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ABSTRACT

The main aims of the diploma work were focusedhengreparation of porous hydroxyapatite
ceramics for potential biomedical applications. Hyd/apatite slurries were synthesized by
sol-gel and precipitation method. Then, the sisrikere dried and calcinated at 1000 °C for
phase control. These samples of HAP were analggesEM, FTIR, and XRD. To prepare
apatite porous ceramics, the slurries were foameg@dbymeric sponge method and direct
foaming method including (polymeric expancel anaksglbubbles). The sintering temperature
was established after 1 000 °C by sponge method &@d °C by direct foaming.

The microstructure measurement by SEM and strucamadysis by MIP of both porous
hydroxyaptite indicates the regular porosity inahgd macro, meso and micropores with
different pore size distribution. The average sizpores prepared by sponge method is found
between 1-5 um with mono-dispersed porosity. Thal tporosity is 63.5 % with the total
surface area 3.048 1 m/g. Porous hydroxyapatitepapeel from expancel showed
a poly-dispersed porosity with three main areas:180 um, 5-10 um and the third one in
range 0.5-1 um, respectively. The total porosity 6i8.6 % with total surface area
19.090 3 m/g. The bioactivity of both was testedSiBF for 7 days. It was found that in
precipitation method was observed non-compact bieadayer. The results were measered
by SEM analysis.

ABSTRAKT

Cilem prace byla ijpprava poréznich vzoik HAP pro potenciak medicinské aplikace.
HAP byl pipraven metodou sol-gel a precigité. VVzorky HAP byly podrobeny analyze
FTIR, XRD, SEM. Takto pipraveny HAP byl nagnén pomoci houbové metody s j&sn
definovanymi pory a pomoci polymerniho a skie#ho expanzelu saznou distribuci
a velikosti pdi. U vyslednych naménych vzorki byla vyhodnocena mikrostruktura
a povrchova analyza pomoci SEM, zjisd porozita pomoci Hg porozimetru a sledovana
bioaktivita invitro v SBF. Byly zjiStny jasré definované makro, mezo a mikro poty mizné
distribuci. U houbové metody pomoci sol-gel doSlovitvoreni jasg definovanych
a pravidelnych pdir s monodisperzni porozitou. Dominantni velikostyobyla stanovena v
rozmezi 1-5um. Celkova porozita byla stanovena 68z % s celkovym povrchem
3,048 1 m/g. Precipitai metodou s polymernim expanzelem doSlo k polyimpmu
rozlozeni pai s temi hlavnimi fazemi v rozmezi: 50-100 um, 5-10 pun0,8-1 pum.
Celkovéa porozita byla stanovena na 67,6 % s celkoppvrchem 19,090 3 m/g. Bioaktivita
vyslednych nagnénych vzorki in vitro byla sledovana po dobu 7 i~ pripraveném SBF.
Pri napsnéni sol-gel houbovou metodou nevznikla vysledna ltigai vrstva. U precipiténi
metody napnéné pomoci polymerniho expanzelu vznikla nepravidbmoaktivni vrstva.
Vysledky byly nandteny pomoci SEM analyzy.

KEYWORDS

sol-gel method, hydroxyapatite, foaming agentsyositucture, bioactivity

KLI COVA SLOVA
sol-gel metoda, hydroxyaptit¢pidla, mikrostruktura, bioativita



DOBOS, P.Synthesis of foamed bioceramics for potential nadapplications.Brno:
University of technology, Faculty of Chemistry, 2058 p. Supervisor doc. Dr. Ing. Martin
Palou.

DECLARATION

| declare that the diploma thesis has been workedop myself and that all the quotations
from the used literary sources are accurate an@glaten The content of the diploma thesis is
the property of the Faculty of Chemistry of Brno imsity of Technology and all
commercial uses are allowed only if approved byhkbbe supervisor and the dean of the
Faculty of Chemistry, BUT.

student’s signature

ACKNOWLEDGEMENT
| would like to express my gratitude doc. Dr. Ing. Martin Palou for his valuable guidarand
overall encouragement.

Thank you



INTRODUCGTION ...ttt 7

L. BIOM AT E R A LS ... e e 8
1.1 BIOMATERIAL GENERATIONS ... ttutttt ettt ettt et et e et et aeeaes e e e eaaeeaeeaenaennees 10
1.1.1BIOINEIT MATEIIAL ... e et e e e eeeaa e eeaen 10
1.1.2Bioactive and resorbable material...........cccooeer e 10
1.2 TISSUE ENGINEERING .. cutt ettt et tette e te e se e seasmaanseeesenenseensesnseaensenenrensnrenes 11
P2 O = A 1Y, | 1O ST 11
3. BIO CE RAMICS ..ot ettt et e ettt ettt r————r e 12
3.l BIOCERAMIC PROPERTIES . tututtuttttte ettt et ee e e te e eeaessesaea e s eeaeeaeaaenaenees 12
3.1.1Zirconia and alumina MAtErial .........cvveeieeii e eaas 13
0 R 2 = o T | = 1SS 13
3.1.3Bi0active glasS-CeIaMICS ........uiiiiiiiie e e e e e 15
3.2 BIOCERAMIC APPLICATIONS ... tuttuttn ettt et ee e et e rete s e seeemerensetese e e rereeeneeeens 16
4. HYDROXYAPATITE (HAP) .ottt e e e et e e e e e eennnenes 17
O I o 1Y =y = Lo U =] T 17
4.2 HA P P ROPERTIES. .. ettt ettt ettt e et e et et te et et aaaaaase e re s e sa e serean e snreaenaenenrens 18
I o VY o =T =T (07 1 0] N < T 18
4.4 HA P P REPARATION 1.ttt ettt tatetete ettt saeatase e sa s e st eata e ta e e e et enentnrnrerenen 81
4.4.1S0I-g€l MENOAS ......ccc e et e e e e e e e e e e e e e e e eeaesaeernneeenene 18
4.4.1.1 SOI-Q€I PrOCESSING ..vvvuruuniiiies ettt e e e e e e e e e e e eeeeeereeeaneeeeeee 20
5. TECHNOLOGY PRODUCTION ..ottt ettt ee ettt er et e e s e s e senr e e e e emens 22
5.1 THENETMIX® REACTOR ..o eeee e eeee oo e e e 22
6. FOAMED BIOCERAMICS ..o ettt rne e 24
0.1 STAFFOLD AND POROSITY, et tttuttntntetenteteseaenaesesasete e raasmaen et seaenseasnreasnreaenranenss 24
.2 OROSITY MATERIAL .t eueuteete ettt ettt et et e et e e eemeemr e e e e e e e e e e e e e e e e e ren e e renrens 26
5.3 (ERAMICS FOAMS. e euietee et e et e et et e ettt e et ea e e e eeea s e ea e e enteenre e reanreanreaanen 26.
8.4 POROUSH AP ... e s 27
6.5 APPLICATION OF POROUSHAP ..o 28
5.6 FREPARATION METHODS . tueututeutenteneteesestsensensesenseme e e sen s e e re s e e ren e renns 28
6.6.1Formation of porous structure — burn away duringtering .............ccccceeeeenn.. 29
S 02 (0] Lo 1= G 1 g 1<) { (o Yo LT 29
6.6.3Ceramic foaming tECNNIQUE ...............eutmmmmmmmeeeeeeinieee e e e e e e e e e e e eeeeeeeeeeebennes 30
6.6.3.1 Gel-casting Method .............ooo e 30
6.6.4Polymeric Sponge Method ..........uuuuiiiiiiiiiiiieee e 31
6.7 MECHANICAL BEHAVIOUR .. cuiutintes ettt e eees e st eee e st s e emn s e s en s e ren e e e e s e e e eenrenns 32
6.7.1Porosity-strength behaviour ............coo o 32



7. EXPERIMENTAL PART

.......................................................................................... 33
7.1 SINTHESIS OFHAP ...t e e e e eeeee 33
4% 0 o ] o 1= 0 =1 o T £ 33
7.1.2Synthesis of HAP by precipitation method............ccocooeiiiiiiiiiiiiiii 34
7.2 HAPFOAMED PREPARING....cctttttttttteeatataasaasaasaittbbbbbbeeeeeeeaesssssassnnnssbesbsseseeeeees 34
7.2.1HAP scaffold by polymeric sponge method ....eeooeeeeeiiiiiiiiiiiiiiiiiiicennnn.. 34
7.2.2HAP scaffold by foaming agent .............c e e e eeeeeeeeeecii e 34
7.2.2.1 Glass BUBDIES........coooo it 35
7.2.2.2 POlYMENIC €XPANCEL ........ceeeevees e eeeeessasaeeeeaeeaaaeeeeeessssssssnnnnnnennes 35
7.3 HAPSINTERING. ... eieettiee ettt e ettt e e ettt bmee e e e e e e et a e e e e eestna e eeeeesanneeaeennen 36
7.4 BOACTIVE TEST OFHAP ..ottt 36
7.5 CGHARACTERIZATIONS ... ttiittuaeeeeeettia e e e e e eeta e e e et eeemmmsa s e e eeeeesa e eeaeessann e aeeensnnnnns 37
7.5.1Phase analySiS (XRD) ......uuuuuuiiiieeee e s e e e e e e e e eeaeeeeaaaaensnnnn e e s s eeeeee s 37
7.5.2Infrared spectroscopy (IR SPECIIOSCOPY) ..vvuuureereeriiiiiiiieiiiiiiiiiiiaaea e e e e eeeeaes 7.3
7.5.3Scanning electron microscope (SEM)........cceeeeeeiiiei e e e eeieeeeeee 83
7.5.4Mercury INtrusion POFOSIMELIY ......uuuueiiiiiiieee et 38
8. RESULTS AND DISCUSSION ....cciiiiiiiiiiiiiie it e e e e e e e 39
9. CONCLUSION ...utttiiiiiiiiiitt et mmmn ettt et e e e aaae e e e e e e e s s e s asenssnnneaeaaeaeaaaaeasaanns 52
10.REFERENGES ..ottt e e e e e 53
LIST OF SYMBOLS .....oiiiiiiiiiii ettt e e e e e e e e e e e e s et brn e e e e e e e e e e e e e e e nnnnnes 58



INTRODUCTION

The ceramics bioactive materials are used as thplace successfully advantages of
biological tissues. The use of ceramics in meditiag increased significantly during the past
decade and it is anticipated that the use of baoes will increase dramatically during the
next years.

My study is focused on the preparation of porouscdéiamics and the influence of
porosity. The present study should be aimed togseepf hydroxyapatite with different pore
structure. Porosity is the most common factor ihgtact greatly the material properties.
It changes significantly the mechanics and osgibogproperties of bioceramics. This matrix
could be used as a scaffold for host tissue, getlwing and proliferation.

The first theoretical part is devoted to generdiniteon, characterisation and classification
of biomaterials. Next part is concerned with thesusf biomaterials in living tissue to replace
or to repair damaged bones. The main section i®tddvto hydroxyapatite preparations,
manufacture, properties, mechanical strength andsfig. The last one should be written
about ceramics foaming technique and porosity ptigseof ceramics, their types, behaviour
and application.

The practical part is focusing on preparation ahdracterization of hydroxyapatite by
sol-gel and precipitation method. Influence porosiy adding polymeric foaming agents in
different preparation ways. The replica method gisconcretely by polymer sponge
as a scaffold with clear porous diameter and dii@mining method with vary fillers. Finally,
both of methods are compared and individually estad.

As the measuring devices will be using the Infraggectroscopy for HAP slurry
indicating, X-ray diffraction for quantitave ana¢ysf ratio HAP/TCP and SEM analyse for
studying porosity (distribution, pore sizes andfate region area) of each prepared samples.
Our goal will be analysed the representative peagsples by Mercury Intrusion porosimetry
(MIP) and studying bioactivity in SBF.



1. BIOMATERIALS

Material intended to interface with biological ssts to evaluate treat, augment or replace
any tissue, organ or function of the body. Biomatsrand grafts are widely used in clinical
applications. Regardless of their composition goliaption, material used for body repair
must meet both biofunctionality and biocompatili[i].

Biocompatibility is defined as the ability of a reatl to perform with an appropriate host
response in a specific application [1].

Biofunctionality concerns the ability of the imptaon perform the purpose for which it was
designated. These requirements are [1]:

» Mechanical properties (such as tensile strengtctdre toughness, fatigue
strength, Young’s modulus)

» Physical properties (such as density or thermahesion)

e Surface chemistry (such as degradation resistaxagdgtion, corrosion or bone
bonding ability)

The field of biomaterials is multidisciplinary, arlde design of biomaterials requires the
synergistic interaction of materials science, kgatal science, chemical science, medical
science and mechanical science [2].

If we focus on functional artificial biomaterialhe choice has to be made among metals,
polymers and ceramics. Each group exhibits somm@a pdvantages and drawbacks [3].

Over the last 30 years, ceramics, glasses and-ggaamics for use in the medical field,
which are grouped together and termed “bioceranf#k”Bioceramics, for instance, are the
most biocompatible materials and can be obtaingl kiostable, bioactive or bioresorbable
properties, but their main drawbacks are their hesd and fragility [3].

Metals exhibit problems of corrosion and toxicityit their mechanical behaviour is
optimum [3]. The implants made of these provide strength and toughness [4]. For this
reason, metals and metallic alloys are used inopatics, dentistry and other lead-bearing
applications [2].

Polymers offer many possibilities depending onrtlshiemical composition and structure
(biodegradability degree, hydrophilic/hydrophob&tio, toughness/flexibilityetc), but very
few have shown good bioactive properties (e.g. deblie) to ensure the implant
osteo-integration [3]. The medical use of synth@silymers also has a long history and the
success of polymers in medicine can be exemplibgdthe application of PMMA and
UHMWPE in total hip replacement [4].

Therefore, it is important to reach the best compse possible, and it is quite usual to use
the three types of materials in the same implass&€materials are known as Composites.
This is the case of a total hip joint prosthesischtpresents a metal beam, partially coated
with a bioactive ceramic, while the head is madarofnert ceramic and the socket is made of
polymer [3].
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Fig. 1: Physico-chemistry of the biomaterial in tzart with biological milieu [1].
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50 um and (b) 100 um. Between the OCP and the rfewlyed bone, an interfacial phase (arrow) that
can be attributed to superficial phase transfownas clearly visible [1].



1.1 Biomaterial generations

When a synthetic material is placed within the honb@dy, tissue reacts towards the
implant in a variety of ways depending on mateypks. The mechanism of tissue interaction
(if any) depends on the tissue response to theamh@urface. In general, there are three
categories in which a biomaterial may be describeat classified into representing the tissue
responses [5].

» First generation (Bioinert material)
» Second generation (Bioactive and resorbable)
» Third generation (Cell and gene-activating matsyial

1.1.1 Bioinert material

The term bioinert refers to any material that optzeed in the human body has minimal
interaction with its surrounding tissue, examplethese are stainless steel, titanium, alumina,
partially stabilised zirconia and ultra high molkecupolyethylene. Generally, a fibrous
capsule might form around bioinert implants hentse hiofunctionality relies on tissue
integration through the implant [5].

1.1.2 Bioactive and resorbable material

Bioactive refers to a material, which upon beingceld within the human body direct
interacts with the surrounding bone and in somesasven soft tissue. This occurs through
a time-dependent kinetic modification of the suefatriggered by their implantation within
the living bone. Prime examples of these matededssynthetic hydroxyapatite (HAP), glass
ceramic A-W and bio-glass [5].

Bioresorbable refers to a material that upon plasgnwithin the human body starts to
dissolve (resorbed) and slowly replaced by advandissue (such as bone). Common
examples of bioresorbable materials are tricalciuphosphate [GAPOy),]
and polylactic-polyglycolic acid copolymers. Caltiuoxide, calcium carbonates are other
common materials that have utilised during thetlaiste decades [5].
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1.2 Tissue engineering

Tissue engineering is a multidisciplinary field tthapplies the principles of biology
and engineering to develop tissue substitutes.e@tly; this is done by providing a porous
scaffold which mimics the body’s own extracellutaatrix onto which cells attach, migrate
and growth. Materials used in tissue engineeringcaffold must be biocompatible, promote
cell adhesion and growth. Over time, as cells pcedineir own matrix, the scaffold should
degrade into non-toxic components which can beieéitad from the body. Several scaffolds
have developed and tested. The most used naturs&riabais collagen due to its
non-antigenic, non-toxic, biocompatible, biodegtdda and bioresorbable properties.
Collagen is obtained from renewable sources (mogibyrcine and bovine skin)
physiologically similar or almost identical to cadjen in the human body [6].

The present target in synthetic biomaterials iprtduce three-dimensional scaffolds with
interconnected porosity so that cells can prolteerand form tissue in a similar way to
the process in the human body. Macro-porous mégenidnere the pore sizes are in the order
of microns are adequate as scaffolds for tissuaseagng [3].

Materials such as calcium phosphate ceramics amciuca phosphate silica glass
(or bioactive glasses) exhibit excellent bone-bonggiroperties that are related to the surface
reactivity, via dissolution-precipitation mechanifbh

2. CERAMICS

Ceramic is known as non-organic, non-metallic mal®rCeramic is typically crystalline
in nature and are compounds formed between megaiticnon-metallic elements.

The microstructure can be for ceramic entirely gjagglasses only), entirely crystalline or
a combination of crystalline and glassy [51].
Typical properties for ceramics:

* hard and brittle

* high melting temperature

* wear resistance

» thermal and electrical insulators

» oxidation resistant

e chemically stable

» good aesthetic appearance

The thermal and chemical stability of ceramics,irthegh strength, wear resistance
and durability makes ceramics good materials fertirmplants. Ceramics are one of the few
materials that are durable and stable enough to sténd the corrosive effect of body fluids.
Ceramic is used for applications such as heartegalworthopaedic implants and dental
applications [51].

Ceramic has many wanted properties such as hatdneksemical stability
and corrosion-resistivity, but they are brittle.eféfore combinations with polymers, metals
and other ceramics have developed to achieve grepesuch as strength and elasticity.
Ceramic coated, biocompatible metals have the gtinerand flexibility of metals
and the abilities of ceramics to function with loigical systems [51].
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3. BIOCERAMICS

During the past 30—40 years there has been a mdyance in the development of medical
materials and this has been in the innovation ohro&e materials for skeletal repair
and reconstruction. Bioceramic is now used in almemof different applications throughout
the body. According to the type of bioceramics used their interactions with the host
tissue, they can be categorised [7]:

* Bioinert
» Bioactive
* Resorbable or non-resorbable

Bioceramics

st End 3rd
: ) =
bio-inert bioactive and driving the living
resorbable tissues _
regeneration
- =

bioceramics actuating
as scaffolds of cells
and driver molecules

Fig. 3: Layout of the tree generations of bioceB].

3.1 Bioceramic properties

Bioceramic has the advantage of being compatibté wie human body environment.
Their biocompatibility is a direct result of thathemical compositions which contain ions
commonly found in the physiological environment osuas C&, K*, Mg®*, Na', etc.)
and other ions showing very limited toxicity to lyotissues (such as &land zf*). Due to
their excellent tribological properties and with eith improved fracture toughness
and reliability, structural ceramics such as alwar(inigh purity, polycrystalline, fine grained)
and toughened zirconia (TZP) have used for femuatls of total hip prostheses [4].

Elastic characteristics of the implant play a digant role. As an anisotropic material,
cortical bone has a range of associated properéigser than a set of unique values:
7-30 GPa for Young's modulus, 50-150 MPa for tenstitength, and 1-3 % for elongation
at fracture [4].

When stiffer bioceramics stem is introduced intce thanal, it shares the load
and the carrying the capacity with bone. Originathe load is carried by bone, but it is now
carried by implant and bone. As a result, the bhersubjected to reduced stresses and hence
stress shielded. For example: the upper part ofehmir is receives fewer loads and down
part of femur is overloaded. Decreasing in bonesnim&nown as bone resorption, may lead
to the loosening of failure of the implant [8]. Bigcreasing the implant modulus of elasticity
enhances implant to bone stress loading and cammm& bone atrophy due to stress
shielding [8].
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Fig. 4: Shows, mechanical properties of materiabiun total hip replacement [8].

3.1.1 Zirconia and alumina material

The material is non-toxic and biologically inactiéibrous tissue capsule of a varying
thickness forms around the material. Tissue respdosimmobilized inert bioceramics
involves the formation of a very thin, several roioetres or less, fibrous membrane
surrounding the implant material [9].

The nearly inert ceramics most used for surgicalamts are alumina and zirconia.

Alumina ceramic is known with high-density and higlrity (>99,5 %). Although some
dental implants are single crystal sapphire, mo&iOA devices are very fine-grained
polycrystalline a-Al,O3; produced by pressing and sintering at temperattaeging from
1600 °C to 1 800 °C. This ability is used in Idagaring hip and knee prostheses and dental
implants because of its combination of excellentagion resistance, good biocompatibility,
high wear resistance and high strength. The oustgriractional and wear properties are due
to the material’s extremely low surface roughness @ their high surface energy which
results in the fast and strong adsorption of biadlalg molecules. However, it exhibits
moderate fluxural strength and toughness. Aluminglants have used for various
neurosurgical operations such as cranioplasty, llotagial surgery, eye prostheses
consisting of a sapphire single crystal opticat p&x[9].

Zirconia ceramic have an advantage over aluminagifer fracture toughness and higher
flexural strength and lower Young's Modulus. Thanmaoblem to use zirconia for bearing
surfaces are reported strength reduction with timphysiological fluids. The second is its
wear properties and third is the potential radie#@gtof material [8].

The deleterious martensitic transformation frommaigbnal to monoclinic is well known.
It can lead to increasing material volume by 5 %l &mction result, reducing toughness
and catastrophic fracture [9].

The phenomena of slow crack growth, static andicyfchcture, low toughness, stress
corrosion are used in high load bearing applicati®h

3.1.2 Bioglass

In the early 1970s, Hench reported that particul@ompositions with
the NaO-CaO-RB0Os-SiO, system with BOs; and Cak additions formed a strong, adherent
bond with bone. The equilibrium phase diagram fegONCaO-SiQ shows a ternary eutectic
near the 45S5 composition (the 45 representingt430w6iQ, S being the network former
and 5 representing the ratio of CaO 08 [7].

The first and most well studied composition camtai45 % SiQ 24.5% NgO,
24.4 % CaO and 6 %05 all in wt.% [9].

13



Hench and his co-workers have studies a seriedassgs with this four components
system with a constant 6 %,® content. This work is summarized in the ternary
SO-NaO-CaO diagram shown in Fig.5. The figure estabbshthe bioactive-
bonding-boundary of compositions [9].

sio,

CaO Na,O

Fig. 5: Phase diagram highlight the chemical comploaf bioglasess in area (A-E) with different
biological and mechanical response [33].

In region A the glasses are bioactive and bondaieeb Glasses in region B behave as
nearly inert materials and are encapsulated byadterent fibrous tissue when implanted.
Compositions, in region C, are resorbed within 030 days in tissue. In region D
the compositions are not technical practical aneeh@ot implanted. The boundary between
region A and C depends upon the ratio of surfaea af the glass to the effective solution
volume of the tissue, as well as the glass comipasiPartial substitution of CaO by CaF
does not significantly alter the bone-bonding béhan9].

Highly bioactive material, in 1991, Hench proposedinvivo bioactivity indexlg, which
is defined:

|, =100/t , [1.1]

wheretsopp is the time required for more than 50 % of theiface to be bonded [7].

The rate of bonding and the strength and stalolitthe bond vary with the composition
and microstructure of the bioactive materials. Tieporting that for their particular
formulation of bioactive glass, bone formed a rapa@hd when the silica levels were in
the range 42-53 %; glasses with 54-60 % silicaired2—4 weeks for bone to bond; and
bone did not form a direct bond with glasses comagi more than 60 % silica [7].

The primary advantage of bioactive glasses is ttegid rate of surface reaction which
leads to fast tissue bonding. Their primary disatlvge is mechanical weakness and low
fracture toughness due to an amorphous two dimeakiglass network. Tensile bending
strength of most of the compositions is in the e 40—60 MPa, which make them
unsuitable for load-bearing applications [9]. Hoeg\these glasses have an excellent field of
application on the filling of small defects, whehe rate of regeneration is the main concern,
and where mechanical properties are just a secpiadaect.
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3.1.3 Bioactive glass-ceramics

Kokubo et al. have developed a new glass-ceramic materials panJand they first
reported the production and behaviour of A-W gleesisamics in 1982.

Apatite-wollastonite (A-W) glass-ceramics became af the most extensively studied
glass-ceramics for use as a bone substifgieollastonite and oxyfluoroapatite crystals
in 50—-100 nm size in a MgO-CaO-Si@lassy matrix. A dense and homogeneous composite
was obtained after heat treatment of the paressgiahich comprised [7]:

Table 1: The Composition contents of (A-W) glasesaogcs final products.[7].

B-Wollastonite 34 wt% (CaQSiO,)

Oxyfluoroapatite 38 wt% (Cag(POy)s(O,F)

Glass 28 wt% (CaO, MgO, Si®) 24 wit% CaO
17 wt% MgO
59 wt% SiQ

Apatite-wollastonite glass-ceramic is an assemblysroall apatite particles effectively
reinforced by wollastonite. The bending strengthacture toughness and Young’s modulus of
A-W glass-ceramic are the highest among bioactiaesgand glass-ceramic, enabling it to be
used in some major compression load bearing apipitsa such as vertebral prostheses,
intervertebral spacers, spinal spacers and iliastegeplacement. It combines high bioactivity
with suitable mechanical properties [7].

Table 2: Physical properties of A/W glass-cerarbit] |

Density (g/cnit) 3.07
Bending strength (MPa) 215
Compressive strength (MPa) 1080
Young's Modulus (GPa) 118
Vickers Hardness (HV) 680
Fracture Toughness (MPa 2.0
Slow crack growth, n 33

The physical properties of the glass-ceramics A/N¥ @ummarised in Table 2.
The bending strength (215 MPa) of this glass-cezasnalmost twice that (115 MPa) of dense
sintered HAP and even higher than the (160 MPahwhan cortical bone in an air
environment. It is evident that the high bendingrsgth of A/W glass-ceramic is due to the
precipitation of the wollastonite as well as amatiThe wollastonite effectively prevents
straight propagation of the cracks, causing thentuta or branch out. It is notable that
the wollastonite exhibits such as reinforcing effeven it is not in fibrous form [9].

The A/W shows a decrease in resistance (evengifitgli than for other glass-ceramics or
some bioglasses) and corrosion similar to the nbrroaramics. In the body,
the glass-ceramics A/W resists for more of 10 yeara continuous bending stress equal
to 65 MPa, while bioglasses, other glass-ceramcsdense sintered HAP would survive to
such stress only 1 minute. The A/W has a high biaiag attributable to its specific surface
property [10].
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3.2 Bioceramic applications

Bioceramics are produced in a variety of forms ghéses and serve many different
functions in repair of the body, which are summedizn Fig. 6. In many applications
ceramics are used in the form of bulk materialsaokpecific shape, called implants,
prostheses, or prosthetic devices. Bioceramicsam@ used to fill space while the natural
repair processes restore function. In other simatithe ceramic is used as a coating on
a substrate, or as a second phase in a compositdiring the characteristics of both into
a new material with enhanced mechanical and bioatsproperties [9].

Bioceramics are made in many different phases. Tda&ybe single crystals (sapphire),
polycrystalline (alumina or HAP), glasses (Biogfdsgjlass-ceramics (A/W glass-ceramics),
or composites (e.g. polyethylene-hydroxyapatitele Tphase depends on the properties
and function required. For example, single crystgiphire is used as a dental implant because
of its high strength. A/W glass-ceramic is usedréplace vertebrae because it has high
strength and bonds to bone. Boactive glasses lmavetrength but bond rapidly to bone so
are used to augment the repair of bone defects [9].

Another important aspect of ceramics and glasstéwis brittleness and consequently very
low strength in tension. Therefore, their use isstiyolimited to compressive loading
conditions, such as those in an acetabular cup éensral head of a total hip joint
replacement. Some applications do not require hoglling, including hydroxyapatite for
artificial bone and barium sulphate (Bag@r bone cement [11].

A

Fig. 6: Shows, where bioceramics may be used [12].

Bioceramic application A. Cranial repair, B. Eyede C. Otolaryngological implants,
D. Facial reconstructions, E. Dental implants, &v Augmentation, G. Periodontal pockets,
H. Percutaneous devices, |. Spinal surgery, & drast repair, K. Space fillers, L. Orthopedic
support purposes, M. Orthopedic fillers, N. Artidictendons, O. Joints [12].
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4. HYDROXYAPATITE (HAP)

Hydroxyapatites (HAP) are naturally-occurring forwfscalcium apatites, found in bone
and teeth in the human body, with chemical formwaea(POy)3(OH), but it is usually
written as Ca(POy)s(OH), because the crystal unit cell is made up of twdemdes.
The crystal is hexagonal-shaped, and pure HAP poisdehite in colour [13].

HAP is one of the most biocompatible ceramics bgeaaf its significant chemical
and physical resemblance to the mineral constituaft human bones and teeth. It is
a bioactive ceramics widely used as powders oramiqulate forms in various bone repairs
and as coatings for metallic prostheses to imptbee biological properties. It has excellent
biocompatibility, bioactivity and osteo-conductigmoperties. HAP is thermodynamically
the most stable calcium phosphate ceramic compmeatest to the pH, temperature
and composition of the physiological fluid [14].

4.1 HAP structure

HAP possesses a hexagonal structure with a P63&oesgroup and cell dimensions
a=b=9,42 A, and c=6,88 A, where P63/m refers tpace group with a six-fold symmetry
axis with a three-fold helix and a micro plane [14]

The crystal structure of HAP can accommodate switisins by various other ions for
the C&", (PQ)* and OH groups. The ionic substitutions can affect thédatparameters,
crystal morphology, crystallizations, solubilitycathermal stability of HAP [7]

Natural apatites form a large number of aceptots weneral formula M@(XO4)e(Y)2,
where Me contains big cations with coordinationnd & (Ca, Sr, Ba, Pb, Mg). Anionic
substitutions (X) occupied by atoms with tetraeddgordination (P, As, V, Si, S).
The Y location is occupied by anions coordinatedhge cations X (F-CI, OH, O) [15].

Fig. 7: The crystal structure of HAP [34].
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4.2 HAP properties

Positive behaviour [13]:
» High biocompatibility and bioactivity due to itstnaal presence in the human body
* Non-toxic
* High structural stability
» High porosity—hence high surface area to volumie rat
* High adsorption
Negative behaviour:
« cannot replace bone in load bearing sites
o fragility
* low tensile strength

4.3 HAP applications

HAP has attracted widespread interesting the oetbdic and dental fields. Recently, HAP
has used for a variety of biomedical applicationsluding matrices for drug release control.
Due to the chemical similarity between HAP and mafized bone of human tissue, synthetic
HAP exhibits strong affinity to host hard tissuEsrmation of chemical bond with the host
tissue offers HAP a greater advantage in clinicppliaations over most other bone
substitutes, such as allograft or metallic impldi#]. HAP has used as a filler to replace
amputated bone or as a coating to promote bonewtgrinto prosthetic implants due to the
biocompatibility of the compound. It has also usgdnmobilise nuclear waste due to its high
porosity [13].

4.4 HAP preparation

Several different HAP synthesis techniques haveeldped in recent years. These
techniques include mechano-chemical synthesis amdbuastion preparation. Although,
various types of wet chemistry techniques suchirastdorecipitation from aqueous solutions,
electrochemical deposition, sol-gel procedures,rdtpermal synthesis, and emulsion or
micro-emulsion routes are also widely used [16].

The solid state synthesis of HAP from oxide or gamic salt powders usually requires
extensive mechanical mixing and lengthy heat treats at high temperatures. These
processing conditions, however, do not allow faciatrol over micro-structure, grain size
and grain size distribution in the resulting pov&der shapes [17]. For this reason, the wet
chemistry techniques for HAP are more applicable.

Extensive researches have carried out to preparm iHAowder form, thin films and by
using gel-casting techniques to obtain pieces wothplex shapes [18].

4.4.1 Sol-gel methods

Sol-gel process for HAP preparing usually can peeddine-grain microstructure
containing a mixture of nano-to-submicron crystalsese crystals can be better accepted by
the host tissue [16].

The sol-gel product is characterized by nano-sigeedsion of the primary particles. This
small domain is a very important parameter for iowement of the contact reaction and the
stability at the artificial/natural bone interfaddoreover, the high reactivity of the sol-gel
powder allows a reduction of processing temperatamd any degradation phenomena
occurring during sintering [16].
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The major limitation of the sol-gel technique apgtion is linked to the possible
hydrolysis of phosphates and the high cost of éinematerials.

Most of the sol-gel processes require a strict phtrol, vigorous agitation and a long time
for hydrolysis. The gel formation has achieved withusing any catalyst [16].

It has well demonstrated that the sol-gel procdsnconsiderable advantages of good
mixing of the starting materials and excellent cleaihomogeneity of the product. Several
sol-gel approaches starting from non-aqueous soisitof different precursors of calcium and
phosphorus have used for the preparation of HAPdeosv In these synthetic routes, e.g.
calcium nitrate or different calcium alkoxides @hethyl-hexyl phosphate, triethyl phosphate
or orthophosphoric acid were used as calcium anosgiforus precursors, respectively.
The major limitation for its applications was foutwbe very low solubility of the calcium
alkoxides in the organic solvents and low readtiat the phosphorus compounds. Effective
control of stoichiometry due to the volatility dig phosphorous compounds used was also
problematic [17].
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Fig. 8: Scheme the sol-gel technology to makingoues products [35].
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4.4.1.1 Sol-gel processing

In the sol-gel process, the precursors (startingpmunds) for preparation of a colloid
consist of a metal or metalloid element surroungedarious ligands [19].

Metal alkoxides are popular precursors becausertast readily with water. This reaction
is called hydrolysis, because a hydroxyl ion becoratached to the metal atom, as in
the following reaction [19]:

M(OR), + n HO - M(OH), + n ROH [2.1]
Si(OR), + H,0 — HO-Si(OR)} + ROH [2.2]

The R represents a proton or other ligand (if Rrisalkyl, then OR is an alkoxy group),
and ROH is an alcohol [19].

Depending on the amount of water and catalyst pteskydrolysis may go to
complementation (so that all of the OR groups aptaced by OH),

Si(OR) + 5 HO — Si(OH) + 4 ROH, [2.3]

or stop while the metal is only partially hydrolys5i(OR)..(OH),
Two partially hydrolysis molecules can link togatirecondensation reaction, such as

(OR)Si—OH + HO-Si(OR)—» (OR)Si—~O-Si(OR} + H,0 [2.4]

(OR)Si—OR + HO-Si(OR)— (OR)}Si—O—Si(OR} + ROH [2.5]

By definition, condensation liberates a small molec such as water or alcohol.
This type of reaction can continue to build larged larger silicon containing molecules by
the process of polymerization [19].

The formation of gels and gelation point is theetiat which the last bond is formed that
completes this giant molecule. Thus a gel is atamog that contains a continuous solid
skeleton enclosing a continuous liquid phase. Toweticuity of the solid structure gives
elasticity to the gel. Gels can also be formed frmarticulate sols, when attractive dispersion
forces cause them to stick together in such a wag éorm a network [19].
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Flow sheet

Ca(NO,), 4H,0
+Ethanol (pH =10.5)

Vigorous stirring and heating
(INH,},HPO,

+Ethanol (pH=10.5)

Sol-Gell pH =100
Heating at 85°C

Sintering

Powder at 400°C
(2 Hrs)

Sintering

Powder at 730°C
(2 His)

Sintering

Powder at 1200°C
(2 His)

Fig. 9: Briefly characterization of individual pragtion by sol-gel method [36].



5. TECHNOLOGY PRODUCTION

Several methods for HAP production are availabig, hostly HAP is prepared by wet
chemical reactions. It is a very versatile methuat tllows control of product properties such
as morphology, size and reactivity, and therefatejs a widely used method for
the production of nanoparticles [20].

Commercial HAP samples exhibit a high degree ofribal and physical variability. Most
of the commercially available HAP powders are cattideficient hydroxyapatite (DHAP).
Depending on the final application of HAP, otherpomtant properties that should be
considered are purity, degree of crystallizatiagstal and average particle size, heavy metal
contamination, specific surface area, porosity poces size distribution. For this reason,
several companies cannot develop high quality ptsddue to the lack of HAP properties
reproducibility [20].

5.1 The NETmix® reactor

The technology of NETmiX (patent pending) has developed at the laboratdry o
Separation and Reaction Engineering at UniversityParto. This is a network mixer that
enables the fluid micro-mixing quality and integsalong the reactor [20].

The NETmixXtechnology concept has based on a new static miomsisting of
a regular network of spherical chambers intercommtedy cylindrical channels [21].
The NETmixX’ reactor consists in a network interconnected cleashnd channels creating
zones of complete mixing and of complete segregatibich are carefully designed in order
to program the mixing intensity and quality, eithecally as well along the reactor. This is
one of the main advantages present in the NETméactor when compared with other static
mixers where the mixing is the difficult to contf@D].

In the NETmixX reactor, mixing between different streams onlyussdn the chambers.
Micro-mixing depends on the mixing behaviour of tbbambers and channels, where
channels behave as Plug-Flow Reactors (zone dfdetgegation). The chambers behave as
perfectly mixed Continuous Stirred Tank reactomnés of complete micro-mixing) [20].

The NETmixX¥ operation principle promotes strong mixing dynamémd is particularly
suitable to solve many of the problems inherenth® operation of existing static mixers.
It can ensure the process reproducibility for eattiphosphates nanoparticles with high
purity, controlled crystallization, particle sizedacrystal size and morphology [20].

The goal of this reactor is produce a highly repadbole continuous process for HAP
nanoparticles production with extremely high guyalivased on wet chemical precipitation
method [20].
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1 —Support structure

5 — Feeding reservoirs
2 — NETmix® static mixer and reactor 6 — Discharge reservoir
3 —Inlet channels 7 — Pump systems

4 — Exit channels

Fig 10: Shows, TheNETmfxreactor applicable for HAP nanoparticles [21].

23



6. FOAMED BIOCERAMICS

6.1 Scaffold and porosity

A Key component in tissue engineering for bone megation is the scaffold that serves as
a template for cell interactions and the format@nbone-extracellular matrix to provide
structural support to the newly formed tissue. bad$ for bone regeneration should meet
certain criteria to serve this function, includingechanical properties similar to those of
the bone repair site, biocompatibility and biodegitality at a rate commensurate with
remodelling [22].

Bone is a structure composed of HAP {{RRO,)s(OH),) crystals deposited within
an organic matrix. The morphology is composed abdrcular bone which creates a porous
environment with 50-90 % porosity [22].

Designed porous scaffolds should have a netwonktefconnected pores where more than
60 % of pores should have a size ranging from 58000 um and, at least 20 % should be
smaller than 20 um. Pores with sizes of less thammlare appropriate to interact with
proteins and are the main responsible for biodgtivdn the other hand, pores with sizes
between 1 and 20 um are important in cellular dgwekent. Pores of sizes between
100 and 1 000 pm play an important role in cellaad bone ingrowth, being necessary for
blood flow distribution and having a predominanndtion in the mechanical strength of
the substrate [23]. Finally, the presence of pmieges greater than 1 000 um will have
an important role in the implant functionality aindts shape and aesthetics [23].

Scaffold properties depend primarily on the natfréhe biomaterial and the fabrication
process.

Porosity is defined as a percentage of void spaca solid and it is a morphological
property independent of the material [24]. Pores mecessary for bone tissue formation
because they allow migration and proliferation sfeoblasts and mesenchymal cells, as well
as vascularization [25].

In addition, a porous surface improves mechanioériocking between the implant
biomaterial and the surrounding natural bone, mliog greater mechanical stability at this
critical interface. The most common techniques usedreate porosity in a biomaterial are
salt leaching, gas foaming, phase separation, drdeging and sintering depending on
the material used to fabricate scaffold. The mimmpore size required to regenerate
mineralized bone is generally considered to be +IiaJ26].
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Fig. 11: Three dimensional samples by differentlesqgorosity (A) close and (B) open porosity
distribution [29].
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Table 3: Requirements for ceramic-bone tissue eeging scaffold [14].

Property Factors

Material property Chemical composition (purity, crystallization)
Powder processing route (commercial or lab made)
raw-powder particle size and its distribution
Sintering parameter (temperature and time)
Mechanical properties

Porous structure property | Pore size and distribution,

pore shape,

porosity interconnection,
micro-porosity (bulk or surface),
specific surface area

Tissue interaction Bio-compatibility, resorption rate and degradato@iaviour

Geometric property Sample size, volume and weight

6.2 Porosity material

Materials containing tailored porosity exhibit sjgdgroperties and features that usually
cannot be achieved by their conventional dense teoyarts. Therefore, porous materials
find nowadays many applications as end productsiangkeveral technological processes.
Macroporous materials are used in various forms eowhpositions in every day life,
including e.g. polymeric foams for packaging, aloom light-weight structures in buildings
and airplanes, as well as porous ceramics for vpatefication [27].

Contrary to metallic and polymeric porous strucsungores have traditionally avoided in
ceramic components because of their inherentlyldontaiture. However, an increasing number
of applications that require porous ceramics hapeared in the last decades, especially for
environments where high temperatures, extensiva wed corrosive media are involved.
Such applications include e.g. the filtration of lten metals, high-temperature thermal
insulation, support for catalytic reactions, fittoan of particulates from diesel engine exhaust
gases, and filtration of hot corrosive gases ifmowarindustrial processes [27].

6.3 Ceramics foams

Ceramics foams are highly porous brittle matenailhh a closed, fully open or partially
open interconnecting cellular structure. The foamcsure formation, which starts from a low
viscosity melt, solution, or suspension, is a carrocess which generally can be divided
into heterogeneous or homogeneous nucleation ofboghbles, bubble growth and partial
structure destruction by coalescence of foam céle. final foam structure can be described
as an interconnected network of irregular shapéghpdrons [33].

Due to their low density, ceramic foam exhibit uregproperties such as a high stiffness at
low weight, a localized strain and fracture capgbibnd a low thermal and electrical
conductivity [33].
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Fig. 12: Ceramic foam with his special micro-mastacture [31].

6.4 Porous HAP

HAP bioceramics apply both, in dense and poroumdoiSurface area of porous bodies is
much higher which guarantees good fixation andnalanore cells or tissue to be carried by
the implant in comparison with dense HAP. For bimgeowth, pore size greater than 100 pm
but less than 400 um is considered to be optimunoti#er important factor is the dimension
of the window between the interconnected cellthasstnall one can prevent osteoconduction
through the scaffold structure. The optimum sizehaf windows should be about 100 um
[28].

Porous HAP exhibits strong bonding to the bone;pihies provide a mechanical interlock
leading to a firm fixation of the material. Bonessile grows well into the pores, thus
increasing strength of the HAP implant [25].

Since porous HAP is more resorbable and more osteloctive than dense HAP. There is
an increasing interest in the development of syimthporous HAP bone replacement
materials for the filling of both load-bearing andn-load bearing osseous defects [25].
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6.5 Application of porous HAP

Porous HAP has applied for cell loading, drug reileg agents, chromatography analysis,
and the most extensively for hard tissue scaffoltis. bone tissue engineering,
it has applied as filling material for bone defeetsd augmentation, artificial bone graft
material and prosthesis revision surgery. Varioels products are therapeutically of crucial
significance including hormones, enzymes, vacciagad, nucleic acids which could improve
the technology of the diagnosis and treatment afdrudiseases [29].

For example, chronic disease or localized surgntatvention, relying on a sustained local
drug delivery needs ceramic capsule suitable tasgl drugs at a controlled rate. Bone drug
delivery systems were also developed using poralesuen phosphate ceramics bonded with
antibiotics through a biodegradable polymeric necasi Porous HAP has extensively applied
for artificial bone substitutes. The primary purposf tissue engineering is repair,
regeneration, and reconstruction of lost, damagetkgenerative tissues [29].

6.6 Preparation methods

Porous HAP can be produced by a number of metheodading conversion of natural
bones, ceramic foaming technique, polymeric spamg¢hod, gel-casting of foams, starch
consolidation, microwave processing, slip castiagg electrophoretic deposition technique
[30].

The production techniques for cellular ceramics geeerally divided into replication
methods, gas bubble formation and space holderauetl30].

Great diversity of clinical reconstructive requiremts for the defects of the skeleton has
led to development of various methods to prepareysceramic implants. This is to allow
design and production of porous HAP with controllgmrosity and good pore
interconnectivity [29].
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6.6.1 Formation of porous structure — burn away during shntering

Porosity can be increased by adding fillers. Vasi&inds of pore making agents including
paraffin, naphthalene, carbon, starch, flour, hgdro peroxide, or synthetic polymers
(e.g. polyvinyl butyral) are admixed to HAP powdersslurries. After moulding, the organics
burn away from the moulding body during sinterimbis approach allows direct control over
the pore characteristics since their fraction,,smerphology, and distribution are controlled
by type, amount and properties of the added velatilase. Obtained porous ceramics usually
have closed macro-pores with a varied pore sifelef5 000 pm diameter [29].

Drying,
| pyrolysis /
Addition of evaporation,
b. Sacrificial _— —
sacrificial sintering
template ohse
Ceramic or - :
ceramic precursor O Sacrificial
in solid or liquid form material

Fig. 13: Examples of the hollow beads method wéttrificial template [27, 31].

6.6.2 Holder methods

It consists of mixing salt crystals and water stdutolymers as pore creating agents with
calcium phosphate powders followed by cold-isostatiessing. Since porogens are easily
water soluble they can be removed without any lreatment. Pores are formed by the salt
crystals and channels between these pores areddmgnéhe polymeric fibres. The obtained
porous HAP showed good pore interconnectivity witle pore diameters in the range
of 250-400 pum [29].
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6.6.3 Ceramic foaming technique

This technique involves foaming of ceramic suspmmsior swelling of ceramic green
bodies via gas evaporating chemical reactions fosganic and inorganic sources. Some
foaming agents tested were hydrogen peroxide, natbasalt, and baking powder. They were
added to the HAP slurries while stirring to lefaam, and them subjected to polymerization
followed by sintering [29].

Porous HAP has obtained pore sizes of 30-600 pin T2 most successful method for
foaming bioactive ceramics is the gel-casting me:f3d].

Setting,

. Gas drying,

c. Direct ‘oo O e

foaming incorporation LRI sintering
Ceramic suspension O Gas

Of ceramic precursor

Fig. 14: Scheme of possible processing route useithé direct foaming [27].

6.6.3.1 Gel-casting method

For the gel-casting method, the powder slurry waspared containing a foaming
and gelling agent. The second step was the medignfoaming of the suspension which
was casted in mould and gelled. Hereafter, thectstre was thermally treated: the drying,
the calcining and the sintering [32].

Suspensions of HAP particles, water and disperagmnts and organic monomers were
foamed by agitation at with the addition of suréattunder a nitrogen atmosphere.sltu
polymerisation of the monomers was initiated anassiinking occurred, forming
a 3D polymeric network (gel), which produced stroggen bodies. The polymerisation
process was initiated by catalyst before castingol’s samples were then sintered to provide
mechanical strength and to burn out the organiesioé [31].

The wall surface of the device obtained is very ath@nd HAP particles are aligned closely
to one another and bound tightly. With average mize 150 um and average inter-pore
connections 40 um, this device is favourable foeripore cell migration or tissue ingrowth.
Gel-casting of foams can be applied to producenceracaffolds with high mechanical
strength. The disadvantage of this technique isithgpically results in a structure of poorly
interconnected pores and non-uniform pore sizeiloligion [29].
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Fig. 15: Gel casted AD; [31].

6.6.4 Polymeric sponge method

Porous ceramics obtained from reticulated polymdassates have a number of distinct
properties such as controllable pore size and cenpéramic shapes suitable for different
applications. The polymeric sponge method, as thiethod named is performed by
impregnating porous polymeric substrates (spongék) HAP slurry. Porous HAP prepared
via the polymeric sponge method has shown welk@atenected pores but poor mechanical
strength for load bearing applications. It was shakat the polymeric sponge method results
in a proper pore size distribution, as osteoconduactequires. This is characterized by
the existence of micro/meso/macro-pores with adeqiegree of interconnection [29].

Drying,
template
Impregnation removal,
" % —_— —
a. Replica or infiltration sintering |
Synthetic or

Ceramic suspension

natural template or ceramic precursor

Fig. 16: Scheme of possible processing route usetplica (polymeric sponge method) [27].
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6.7 Mechanical behaviour

However, due to their high porosity these cerarhi@ge comparatively low mechanical
stability. Depending on the ceramic material thenpoessive strength can get as low as
0.16 MPa for HAP at a porosity of 87 %. Similatbw values were reported for other
ceramic materials such as,®% (0.3 MPa, porosity 87 %). As such weak ceramiedrte be
handled with great care, increasing their strengthf interest. One way for improving their
strength is to apply additional ceramic coatindgsistan result in an unfavorable reduction of
the intentionally high porosity. [33].

Mechanical properties of porous scaffolds also ddpen the compositional design of
the scaffold. To avoid the brittleness of porousogcs, many porous biodegradable polymer
(such as poly(caprolactone)) to ceramic compogieems have developed [34].

Another way of using the advantages and minimizitng problems of porous
bioactive/biodegradable ceramic scaffolds couldneeuse of a polymer coating. It has found
that micro-coating the internal surfaces of pordd&P with dilactic-polyactic acid
(DL-PLA) improved significantly its compressive pperties [34].

6.7.1 Porosity-strength behaviour

Generally, a number of expressions can be useddcrithe the porosity-strength behaviour
of porous ceramics. One of the simplest methods wagposed by Rice based on
the minimum solid area approach and the resultiogpgty-strenght dependence can be
approximated closely by and exponential functidsy;3

o,=0@™, [3.1]

oo IS zero porosity strength,is the strength at pore volume fractmrand the constatitis
related directly to the pore characteristics [35].
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7. EXPERIMENTAL PART

The practical part was aimed at preparation of H#&RB methods (precipitation, sol-gel in
water and ethanol). The microstructure of each $arhps evaluated by SEM methods
and comparing of particle size distribution.

Processing of porous HAP scaffold was prepared methods: Polymeric sponge method
and direct foaming method by polymeric expancel gtass bubbles. Each of them was
analyzed by SEM and Mercury Intrusion PorosimeliyR).

7.1 Synthesis of HAP

HAP was prepared by precipitation and sol-gel methithe molecular weight of HAP
(M=502.31 g/mol) is wused for determination of maolc precursors such as
(Calcium nitrate and ammonium hydrogen phosphate).

7.1.1 Sol-gel methods

This is a method at low temperature followed bycsgecharacterization of pure, stable,
stoichiometric synthesized HAP crystals. The tdétydrate of calcium nitrate with formula
(Ca(NG;)2-4H0) for calcium cation and ammonium hydrogen phospli@NH,).HPQO,) for
phosphate anion were selected as the main presursor

The chemical equation can be represented as:
6(NH,),HPO, +10Ca(NQ,) [#4H,0+8NH,OH - Ca,(PO,),OH, + 20NH,NO, + 20H,0
ms;=100.0g
Ms=502.31 g/mol
M, = 236.15 g/mol
M;=132.06 g/mol

m;=7?g

m=?g

n, :§:>n2 _ 5@3& =5E-I&:>m2 _ Sim,; M, _ 5ELO0,0E236,15: 235,063
n, 1 M, M, M, 502,31

n :§:>n1 _ 3r13:ﬂ =3E—I&:>m1 _ 30m, (M, _ 3[100,0{132,06: 78.,87g

n, 1 M, M, M, 502,31

The Ca/P ratio for stoichiometric HAP is 1.67. dt necessary for biological response
and producing a pure HAP without minor fraction.

Slight imbalances in the ratio of Ca/P can leadht appearance of extraneous phases.
If the Ca/P ratio is lower than 1.67, then alphdeta tricalcium phosphate may be present
after processing. If the Ca/P is higher than 1d&fcium oxide (CaO) may be present along
with the HAP phase [7].

For the sol-gel chemistry routes, the water ancérethwere used as a solvent. During
preparing solution the Ca(NR-4H,O was added to (NPpLHPO, solution (in vigorous
stirring). The pH was maintained and keeping al®sut0. The temperature was heating until
65 °C (for water) and 80 °C (for ethanol) with ewegiion and continuous stirring during
several hours. After transforming from sol to gke tviscosity was increasing rapidly.
The white color gel was several time decadate tralepH only in water solution.

After allowing the product of HAP to cool, it wasen dried at 100 °C over night. The dry
samples have introduced for sintering to furnace.

33



7.1.2 Synthesis of HAP by precipitation method

Precipitation is the formation of a solid in a g@a or inside another solid during
a chemical reaction or by diffusion in a solid. WHée reaction occurs in a liquid, the solid
formed is called the precipitate [37].

The solubility equilibrium was generally establidhe

SA13,1 =[A]" [B]" [4.1]

Hydroxyapatite was prepared by water solution-ieiion method using
Ca(NQy)2-4H,0 and (NH),HPO,. A suspension was prepared at laboratory tempetatu
The pH of suspension was keeping about 9-10. Aftecipitate the water slurry was several
times washing to neutral pH, filtrate, drying amdafly sintering. The chemical equation is
similar as the sol-gel method with the identicackiometric balances of precursors.

7.2 HAP foamed preparing

Porous hydroxyapatite was prepared by two methmalgmeric sponge method and direct
foaming by polymeric expancel and glass bubbleg piocess outline of each method has
described and investigated in the following secti@very part has characterized by
the porosity measurement and Mercury Intrusion storetry (MIP). Finally, it has compared
the porosity affection by the sol-gel method andcjpitaton as well as the comparing of
polymeric sponge method versus the direct foamiathod.

7.2.1 HAP scaffold by polymeric sponge method

The polymeric sponge method is performed by thethgfit template (concretely by
the polyurethane sponge with regular diameter)kAB slurry. The HAP slurry is applied by
the sol-gel as well as precipitation methods. Theops polymeric substrates (sponge) are
impregnated in the HAP slurry. Sponge pieces (3¥%3¥&e pressed in HAP slurry during
several hours for quality impregnation. After soakithe soaked sponge was oven dried at
100 °C over night. The dried sponge was calcinethbge steps and after sintered. The first
temperature was established to 300 °C, the seaoatioa600 °C and that last one to 1 000 °C.
The samples were kept at these temperatures fananefor binder burnt out.

Porosity, pore size distribution, microstructured asurface porosity area of the sintered
porous scaffold were characterized.

7.2.2 HAP scaffold by foaming agent

Typical foaming technique as call them direct foagnwere realize. This may be use for
ceramic suspension or precursor. It has preparedHAP slurry by sol-gel (ethanol)
and precipitation method way. This slurry has pducecorundum cylinder cups in dimension
(3x3%x2). The poured samples were filled up by pasm expancel (2 wt.%) and glass
bubbles to HAP slurry (100 wt.%). After mixture, ethsamples were oven dried
at 100 °C over night. The dried samples were sdtéo 1 200 °C for 1 hour at a heating reat
of 5 °C per minute. The polymeric expancel was redr&s 951 DUX 120. The glass bubbles
was marked as 3M™ Scotchlite™ Glass Bubbles.
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7.2.2.1 Glass Bubbles

3M- Scotchliter Glass Bubbles are engineered hollow glass micr@sephé¢hat are
alternatives to conventional fillers and additigeh as silicas, calcium carbonate, talc, clay,
etc, for many demanding applications. These low dgmsrticles are used in a wide range of
industries to reduce part weight, lower costs artthace product properties [50].
The unique spherical shape of Scotchlite glass leskdiffers a number of important benefits,
including: higher filler loading, lower viscosityiproved flow and reduced shrinkage
and warpage [50].

» 3M-~Scotchlite- Glass Bubbles

These bubbles are specially formulated for a htggngth-to-weight ratio. They also produce
stable voids, which results in low thermal condutti and a low dielectric constant.
Scotchlite glass bubbles are available in a vawétsizes in our case the diameter is in range
200-400 pm [50].

7.2.2.2 Polymeric expancel

Expancel microspheres are small spherical therastipl particles. The microspheres
consist of a polymer shell encapsulating a gas.aMeeage diameter of these hollow spheres
range from 6 to 45 um and have a true density @90Lto 1 300 kg/mt (8.3—10.8 Ibs/US
Gallon). Fully expanded the volume of the microspbkehas increased more than 40 times
(with the diameter changing, for example, from »040 pum), resulting in a true density
below 30 kg/mt (0.25Ibs/US Gallon). Typical expams temperatures range from
80 to 190 °C (176-374 °F). When heating the midnesps the pressure of the gas inside
the shell increases and the thermoplastic shetes®sf resulting in a dramatic increase of
the volume of the microspheres. Cooling the micheses results in the shell stiffening again
and light expanded microspheres are ready for2&e [

* 951 DUX 120

The particle size is 28-38 um. The thermomechandeadlysis (starting temperature

Tstar=133-134 °C, Fa=190-205 °C) [38].

noum;  HEAT 80-200°C

[40 pm]

Fig. 17: Progressive particle expanding duringingd8].
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7.3 HAP sintering

Sintering of ceramic materials is the method inuajvconsolidation of ceramic powder
particles by heating the “green” compact part tagh temperature below the melting point,
when the material of the separate particles difiesehe neighbouring powder particles.
Sintering of pure oxide ceramics require relativielgg time and high temperature because
the diffusion proceeds in solid state [39].

Decrease of the porosity, caused by the sinternoggss, is determined by the level of
the initial porosity of the “green” compact, sintg temperature and time [39].

The grain size of sol-gel prepared powder produets measured by using the Scherer’s
equation [40]:

t = 0891/Blcosd, [5.1]

wheret is grain sized is wavelength of the X-ray tubB,is width of peak in the middle of
its height and) is Bragg's angle [40].

By the increasing the temperature and time of simgereatment process, the particle size
of powder will be increased [40].

The nano-scale of HAP patrticles is the main assiamor accepting by the host tissue.

7.4 Bioactive test of HAP

Bioactivity test was done by taking of SBF (Simathbody fluid). SBF prepared in accord
with the chemical analysis of human body fluid,lwibn concentrations nearly equal to those
of the inorganic constituents of human blood pla§gid

Table 4: Typical chemical parts in SBF (numberahpound (g)/ in 1 litre destilled water) [42].

Composition of chemical compound in SBF quantify (
Sodium chloride (NaCl) 8.218 7
Potassium chloride (KCI) 0.226 0
Di hydrate calcium chloride (Cag£2H,0) 0.386 0
Sodium hydrogen carbonate (IRECO;) 0.3508
Tri hydrate potasium hydrogen phosphateHRO,-3H,0) 0.3337
Deca hydrate sodium sulfate (}$&,-10H0) 0.1697
Hexa hydrate magnesium chloride (MgGH,0) 0.336 6

When porous HAP is treated in SBF solution, att,fi soaking in SBF, the surface
structural change occurs in HAP resulting in therfation of a Ca-rich ACP on their surfaces.
In view of change in Ca/P ratio, the formation @-fich ACP is a consequence of interaction
of the HAP surface specifically with the calciumnsin the SBF. The second surface
structural change is the formation of Ca-poor A@#,which the HAP appear to use the
Ca-rich ACP on their surfaces to interact with pin@sphate ion in the fluid. The third surface
structural change is the formation of apatite. e poor ACP on the HAP appears to
gradually crystallize into bone like apatite, thgbuwhich the HAP appear to stabilize their
surfaces in SBF [43].
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Fig. 18: Schematic presentations of the origin efative charge on the HAP surface and the process
of bone like apatite formation in SBF [43].

7.5 Characterizations

7.5.1 Phase analysis (XRD)

X-ray diffraction is now a common technique for gtady of crystal structures and atomic
spacing. X-ray diffraction is based on constructinterference of monochromatic X-rays
and a crystalline sample. These X-rays are gertest@ cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentraddd directed toward the sample.
The interaction of the incident rays with the saenplroduces constructive interference
(and a diffracted ray) when conditions satisfy Byag.aw GA=2d sin 6). This law relates
the wavelength of electromagnetic radiation todHfaction angle and the lattice spacing in
a crystalline sample. These diffracted X-rays &entdetected, processed and counted. By
scanning the sample through a range 6fa2gles, all possible diffraction directions of
the lattice should be attained due to the randormantation of the powdered material.
Conversion of the diffraction peaks to d-spaciniimas identification of the mineral because
each mineral has a set of unique d-spacings. Thyidhis is achieved by comparison of
d-spacings with standard reference patterns [44].

7.5.2 Infrared spectroscopy (IR spectroscopy)

This is the spectroscopy that deals with the iefilaregion of the electromagnetic
spectrum, that is light with a longer wavelengtid dawer frequency than visible light.
It covers a range of techniques, mostly based worpbon spectroscopy. A common
laboratory instrument that uses this techniqueR3 &R [45].

The infrared portion of the electromagnetic speutis usually divided into three regions;
the near-, mid- and far-infrared, named for thedlation to the visible spectrum.
The higher energy near-IR, approximately 14 0003@@ri* (0.8-2.5um wavelength) can
excite overtone or harmonic vibrations. The middnéd, approximately 4 000—400 ¢m
(2.5-25um) may be used to study the fundamental vibraticesd associated
rotational-vibrational structure. The far-infrarehproximately 400—10 crh(25—1 00Qum),
lying adjacent to the microwave region, has lowrgpeand may be used for rotational
spectroscopy [45].
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7.5.3 Scanning electron microscope (SEM)

A scanning electron microscope (SEM) is a type letteon microscope that images
a sample by scanning it with a beam of electrons iraster scan pattern. The electrons
interact with the atoms that make up the samplelymog signals that contain information
about the sample's surface topography, composiéind, other properties such as electrical
conductivity [46].

The electron beam, which typically has an energyireg from 0.2 keV to 40 keV, is
focused by one or two condenser lenses to a spot &% nm to 5 nm in diameter. The beam
passes through pairs of scanning coils or pairdeffector plates in the electron column,
typically in the final lens, which deflect the beamthex andy axes so that it scans in a raster
fashion over a rectangular area of the sample cirfvhen the primary electron beam
interacts with the sample, the electrons lose endry repeated random scattering
and absorption within a tear drop-shaped voluméhefspecimen known as the interaction
volume, which extends from less than 100 nm toradupm into the surface [46].

7.5.4 Mercury Intrusion Porosimetry

Mercury intrusion porosimetry is an analytical teicjue that can determine many of
the sought-after physical characteristics of raviemals and green ware [47].

This is a method used to measure both porositypanel sizes. The scaffolds are placed in
a penetrometer and infused with mercury under asing pressure. As the pressuR) (
increases, the radius of poreg) (that can be filled decreases according to
the Washburn equation [14]:

D=-4ycosf/P, [6.1]

whereP is the applied pressurethe surface tension of the mercuythe contact angle
between the mercury and solid surface, Brithe smallest diameter of an opening into which
mercury will penetrate at pressur¢47].
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8. RESULTS AND DISCUSSION
Table 5: Results of preparation HAP by differentmoels.

Method Temperatur¢ Dominant| Chemical | Content| Minority Chemical | Content
[°C] phase structure (%) phase structure (%)
Sol - gel B-TCP |Rhombohedral 9
1000 HAP h I 73 -
(water) exagona a-TCP Monoclinic 18
precipitation 5, HAP | hexagonal| 52 | B-TCP |Rhombohedral 48
(water)
Sol — gel
1000 HAP hexagonal 79 B-TCP |Rhombohedral 21
(ethanol)

Sol-gel and precipitation methods were used to geeplAP. The sintering temperature
was established at 1 000 °C. It shoud obtain HAPnam phase supplemented by a minor
phase of TCP (specialfy/form).

The semi-quantitative and semi-qualitative reswltsthe main phases are reported in
Table 5.

An ideal composition called biphasic calcium phadph(BCP) ceramics have developed
consisting of HAP and B-TCP in the wt.% ratio opagximately 70:30 and is performing
better invivoin the long term application

For this purpose we can express the ideal prepaantple by sol-gel method (in ethanol)
or more less by sol-gel method (in water).

TCP can exist under three polymorphs, such as [48]:

B-TCP stable below 1 120 °C with a density equd.@¥ g/cc

a-TCP stable between 1 120 and 1470 °C with a degesital to 2.86 g/cc

o -TCP stable above 1 470 °C

Generally,B-TCP densification is difficult because the low pmrature ofy -» o phase
transformation does not permit the sintering tohhigmperature. Indeed, this phase
transformation hinders the TCP densification andhenother hand, induces micro-cracking
of that sample due to the material expansion géseitay density mismatch betwepranda
phases [48].

HAP and R-TCP not only differ in composition busalin their rate of degradation.
3-TCP has shown to biodegrade or bioresorb modilyghan HAP, but in an unpredictable
way, so it may not provide a scaffold for new bemgrow [49].

B-TCP is degraded 10-20times faster than HAP. elbernlly results in superior
remodelling than HAP during the final stage of béonation. It is note worthy that R-TCP
iIs resorbed by osteoclast cells, whereas, the nslmler resorption of HAP is effected
mainly by foreign-body giant cells. The giant cdisve a limit as to the amount of HAP they
will resorb [49].
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Fig. 19: X-ray diffraction (XRD) patterns of themsples: a) method indicates the phases of HAP in

sol-gel (water) after sintering at 1 000 °C.
30000 —

20000

10000 —

Fosition ["2Theta] (Copper (Cw))

Fig. 20: X-ray diffraction (XRD) patterns of thersples: b) method indicates the phases of HAP in
sol-gel (ethanol) after sintering at 1 000 °C.
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Fig. 21: X-ray diffraction (XRD) patterns of the msples: c¢) method indicates the phases
in precipitation after sintering at 1 000 °C.

The IR spectrum is divided into 3 regions in midraned range at 4 000-500 cm
frequency. The IR spectrum of raw HAP shows (FRB). the bands corresponding to £O
group at 1 090 cil and 1 040 cit, other area is located near 600 trcharacterized by
(P-O group) for generally phosphorous function. Tagt one is assigned in the bands at
3500 cm® to (OH group) for HAP. The position of the carbtndands indicate that
the CQ? groups are observed at 1 470—1 440%cm
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Fig. 22: FTIR spectra of HAP powder prepared byotegs methods and calcined at 1 000 °C.
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5. SEE x| c2 X ZEM L oo
Fig. 23: SEM image showing the HAP particles pratlin three methods sintered at 1 000 °C:
A) sol-gel in water, B) sol-gel in ethanol, C) ppatation in water. Bars: 1 um, magnified: 5 000 x
and 10 000x.

As shown in the SEM images (Fig. 23), it can bendbe particle distribution in various
methods.

The sol-gel in water and ethanol produce nano-gaeticles as compared with
precipitation method. The nano-scale particles sttppssification process and bioactivity for
host tissue replacement.
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Fig. 24: SEM micrographs of the sponge polymeriaffetds prepared from different HAP slurries:
D) sol-gel in water, E) sol-gel in ethanol, F) ppitation; D1, E1, F1 Bars: 100 um, magnified 200x,
D2, E2, F2 Bars: 10 um, magnified 500x.

SEM micrographs of different polymeric sponge suaff prepared from different slurries
and sintered at 1 000 °C are presented in Figurer#t Figure 25 in higher resolution.
The pore structure observed at surface is variebtymeric sponge scaffold from HAP
prepared by sol-gel method in water presents lpages isolated. By observing pore walls
(Figure 25, D4), one can remark the presence d particles with extraparticle pores.
The structure of pore walls is not compact. The nmgmores with dimension in the range
60-100 um (D1, D2) meso pores in range 10-20 um B2) were obtained by using
polurethane foam, as shown in Fig. 24, 25.
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Contrary to Fig. 24 D1-D2 and Fig. 25 D3-D4, SEMschffold from HAP synthesis via
sol-gel method in ethanol presents closed anddoiberected pores at surface. Some pores
have hole aspect. Detail in microstructure of pasdl show very fine and dense particles
forming a compact structure. The extraparticle m@ems to be absent. It was observed that
pore distribution of scaffold from HAP synthesid®dsol-gel method is regular (shows in E1,
E2 and E3, E4 images).

g ) ..ﬁji -

— Lopm A4S

iopn A

Fig. 25: SEM micrographs of He sponge polymeriaffetds at different HP slurries:
D) sol-gel in water, E) sol-gel in ethanol, F) ppé@ation; D3, E3, F3 Bars: 10 um, magnified 1 000x
D4, E4, F4 Bars: 10 um, magnified 2 000x.

Scaffolds made from HAP synthesis by precipitatioethod presents no visible pore at
surface. As the particles were coarse, it seemghby were immerged in mass. Referring to
these findings, one can state that the precipitaby polymeric sponge method is not
appropriate method to create pore structure,@mnibe seen from F1-F4.

The pore structure with low pore interconnectivgyof relatively low interest for medical
purposes, in particular for tissue engineeringfstéhfipplications.
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Fig. 26: SEM micrograph showing the morphology wéct foaming method derived-porous
HAP with the porosity gradient. G) sol-gel in etbhn by glass bubbles
H) sol-gel in ethanol by DUX expancel, 1) precipibg by DUX expancel;

G1, H1, I1 Bars: 100 pm, magnified: 40x; G2, H2BEs: 10 um, magnified: 500x.

The SEM structure of the sintered foamed ceramicglibect foaming is presented in
Fig. 26, 27.

The obtained porous scaffold was typically compos&dpproximately spherical cells
interconnected by circular windows, as shown us. #gG1l. The macro pores with
dimension in the range 400-600 um (G1) were obdaineusing glass bubbles, as shown in
Fig. 26.
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Fig. 27: SEM micrograph showing the morphology ofirec foaming method
derived-porous HAP with the porosity gradient. @)-gel in ethanol by glass bubbles, H) sol-gel in
ethanol by DUX expancel 1) precipitation by DUX exwmel, G3, H3, 13 Bars: 10 um,

magnified: 1 000x; G4, H4, 14 Bars: 10 um, maguifi2 000x.

However, in samples G1-G4 a higher sintering degras observed as well as a higher
density and pore’s size (especially macro poresyveier, the using of polymeric expancel
has improved the microstructure (especially in 43-nd H3-H4) representing
the precipitation in water and the sol-gel in etilarespectively.

The grain microstructure of the spherical pore svallre presented in Fig. 27.
The grain size was approximately 1-10 um. Small watropores (less than 1 pm) were
visible.

The microporosity improves bone growth into scaféol For this purpose the direct
foaming method using by polymeric expancel is nappropriated.
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Fig. 28: Applying Hg pressure to normalized voluofepores distribution (precipitation method by
polymeric expancel) measered by Hg porosimeter.
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Fig. 29: Applying Hg pressure to normalized voluwiepores distribution (sol-gel in ethanol by
sponge method) measured by Hg porosimeter.

According to the results of MIP measurements (F2§s.24), the pore structure produced
by polymeric sponge method is uniform with singlstribution around 50 Psi. One cannot
observe the presence of micropores in the samples.
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Table 6: Porosity summary by Mercury Intrusion RBoreetry (MIP).

Methods Direct foaming Replica technique
Bulk HAP — precipitate (water) HAP- Sol-gel (eth§no
Sample weight () 0.087 0 0.1880
Sample volume (cc) 0.082 0 0.188 3
Total Porosity (%) 67.6 63.5
Theoretical Porosity (%) 46.95 50.08
Total Intruded Volume (cc/g 0.055 4 0.1196
Total Surface Area (m/g) 19.090 3 3.048 1
Total Intruded Volume (cc/g 0.636 9 0.636 0
Intruded volume 0.0335 0.080 7
(interparticle) (cc)
Total interparticle porosity 40.846 0 42.879 2
(%)
Intruded volume 0.0219 0.038 8
(intraparticle) (cc)
Total mtra;z(z)a/:;ucle porosity 26.7235 20.621 6

Figures 28, 29 represented the histogram of pae distribution obtained by Mercury

Intrusion method (MIP).
The first one, HAP scaffold obtained from direcaimng (measured values in Table 6)

and the pore size avoided such as poly-disperseasipp in the range areas: 50—-100 pm,
5-10 pm, 0.5-1 pm.

The second one, HAP scaffold obtained from repteehnique (measured values in
Table 6) demonstrated the mono-dispersed porogitytihe main range area: 0,5-5 pm.

The affection of total porosity and surface areaptwe size distribution demonstrate

the figures (30, 31, 32, 33).
Therefore scaffold sample prepared from direct fiogmequired a proper optimization of

the processing.
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Fig. 34: HAP foaming microstructure after 7 days $BF (precipitation method by polymeric
expancel).
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Fig. 35: HAP foaming microstructure after 7 day$SBF (sol-gel in ethanol by sponge method).

The SEM of HAP after being soaked in SBF soluti@mr 7 days is represented
by Figures 34 and 35, respectively. The bioactigget takes place more rapidly in
precipitation method due to more porosity grademd various pores distribution and higher
surface area. These aspects are supporting thee tigewing and enhance the bioactivity of
porous HAP.

The replica technique enabled us to study moreityeH&P with regular and one phase
porosity which contributes slowly to the tissuewirmy.
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9. CONCLUSION

The goal of diploma work is the synthesis of HABrsés by different methods following
by the study of foaming agent effect on their payosThe foamed hydroxyaptite ceramics
have potential medical application as scaffold fegeneration of damaged tissues. It was
shown that ceramic foams can be manufactured Werdift methods, including replica
technique and direct foaming technique, concretely.

The first HAP slurry was made from Ca(j)@4H,0O and (NH)HPO, precursors in
higher pH environment of water. The HAP preparedsblygel method presents nano scales
particles (as be seen in figure 23). The sol-getho provides uniform particles with
homogenity that could support the ossification pssc than large HAP produced by
precipitation method. For this purpose, the solrgethod is more convenient.

In this way we can prepare the porous HAP usingsihenge method (such as replica
technique) and polymeric expancel and glass bulibleh as direct foaming method).

Variety in preparation methods allowed design amddpction of porous HAP with
different parameters.

The microstructure of foamed HAP indicated the ofitreso and macro pore size
distribution. The replica technique shows the umifeand fixed pore size and distribution.
This HAP porous scaffold should support the cedding and drug releasing agent.

The direct method showed very diversity microsuuet with non-regular pore size
and distribution otherwise there is better pordsrgonnectivity of macro pores in range
400-600 pm and suitable micro pore distributiorrange 5-10 um. This scaffold porosity
and pore interconnectivity depended upon the amoiupbre former used. The foaming agent
is applied for porosity behaviour however it shobédused as filler to mechanical strength.

The porous HAP prepared from polymeric sponge nuethmad the total porosity about
63.5 % with surface area 3.084 1 m/g. The poreibigion was mono-phase with range of
pore size: 1-5 pm.

The porous HAP prepared by direct foaming agenty(peric expancel) had the total
porosity about 67.6 % with surface area 19.090@ mhe pore distribution was poly-phase
with range of pore size: 50-100 um, 5-10 um, Ofbml

The scaffold and pore size depended on the slusgosity and amount of foaming agent
and type of replica.

In-vitro studies of bioactivity show that rate of tissuevgth takes place rapidly in those
scaffold which having high porosity and enhancaltstirface area.

The precipitation method forms likely the new bibae layers after 7 days in SBF
otherwise the sol-gel method by sponge method dhemdk in SBF more days.

In resulting the preparing porous HAP scaffold eified as bioactive and it should be
utilized in medical application.
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DL-PLA
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XRD
FTIR
MIP

Ultra high molecular weight polyethylene
Polymethylmethacrylate

Tetragona zirconium oxide—polycrystalic
Dilactic-polyactic acid
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Simulated body fluid
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