ranged from 2.31 to 6.98 MN/m?,
respectively.

Figure 4.65 illustrated the effect of adding surfactant and H,O, concentration
on compressive stiffness (Ec) of the HA. samples prepared via direct foaming
technique using H,O; solution with L/P raio-0f 1:3 ml/g. The compress stiffness of
both samples decreased with-an-increasing H»O» coneentration. Moreover, addition of
surfactant (agar) improved the Compressive stiffness of the HA sample prepared via
direct foaming technique.

Figure 4.66 displayed the effect of adding surfactant and H,O, concentration
on flexural stiffness (Ef) of the HA sarﬁples prepared via direct foaming technique
using H,0, solution with'L/P ratio of 1.3 mi/g. The flexural stiffness of both samples
was dropped when the H,0, concentration was lower than 5wt% and then gradually
decreased with an increasing H.O; cont:én(ration. Furthermore, addition of agar
resulted in an increase of flexural stiffness j-of %he HA samples prepared through this
technique. e

Table 4.22 Compressive stiffness and flexural stiffness of the HA samples with

surfactant, prepared via direct foaming technique using H,O solution.

Sample Compressive(stiffness Flexural stiffness

#. (kN/m? | Average SD # (MN/m?  Average SD

HO01-P00-L13A 1 38048 373.16 10.34 1 65.22 69.83 6.52
2 .365.85 2 74.44

HO03-POQ=L13A 1 % 281.85 283.16 2.56 1 40.55 44.60 5.72
2" 28497 2 48.64

HO05-P00-L13A 1 353.01 394.04 58.02 1 45.01 32.58 17.59
2 435.06 2 20.14

H10-P00-L13A 1 38310 464.94 115.73 1 34.96 27.06 11.18
2 546.77 2 19.15

H20-P00-L13A 1 179.27 207.01 39.23 1 14.34 21.02 9.45
2 23475 2 27.70

H30-P00-L13A 1 97.88 90.50 10.44 1 2.36 2.31 0.08
2 83.12 2 2.25
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(C) Combination Technique using PMMA and H;0,

Table 4.23 summarized the compressive strength and flexural strength of the
HA sample with surfactant, prepared via combination technique using PMMA
granules and H,O; solution. The average compressive strength of the sample with
surfactant ranged between 0.05 and 0.51 MPa at 5wt% H,O,; ranged between 0.06
and 0.48 MPa at 10wt% H,0,; ranged between 0.12 and 0.33 MPa at 20wt% H,05;
and ranged between 0.03 and 0.18 MPa at 30wt% H,0,. The average flexural strength
of the sample with surfactant ranged between 0.29 and 0.67 MPa at 5wt% H,0,;
ranged between 0.24 and.0.67 MPa at-10wi% H»Os; ranged between 0.22 and 0.47
MPa at 20wt% H,0,; and ranged.petween 0.20 and 0.31 MPa at 30wt% H,0..

Figure 4.67 exhibited the effect af PMMA content and H,O, concentration on
compressive strength™ (CS) of/ the  HA sample with surfactant, prepared via
combination techniqueising PMMA: grar_%ules and H,O5 solution with L/P ratio of 1.3
ml/g. The compressive strength of the sarﬂpié adding surfactant (agar) decreased with
the increases of both PMMA contenit and H,05 concentration.

Figure 4.68, Figure 4.69, Figure 4.?:bf§1nd Figure 4.71 illustrated the effect of
adding surfactant and PMMA content on coﬁf}préssive strength (CS) of the HA sample
prepared via combination technigque usingﬁMi\'/lA granules and H,O, solution with
L/P ratio of 1.3 ml/g;at-5wi%; 10wi%; 20wit% and 30Wi% H,O,, respectively. The
compressive strength of the sample adding agar was higher than that of the sample

without surfactant.
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H20-P20-L13A

H20-P30-L13A

H20-P40-L13A

H20-P50-L13A

Table 4.23  Compressive strength and flexural strength of the HA sample with
surfactant, prepared via combination technique using PMMA granules
and H,0; solution.

Sample Compressive strength Flexural strength

# (MPa)  Average SD # (MPa) Average SD

H05-P00-L13A 1 0.50 0.51 0.02 1 0.70 0.67 0.04
2 0.53 2 0.64

H05-P05-L13A 1 0.37 0.36 0.01 1 0.50 0.51 0.02
2 0.36 2 0.52

HO05-P10-L13A 1 0.24 0.25 0,01 1 0.42 0.43 0.03
2 0.25 2 0.45

H05-P20-L13A 1 0.11 0,20 0.02 1 0.42 0.41 0.01
2 0.08 2 0.40

HO05-P30-L13A 1 0.06 0.05 0.00 1 0.27 0.29 0.02
2 0,05 2 0.30

H05-P40-L13A 1 - - - d - - -
2 - . -

H05-P50-L13A 1 - - - i - - -
2 - 4 2 -

H10-P00-L13A 1 0.46 048, = 0.3 1 0.70 0.67 0.04
2 950, B 4 2 0.64

H10-P05-L13A 1 0.37 035 0.03 1 0.51 0.49 0.03
2 0.32 T/ 2 0.47

H10-P10-L13A 1 0:25 022005 1 0.31 0.34 0.05
2 0.19 —" 2 0.38

H10-P20-L13A 1 0.06 0.06:/+0,00 1 0.21 0.24 0.04
2 0.06 2 0.26

H10-P30-L13A 1 - - - 1 - - -
2. - 2 -

H10-P40-L13A 1 ’ - - 1 - - -
2 - > -

H10-P50-L13A 1 - - - 1 - - .
2 . 2 -

H20-P00-L13A 1 0.38 0.38 0.06 1 0.49 0.47 0.02
2 0.29 2 0.45

H20-P05-L 13A 1 0.20 0.17 0.03 1 0.26 0.30 0.07
2 0.15 2 0.35

H20-P10-L13A 1 0.12 0.12 0.01 1 0.16 0.22 0.09
2 0.11 2 0.28
1 1
2 2
1 1
2 2
1 1
2 2
1 1
2 2
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Table 4.23  Compressive strength and flexural strength of the HA sample with
surfactant, prepared via combination technique using PMMA granules
and H,0, solution (Continued).

Sample Compressive strength flexural strength
P (MPa)  Average SD (MPa) Average SD

H30-P00-L13A 0.20 0.18 0.02 0.28 0.31 0.04
0.17 0.34

H30-P05-L13A 0.14 0.13 0.01 0.25 0.26 0.02
0.13 0.28

H30-P10-L13A 0.09 0.09 0.00 0.22 0.20 0.03
0.10 0.17

H30-P20-L13A

H30-P30-L13A

H30-P40-L13A

H30-P50-L13A
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Figure 4.67  Effect of PMMA content and H,O, concentration on compressive
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Figure 4.72 showed the effect of PMMA content and H,O, concentration on
flexural strength (FS) of the HA sample with surfactant, prepared via combination
technique using PMMA granules and H,O, solution with L/P ratio of 1.3 ml/g. The
flexural strength of the HA samples adding surfactant (agar) decreased with the
increases of both PMMA content and H,O, concentration.

Figure 4.73, Figure 4.74, Figure 4.75 and Figure 4.76 presented the effect of
adding surfactant and PMMA content on flexural strength (FS) of the HA sample
prepared via combination technique using PMMA granules and H,O, solution with
L/P ratio of 1.3 ml/g, at-5wi%, 10wt%, 20wi%- and 30wt% H,0,, respectively. The
HA sample adding agar had-a-better flexural strength than the sample without

surfactant.

0.8
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0.3
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PMMA Content (wt%)

Figure 4.72  Effect of PMMA content and H,QO, concentration on flexural strength
(FS) of the HA sample with surfactant, prepared via combination
technique using PMMA granules and H,O; solution with L/P ratio of
1.3 ml/g
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Table 4.24 summarized the compressive stiffness and flexural stiffness of the
HA sample with surfactant, prepared via combination technique using PMMA
granules and H,O, solution. The compressive stiffness of the HA sample adding
surfactant (agar) ranged between 44.32 and 394.04 kN/m? at 5wt% H,O,; ranged
between 54.01 and 464.94 kN/m? at 10wt% H,O,; ranged between 103.45 and 207.01
kN/m? at 20wt% H,O,; and ranged between 53.21 and 90.50 kN/m? at 30wt% H,Os.
The flexural stiffness of the HA sample adding agar ranged between 0.58 and 32.58
kN/m? at 5wt% H,0,; ranged between 0.50-aad 27:01 kN/m? at 10wt% H.,0,; ranged
between 1.25 and 21.02-kiN/m™ at 20wi% HsOp;-and-ranged between 1.10 and 2.31
kN/m? at 30wt% H,0,.

Figure 4.77 showedstheeffect of PMMA content and H,O, concentration on
compressive stiffness™ (E¢) of/ the  HA sample with surfactant, prepared via
combination techniqueising PMMA: grar_%ules and H,O5 solution with L/P ratio of 1.3
ml/g. The compressive stiffness of the sarﬁpié adding surfactant (agar) decreased with
the increases of both PMMA contenit and H05 concentration.

Figure 4.78, Figure 4.79, Figure 4, 80-and Figure 4.81 presented the effect of
adding surfactant on compresSive stiffness (EC) of the HA sample prepared via
combination technique using PMMA granules and H,0, solution with L/P ratio of 1.3
ml/g, at 5wt%, 10Wi%; 20wi% and 30wit% H>03, respectively. Addition of agar
resulted in an increase of the compressive stiffness of the sample prepared by

combination technique.
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Table 4.24  Compressive stiffness and flexural stiffness of the HA sample with
surfactant, prepared via combination technique using PMMA granules
and H,0, solution.

Sample Compressive stiffness Flexural stiffness
P # (kNIm) Average  SD # (MN/m) Average  SD

H05-P00-L13A 1 35301 394.04 58.02 1 45.01 3258  17.59
2 435.06 2 20.14

H05-P05-L13A 1 13290 126452 9.02 1 4.42 4.61 0.27
2 12015 2 4.80

H05-P10-L13A 1 83.82 80.14 521 1 2.78 2.48 0.42
2 76.45 2 2.19

H05-P20-L13A 1 65.40 58.80 933 1 0.69 0.68 0.01
2 52,21 2 0.67

H05-P30-L13A 1 39.25 44.32 7.18 1 0.53 0.58 0.07
2 49.49 2 0.63

H05-P40-L13A 1 - - - 1 - - -
2 - 2 -

H05-P50-L13A 1 - - - 1 - - -
2 3 i 4 2 -

H10-P0O0-L13A 1 38310 464,949, 11573 4 34.96 27.06 1118
2 #546407 B 4 2 19.15

H10-P05-L13A 1 19555 183 49 =1 1§ 1 8.86 7.69 1.65
2 171.20 F/'N 2 6.53

H10-P10-L13A 1 13820 £30:35. 2 110 1 2.34 2.46 0.17
2 12251 = 2 2.58

H10-P20-L13A 1 72.11 5401 452550 1 0.56 0.50 0.08
2 35.91 2 0.44

H10-P30-L13A 1 - = - ! - - -
2 - 2 -

H10-P40-L13A 1 . 4 . 1 - - -
2 - 2 -

H10-P50-L13A 1 - - - 1 - - -
2 - 2 -

H20-P00-L13A o L7927 207.01 39.23 1 14.34 21.02 9.45
2 23475 2 27.70

H20-P05-L 13A 1 .117.28 136.57 27.28 1 2.31 3.06 1.06
2 %, 155.87 2 3.81

H20-P10-L13A 1 112,06 103.45 12.19 1 1.16 1.25 0.13
2 94.83 2 1.34

H20-P20-L13A 1 - - - 1 - - -
2 - 2 -

H20-P30-L13A 1 - - - 1 - - -
2 - 2 -

H20-P40-L13A 1 - - - 1 - - -
2 - 2 -

H20-P50-L13A 1 - - - 1 - - -
2 - 2 -
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Table 4.24  Compressive stiffness and flexural stiffness of the HA sample with
surfactant, prepared via combination technique using PMMA granules
and H,0, solution (Continued).

sample Compressive stiffness Flexural stiffness
P (kN/m?)  Average SD (MN/m?)  Average SD

H30-P00-L13A 97.88 90.50,  10.44 2.36 2.31 0.08
83.12 2.25

H30-P05-L13A 87.33 82.84 6.35 2.25 1.90 0.50
78.35 1.55

H30-P10-L13A 49.22 53.21 5.65 1.25 1.10 0.22
— 0.94

H30-P20-L13A

H30-P30-L13A

H30-P40-L13A

H30-P50-L13A

#
1
2
1
2
1
2
1 =
2
1
2
1
2
1
2

#
1
2
1
2
1
2
- - 1 -
2
1
2
1
2
1
2

Ec (KN/m?)
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Figure 4.82 displayed the effect of PMMA content and H,O, concentration on
flexural stiffness (Ef) of the HA sample with surfactant, prepared via combination
technique using PMMA granules and H,O, solution with L/P ratio of 1.3 ml/g. The
flexural stiffness of the HA samples adding agar also decreased with the increases of
both PMMA content and H,O, concentration.

Figure 4.83, Figure 4.84, Figure 4.85 and Figure 4.86 exhibited the effect of
adding surfactant and PMMA content on flexural stiffness (Ef) of the HA sample
prepared via combination technique using PMMA granules and H,O, solution with
L/P ratio of 1.3 ml/g, at Swit%, 10wt%, 20wi% and-30wt% H,0,, respectively. Less
than 10wt% PMMA, addition-of agar improved obviously the flexural stiffness of the

HA sample prepared by combination technigue.
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Figure 4.827 Effect of PMMAIcentent and H>Oz cancentrationran flexural stiffness
(Er) of the HA sample with surfactant, prepared via combination
technique using PMMA granules and H,O; solution with L/P ratio of
1.3 ml/g
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CHAPTER YV

STATISTICAL ANALYSIS

5.1 Analysis of Variance
Experimental data in Chapter IV including bulk density, porosity, compressive
strength, flexural strength, compressive stifiness and flexural stiffness from various

fabrication conditions were analyzed by analysis of Variance (ANOVA).

5.1.1 Effect of Forming Facterson Bulk Density

Table 5.1 summarized‘the analysis of variance (ANOVA) for bulk density of
the porous HA samplés prepared by, various methods (at o = 0.05). For sacrificial
template technique, the'significant factor‘r_was the content of PMMA granules. For
direct foaming method, the significant fact(_)i[.s J\}vere the concentration of H,O, solution
and the liquid to powder ratio (L./P ratio). Ec;r_,gombination technique, the content of
PMMA showed a significant effect on bgﬂk_ density at the H,O, concentration of
5wt% and 10wt%. Moreover, the sinterihg— temperature also had a significant
influence on bulk density for the porous HA samples prepared through combination
technique at 10wt% H;0,.

5.1.2 Effect of Forming Factors on Porosity

Table 5.2 presented the analysis of variance (ANOVA) for porosity of the
porous, HA samples .prepared by various methods'/(at'a = 0.05). For sacrificial
templatetechnique, the significant factor was the PMMA content. For direct foaming
method the significant factors were the H,O, concentration and the L/P ratio. For
combination technique, the content of PMMA showed a significant effect on bulk
density at the H,O, concentration of 5wt% and 10wt%. Furthermore, the sintering

temperature also showed an effect on bulk density for the sample H10-Pyy-L13A.
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Table 5.1  Analysis of variance for bulk density of the porous HA samples prepared

by various methods (at o = 0.05)

Methods Factors P-value
1. Sacrificial template using PMMA - Content of PMMA * <0.001
- Liquid to powder ratio 0.422
- Addition of agar 0.771
2. Direct foaming using H,O, - Concentration of H,0, * 0.001
- Liquid to powder ratio * 0.023
=/Addition of agar 0.319
3. Combination technique using PMMA and H,0,
3.1. at 5wt% H,0, = Content of PMMA * < 0.001
- Addition of agar 0.092
3.2. at 10wt% H,0, - Contentof PMMA * 0.003
- Addition of agar 0.162
3.3. at 20wt% H,0O, - Content of PMMA 0.060
- Addition of agar 0.305
3.4. at 30wt% H,0, . - Content of PMMA 0.071
- Addition of agar 0.533
- Sintering Temperature * 0.031

Note: “**” was referred to the significant factor.

Table 5.2 Analysis of variance for porosity 6f the porous HA samples prepared by

various'methods (at o = 0.05)

Methods Factors P-value
1. Sacrificial template using-PMMA - Content of-PMMA * <0.001
- Liquid to powder ratio 0.421
- Addition of agar 0.758
2. Direct foaming using H,O, - Concentration of H,0, * 0.001
- Liguid to powder ratio * 0.021
- /Addition of agar 0.319
3. Combination technique using PMMA and H,0,
3.1. at 5wt% H,0, - Content of PMMA * 0.001
- Addition of agar 0.086
3.2, at 10wt% H0, - Content of PMMA * 0.003
- Addition of agar 0.168
3.3. at 20wt% H,0O, - Content of PMMA 0.066
- Addition of agar 0.320
3.4. at 30wt% H,0, - Content of PMMA 0.061
- Addition of agar 0.530
- Sintering Temperature * 0.030

Note: “**” was referred to the significant factor.
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5.1.3 Effect of Forming Factors on Compressive Strength

Table 5.3 summarized the analysis of variance for compressive strength of the
porous HA samples prepared by various methods (at o = 0.05). The significant factors
affecting on bulk density for sacrificial template technique was the PMMA content;
for direct foaming method were the concentration of H,O,, the L/P ratio and the
addition of 1wt% agar; as well as for combination technique were the PMMA content
which was effective at the H,0, conceniration of 5wt%, 10wt% and 20wt%.
Additionally, the sintering temperature was also _the significant factor for compressive

strength.

Table 5.3 Analysis of variance for compressive strength of the porous HA samples

prepared Dy variotsimethods (at o = 0.05)

Methods T Factors P-value
1. Sacrificial template using PMMA , - Content of PMMA * <0.001
- Liguid to powder ratio 0.690
. = Addition of agar 0.957
2. Direct foaming using H,O, , - Concentration of H,0, * < 0.001
~« Liquid to powder ratio * <0.001
- - Addition of agar * 0.006
3. Combination technique using PMMAand H,0,
3.1. at 5wt% H,0, .- Content of PMMA * <0.001
- Addition.of agar 0.125
3.2. at 10wt% H,O, - Content of PMMA * <0.001
- Addition of agar 0.088
3.3. at 20wt% H,0, - Content of PMMA * 0.010
- Addition of agar 0.189
3.4. at 30wt% H,0, - Content of PMMA 0.178
- Addition of agar 0.264
= Sintering Temperature * 0.002

Note: “*” was referred to the significant factor.



191

5.1.4 Effect of Forming Factors on Flexural Strength

Table 5.4 reported the analysis of variance for flexural strength of the porous
HA samples prepared by various methods (at o = 0.05). The significant factors
affecting on flexural strength for sacrificial template technique was the PMMA
content; for direct foaming method was the H,O, concentration; as well as for
combination technique were the PMMA content which was effective at the H,0,
concentration of 5wt% and 10wt%, and the addition of agar which was effective at the
H,0O, concentration of 30wt%.

Table 5.4  Analysis of varianee for flexural strength of the porous HA samples

prepared by various methods (at o = 0.05)

Methods 1 Factors P-value
1. Sacrificial template using PMMA = Contentof PMMA * <0.001
- Liquid to powder ratio 0.525
/- Addition of agar 0.645
2. Direct foaming using H,03 * - Concentration of H,0, * < 0.001
<24, ~ =Liquid to powder ratio 0.092
~ - Addition of agar 0.106
3. Combination technique using PMMA&and H,0,
3.1. at 5wt% H,0, * -~ Content of PMMA * 0.007
- Addition of agar 0.114
3.2. at 10wt% H,0, = - Content of PMMA * 0.006
- Addition of dgar 0.176
3.3. at 20wt% H,05 .- --Content-of PMMA 0.158
- Addition of agar 0.135
3.4. at 30wt% H,0, - Content of PMMA 0.392
- Addition of-agar * 0.040
- Sintering Temperature 0.104

Note: “*”” was referred to the significant factor.
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5.1.5 Effect of Forming Factors on Compressive Stiffness

Table 5.5 summarized the analysis of variance for compressive stiffness of the
porous HA samples prepared by various methods (at o = 0.05). The factors having a
significant effect on compressive stiffness for sacrificial template technique was the
PMMA content; for direct foaming method was the H,O, concentration; and for
combination technique was the PMMA content which was effective at the H,0,

concentration of 5wt% and 10wt%.

Table 5.5  Analysis of variance for compressive stiffness of the porous HA samples

prepared by varietsimethods (at e = 0.05)

Methods Factors P-value
1. Sacrificial template usinglPMMA - Content of PMMA * <0.001
' - Liquid to powder ratio 0.528
.+ - Addition of agar 0.100
2. Direct foaming using H;0, . - Concentration of H,O, * <0.001
- Liguid to powder ratio * 0.032
. -/Addition of agar 0.202
3. Combination technique using PMMA and H,0,
3.1. at 5wt% H,0, . /.- Content of PMMA * <0.001
~ - Addition of agar 0.810
3.2. at 10wt% H,0, ~ - Content of PMMA * 0.001
~ =/Addition of agar 0.473
3.3. at 20wt% H,0, - Content of PMMA 0.057
- Addition of agar 0.129
3.4. at 30wt% H,0, - Content of PMMA 0.107
- Addition of agar 0.121
- Sintering Temperature 0.149

Note: “**” was referred to thesSignificant factor.
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Table 5.6 presented the analysis of variance for flexural stiffness of the porous

HA samples prepared by various methods (at o = 0.05). The significant factors

affecting on the flexural stiffness for sacrificial template technique was the PMMA

content; for direct foaming method were the concentration of H,O, and the addition of

agar; as well as for combination technique was the content of PMMA which was

effective at the H,O, concentration between 5wit% and 20wt%.

Table 5.6  Analysis of«wvariance for flexural stiffness of the porous HA samples

prepared by varietsimethods (at e = 0.05)

Methods Factors P-value
1. Sacrificial template usinglPMMA - Content of PMMA * <0.001
' - Liquid to powder ratio 0.351
.+ - Addition of agar 0.734
2. Direct foaming using H;0, . - Concentration of H,O, * <0.001
- Liguid to powder ratio 0.753
. -/Addition of agar * <0.001
3. Combination technique using PMMA and H,0,
3.1. at 5wt% H,0, . /.- Content of PMMA * 0.003
- - Addition of agar 0.177
3.2. at 10wt% H,0, ~ - Content of PMMA * 0.015
~ =/Addition of agar 0.087
3.3. at 20wt% H,0, - Content of PMMA * 0.003
- Addition of agar 0.153
3.4. at 30wt% H,0, - Content of PMMA 0.085
- Addition of agar 0.530
- Sintering Temperature 0.159

Note: “**” was referred to thesSignificant factor.
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5.2 Regression Analysis

Experimental data were also used to construct regression equations for
porosity (P), compressive strength (CS) and flexural strength (FS). The insignificant
factors were eliminated to reduce the terms from the equations. Porosity was
estimated in terms of the forming factors namely the content of PMMA (Cp), the
concentration of H,O, (Cu), and the liquid to powder ratio (LP). Moreover,
compressive strength and flexural strength/were also predicted in term of porosity to

explain their mechanical behaviors.

5.2.1 Porosity (P)

Table 5.7 summarized theregression models of porosity (P) for the porous HA
samples prepared by various methods, ineluding (1) sacrificial template using PMMA,
(2) direct foaming using H:05, ‘and (3)' combination technique using PMMA and
H,0,. The regression madel ©f porosity for the porous sample prepared via sacrificial
template using PMMA in/Equation 5.1 was dependent on the PMMA content (Cp),
having the R-square of 0.9960.-The regression model of porosity for the sample
prepared by direct foaming using H->O» in Eqdétion 5.2 was dependent on the H,0;
concentration (Cn) and the liguid to powder ratio (LLP), having the R-square of 0.8855.
Additionally, the Tregression—model—of porosity for-the sample prepared via
combination technique using PMMA and H;0; in Equation 5.3 was dependent on the
PMMA content (Cp) and the H,O, concentration (Cy), having the R-square of 0.9350.

Table 5.7  Regression models of porosity (P) for the porous HA samples prepared

by.various.methods (at.o.= 0.05)

Methaods Regression Models R-square
1. Sacrificial template _ 2 .
using PMMA (5.1) P= 0.008Cy" +0.204Cp +51.716 ;0<Cp<40 0.9960
2. Direct foaming (5.2) P= -0.015Cy* +0.480C, + 11.935LP ;0<Cy<30 0.8855
using H,0, +64.342 ; 1.3<LP<15 '

3. Combination
technique using
PMMA and H,0,

(5.3) P = -0.012Cp*+ 0.538Cp + 0.298C ;0<Cp<20

+80.2 ;0<Chy<10 0.9350
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5.2.2 Compressive Strength (CS)

Table 5.8 summarized the regression models of compressive strength (CS) for
the porous HA samples prepared by various methods, including (1) sacrificial
template using PMMA, (2) direct foaming using H,O,, and (3) combination technique
using PMMA and H,0,. The regression models of compressive strength for all
fabrication methods were expressed in term of exponential equation.

Figure 5.1 showed the relationship between compressive strength (CS) and
porosity (P) of the porous HA sample prepared.via sacrificial template technique
using PMMA granule For-sacrificial stemplaie-technique, the regression model of
compressive strength was demonstrated in Equation 5.4, having the R-square of
0.9684.

Figure 5.2 illustrated the relationship between compressive strength (CS) and
porosity (P) of the parous HA sample p;repared via direct foaming technique using
H,0, solution. For diregt feaming techniqlJJ-e, the regression model of compressive
strength was shown in Equation 5.5, havingtthé R-square of 0.7691.

Figure 5.3 presented the relationsh"ré ‘between compressive strength (CS) and
porosity (P) of the porous HA-sample pr:epélfed via combination technique using
PMMA granule and, H,O, solution. For combination technique using PMMA and
H,0,, the regression-meodel-of compressive sirength-Wwas stated in Equation 5.6,
having the R-square of 0.7650.

Figure 5.4 displayed the relationship between compressive strength (CS) and
porosity (P) of:theyporousHA:I sample: prepared jvia jvarious methods. The regression
models of compressSive strength for the "porous Ssamples prepared through these

methods_could be summarized.in Equation. 5.7,.having the R-square of 0.9596.
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Table 5.8 Regression models of compressive strength (CS) for the porous HA

samples prepared by various methods (at o = 0.05)

Methods Regression Models R-square

1. Sacrificial template _ 6 0197 P
using PMMA (54) CS=1.015x10"¢ 0.9684

2. Direct foaming

_ 8 -0265P
using H,0, (55) CS=8.751x10" ¢ 0.7691

3. Combination
technique using (5.6) =CS =2.883 x 10%e 2752 0.7650
PMMA and H,0, ¥

All samples (5.7) _@S=1.454 % 10° e *162° 0.9596

Table 5.9  Regression'madels of flexural strength (FS) for the porous HA samples

prepared by wvarious methods (z?_.t o= 0.05)

Methods Regressio’n'M_odeIs R-square
1. Sacrificial template ” 0.081P
using PMMA (58) FS=23¥2.87/€/ "5 0.7119
2. Direct foaming (5.9) FS=6.008 x 108 e-o_zsgp 0.7909

using H,O,

3. Combination
technique using (510) FS = 4.943 x 10* e 0140P 0.3447
PMMA and H,0,

All samples (511) [FS=537.275 e 00F 0.8759
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5.2.3 Flexural Strength (CS)

Table 5.9 summarized the regression models of flexural strength (FS) for the
porous HA samples prepared by various methods, including (1) sacrificial template
using PMMA, (2) direct foaming using H,O,, and (3) combination technique using
PMMA and H;0,. The regression models of flexural strength for all pore forming
methods were also expressed in term of exponential equation.

Figure 5.5 illustrated the relationship between flexural strength (FS) and
porosity (P) of the porous HA sample prepared.via sacrificial template technique
using PMMA granule. For-sacrificial-templaie-iechnique, the regression model of
compressive strength was presented in Equation 5.8 and Figure 5.5, having the R-
square of 0.7119.

Figure 5.6 showed the relationship between flexural strength (FS) and porosity
(P) of the porous HA¢sample prepared;-via direct foaming technique using H;0;
solution. For direct foaming technique, the ;égression model of compressive strength
was shown in Equation 5.9, having the R-sduare of 0.7909.

Figure 5.7 presented the relation'sﬁfrp,between flexural strength (FS) and
porosity (P) of the porous HA-sample pr:epélfed via combination technique using
PMMA granule and.H,O, solution. For combination technique, the regression model
of compressive strengih-was-demonstrated-in-Equation 5.10, having the R-square of
0.3447.

Figure 5.8 exhibited the relationship between flexural strength (FS) and
porosity (P) of:theyporousHA:I sample: prepared jvia jvarious methods. The regression
models of compressive Strength for-all samples prepared through these methods were
summarized.in Equation 5.11,.having the R-square 0f.0.9596.,
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CHAPTER VI

DISCUSSION

In this chapter, the results from characterizations of the synthesized HA
powder and porous HA samples were discussed. Moreover, the effects of forming
factors on porosity, compressive strength, flexural strength and stiffness were also

mentioned.

6.1 The Synthesized HA Pewder

In this research, the /HA/ ceramic was synthesized through an aqueous
precipitation method petween  calcium ihydroxide and orthophosphoric acid. The
synthesized HA powder was pulverized usiné pestle and mortar and then sieved.

6.1.1 Phase Purity

From the results of XRD-analysis in Jt'he Chapter 1V, the spectrum of the
synthesized HA powder was consistent  with-~the ICDD standard peak of
stoichiometric Hydroxyapatite-(No:-09-0432). Furthermoie, the result of sintering the
HA powder at 1100°C for 2 hours agreed with a previous study of Patel and colleague
(2001) in that sintering at high temperature resulted in the sharp and narrow
diffraction peaks.

From FTEIR analysis, the spectrum of the HA powder in Figure 4.2 showed the
presence of PO4> groups.at 564,.603,and.1034 ¢m™. Absarption bands at 3570 cm™
and near'630 cm’ 'of hydroxylgroup itHA (Cayo(PO4)s(OH),) were'barely detectable
in the spectrum due to overlapping with the strong water band near 3420 cm ™.
Additionally, the strong absorption band near 1640 cm™ can be attributed to the water
absorbed.

From the EDX spectrum in Figure 4.3, the element of Ca, P and O, the
component elements of HA, were detected excepting the element of H which hardly
detected by this technique. Although the undesirable elements (C and Au) were also

detected, they were obtained from the sample preparation step for SEM. The element
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of carbon was from a carbon adhesive tape using to attach the sample to a strut. The
element of gold was from the coating of the sample.

6.1.2 Particle Size and Morphology

From the characterization results of the HA powder in Chapter VI, the SEM
micrographs indicated that the synthesized HA powder had an angular shape.
Moreover, the particle size distributlgk '(’4 owder showed a bimodal distribution
with the peaks of ~4 um and {‘G‘pm The&ecause the HA powder used in this

research was prepared by-mmﬁ)estld andmndmg which hardly controlled

the uniformity of pOWV 7/ =
Figure 6.1 illustra 'c}?grapmthe HA powder produced by

Direct Method (Patel

Interestingly, the mor

(2001), which also had
produced by the Direct

o,
milling. While the HA powder pfoﬂ:uced research was prepared by on manual

0 TR I:,,:rz :,:
grinding using pestleﬁnd morta*r" S -

(a) (b)

Figure 6.1 SEM micrographs of (a) the HA powder produced by Direct Method
(Patel et al., 2001) and (b) the HA powder prepared in this research.
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6.2 Pore Morphology of Porous HA Samples

6.2.1 H,O Based Technique

From Chapter IV, the sample prepared through H,O based technique was
named as the sample HOO0-P0OO, because the samples were prepared by casting without
any pore former (i.e. PMMA and H,O;). In Figure 4.10, the sample HO0-POO0-L13,
produced at the L/P ratio of 1.3 mi/g, showed a few small pores with the diameter of
less than 50 um. In Figure 4.11, the HA cemeni-H00-P00-L15, prepared at the L/P
ratio of 1.5 m;/g, also had-the similar pores. Apparently, such pores were derived from
driving out of water during diying process.

Figure 6.2 exhibited SEM micragraphs at the magnification of 100X of the
HA sample (a) HOO-POO-E13and (k) HOO-POO-L15. By comparison between two
samples, it seemed that the"higher L/P ratio resulted in the higher number of pores
derived from water, as snown in Figure 6.2. JThis idea was confirmed by the results of
porosity in Table 4.3 that the porosity incfe‘aé'ed from 52.17% to 54.92% in average
when the L/P ratio rose from 1.3-ml/g to IS‘ ml/g. Moreover, this result also agreed
with a previous study of Almirati-el al. (éOOJ,Zi) in that the porosity of the sample

increased with an increasing L/P ratio used.

(a) H00-P00-L13 (b) H00-P0O-L15

Figure 6.2 SEM micrographs at the magnification of 100X of the HA sample
(a) HO0-P00-L13 and (b) HO0-P0O-L15
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6.2.2 Sacrificial Template Technique using PMMA

From the experimental results in Chapter IV, the porous HA sample prepared
through sacrificial template using PMMA granule were composed of two groups of
pore size range. The former was small pores with the pore size of less than 50 um.
The latter was large pores having the diameter range of 100-300 um. It seemed that
the small pores were similar to the pore derived from water vaporization. While, the
large pores were arisen from the disposal 6 PMMA granules as confirmed by SEM
micrographs. :

Figure 6.3 displayed"SEM micrographs of (a) the porous HA sample H00-P30-
L13 and (b) PMMA granule In Figure 6.3, the large pores found in the sample HOO-
P30-L13 were rounded/ole WhICh maﬁphed with the spherical shape of the PMMA
granules. The pore si the ;sample HOO-P30-L.13 was approximately 100 pm,
which was smaller thauémedlan__ particle ggze of the PMMA granule (approximately

150 pm). This was poééiblé that siintehmg or heat treatment could result in the

shrinkage of the ceramic sample and the po&e as reported by Yao et al. (2005).

PPy -

Figure 6.3 SEM micrographs of (a) the porous HA sample H00-P30-L13 and
(b) PMMA granule.
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6.2.3 Direct Foaming Technique using H,O,

From the results in Chapter 1V, the porous HA samples prepared by direct
foaming method using H,O; solution showed a number of pores with the size larger
than 100 um. In comparison between the sample H10-P00-L13A and H20-P00-L13A,
the number and size of pores increased when the H,O, concentration increased, as
illustrated in Figure 4.17 and Figure 4.18. Moreover, it seemed that the L/P ratio also
had an influence on the pore size as shown in Figure 4.15 and Figure 4.16.
Furthermore, Almirall et al. (2004) confirmed the fact that both L/P ratio and H,0;

concentration resulted in-thesize of pores.

6.2.4 Combination Techniqueusing PMMA and H»O,

From the experimental results, the porous HA" sample prepared through
combination techniquerusing PMMA;and H;O; consisted of the large pores in the
ceramic body and the small‘pores in the 'cearamic wall, as shown in Figure 4.19 and
Figure 4.20. The size of the large pores W‘ais"ijp to 1,000 um in diameter, while the
size of the small pores ranged between 100a'nd 300 pum in diameter. The large pores
were possibly resulted from H,O3; while smfa‘ll.bores might be from PMMA granules.
In addition to the closed pores, the intercohﬁéétéd pores yvere also observed. Lu and
colleague (1999) stated the definition of interconnected pares that was the pathways
between pores conducting cells and vessels between pores and thus favor bone
ingrowth inside ceramics.

Based lon previous' study of Karageorgiou and Kaplan (2005), the minimum
requirement forpore size is considered to be around 100 um due to cell size,
migration frequirements <and=transport. However, (pare' sizes—over| 300 um was
favorable to enhanced new bone formation and cell regeneration. Therefore, the
sample prepared by combination technique using both PMMA and H,0O, can provide

the pores attaining these requirements.
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6.3 Effect of Forming Factors on Porosity

From the experimental results in Section 4.5, the porous HA samples prepared
through sacrificial template technique using PMMA at the content of over 40wt%
were handless, while the samples prepared through direct foaming technique using
H,0, solution at the concentration of over 20wt% were very brittle. To prepare the
porous samples by combination technique using both PMMA and H,0O,, a balance
between the PMMA content and the H;O; concentration must be considered.

Figure 6.4 illustrated graphical schemas.ef pore formation for the sample
prepared via (a) sacrificial-template using PMMA-and (b) direct foaming using H,O,.
For sacrificial template technigue-using PMMA, the content of PMMA were the only
forming factor affecting significantly on porosity of the samples, as shown in Table
5.1. The relation betweensthe porosity: (P) and the content of PMMA (Cp) was
explained by the regressionsmedel in Eqdation 5.1. Obviously, the porosity increased
gradually, depending onuthe content of PMMA used. This mechanism was explained
by the graphical illustration in Figure 6.4 (a). The PMMA granules remained until
drying process. Then, the PMMA granule Wés‘removed by firing at the temperature of
400°C, at which the PMMA Was completély J’decomposed as shown in Figure 4.6.
Afterwards, the former resident of PMMA 'grra'rfu'les became the pores. This result was
agreed with Yao etial-(2005). At the /P ratio-of £.3 ml/g, porosity of the samples
reached approximately 72% at the PMMA content of 40wt%.

For direct foaming method using H,O, solution, the significant factors having
an influence on:parosity werethe concentration, 0f:H,O, and«the L/P ratio. The effect
of the concentration of H;O, (Cp) and the L/P ratio (LP) on porosity (P) was
explained by.the regression model in. Equation ‘5.2.. The porosity” increased slightly
with an increase ofithe H,0; concentration and/or the'L/P-ratio. FHowever, the porosity
surged suddenly when the H,O, solution was introduced. Even a small amount of
H,0,, porosity could be enhanced up to 30%. The mechanism of pore formation was
graphically illustrated in Figure 6.4 (b). At the liquid phase, the addition of H,O, into
ceramic slurry produced O, and H; gases, resulting in expansion of ceramic paste. At
this state, the deformation of gas voids was possible. Then, the paste was stored at

60°C to remove O, and H, gases. After drying process, the gas voids remaining in the
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paste became the pores in porous dry bodies. Finally, the sintering process resulted in
the shrinkage of pore size. This idea was confirmed by Almirall et al. (2004).

For combination technique using both PMMA and H,0,, Both of the PMMA
content (Cp) and the H,O, concentration (Cy) had a significant influence on porosity
for the porous HA sample prepared through this technique. From Analysis of variance
(ANOVA), the H,0O, concentration (Cn) was significant at lower than 10wt%,
whereas the PMMA content was effective at lower than 20wt%. The porosity could
be predicted by the regression model in Equation 5:3. Compared to the effect of H,Oo,
addition of PMMA was.barely affected on-poresity. It seemed that the porosity
derived from PMMA granules was dominated by H>O, solution. This was because
PMMA granule formed pores by decomposition at above 400°C in solid state while
H,O, produced pores‘By expansion,of gas voids in liquid phase, which provide the
higher porosity than PMMA: ’

Additionally, it seemed that the sinféring temperature was also a significant
factor affecting on porosity. From the expeki‘mental results in Chapter 1V, the porosity
reduced with an increase of Sintering tempe'}atjurre. This result was consistent with the
previous works of Mostasfa (2005} and He;et aI (2008) in that the agglomeration of
HA particle increased with an mcreasing téhip'érature, resulting an increasing density
and a decreasing porosity:
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6.4 Effect of Forming Factors on Compressive Strength

From the statistical analysis in Chapter V, many forming factors showed an
influence on compressive strength of porous HA samples performed by sacrificial
template technique using PMMA, direct foaming technique using H,O, and
combination technique using PMMA and H;O,. In this study, the compressive
strength ranged between 0.03 MPa and 36 MPa with the porosity ranging between
52% and 90%.

Table 6.1 summarized compressive strength (CS) of porous HA ceramics from
previous works. In comparison to the previous-weorks, the average compressive
strength obtained from this siudy-was lower than those reported by Sepulveda et al.
(2000); Deville et al. (2006), Lee et al. (2007); and Potoczek (2008). This was
because of an addition of ;/additives, enhanced the mechanical properties of porous
sample. Besides, Zhang and Zhu (2006) improved the strength of the samples by
uniaxially pressing at 50.MPa.

Table 6.1 Summary of compressive str'e'hgth (CS) of porous HA ceramics from

previous works.

Authors Methods Additives Porosity (%) CS (MPa)
(year)
Sepulvedaetal Gelcasting - Displex A40, polyacrylate N/A 1.6-5.8
(2000) (Direct foaming) derivatives (disperaant)

- Acrylic monomers,
ammonium,persulfate, and
N’stetramethylethylen
diamine (gelling agent)

- Tergitol TMN10

(surfactant)
Potoczek Gelgasting -1 Daryan 811pammonium 73:92 % 0.8-5.9
(2008) (Direct faaming) polymethacrylate

(dispersant)
- Agar (surfactant)

Deville et al Water based freeze - Darvan 811 (dispersant) 40-65 % 65-145
(2006) casting - PVA (binder)

(Sacrificial template)
Zhang and Zhu  Uniaxial pressat 50 - None 50-75 % 1.3-7.6
(2007) MPa and using rod-

like urea particle
(Sacrificial template)

Lee et al Camphene based - oligomeric polyester 56-75 % 0.94-17
(2007) freeze casting (dispersant)
(Sacrificial template) - polystyrene (binder)
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Statistically, the porosity seemed to have a significant effect on this strength,
which could be described by the regression model in Equation 5.7. The compressive
strength reduced exponentially with an increase of porosity, as reported by Kwon et
al. (2002).

The significant factor affecting on compressive strength for the samples
prepared by sacrificial template using PMMA was the content of PMMA (Cp) with
the P-value of less than 0.001, as shown in Table 5.3. This finding was consistent with
the results of porosity in that PMMA let to ihespore formation resulting in mechanical
strength of the specimen.

By direct foaming method-using H,0,, compressive strength was significantly
influenced by the concentration‘of H>O, (Cy), the L/P ratio (LP) and addition of agar,
which was supported-By Almirall ‘et al.. (2004). Additionally, effect of adding agar
was explained in the geview of Studart et al. (2006) that direct foaming required a
setting agent or surfactant to consolidaté'z_th-e foam microstructure before extensive
coalescence and disproportionation take pléce:-‘

By combination technique using PIVHVIA and H,O,, the concentration of H,O,
(Cw) and the content of PMMA(Cp) result'-ed'lféffectively in compressive strength at
the H,O, concentration of lower than 20wt

Moreover, Siatering temperature—aisoshowed -a significant influence on
compressive strength. This result was supported by the previous study of White et al.
(2007).
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6.5 Effect of Forming Factors on Flexural Strength

From the statistical analysis in Chapter V, many forming factors showed an
influence on flexural strength of porous HA samples performed by sacrificial
template, direct foaming and combination between sacrificial template and direct
foaming. In this study, the flexural strength ranged between 0.2 MPa and 7.5 MPa
with the porosity ranging between 52% and 90%. However, these strengths seemed to
be lower than those reported by Yao et al. (2005), ranging between 12 MPa and 27
MPa. Although Yao and colleagues prepaied porous HA samples by sacrificial
template technique using-PMMA, they-used the-PMMA granule with lower particle
size (around 50 pm) and also-added polyvinyl alcohol (PVA) as a binder and
polyacrylic acid (PAA) as adispersant to improve the mechanical strength.

Statistically, the porosity seemed to have a significant effect on the flexural
strength, which couldsbe deseribed-by the regression model in Equation 5.11. As
expected, the flexural strepoth also dedre;alsed exponentially with an increase of
porosity. This result was supported by the b‘réﬂous study of Kwon et al. (2002).

The significant factor affecting on'fflexural strength for the samples prepared
by sacrificial template technique-using PI\/IMA':,":Was the content of PMMA (Cp) with
the P-value of less than 0.001, as shown ’irh""'l"able 5.3. Fhis result agreed with the
previous study of Yao etal (2005).

By direct foaming technique using H2O,, tlexural strength was significantly
influenced by the concentration of H,O, (Cy) with the P-value of less than 0.001.

By combination technique wising PMMA land H;0z the concentration of H,O,
(Cn) and the cantent of PMMA (Cp) were effective to flexural strength at the H,O,,
concentration.of. lower than 10wt%.

However, tihe statistical restlt‘indicated that the sintering temperature had no
significant influence on flexural strength. This result was also supported by White et
al. (2007).
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6.6 Effect of Forming Factors on Stiffness

From the experimental results in Chapter 1V, many results showed the relation
between stiffness and forming factors. In this dissertation, the compressive stiffness
ranged approximately from 1 kN/m?to 250 kN/m?, while the flexural stiffness ranged
approximately between 10 kN/m? and 6,500 kN/m?.

For sacrificial template using PMMA, the content of PMMA (Cp) showed a
significant influence on both compressive stiffness and flexural stiffness with the P-
value of less than 0.001.

For direct foaming-using H,Oz; the concentration of H,O, (Cy) and the L/P
ratio (LP) were the factors affecting significantly on compressive stiffness with the P-
value of <0.001 and 0.032;respeciively; while, the concentration of H,O, (Cy) and
addition of agar had asignificanteffect on flexural stiffness.

For combination teghnique using&_‘PMMA and H,O,, the content of PMMA
(Cp) had a significant effect on compréséive stiffness at the H,O, concentration
ranging between 5wt% and 10wi%, as well as the content of PMMA was also a
significant factor flexural stiffness at the H;gz_concentration ranging between 5wt%
and 20Wt%. =

However, sintering temperature sh'dWéﬂ an-insignificant effect on stiffness,
although it improved-the-stifiness-of the porous samples slightly, as illustrated in
Figure 4.61 and Figure 4.62.
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Comparison between the pore size, porosity, compressive strength (CS)

and flexural strength (FS) of porous hydroxyapatite ceramics from

previous works and this research.

Authors (year) Methods Pore Size  Porosity CS FS
(um) (%) (MPa)  (MPa)
Rodriguez et al ST (Starch consolidation) 80 45-69 n/a 2-14
(1998)
Hing et al RT (Hydrothermal treatment 500 n/a 1-11 n/a
(1999) of cancellous.bone)
Sepulveda et al DT (Gelcasting) S 17-122 n/a 1.6-5.8 n/a
(2000)
Tempieri et al RT (PU impregnation) 200-500 n/a 21-45 n/a
(2001)
Tian and Tian RT (PU impregnation) ' 150-400 58-80 2-15 n/a
(2001) _
Ramay and Zhang  RT (PU impregnation) ' 200-400 70-77 0.5-5 n/a
(2003) -
Kundu et al ST (Cold ispstatic pressing \ +100-250 75 9.7-10.3 n/a
(2004) with Naphthalene) ’
Yao et al ST (Casting with PMMA) .+ 1,260-350 33.3-33.7 n/a 11.5-13.5
(2005) ¥y
Deville et al ST (H,0 based freeze.casting) s >10 40-65 65-145 n/a
(2006) Ferd
Zhang and Zhu ST (Cold uniaxial pressing —120 50-75 1.3-7.6 n/a
(2007) with urea) i dr ] e
Lee et al ST (Gamphene based freeze - >10 56-75 0.9-17 n/a
(2007) casting) ;
Potoczek DT (Gelcasting) 130-380 73:92 0.8-5.9 n/a
(2008) ]
This research ST (casting with PMMA) 100-300 52-74 0.5-36 0.6-7
DT (casting with H,O,) 100-1000 80-85 0.07-0.7 0.1-1.1
ST #DT (casting with PMMA £ 100-1000 82-90 0.03-0.5 0.1-0.7

and HzOz)

Note: ‘n/a’ = No.data available,
‘RT’=Replica technique,
‘ST’ = Sacrificial template'technique,and
‘DT’ = Direct foaming technique
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Table 6.2 compared the pore size, porosity, compressive strength and flexural
strength of porous hydroxyapatite ceramics from previous works and this research.
It seemed that both compressive strength and flexural strength decreased with an
increasing porosity for all forming techniques. These results agreed with previous
research by Yao et al. (2005) and Lee et al. (2007) that the mechanical strength of the
sample was conversely relative to the amount of pore former used and final porosity.
Furthermore, the samples with the porosity higher than 80% showed a fluctuation in
strength, particularly flexural strength. On-the other hand, the samples using H,O;
(i.e. direct foaming and-cembination technigue)-provided high variation in strength
more than those using PMMA" Fhis was because the porosity obtained from H,0O,
could not be effectively controlied.

Nevertheless, the mechanical strengths of the samples in this research were
lower than the minimum sirength of canéellous pone. White et al. (2007) indicated
that the minimum compressive strength ‘anad flexural strength of human cancellous
bone were approximately 2 MPaand 10 MPa;‘frespectiver. Karageorgiou and Kaplan
(2005) reported that the pore size favorab}’efr Vtgbone formation and cell regeneration
was over 300 um. As well as Lu et al. (1999) stated that the interconnected pores
favors to cell ingrowth inside the pore. HbWéVer, there-was no report on suitable
porosity for these applications: As a resuit; such samples were not applicable for a
scaffold in bone restoration due to the lack of strength. However, these materials
could be applied for fabrication of an eye ball in orbital implant being porous

bioceramics.



CHAPTER VII

CONCLUSION

In this chapter, the outcomes and limitations of this research for porous HA

ceramic prepared through various methods were summarized. Additionally, the

further research was also mentioned to improve the properties of porous HA ceramic.

7.1 Conclusions

From previous chapiers,all results were summarized as follows:

1)

)

(3)

The porous HA ceramic produced by sacrificial template technique using
PMMA granules had pere éize_ ranging between 100 um and 300 pm;
porosity ranging hetween 52'%J and 74%; compressive strength ranging
between 0.5 MPa and 36 MP-a' with compressive stiffness of 33 kN/m?
and 5,530 kN/m?; and flexuraf'stjrength ranging between 0.6 MPa and 7
MPa with flexural Stiffness of 8 MN/m? and 730 MN/m

The poreus HA ceramic produced by direct foaming technique using
H,O, solution had pore size ranging between 100 um and 1,000 pm;
porosity ranging between 80% and 85%; compressive strength ranging
bétwéen 0:07'MPa'anid 07 MPa With compressive stiffness of 60 kN/m?
and 550 kN/m?; and flexural strength ranging between 0.1 MPa and 1.1
MPa withflexural stiffness of 2 MN/m’and 75 kiN/m?.

The porous HA ceramic produced by combination technique using
PMMA granule and H,O, solution had pore size ranging between 100
um and 1,000 um; porosity ranging between 82% and 90%; compressive
strength ranging between 0.03 MPa and 0.5 MPa with compressive
stiffness of 13 kN/m® and 440 kN/m? and flexural strength ranging
between 0.1 MPa and 0.7 MPa with flexural stiffness of 0.5 MN/m? and
45 MN/m?,



(4)

(5)

(6)

(7)

(8)

©)

(10)
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The porous HA specimens were handleless when applied PMMA content
was over 40wt% for sacrificial template technique and H,0,
concentration was over 20wt% for direct foaming technique, due to

broken forming.

Sacrificial template technique wsing PMMA was the best method to
control the porosity of HA samples, due to the lowest variance of

porosity.

Combination _gstechnique wusing PMMA and H,O, provided the
interconnected‘pores, while sacrificial template technique using PMMA

and direct.foaming technique‘using H>0, gave the closed pores.

For sacrificial template technique, an increase of PMMA content
affected an increase “of po'r’(:!)sijty, while bulk density, compressive
strength, flexural strength and éiiffﬁess were decreased.

For direct-foaming technique;an-increase-of H,O, concentration and
liquid to powder ratio resulted in an increasing pore size and porosity,
whereas bulk density, compressive strength, flexural strength and

stiffness were‘decreased.

For combination. between _sacrificial . template and. direct foaming
technigues, the increases of PMMA' content and*H;0; concentration
caused an increase of porosity; however, bulk density, compressive
strength, flexural strength and stiffness were decreased.

Addition of surfactant (i.e. agar) showed an effective improvement on
compressive strength and flexural stiffness for only direct foaming
method using H,0, solution.
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(11) An increase of sintering temperature resulted in a reduction of porosity,

whereas bulk density, compressive strength, flexural strength and

stiffness were increased.

(12) Compressive strength and flexural strength of the porous HA samples

decreased exponentially as the porosity increased.

7.2 Research Limitations

The limitations of-this-research were sumimarized as follows:

(1)

()

(3)

(4)

The precipitation” reaction of the synthesized HA was the time-
consuming precess. To increase the production rate, the larger reactors
were needed.

The small particle size and t:j:niaform particle size distribution of the HA
powder could improved the mechanical strength and reduced a deviation
of the experimental results. T‘@’)jz;ic_hieve these, ball milling and sieving

A4

machine were required. =
The meChanical—strengths—of the porous-HA samples prepared via
sacrificial template technique using PMMA granules were lower than
those of previous studies. The addition of deflocculant could improve

solid content of,ceramic, resulting in anjincrease«of mechanical strength.

The pore_ size and shape of. the.parous . HA sample” prepared through
direct’foaming techniguetusing 'H,O, Solution.were hard-to control due to

uncontrollable air bubble in ceramic cake.
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7.3 Further Researches
From this research work, there were some interesting aspects in the production

of porous HA ceramic which could be further studied as follows,

(1) Mechanical strength of porous HA ceramic prepared by combination
between sacrificial template and direct foaming techniques should be

developed. Additio itive, such as binder, deflocculant or
ical properties of porous ceramics.

2 \ en peroxide (H20,) less than

surfactant could i

3) S CE ami i r sacrificial templates with

AUEINENINYINg
ARIAN TN INY Y
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Table A-1  Dimensions and weights of the cylindrical specimens prepared via
sacrificial template technique using PMMA granule

Sample # Diameter (mm. Height (mm.) Weight

Name 1 2 3 Average 1 2 3 Average (9.)

HO00-P00-13 | 1| 18.24 | 18.21 | 18.25 18.23 | 555| 547 | 5.49 550 | 2.175

2| 18.41 | 1853 | 1857 1850 | 549 | 553 | 547 550 | 2.225

H00-P05-13 | 1| 17.63 | 17.58 | 17.59 1760 | 631 649 6.41 6.40 | 2.328

2| 1769 | 17.71 | 17.66 1769 | 582 | 589 | 584 585 | 2.141

H00-P10-13 | 1| 17.18 | 17.23 | 17.22 172140 614 | 623 6.17 6.18 | 2.091

2| 17.15 | 17.214| 17.18 17481 593 | 589 | 585 5.89 | 1.995

HO00-P20-13 |1 | 17.95| 17.98 |~ 47.97 | ,17.97 =721 | 7.22| 7.48 730 | 2.366

2| 17.86 | 17.87 | 17.64 17790723 716 | 7.21 720 | 2317

H00-P30-13 |1 | 17.98 | 18.02 | i8.03 18.01° | 821" 8.28 | 8.07 8.19 | 2.309

2| 18.06 | 1844 | 4847 18:10 | 8.02.| .8.04 | 8.10 8.05 | 2.259

HO00-P40-13 |1 | 18.46 | 18.39 | .48.81 11839 | 830 8.26| 8.35 830 | 1.951

2| 18.32 | 4828, 18.29 1830 | . 8.33] 828 | 8.27 829 | 1.922

H00-P00-13A | 1 | 17.61 | 17.57  17.59 1759 | 4.89 | 490 | 4.92 490 | 1.745

2| 17.82 | 47.84 4779 17.82| 586 | 580 | 574 5.80 | 2.108

HO00-P05-13A | 1 | 17.44 | 1742 |/ 17.43 1743 | 587 | 582| 581 5.83 | 2.001

2| 17.35 | 1354 17.33 1734 | 641| 6.14| 6.08 6.11 | 2.058

HO00-P10-13A | 1 | 17.54 | '17.40 | 17.44 1746 | 712 | 714 7.14 713 | 2538

2| 17.65| 1767 1761 176477 801| 795| 7.91 7.96 | 2.647

H00-P20-13A | 1 | 17.84 | 17.92| 17.91 1789 | 79| 7.96| 7.92 794 | 2431

2| 17.95| 17.91| 1792 1793 |}, 744 | 745| 747 745 | 2.334

H00-P30-13A | 1 | 18.11 | 18.10 | 18.15 1812 | 807 | 810| 8.07 8.08 | 2.332

2| 18.12 | 18.13 | 18.12 1812 | 8.05| 8.07| 8.10 8.07 | 2.257

H00-P40-13A | 1 | 18.45 | 18.47 | 18.48 1847 | 815, 817 | 814 8.15| 1.974

2| 18.331 18.32 | 18.37 1834 | 803! 810 | 8.05 8.06 | 1.935

H00-P00-15 | 1 | 18.21° 18.17 | 18.23 1820 | 5.76 | 563 | 5.66 5.68 | 2.207

2| 18.33°.1835 | 18.28 1832 | 578| 582 | 585 582 | 2.075

HO00-P05-15 | 1| 17.93 | 17.88 | 17.91 1791 612 | 619 6.14 6.15 | 2.182

2| 17.99 | 17.91 | 17.95 17.95| 5.82| 589 | 584 5.85 | 2.062

HO00-P10-15 | 1| 17.68 | 17.72.] 17.71 1770'| 614 | 6.14| 6.13 6.14 | 2.091

2 121775 [P 71y 91778 17754/ 16:15 | 1619 1~ 6.15 6.16 | 2.075

H00-P20-15 | 1| 1781 | .17.84 | 17.85 1783 | 1731 | (7132 [£7.34 732 | 2175

2 |717.88 | 17.89 | 17.86 17.88 | 7.32| 7.33| 7.35 733 | 2213

H00-P30-15 | 1 | 18.01 | 18.03 | 18.03 18.02 | 848 | 821 | 817 819 | 2.124

2 | 18105 {“18:04%18.01 18.03"| ] '8.12.) | 809°] | 8.0 8.10 | 2.152

H00-P40-15 | 1 | 18.46 | 18.39 |1'18:31 1839 || 8501 | 846 | | 855 850 | 1.882

2| 18.32 | 18.28 | 18.29 18.30 | 853 | 849 | 850 851 | 1.874
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Table A-2  Dimensions and weights of the bar-shape specimens prepared via

sacrificial template technique using PMMA granule

Length Width Thickness Weight
Sample Name # (mm.) (mm.) (mm.) @)
H00-P00-13 1 29.19 20.00 10.00 1.528
2 28.01 20.00 10.00 1.569
HO00-P05-13 1 27.87 20.00 10.00 1.504
2 28.13 20,00 10.00 1.456
HO00-P10-13 1 28.11 20.00 10.00 1.575
2 27.73 2000 10.00 1.581
HO00-P20-13 1 27.94 20.00 10.00 1.495
2 28.03 20.00 10.00 1.494
HO00-P30-13 1 27.83 20.00 10.00 1.375
2 28.16 20.00 10.00 1.271
HO00-P40-13 1 2827 20.00 10.00 0.926
2 28.21 20.00 10.00 0.892
H00-P00-13A 1 27.46 _20.00 10.00 1.591
2 27470 20.00 10.00 1.527
H00-P05-13A 1 27.81 20.00 10.00 1.552
2 2840 20.00 10.00 1.640
HO00-P10-13A 1 28.85 20.00 10.00 1.636
2 27.70 20.00 10.00 1.427
H00-P20-13A 1 27.20 20.00 10.00 1.575
2 2022 20.00, 10.00 1.403
H00-P30-13A 1 28.05 20.00" 10.00 1.239
2 28.25 20.00 10.00 1.365
HO0-P40-13A 1 27.65 20.00 10.00 1.070
2 28.02 20.00 10.00 1.304
H00-P00-15 1 29.16 20.00 10.00 1.558
2 28.05 20.00 10.00 1.565
H00-P05-15 1 28.06 20.00 10.00 1.512
2 28.13 20.00 10.00 1.505
HO00-P10-15 1 27:85 20:00 10.00 1412
2 27.73 20.00 10.00 1.408
HO00-P20-15 1 2812 20.00 10.00 1.422
2 28.03 20.00 10.00 1.413
H00-P30-15 1 28.16 20.00 10.00 1.355
2 28.23 20.00 10.00 1.337
HO00-P40-15 1 28.24 20.00 10.00 1.023
2 28.13 20.00 10.00 1.041
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Table A-3  Dimensions and weights of the cylindrical specimens prepared via direct
foaming technique using H,O, solution

Sample # Diameter (mm. Height (mm.) Weight

Name 1 2 3 Average 1 2 3 Average (9.)

HO01-P00-13 |1 | 18.20 | 18.13 | 18.28 18.20 | 10.48 | 10.53 | 10.63 1055 | 1.647

2| 17.98 | 18.04 | 18.01 18.01 | 10.52 | 10.56 | 10.59 1056 | 1.672

H03-P00-13 | 1| 1753 | 1757 | 17.45 1752 | 11.34 | 11.36 | 11.31 11.34 | 1.605

2| 17.65| 17.65 | 17.67 1766 | 10.28 | 10.25 | 10.23 10.25 | 1.466

HO05-P00-13 |1 | 16.96 | 16.93 | 16.95 1695 12.78 | 12.75 | 12.73 1275 | 1.621

2| 16.99 | 16.96+| 16.98 16,98+ 13:29 | 13.28 | 13.34 1330 | 1.678

H10-P00-13 [ 1] 17.88 | 17.93 | 17.85 | ,17.89 |-4235 | 12.38 | 12.44 12.39 | 1.708

2| 17.64 | 1785 | 17.76 1775 9511 957 | 9.58 955 | 1.306

H20-P00-13 |1 | 18.43 | 4832 | 18.33 18.36 | 11.98"1"12.01 | 11.95 11.98 | 1.691

2| 18.31 | 1825 | 48.20 18.25 | 11.90.| 11.87 | 11.93 11.90 | 1.622

H30-P00-13 [ 1| 18.01 | 18.04"| .18.40 118.05 | 1353 | 1359 | 13.54 1355 | 1.533

2| 18.19 | 4815, 1841 18.15 | 1455 | 14.46 | 14.41 1447 | 1.840

H01-P00-13A | 1 | 18.28 | 18.83 |/ 18.31 18.31 | 10.77 | 10.84 | 10.80 10.8 | 1.716

2| 18.20 | 48.20'1 4821 18.20| 9.66 | 9.63| 9.65 9.65 | 1.556

H03-P00-13A | 1 | 18.18 | 18.48 | 18.20 18.19 | 9.06| 904 | 9.07 9.06 | 1.352

2| 18.44 | 1834/ 18.46 1841 | 87| 887 | 879 8.80 | 1.449

H05-P00-13A | 1 | 17.59 | 17.55 | 17.62 17,59 | 1140 | 11.41 | 11.40 11.40 | 1.655

2| 17.79 | 1743 | 17.79 17.77 | 13.21 | 1317 | 13.24 13.21 | 1.995

H10-P00-13A | 1 | 17.55 | 17.52.| 17.44 17.50, | 14.41 | 14.42 | 14.38 1440 | 1.975

2| 17.08 | 17.10°| 1732 17.10 },17.58 | 17.50 | 17.46 1751 | 2.368

H20-P00-13A | 1 | 17.92 | 17.86 | 17.92 17.90 | 10.63 | 10.66 | 10.63 10.64 | 1.476

2| 1791 | 17.87 | 17.94 17.91 | 41.84 | 11.77 | 11.79 11.80 | 1.714

H30-P00-13A | 1 | 17.20.| 17.23 | 17.20 17.21 | 760, 754 | 7.63 759 | 0.759

2| 17.00-1 16.93 | 17.06 1700 | 7.35| 728 7.30 731 | 0.843

H01-P00-15 |1 | 18.08° 18.10 | 18.10 18.09 | 823 | 818 | 8.22 821 | 1.245

2| 18.10 |=18.12 | 18.08 18.10 | 810 -8.09| 8.11 8.10 | 1.257

H03-P00-15 | 1| 17.87 | 17.83 | 17.83 17841 957 | 957 | 9.56 9567 | 1.172

2| 17.80 | 17.83 | 17.81 17.81| 891 | 885 | 884 8.87 | 1.075

HO05-P00-15 | 1| 17.04 | 16.93.] 17.01 1699'| 10.14 | 10.14 | 10.13 10.14 | 1.118

2+16.80 ['16.89) | 116.82 16:84°{/14.04 | 14.01 1-13.99 14.01 | 1.464

H10-P00-15 | 1| 16.44 |[16.58 | 16.54 1652 | 12196 | 13.37 |112.12 12.82 | 1.281

2 |"16.50 | 16.51 | 16.50 16.50 | 13.04 | 13.02 | 13.03 13.03 | 1.318

H20-P00-15 |1 | 17.05 | 17.03 | 16.89 16.99 | 1477 | 14.82 | 1480 14.80 | 1.377

2 | 16165 {“16:291%,16.85 16.60"| 1 14.714| 143607 11452 14.61 | 1.395
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Table A-4  Dimensions and weights of the bar-shape specimens prepared via direct

foaming technique using H,O, solution

Length Width Thickness Weight
Sample Name # (mm.) (mm.) (mm.) @)
HO01-P00-13 1 25.95 20.00 10.00 1.418
2 27.35 20.00 10.00 1.485
H03-P00-13 1 26.84 20.00 10.00 1.210
2 21.60 20.00 10.00 1.112
HO05-P00-13 1 25.94 20.00 10.00 1.428
2 26.02 20.00 10.00 1.185
H10-P00-13 1 2o y 20.00 10.00 1.169
2 24.88 20.00 10.00 1.106
H20-P00-13 1 24.54 20.00 10.00 1.021
2 25.14 20.00 10.00 1.085
H30-P00-13 1 pr oy 20.00 10.00 1.067
2 2722 20.00 10.00 1.209
HO01-P00-13A 1 28.33 ©20.00 10.00 1.259
2 284172 420.00 10.00 1.117
HO03-P00-13A 1 30.15 20.00 10.00 1.648
2 2847 '20.00 10.00 1.331
H05-P00-13A 1 2156, 20.00 10.00 1.356
2 27.06 20.00 10.00 1.482
H10-P00-13A 1 26.62 20.00 10.00 1.231
2 26.80 20.00,, 10.00 1.252
H20-P00-13A 1 26.50 20.00° 10.00 1.098
2 26.51 20.00 10.00 1.075
H30-P00-13A 1 27.18 20.00 10.00 1.182
2 27.33 20.00 10.00 1.172
HO01-P00-15 1 23.12 20.00 10.00 0.941
2 23.11 20.00 10.00 1.012
H03-P00-15 1 25.28 20.00 10.00 0.935
2 25.17 20.00 10.00 0.945
H05-P00-15 1 23.06 20.00 10.00 0.773
2 22.62 20.00 10.00 0.717
H10-P00-15 1 23.42 20.00 10.00 0.714
2 23.23 20.00 10.00 0.708
H20-P00-15 1 23.45 20.00 10.00 0.705
2 23.77 20.00 10.00 0.711
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Table A-5 Dimensions and weights of the cylindrical specimens prepared via
combination technique using PMMA granule and H,O, solution

Sample # Diameter (mm. Height (mm.) Weight

Name 1 2 3 Average 1 2 3 Average (9.)

HO05-P00-13 | 1| 16.96 | 16.93 | 16.95 16.95 | 12.78 | 12.75 | 12.73 1275 | 1.621

2| 16.99 | 16.96 | 16.98 16.98 | 13.29 | 13.28 | 13.34 13.30 | 1.678

HO05-P05-13 | 1| 17.10 | 17.11 | 17.12 17.11 | 10.74 | 10.84 | 10.78 10.81 | 1.296

2| 16.94 | 16.84 | 16.90 16,89 | 12.84 | 12.78 | 12.80 12.79 | 1.374

HO05-P10-13 |1 | 18.65 | 18.67 | 18.64 18,65 18.26 | 13.24 | 13.24 13.24 | 1.624

2| 18.72 | 18.69| 18.73 18,71 12.87 | 12.88 | 12.89 12.89 | 1.675

H05-P20-13 [ 1| 17.03 | 17.05 | 47.01 | ,17.03 4889 | 19.11 | 19.08 19.10 | 1.734

2| 17.00 | 17:02° ] 17.00 17.00 | 1237 | 12.42 | 12.41 1242 | 1.037

HO05-P30-13 |1 | 18.08 | 1812 | i8.09 18.10 | 11.95"1712.04 | 12.02 12.00 | 1.125

2| 18.04 | 1801 | 47.95 18.00 | 15.40.} 15.38 | 15.41 1540 | 1.402

HO05-P00-13A | 1 | 17.59 | 1755 | 47.62 1759 | 11404 11.41 | 11.40 11.40 | 1.655

2| 17.79 | 47734 1779 777 | 13.211.18.17 | 13.24 13.21 | 1.995

HO05-P05-13A | 1 | 18.38 | 18.85 /1831  18.35 | 13.50 | 13,57 | 13.47 1351 | 2122

2| 18.28 | 48.29¢ 1832 18.30 | 12.68 | 12.71 | 12.67 12.69 | 1.847

HO05-P10-13A | 1 | 18.18 | 1845 | 18.12 18.15 | 10.25 | 10.21 | 10.23 10.23 | 1.339

2| 18.31 | 1828/ 18.26 18.28 | 11.35 | 11.32 | 11.35 11.34 | 1.598

H05-P20-13A | 1 | 16.69 | 16.72 | /16.68 16.70 | 11.03 | 11.12 | 11.15 11.10 | 1.127

2| 16.80 | 16478 | 16.87 16.82 | 11.69 | 11.80 | 11.65 11.71 | 1.120

HO05-P30-13A | 1 | 17.12 | 17.09.| 17.11 17.11 | 11.02 | 11.03 | 10.95 11.00 | 1.074

2| 18.07 | 17.98 | 18.02 18.02 |,13.89 | 14.08 | 14.04 14.00 | 1.554

H10-P00-13 |1 | 17.88 | 17.93 | 17.85 17.89 | '12.35 | 12.38 | 12.44 12.39 | 1.708

2| 1764 | 17.85 | 17.76 17751 951 | 957 | 958 955 | 1.306

H10-P05-13 |1 | 17.30.] 17.38 | 17.35 17.34 | 13.604) 13,63 | 13.62 13.63 | 1511

2| 17.921 18.08 | 17.72 17.91 | 1659 | 16.89 | 16.76 16.83 | 1.775

H10-P10-13 |1 | 17.817) 17.78 | 17.80 17.80 | 18.93 | 19.04 | 18.99 19.02 | 1.751

2| 17.47 151796 | 17.66 17.70 | 14.77 | 14.88 | 14.75 14.82 | 1.475

H10-P20-13 |1 | 17.81 | 17.68 | 17.89 17.79 12.77 | 12.65 | 12.68 12.67 | 1.098

2| 17.88 | 17.78 | 17.76 17.81 | 16.92 | 16.88 | 16.94 16.91 | 1.350

H10-P00-13A | 1 | 17.55 | 17.52.| 17.44 1750'| 14.41 | 14.42 | 14.38 1440 | 1.975

2 l»17:08 [V17.10 |V17.12 17:10°{/17.58 | 17.50 1+17.46 1751 | 2.368

H10-P05-13A | 1| 1765 |L.17.97 | 17.75 17/79 | 13139 | 13.34 |113.33 13.35 | 1.652

2 |"17.76 | 17.62 | 18.07 17.82 | 17.76 | 17.67 | 17.73 17.72 | 2.028

H10-P10-13A | 1 | 18.14 | 18.24 | 18.23 18.20 | 1641 | 16.45 | 1641 16.42 | 1.950

2 | 1862 {"17.95'118:14 18.04"| 117.21° | 17.20°| 11719 17.20 | 1.940

H10-P20-13A | 1 | 17.21 [ "17.28 [V'17.20 17.21 | '17.33"] 1732 | '17.25 17.30 | 1.763

2| 17.09 | 17.10 | 17.12 17.10 | 17.16 | 17.24 | 17.17 17.19 | 1.676
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Table A-5 Dimensions and weights of the cylindrical specimens prepared via
combination technique using PMMA granule and H,0, solution(Cont.)

Sample # Diameter (mm. Height (mm.) Weight
Name 1 2 3 Average 1 2 3 Average (9.)

H20-P00-13 | 1| 18.43 | 18.32 | 18.33 18.36 | 11.98 | 12.01 | 11.95 1198 | 1691

2| 18.31 [ 18.25 | 18.20 18.25 | 11.90 | 11.87 | 11.93 1190 | 1622

H20-P05-13 [ 1| 17.47 | 17.50 | 17.52 17.50 | 14.46 | 14.57 | 1451 1451 | 1.364

2| 17.80 | 17.75 | 17.81 17,79 | 16.50 | 16.74 | 16.66 16.63 | 1.869

H20-P10-13 [ 1] 17.16 | 17.21 | 17.23 17,204 16.27 | 16.30 | 16.32 16.30 | 1.364

2| 17.25 | 17.21 17.18 17231 1486 | 14.39 | 14.46 1440 | 1419

H20-P00-13A | 1| 17.92 | 17.86 | 4782 | ,17.90 {+10.63 | 10.66 | 10.63 10.64 | 1476

2| 17.91 | 17.87 | 17.94 17.98. 4. 118471 11.77 | 11.79 1180 | 1714

H20-P05-13A | 1 | 17.70 | 17.75 | 47.64 17.70 | 13.571"13.56 | 13.50 1354 | 1482

2 | 17.92 | 1492 | A7.95 17.93 | 15.33+|.15.35 | 15.26 1531 | 1.841

H20-P10-13A | 1| 17.85| 17,92 | 47.90 | 1789 | 1522 | 15.23 | 15.23 1523 | 1.608

2| 18.03 | 48144 1809 | = 18.09 | 1445 | 14.42 | 14.38 1442 | 1672

H30-P00-13 | 1| 18.01 | 1804 /1810 = 18.05 | 1353 | 13.59 | 13.54 1355 | 1533

2 | 18.19 | 48.157 4841 18.15 | 1455 | 14.46 | 14.41 14.47 | 1840

H30-P05-13 | 1| 18.04 | 18,01 | 17.96 18.00 | 12,52 | 12.44 | 12.56 1251 | 1.290

2| 18.24 | 1825/ 18.26 18,25 | 11.02 | 10.98 | 10.99 11.0 | 1.204

H30-P10-13 |1 [ 18.10 |'18.09 | /18.13 1841 | 1240 | 12.44 | 12.35 1240 | 1.236

2| 18.31 | 1881 |'18:29 18301 13.44 | 13.43 | 13.46 13.44 | 1330

H30-P00-13A | 1 | 17.20 | 17.231] 17.20. 17.24,| 760 754 763 7.59 | 0.759

2 17.00 | 16.93| 17.06 17.00 {5,735 | 728 7.30 731 | 0.843

H30-P05-13A | 1 | 17.85 | 17.86 | 17.85 17.85 | '13.82 | 13.88 | 13.81 13.84 | 1508

2| 17.86 | 17.85 | 17.83 17.85 | 13.74 | 13.66 | 13.72 13.71 | 1495

H30-P10-13A | 1 [ 17.59,] 17.55 | 17.52 17.55 | 12154}, 12,46 | 12.15 1215 | 1152

2| 18.12] 18.15 | 18.07 18.11 1 125911263 | 12.58 126 | 1.335
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Table A-6  Dimensions and weights of the bar-shape specimens prepared via

combination technique using PMMA granule and H,O, solution

Sample Name # Izs]nr?]t)h \(/x]'g]ﬂ)] TTL‘;':T?(;SS Weight (g.)
HO05-P00-13 1 25.94 20.00 10.00 1.428
2 26.02 20.00 10.00 1.185
HO05-P05-13 1 27.53 20.00 10.00 1.039
2 22.07 20.00 10.00 0.850
HO05-P10-13 1 28.56 20.00 10.00 0.773
2 26.46 20.00 10.00 0.915
H05-P20-13 1 28.32 ., 20.00 10.00 0.826
2 25.93 20:00 10.00 0.788
HO05-P30-13 1 29.42 20.00 10.00 1.089
2 28.04 20.00 10.00 1.104
H05-P00-13A 1 2662 20.00 10.00 1.231
2 26,80 20.00 10.00 1.252
HO05-P05-13A 1 28.34 ~20.00 10.00 1.146
2 2843 ,20.00 10.00 1.130
HO05-P10-13A 1 28.94 20.00 10.00 1.021
2 28.52 120.00 10.00 1.055
HO05-P20-13A 1 28.70 20.00 10.00 0.935
2 28.57 20.00 10.00 0.799
HO05-P30-13A 1 28.70 20.00 10.00 0.746
2 29.20 20.00;, 10.00 0.705
H10-P00-13 1 24.27 20.00° 10.00 1.169
2 24.88 20.00 10.00 1.106
H10-P05-13 1 25.66 20.00 10.00 0.977
2 27.10 20.00 10.00 0.908
H10-P10-13 1 28.57 20.00 10.00 1.178
2 27.89 20.00 10.00 1.005
H10-P20-13 1 27.50 20.00 10.00 0.754
2 26.01 20.00 10.00 0.718
H10-P00-13A 1 26162 20:00 10.00 1.231
2 26.80 20.00 10.00 1.252
H10-P05-13A 1 27.69 20.00 10.00 1.126
2 27.94 20.00 10.00 1.340
H10-P10-13A 1 28.30 20.00 10,00 1.145
2 21.67 20.00 10.00 1.094
H10-P20-13A 1 26.29 20.00 10.00 0.887
2 25.86 20.00 10.00 0.858
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Table A-6  Dimensions and weights of the bar-shape specimens prepared via

combination technique using PMMA granule and H,O, solution (Cont.)

Sample Name | # Izs]nr?]t;] m%ﬂ)‘ TT::;I;:(;SS Weight (g.)
H20-P00-13 1 24.54 20.00 10.00 1.021
2 25.14 20.00 10.00 1.085
H20-P05-13 1 27.31 20.00 10.00 1.435
2 27.11 20.00 10.00 1.335
H20-P10-13 1 27.35 20.00 10.00 1.123
2 27.03 20.00 10.00 1.220
H20-P00-13A 1 26.50 ) 20.00 10.00 1.098
2 2651 20.00 10.00 1.075
H20-P05-13A 1 2672 20.00 10.00 1.287
2 26.90 20.00 10.00 1.256
H20-P10-13A 1 2672 . 20.00 10.00 1.207
2 26,75 20.00 10.00 1.160
H30-P00-13 1 27.32 . 20.00 10.00 1.067
2 222 +20.00 10.00 1.209
H30-P05-13 1 27.36 | 20,00 10.00 0.918
2 2821 120.00 10.00 0.762
H30-P10-13 1 2279 20.00 10.00 0.772
2 28.76 20.00 10.00 0.910
H30-P00-13A 1 27.25 20.00 10.00 1.182
2 2733 20.00/, 10.00 1172
H30-P05-13A 1 26.42 20.00 10.00 0.769
2 24.49 20.00 10.00 0.709
H30-P10-13A 1 27.64 20.00 10.00 0.801
2 29.06 20.00 10.00 0.923
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