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Abstract

The Manufacture of ceramic materials used in medical applications needs
continuous development and the introduction of elements that are beneficial to the
human body to serve as fillers for bone damages and regulating the action of
insulin or to help eliminate some cancer cells. .

The process of reducing the melting temperature of glass is done by replacing
part of the glass components with low-melting oxides without significantly
affecting the glass structure. This process is carried out by introducing eutectic
compound of (V,05 (39) and K,O (61) mol%) which was prepared by heating the
mixture at 501°C for 2 h. It was suggested that SiO, and Na,O together in the
45S5 bioactive glass to be replaced by the eutectic compound. Three ratios of the
compound i.e. (5, 10, 15 mol%) were employed in this study.

The melting was done in two steps. First, the components were calcined at 900
°C to elimination the carbonates. Then, the temperature was increased up to the
melting, which varied from 1100 to 1400 °C depending on the ratio of
replacement. The melt was then held at the melting temperature for 3 h. Finally,
then melt was quenched in water to produce an amorphous glass phase. After that,
the resulting glass was dried, shaped and sintered at 1000°C for 2 h. The sintered
glass was characterized using XRD, SEM, FTIR and EDS. Additionally, the
sintered glass was undergone physical and mechanical as well as biological tests
to assess its performance with living tissues.

X-ray revealed the presence of the following phases (Na,Ca;SigO) and a
small quantity of (KsV30s) in the sintered glass which pointed out to formation
glass-ceramics. The density of the sintered glass increased from 2.451 to 2.489
g/cm®. While the porosity decreased from 19.88% to 14.83 %, as a result of the
eutectic compound. Mechanically, the compressive strength increased from 96 to
137.76 MPa as well as the hardness of the sample raised from 4.23 to 7.76 GPa.
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The bioactivity test has shown that a sponge layer of hydroxyapatite
(Cas(PO4)30H) has formed after 2 days of immersion in SBF solution at 37°C as
conform by X-ray analyses . SEM images showed the emergence of crystals on
the surface of the samples. Examination of EDS showed deposition of elements on
the surface of the submerged samples and they were proportions of Ca/P are 1.86:
1.88: 1.07. When Kirby's Bauer test was done, it was found that the manufactured

material is not lethal to bacteria.

00000000000 00000000000000000000000000000000000000000000000000000000000000 0000000000000 0000000000000 0 0000000 0000000 0000000 00 00000 00000000000 0000000 000 0000 0 00000 000 0000 000 A0 00 000 0000 00 A 0 A A A A 0000000000000

\AAAAAAALAAALAAAAAALAA0A000A00000000000000000000000000000000000000000000000000000000000000000000000A000000000000000A00000000000000000000000000000A00A1



AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAL

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

TABLE OF CONTENT

Abstracts

Table of content

List of figure

List of table

Abbreviations and symbols

(@8 0T To 1 (=] ) T SRR SRR 1

INEFOTUCTION ..t re et ne e e e 1
1.1 OVEIVIBW: ..ttt sttt bbbt bbb e b s b e et e bt enbesneenbeensenreas 1
ATM THE STUAY: 1 e reens 5
(@8 T o1 (=] g 111 LRSS 6
Theoretical part & LIterature SUINVEY .......cccviieiieiieie e see et snne e 6
2200 I 10T (1 od o o USRS 6
2.2 Glass FOIMALION i-......eiiiiiiece et neeens 10

2.3 The Function of Oxides in The Structure of Glass According Zachariasen

2.4 The Effect of Oxides on Structure of Bioactive Glass 45S5 [44]:-.............. 15
2.5 Glass.CeramiCs (GCS) im.. it e, 18

p A o 10 00 4= 0= L | (- OSSR 21
2.8 Glass ProdUCTION . ...cveiieiiiie et 25
2.8.1 SOI-GEI PrOCESS . ....veiieieiiie ettt 25
2.8.2Technique of Melting-QuUENChiNg: .......c.cocveiiiiiii i 26
2.9 Mechanical Properties of Bioactive Glass and Glass-Ceramics:..................... 28
2.10 Some Applications of Bioactive Glass /Glasses-Ceramic............ccccovevennee. 29
2.11 Two Features of the Material are Essential to its Clinical Success [71]: ...... 29
2.12 LITEIratUIES SUIMVEY: ..ottt sttt sttt sttt seeas 31
Summary of LIteratUres SUIVRY :.....cciiiiiiieiieie st 35
CNAPLET TRIBE ..t sreas 38
EXPErimental WOTK ........cc.oiiiiiiie e 38
TR o 1= T OSSR 38

00000000000 00000000000000000000000000000000000000000000000000000000000000 0000000000000 0000000000000 0 0000000 0000000 0000000 00 00000 00000000000 0000000 000 0000 0 00000 000 0000 000 A0 00 000 0000 00 A 0 A A A A 0000000000000

\AAAAAAALAAALAAAAAALAA0A000A00000000000000000000000000000000000000000000000000000000000000000000000A000000000000000A00000000000000000000000000000A00A1



AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

3.2 Preparation of Eutectic COMPONENT © .......oovveiiieiie e 40

3.3 Preparation of Bioactive Glasses. CEramicC. .........ccovvevveevueeieeseesiesie e eveenns 41
3.4 Preparation of Compact Samples ;... 43
3.5 Characterization and morphology of Bioactive Glass-Ceramic Samples....... 44
3.5.1 The Particle Size ANAIYZEr: ...t 44
3.5.1X-ray Diffraction TeSt:.......ccieieeiie e 44
3.5.2 Infrared Analysis FTIR TeSt & ..ccvviiiiiice e 44
3.5.3 Scanning Electron MiCroSCOPe TeSE : ...ccvvivieiieiie e 45
3.5.4Energy-Dispersive X-Ray Spectroscopy (EDS) Test . ....ccoeevevveiiiiieeieenne. 46
3.5.6 Physical CharaCterization............cccccveiiiiieii i 46
3.5.7 Mechanical CharaCterizations . .........ccccvevveiieiin i 47
3.5.7.1 Compression SreNgth. .......ocveiieiiecee e 47
3.5.7.2 VICKers MiCrOHAIANESS: .......veiieiieiie et ese e see et 48
3.5.7.3 Three Point BENAING: .....ccveiieiieiieceee e 48
3.6 Preparation Simulation Body Fluid (SBF):.......ccccoiviiiiiieieecee e 50
3.7 Formation of the Hydroxyapatite Layer:.........cccoovviviieiieiiee e see e e 51
3.8 Anti- BaCterial TeST & ....cveiieiiecee e 52
(@8 T o1 (=] g (o | OSSR 55
RESUILS & QISCUSSION .....vviiiieeieeiieciie st se e ste ettt e e eeaeesneesreesneeaneeas 55
4.1 The result of the X-ray analysis for the primary powders. .......c...cccoccvevverennne. 55
4.2 Result of Particle Size ANalYSIS: .......cooviiiiieiie e 58
4.3 X-Rays Diffractions (XRD) ANalYSIS.: ......cccceviueriieiiiiiieiie e e 59
4.4 Scanning Electron Microscope (SEM): ..o 65
4.5 Fourier-Transform Infrared SPectroSCOPY: ......covvveriirieniiienese e 68
4.6 Physical Properties of Manufactured Bioglass.Ceramic Samples: .................. 71
4.6.1 Density, Porosity and shrinkage:...........cccoiiiiiiiinn e 71
4.7 Mechanical Properties @ ..o 71

4.8 Biological Response of Bioactive Glasses—Ceramic Sample after Immersion in
0] ] TP 78

4.8.1 X-ray Diffraction Analysis of Samples After Immersion In a Solution:....... 78

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv




AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

4.8.2 SEM and EDS Analysis's of Samples after Immersion in SBF Solution: .... 81

4.9 Antibacterial efficacy of samples ( Kirby_Bauertest) :.......ccccocivviiveieennnnne, 85

(08 0T Vo1 C=T gl LY USSR 86

Conclusions and reCOMMENALIONS.........coivcvviiieeiiiiiir e e ebaaeeas 86

R = =] [0 88
LIST Of FIGURE

Figurel.l Compositional diagram for bone-bonding. Note regions A, B, C, D.
Region S is a region of class A bioactivity where bioactive glasses (BGs) bond to
bone and soft tissues and are gene activating. Reproduced with permission from
1 USRS 2

Figure 2.1 classification of biomaterial [20]..........ccccoveiiiiiii i, 6

Figure 2.2 Representation of bioactive glass components. a) network former (NF),
b) network modifier (NM), c) bridging oxygen atoms (BOs), and d) non bridging

oxygen atoms (NBOS)[45]. ...ccveeeeiiecee et 14
Figure 2.3 Step of remolding bone [25]. ...cccvevieiiiiii e 20
Figure 2.4 : The unit cell of hydroxyapatite[66]...........ccccevvviieiiiiiiieicie e 21
Figure 2.5: Schematic representation of bioactivity process steps [71]................ 24
Figure2.6 Detailed diagram showing the methods for preparing glass-ceramic[76]
et eeeteeteteseeteeteteseeteateteaeeteatetesteReate e eseeReeRe Lot eReeRete st eReeReeRe e e R e eRenreaeneereetenteneerearis 27
Figure 2.7 : applications of bioactive glass /glasses-ceramic. ............ccccccevevvennnnnn 30
Figure 3.1 Schematic diagram of the glass- ceramic preparation process............. 36
Figure 3.2 phase diagram of binary system of V,0s, K;COs3 ....ocvvevveviiciiiciienen 37
Figure 3.3 The result bio glasses granular after quenching in water . ................... 39
Figure3.4 The bioactive glasses-ceramic SAmMPIES. .......cccccvvverveieiiieresiee e, 40
Figure 3.5 An illustration of how the device Vickers works. ..........ccccccevviinnee. 44
Figure 3.6 An illustration of how the device three point bending works. ............. 45
Figure 4.1x.ray analysis of silicon dioXide ..........ccovvivierviiiniinie e 48
Figure 4.2 x-rays analysis of calcium carbonate...........ccccoeevveveiivereninnesienien, 49
Figure 4.3 x-rays analysis of sodium carbonate...........ccccccovevivnieiienieninnesiennen, 49

Figure 4.4 x-rays analysis of phosphorous pent oxide..........c.ccocceviveveiiieneiiennnn, 50

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv




AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Figure 4.5 x-rays analysis of potassium carbonate . ...........cccoccvvvvevverieeviesee s 50
Figure 4.6 x-rays analysis of vanadium pent oXide. .........cccceevvvveeiiereeiiesie e 51

Figure .4.7 The particle size distribution of the bioactive glass-ceramic powder
(0,10.15)% after the grinding PrOCESS . ......c.ccvveeiveerieerieiee e 52

Figure .4.8 X-ray diffraction analysis of eutectic component ( KsV3019+ KVO3).53

Figure 4.9 X.ray analyses of bioactive glass sample (A) ......ccccevveviveviieiieiiiecnnn 54
Figure 4.10 X.ray analyses of bioactive glass sample (B).......c.cccccevveviveviveiinnnnnn 54
Figure 4.11 X.ray analyses of bioactive glass sample (C).......cccccccevvvevieiieiininnn 55
Figure 4.12 X-ray analyses of bioactive glass sample (D). .....c..ccccoeevevveiieiinnnnnnn 55
Figure 4.13 X.ray analyses of bioactive glass-ceramic sample (A)..........ccccouene. 56
Figure 4.14 X.ray analyses of bioactive glass-ceramic sample (B)..........c.ccc....... 56
Figure 4.15 X.ray analyses of bioactive glass-ceramic sample (C)..........cccccuene. 57
Figure 4.16 X.ray analyses of bioactive glass-ceramic sample (D)..........c.cccc.ue... 57
Figure 4.17(a ,b) SEM photo of sample (A) without replacement ........................ 59
Figure 4.18(a ,b) SEM photo of sample (B) with replacement5%.. .................... 69
Figure 4.19(a ,b) SEM photo of sample (C) with 10% replacement. ................... 60
Figure 4.20(a ,b) The SEM photo of sample (D) with 15% replacement ............. 60

Figure 4.21: Analysis of the infrared spectrum of bioactive glasses — ceramic
samples A,B,C,Dwith substitution eutectic compound(0,5,10,15)% respectively.63

Figure 4.22 : The effect of eutectic component (KsV3;0.0+ KVO3) on porosity of
bioactive glasses-ceramic sample A,B,C\D. .......ccccovviviiiiii i 65

Figure 4.23 : The effect of eutectic component (KsV3;0.,0+ KVO3) on density of
bioactive glasses-ceramic sample A,B,C\D. .......ccccovviviiiiii i 66

Figure 4.24 The effect of eutectic component (KsV3;0.0+ KVO3) on shrinkage of
bioactive glasses-ceramic sample AB,C,D.. ....ccooeiiiiiiiiinieiiee e 66

Figure4.25:The effect of eutectic component(KsV30:0+ KVO3) on  compression
strength of bioactive glasses-ceramic sample A,B,C,D........ccccoovviviiiiiieinennnnnn, 68

Figure4.26: The effect of eutectic component(KsV3;0,0+ KVO3) on Vickers micro
hardness of bioactive glasses-ceramic samples A B,C,D -......ccccooveviniinciinnnnnn, 69

Figure4.27The effect of eutectic component(KsV;0,0+ KVO3) on bending
strength of bioactive glasses-ceramic samples A\B,C,D. ......cccccceviviviiieiiennnnnn, 69

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv




AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Figure 4.28 The X-ray diffraction analysis of glass-ceramic sample (A) after
immersion in SBF and the formation of hydroxyapatite on the outer layer of the

Figure 4.29 The X-ray diffraction analysis of glass-ceramic sample (B) after
immersion in SBF and the formation of hydroxyapatite on the outer layer of the

Figure 4.30 The X-ray diffraction analysis of glass-ceramic sample (C) after
immersion in SBF and the formation of hydroxyapatite on the outer layer of the

Figure 4.31 The X-ray diffraction analysis of glass-ceramic sample (D) after
immersion in SBF and the formation of hydroxyapatite on the outer layer of the

SAMPI. .t e e te e ra e ree e 73
Figure4.32 : (a ,b ,c , d )Result of analyzing glass-ceramic samples (A) without
substitution using SEM and EDS deViICe . ......cccccveviiiiie i 75
Figure4.33 : (a,b ,c, d) Result of analyzing glass-ceramic samples (C) with 10 %
substitution using SEM and EDS deVICE ........cccevvevieiiiiieec e 76
Figure 4.34 : (a,b ,c, d) Result of analyzing glass-ceramic samples (D) with 15%
substitution using SEM and EDS deVICE . ......ccceveeviiiiiiie e 77
Figure4.35: Samples placed in the agar disc containing bacteria ( E- Coli )........ 78
LIST OF TABLES
Table2.1:Demonstrates the properties of bioactive glass 4555 [43].......ccccccveveee. 12
Tables 3.1.The chemical formula, purity, form, and origin of the materials utilized
in this study are SNOWN INthe. ........c.ooiviiii e 35
Table 3.2 : Chemical formula, source and purity of the materials used in the
prepare of Simulated Body FlIuid (SBF). ..cccooovviiiiicee e 35
Table 3.3 The weight percentage of bioactive glasses-ceramic..............cccccueeuneee. 38

Table 3.5 The dimensions of the samples used for the purpose of conducting
physical, mechanical and medical examinations and according to the
SPECITICAIIONS ...ttt re e re e 45

Table 3.6 The substances involved in the preparation of a simulated solution for
0700 )Y i 0o N G PSRRI 46

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv




AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAL

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Table 4.1 : Comparison of values for the physical-mechanical properties of bone
[103, 11,21] and glass-ceramic produced. ..........ccooeiieeiieeiieiie e 70

Abbreviations and symbols

W
@D
=

Symbol | Explanation Unite

4555 Hench bioactive glasses

HA Hydroxyapatite

HCA hydroxyl carbonate apatite

BGs Bio glasses

Bioactivity index
Fs Field strength

BO Bridge oxygen

NBO Non Bridge oxygen

©| o N o g A W N P
@

T, Glass transition temperature Celsius degree

[EEY
o
—

<

Melting temperature Celsius degree

[HEN
[EEN
—]

P
—

X

peak crystallization temperatures Celsius degree

[EEY
N
—

(@)

crystallization temperature Celsius degree

[EEY
w

ACP Amorphous Calcium Phosphate
SBF Simulation body fluid
XRD X-ray Diffraction

FTIR Fourier Transform Infrared

[HEN
SN

[HEN
(O

[EEY
(o]

[HEN
\l

SEM scanning electron microscope,

[HEN
oo

EDS Energy-dispersive X-ray spectroscopy

[EEY
O
w

Bulk density g/mm’

N
o

P % Apparent porosity

N
F—A
Q

o

compressive strength Mpa

N
N

Hy Vickers Micro Hardness Gpa

00000000000 00000000000000000000000000000000000000000000000000000000000000 0000000000000 0000000000000 0 0000000 0000000 0000000 00 00000 00000000000 0000000 000 0000 0 00000 000 0000 000 A0 00 000 0000 00 A 0 A A A A 0000000000000

\AAAAAAALAAALAAAAAALAA0A000A00000000000000000000000000000000000000000000000000000000000000000000000A000000000000000A00000000000000000000000000000A00A1



AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

23 | 0% Three point bending Mpa

24 | Eq bond dissociation energies kJ/mol.
25 | JCPDS | Joint Committee On Powder Diffraction Standards
26 |PVA Polyvinyl Alcohol

27 GC Glass- ceramic

00000000000 00000000000000000000000000000000000000000000000000000000000000 0000000000000 0000000000000 0 0000000 0000000 0000000 00 00000 00000000000 0000000 000 0000 0 00000 000 0000 000 A0 00 000 0000 00 A 0 A A A A 0000000000000

0AAAAAAAALALALAAALALA00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000A000000000000A0000A00000A00000000000A00A01




Chapter one
Introduction



Chapter one Introduction

Chapter one
Introduction

1.1 Overview

The need for replacing damaged parts of the body in order to restore their
physiological functionality has always been the driving force which has
supported research into the discovery and the design of new materials able to
perform this task as efficiently as possible , a bioactive material is one that elicits
a specific biological response at the interface of the material which results in the
formation of a bond between the tissues and the material [1] . Due to the inhibit
interfacial mobility in implanted bio-inert ceramics, biologically active glasses
and glass.ceramics are now available to achieve a strong hold [2].

The SiO, tetrahedron provides the building unit for most glasses and glass-
ceramics, which are composed of amorphous silicate , the main components in
the majority of BGs and designated as 45S5 are SiO,, Na,O, Ca0, and P,0s,
which were created by Hench et al. in 1969 (45S5) and have been shown to be
bioactive and osteoconductive [3].

In biological fluid , the implant material should be able to form an HA layer
on its surface. Such a material would not be rejected by the body but instead
bind directly with the tissue. Glasses within this system would have two
essential components of hydroxyapatite (Cas(P0O,);OH) Namely Ca?* and PO,*
ions . Na?* and Si** are two other common cations found in the human body [4].

Water molecules can permeate the open network of bioactive silicate-glasses
far more quickly than they do in conventional glasses, so the bioactive glasses
encourage the proliferation of bones cell and result in growth the new bone via
the ion release and apatite crystallization on their surface [5].

The triangular scheme of effective glass installation is shown in the Figure 1.1.
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A= Bone Bonding Si0»
B = Non-bonding (reactivity too low) 3
C = Non-bonding (reactivity too high)

D = Non-bonding (non glass forming)

S = Soft tissue bonding

E = Bioglass® composition

A/W Glass Ceramic
(variable P20s)

CaO

6% P:()_;

Figurel.1: Triple phase diagram of SiOz, Ca0, Naz0. It shows the variation of
bioactivity with the chemical composition as indicated the colored
zones [6].

When using bioactive glass particles to fill a bone deficiency, the rate and
guantity of bone regeneration depend upon the nature of the material. The High
levels of bioactivity in bio glass induce fast regeneration of trabecular bone with
identical amounts, structures, and biomechanical properties to those originally
present at the site [7].As indicated below, the bioactive material might be
divided into two groups based on the bioactivity indexes
1-Bioactive material class A: materials with Ig(bioactivity index) values of
more than 8 are thought to be osteoconductive and osteogenetic substances, such
as the bioactive glasses 45S5 [8].
2-Bioactive material class B: materials having an Iz of less than 8 but larger than
0 are only considered to be osteoconductive materials, such as synthetic

hydroxyapatites and tri-calcium phosphates, which have
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excellent biocompatibilities[9].Bioactive glasses after being subjected to a
high-temperature thermal treatment, it can partially crystallize and turn into
glass-ceramic. The crystalline phases enhance the strength and fracture
toughness of glass-ceramics as compared to parent glass[10]. Fracture bridging
and crack deflection have been shown to be the most effective mechanisms for
toughening glass-ceramic materials. There was no effect on the bioactivity of
partly crystallized 45S5 bio glass when the crystallinity of the glasses was at
least 40%. This is the primary worry that arises from the use of partially
crystallized glasses. The production rate of an apatite layer at a surface is slowed
down, but it is not completely inhibited if crystallinity reaches 100 % [11].

One further crucial feature of ceramics and glass is their brittle and low
tension strength. Thus, they are often only used in compressive stress settings,
such as in an ace tabular cup or the femoral head of a total hip joint replacement
[12].

The ideal material for medical uses should not only be compatible with the
implanted location but also have physical properties comparable to those of the
tissue being replaced or repaired. Ceramics are notoriously brittle, despite their
chemical and corrosion-resistant qualities. Researchers, therefore, have been
looking for techniques to combine attractive ceramics with other materials in
order to modify characteristics like strength and flexibility to match system
needs [13].Introducing some oxides to the basic composition of medical glass
such as vanadium and potassium can improve some properties like use
vanadium oxide in bio glass makes it more effective and rapid interacts with the
phosphate solution. V,Os are insulin and growth factor mimetic compounds and
enhance initial wound healing [14]. Potassium was is a commonly used glass

additive because it possesses a unique ability to harden the glass [15].
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The presence of K,O improved the stability of the bioactive ceramic system
[16].These oxides have a low melting point, so it is possible to find an eutectic
point for them [17]. The surface of the glass developed a layer of carbonated
hydroxyapatite HCA within just a few hours after implantation. This layer
regulates the bonding capacity of bone. Consequently, the body cannot reject
this substance [18].

Based on Hench's theory, which remains widely accepted today, the silicate
BG's bioactivity mechanism consists of eleven reactions split into two macro-
stages [6].

1- The first five stages of reactions result in the creation of the hydroxyl
carbonate apatite layer, which leads to the crystallization of the a random
calcium phosphate stratum [19].

2- The mineralization process begins with the release of ionic compounds from

the BG surface and continues with osteogenesis [19].
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Aim of The Study

1. Reducing the melting point of bioactive glass by substitution with low-
melting eutectic compound (KsV30:0+ KVOs3) using different weight
ratios (5, 10, 15 wt.%).

2. Characterization of the structural, physical, mechanical and biological

properties of the resulting glass after sintering.
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Chapter two
Theoretical part and Literature survey

2.1 Introduction

There is a broad range of materials used to prepare medical devices, and each
one interacts with the body in a unique way [20]. It can be described as' any
substance that is employed to replace or restore function to a biological tissue
that comes into contact with body fluids on continuously or intermittently [21].
Understanding the connections between the characteristics, functions, and design
details of biologic materials is crucial since the ultimate objective of
biomaterials is to restore the functionality of naturally occurring live tissues and
organs in the body [22] .

Can be separated the biomaterials into two categories: biological materials
having a natural origin and biomedical materials with a man-made origin.
Biological materials have a limited collecting capacity and a higher risk of viral
and bacterial infections, as well as variability between samples and batches,
whereas synthetic materials can be made of a variety of materials and can be
sterilized to prevent bacterial infections [23].

Biomaterials have been the most commonly employed in the replacement of
body hard tissues, such as knee and hip joint prosthetic, and perhaps in the
replacement of dental hard tissues, such as enamel and dentine [20]. Ceramics,
polymers, metals and their alloys are commonly used in medical applications. as
show in Figure2.1 .

The structural, physical, chemical, and mechanical characteristics of these
materials which have various atomic arrangements are diverse, and as a result,

various qualities allow for various uses in the body[24].
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L 4 .
Collagen

Ceramic matrix Chitin
. i
Metal matrix
Organic matrix

Glass & Glass
CERAMICS

Figure 2.1 Classification of biomaterial [20].

The following is a general summary of biomaterial requirements

a. Biocompatibility:- The material should not cause a negative reaction in the
host's body but rather promote excellent tissue-implant integration, particularly
at the implant-tissue interface. When the material is implanted, however, there is
virtually always an initial inflammatory response. If the inflammation persists
for a long period, tissue necrosis might occur, which must be avoided. A
biocompatible material should only stimulate a modest immune response while
without obstructing blood flow [25,26].

b. Sterilisability:- The substance must be capable of being sterilized. The most
commonly used procedures are ethylene oxide sterilization, gamma ray
sterilization, and autoclaving. According to the kind of material being treated,

one procedure is favored over another. [27].
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. Formability:- This is related to the ability to form the material for a certain
purpose in a simple and cost-effective manner. It is dependent on the material's
capacity to be molded to meet a specific need. For example, the widespread
usage of coronary artery stents is owing to the effectiveness of the
manufacturing process, which, via heat treatment and cold working of the
material, allows for a product with excellent durability [25].

The word "bio ceramics" refers to ceramics that are used to replace bone in
reconstructive procedures. Bio ceramics are necessary to relieve pain and
rehabilitate sick or injured body components [20] Bio ceramics have developed

into a broad and varied class with fundamental types, it is categorized according

1. The composition:- Bio ceramic is categorized according to its composition.
The major group is glass, oxide ceramic, glass-ceramics, and calcium
phosphates bio ceramic[28].

2. The responses that initiate within the bodies and can It is divided into three
types.

a) Bio inert material :- Those are Relatively undergo little or no chemical
changes when attacked by physiological environments. They preserve their
properties (both mechanical and physical) while being in the host. The host
form a very thin fibrous tissue (in several micrometers or less) encapsulate
the implanted material. Bio inert materials are fixed in the body via
mechanically powerful interlock, by growing the tissue within the surface.
The most common examples are: Alumina, Zirconia, Alumina-Zirconia and
Pyro lytic Carbon [29] .

b) Bioactive material :- The chemical reactions occur only at the surface of
bioactive materials inside the body [30]. A bioactive substance is described

as a material that forms a connection with tissues because it induces certain
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biological reactions at the material's interface. Active composites are
bioactive glass, bioactive glass-ceramics, and polyethylene-HA, the active
substances such as bioactive coatings. It cannot be said that there is an
effective and suitable substance for each purpose, as there are factors that
determine the bioactivity of the substance, including bonding process,
bonding duration, bonding zone thickness, bond strength, material
mechanical strength, and fracture toughness [31] .

Bioresorbable materials :- Are those that dissolve in the body by enzymatic
hydrolysis degradation while being replaced by growing organic tissue
Hydroxyapatite [32].These materials are perfect implants because the stay in
the body during their function and disappear after regeneration, and the result
Is a very thin interface. The drawback of this implants is that their mechanical
strength reduces through the whole time of re-absorption process [29].

A major factor contributing to the demand for bio ceramics is the fact that
bone is more prone to fracture in older adults due to bone density and
strength reduction with age. Bone density reduces when bone-forming cells
(osteoblasts) become less active in generating new bone and mending micro
fractures [20].

2.2 Glass Formation

The term "glass" refers to any solid having a non-crystalline structure that

undergoes a glass transition when heated to a liquid state [23]. Bioactive glasses

with varying compositions can be created to meet diverse therapeutic needs

utilizing a range of fabrication processes, including the conventional melt-

guench method, sol-gel processing, and chemical vapor deposition. They all

feature short-range periodic atomic configurations as well as time-dependent

glass transition behavior and can be employed in a number of applications,

including biological applications[33].
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High-temperature "viscous state” glass products are formed by blowing,
pressing, drawing, rolling, and casting in order to achieve the desired shape and
size. High-temperature annealing (400-500 °C) helps decrease residual stress
that has built up during the forming process [12].

Glass have two main features, first, the random structure of the glass and
second, the transition temperature (Ty) , which represents the transformation of
the glass from the state of a super cooled liquid to solid glass. Glasses, unlike
crystalline solids, have no long-range order in their structure. The fact that
glasses' viscosity drops by orders of magnitude when heated explains why they
can be formed into a variety of various shapes[5].

When bioactive elements or moieties are incorporated into material carriers or
structures, they include various compositions of bioactive materials, especially
bioactive glass , the ion release profile, the nanostructures of the pores and the
surface areas; these elements will determine the bioactivity of the materials upon
contact. Furthermore, the bioactivities may be altered by altering the structure.
Certain mixtures of BGs can give antibacterial action and/or elicit an anti-
inflammatory response. BGs show a lot of promise for regrown bones,
delivering drugs, repairing soft tissues, and healing wounds[34].

In 1969, Hench et al. discovered glasses containing bioactive Compounds
that can build chemical bonds with bone. This glass composition had a 45%
SiO, content, in weight percent, together with 24.5% Na,O and 24.5 % CaO
,additionally, 6 % P,0Os was added to the glass composition to imitate the
calcium and phosphorus elements of hydroxyapatite, bone's inorganic mineral
phase. The glasses did not form interfacial scar tissue, isolating them from the
host femoral bone. Instead, the implants bonded to the living bone and could not

be removed from their implant site , Bioglasses with the greatest bioactivity

10
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rates promote fast regeneration of trabecular bone via processes known as
osteostimulation and osteoconduction [35].

Bioactive glasses that have the ability to connect to live tissues (mainly bone)
and encourage new tissue formation while disintegrating over time, making them
promising candidates for tissue engineering applications. The strength of the
interfacial link between Bioglass and the patient's bone is equivalent to or better
than that of the host bone [36].

The ratio of Ca/P in bioactive glass is (1.67), when a molar ratio are lower
than this value they do not bind to bone. It has been shown that glass with the
highest levels of reactivity forms a stable bond with soft tissues. It is also
possible to make glasses with unique characteristics for a specific therapeutic
purpose [21]. The rise in the percentage of oxides Na,O and CaO as well as the
rise in the percentage of Ca/p is an important factor in increasing the activity and
decomposition of the surface of the glass in the SBF solution [37].

Due to ion exchange, BGs have the capacity to increase the PH of the fluid in
which they are implanted. Advanced dental biomaterials can enhance these
antibacterial properties via certain groupings of these glasses, such as silver-
containing BGs. Bioactivity of these glasses is regarding to their mechanism and
rate of reaction, making in vivo investigations essential for forecasting the
clinical performance of a material [38]. Because bioactivity is proportional to the
rate at which glass dissolves, it is clear that its form will have an effect. The
glass bioactivity increases as the specific surface area, or the contact surface
between the material and the physiological fluid, increases [39].

Active glasses are less chemically durable than soda-lime-silica glasses.

This is caused by the low silica content and the high sodium oxide component

[4].

11
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The ease of penetration of water molecules into the glass networks is due to
the open silica networks in the bioactive glass compared to ordinary glass when
Immersed in water. At the glass/water contact, an ion process happens between
modifying ions, mainly Na®, and solution protons [40].

Strong contact between the active glass surface and liquid seems to be
facilitated by the hydrophilic non-bridging oxygen atoms and modified cations,
which appear to be the effective agents. In comparison, bridging oxygen atoms
are more hydrophobic and have not been seen to interact appreciably [41]. The
main properties of bioactive glass are shown in the Table2.1.

Table2.1: Properties of 4555 bioactive glass [43].

Property value

Twm 1350 to 1450°C-
Tc 677 C

T, 538 °C

P 2.7 glem®
Thermal expansion coefficient( Y). |15.1x10°%C™*
Kic 0.6MPa m**
Shear modulus G 30.7GPa
Tensile strength ¢ . 42MPa
Refractive index n' 1.59

The degradation of the glass network causes the development of a silica-rich
layer on the surface of the glass, and then a layer of calcium phosphate apatite
crystals forms. The formation of an apatite layer is affected by a number of
criteria, including the surface content, and pore size of the glass, as well as the

preparation circumstances [42].

12
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2.3 The Function of Oxides in The Structure of Glass According

Zachariasen Theory
1- The network formers:- the components that contribute to the formation of
the glass network by creating oxygen tetrahedral and oxygen triangles, also
known as network units or structural units. Glass's network-forming components
are essential because they can build three-dimensional structures. These units are
linked by corner sharing, which results in the formation of oxygen bridges
known as bridging oxygen's (BO), (shown in Figure 2.2). SiO,, B,03, and P,0s
are all frequent examples [44].
2- Network modifiers :- These alkali oxides, such as Na,O, K,O, Li,O, Ca0O,
MgO, and PbO, provide more oxygen ions to the system which changes the
network's structure so they are referred to as network modifiers. The ratio of
oxygen to silicon also rises with an increase in modifiers, which disrupts the
three-dimensional network by forming singly-bonded oxygen molecules that
don't take part in the network. thereby reducing the chain's length, and formation
Non bridge oxygen (NBO). By lowering the viscosity, these modifiers have the
main impact of lowering the melting and working temperatures[45] .
3- Intermediate oxides:- are the components that depending on the glass
composition, act as network formers or network modifiers , MgO and Al,O; are
not always desirable in bioactive glasses since they tend to turn the glass into
bio-inert, inhibiting bone attachment when the Al,O3; level is more than 1.5
weight percent [3]. Field strength has been used to classify oxide glass cations.
Low cation-oxygen bond energy means low field strength and vice versa. The
cations' functions may be summarized as follows [42] .

a. Fs>1.3are Glass former.

b. Fs> 0.4 are Glass modifiers.

c. 0.4<Fg>1.3 arelntermediates.

13
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Figure 2.2 illustrates the glass network [45].

2.4 The Effect of Oxides on Structure of Bioactive Glass 45S5

1. Silicon Dioxide (SiO,)

a. Pure SiO; has a three-dimensional structure consisting of SiO, tetrahedral,
and that each tetrahedron is coupled with one or more bridging oxygen
molecules in the structure as shown in Figure 2.2 The oxygen atoms are no
longer completely connected to the two silicon atoms and are referred to as
non-bridging oxygen Generally, glasses with an network connectivity (NC)
of greater than 2.4 are unlikely to be bioactive. During in vivo bone growth,
the pace of HCA layer formation and the percentage of new bone formation
both decrease fast when the NC value is larger than 2 [33].

b. The silica nets serve as a place to nucleation the apatite layer [46].
2. Phosphorus Pent Oxide (P,0Os)

a. P,Os increases the surface reactivity , bioactivity and Accelerates the rate of
degradation [44].

14
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b. The presence of P,Os accelerates the breakdown of the silicate network,
resulting in the rapid crystallization of HA, When water is adsorbing or
dissociating on the surface of P-containing bio glasses, it exhibits a strong
hydrophilic property. This is in part due to the presence of labile P-O-Si

bonds, which can be opened through water adsorption or dissociation [47].
3. Calcium Oxide and Sodium Oxide (CaO,Na,O)

a. Na,O is added as a fluxing agent, significantly lowering the melting
temperatures of the glasses and thereby lowering production costs. It
promotes the creation of a silica-rich layer on the glass's surface, which is
required for the deposition of Ca®* and P°* ionic species that result in the
crystallization of the bonding apatite layer. On the other hand have limited
chemical durability. As a result, divalent cation oxides, such as CaO are
added to stabilize the glass [3].

b. The Na" cations fill the voids between the tetrahedral, allowing oxygen ions
to raise the O:Si ratio, resulting in the slow destruction of the SiO2 network.
Decreased viscosity is a direct result of network disintegration. The insertion
of a divalent cation oxide follows the same principle. In the case of CaO, the
two negative charges of the non-bridging oxygen's can be balanced by only
one single cation Ca®*. Big cations begin to disintegrate bridges in the basic
network resulting in an increase in the mobility of SiO, and a drop in
viscosity and melting rate [15].

c. The modifier cations working to decreasing network connection [44].

4. Vanadium Pent Oxide V,0s

a. A V,0sis referred to as a network former or intermediate. This is because the
oxygen coordination number in a crystalline phase is five, which is higher
than the coordination number of usual network formers of three and four,

making it difficult for this oxide to form glass on its own [48] .
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b. Vanadium compounds are mostly present in bone. Additionally, numerous
Vanadium compounds at low concentrations promote cell proliferation, but at
high concentrations they hinder proliferation. Doses of vanadium oxides
dissolved in drinking water have been shown to increase wound strength,
promote quick and orderly collagen deposition during skin wound healing,
and improve tendon and ligament repair [14].

c. The advantage of V,0s-containing glasses is that they crystallize easily, as
the high crystallinity is achieved by lowering the sintering temperature in
comparison to V,0s-free glasses. Glasses are typically sintered (between
500and 800 °C) to induce beneficial transformation reactions inside the glass
matrix. Vanadium oxide confers significant advantages to ceramics in the
terms of enhanced qualities such as thermal shock resistance, mechanical
strength, chemical stability, and bioactivity [2].

d. Pathologic blood sugar levels are reduced by vanadium complexes. They are
frequently referred to as insulin mimics, insulin-mimetic, or insulin
enhancers due to their insulin-like behavior. VVanadium's anti-diabetic actions
are most likely due to its complexes' capacity to exchange ligands or
chelators with the surroundings [49,50,51].

e. By lowering the surface energy between the crystal and glassy phases,
nucleation agent (V,0s) have been shown to enhance the nucleation and
growth Kinetics of apatite [2].

f. Vanadium oxide is used to treat cancer, as research was conducted on
experimental mice, and the result was good to combat this disease. V,0s
NPs(Nano particle’'s) was found to exhibit anti-antigenic properties by

inhibiting the growth of endothelial cells [52].
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5. Potassium Oxide K,O

a. K,O a commonly used glass additive because it possesses a unique ability to
harden the glass [15].

b. The introduction of potassium oxide into the composition of the active glass
improves its hardness. With the increase in the percentage of oxide in the
glass, the crystallization decreases and this leads to an improvement in
effectiveness in future in-vitro tests [16] .

c. Due to the fact that K,O is heavier than Na,O, reducing the sodium content
of the glass by substituting it with potassium can result in a little modification
in the glass's density and micro hardness values . In general, potassium
cations operate as network modifiers, disrupting the glass network's
continuity by breaking some Si-O-Si bonds, resulting in the formation of
non-bridging oxygen groups, adding a sufficient amount of K,O disrupts the
glass's structure, weakening the molecular network. Increase the amount of
K,0 in the glass to further decrease the ultrasonic velocity, elastic modulus,
and melting point .In general, the production of an apatite layer is less
efficient in potassium-bioactive glass systems than in potassium-free glass

systems [53].

2.5 Glass.Ceramics (GCs)

Glass-ceramics (GCs) are polycrystalline materials with one or more crystal
phases embedded in a residual glass. They are typically made by melting or sol—
gel followed by heat treatment. Heat treatment is frequently (but not always)
done in two stages: first, at low temperatures around the glass transition (T,) to
induce internal nucleation, and then at a higher temperature to accelerate the

formation of distinct phases(growth) [54].
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The first step in the process of growing crystals from nuclei is called
nucleation, which refers to the development of small nuclei, often on a Nano
scale. The second step is the growth of the nuclei into well-formed crystals. By
learning how the two processes involved are affected by temperature, it is
possible to control the glass crystallization process and make GC with the right
properties [55,56].

Varying heating and cooling rates may be used to generate a phase separation,
which can create groups of certain ionic components to be released at different
rates, which can be used to control biological response. When it comes to
creating multifunctional glass-ceramics, crystallization can play an important
role in controlling properties such as resorb ability, cytotoxicity, and bioactivity
[57].Glass powders are also formed using a binder and then sintered and
crystallized concurrently, which is a less common method. Sintering and
crystallization frequently happen at the same time, because the glass frits' free
surfaces facilitate crystallization. The kinetics of crystallization also depends on
how much T there is. Values of T, > 0.58-0.60 indicate surface crystallization,
while lower values indicate volume nucleation [58,59].

When bioactive glasses crystallize, their activity decreases due to the ionic
exchange between the glasses and the aqueous solution embedded in the
crystalline phase [46].

Bioactive glass-ceramics encourage cell proliferation, gene response, and the
creation of new cells at the interface between live tissue and the material.
Bioactive GCs have a surface layer of physiologically active hydroxyl carbonate
apatite (HCA) that attaches to bone. On bioactive glass-ceramics, the HCA
phase develops similar to the mineral phase of bone and teeth, This similarity is
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essential for interfacial adhesion. The chemical surface reactivity of the
remaining glass and crystalline phases in the bodily fluid is the foundation of
bioactive glass-ceramics' capacity to attach to bone [18]. Another variable that
depends on the nature of the material is the time necessary for bond formation,
which is related to the bioactivity index (Ig), which is described as
Ig = 100/tg5bh cececererarcncnsernnenes 2.1

to50b 1S the time taken for half the material's surface to bond with tissue [9].
2.6 Four Criteria of an Ideal Graft Material in Bone Tissue are as

Follows

a. Osteointegrationis:regarded as the capacity to develop a chemical connectio
n with physiological tissue without forming a fibrous layer surrounding the i
mp-lant, Implant stability and long-term clinical success of end osseous
dental implants depend on a direct structural and functional link between the
surface of a load-carrying implant and the organized, living bone [60].

b. Osteoconduction:- or the capability of enabling the establishment of directed
blood vessels and the creation of new Haversian networks to encourage bone
formation on the grafting material's surface [61].

c. Osteoinduction:- induces pluripotent stem cells to differentiate into
osteoblasts by stimulating and activating them , TGF- B ( transforming
growth factor beta ) superfamily receptors are involved in this process. The
most important belong to the TGF- 3 superfamily. The cascade that controls
this process is called a signaling pathway [62].

d. Osteogenesis:which is the production of new bone by osteoblasts existing ins
ide the graft ( cellseeded biomaterial constructions are utilized ) or that have
colonized it after implantation [22] . The steps of bone regeneration can be in

Figure 2.3.
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Figure 2.3 Step of remolding bone [25].

2.7 Hydroxyapatite

Hydroxyapatite (HA) is a bio ceramic composed of calcium phosphate. In
1788, Proust and Klaprota reportedly recognized the similarities between these
calcium phosphate bio ceramics and the mineral component of bone.
Hydroxyapatite is being utilized in a wide variety of orthopedic procedures. It
has been utilized to fabricate spacers in a variety of forms, for example, as an
iliac bone spacer that is put into the defective iliac bone after iliac bone removal
for auto bone grafting [21].

HA may be used to fill in bone deformities caused by the ablation of bone
tumors. It may be used alone or in combination with auto graft bone chips. Hip
and knee replacements can be coated with HA coatings or HA composite
coatings. Additionally, HA is employed in bioactive bone cements[63].The most

abundant inorganic biomaterial utilized in biomedical applications is
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hydroxyapatite . HA is the primary inorganic component of bones and teeth,
accounting for 95-97% of the weight of tooth enamel, 70%-75% of the weight
of dentin, and 60%-70% of the weight of compact bone. All calcified tissues
(dental enamel, dentin, and bone) are composed of hydroxyapatite crystallites
encased in an aqueous-organic matrix [34].

Hydroxyapatite forms crystals that are best described as hexagonal rhombic
prisms. HA exists in two different crystal structure, viz. hexagonal a = b=
9.432A, ¢=6.881A, y= 120° and monoclinic (a=9.42A, b=2a, and c=6.88A and
v=120° (see Figure 2.4) [64].

Tri calcium phosphate (Caz(PO,),) and hydroxyapatite (Cao(PO,)s(OH),) are
two calcium phosphates that work well with living organisms and help bones
grow. Because of their fragility, HA scaffolds are only suitable for applications
that are primarily exposed to compressive stress. To overcome this mechanical
restriction, polymer matrix hybrids, primarily with HA as the bioactive phase
[65].

o ©

Figure 2.4 : The unit cell of hydroxyapatite[66].
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The mechanism of HCA formation has been described by Hench as a series of
surface reactions. This can be summarized as
Step 1: lonic exchange between the material's Ca®* and Na* ions and H* and
H30+ ions from the surrounding environment on the material's surface, silanol
linkages (Si—OH) are formed. The solution's pH value increases owing to as a
result of the alkaline ion release, the glass surface acquires a silica-rich layer.
The (PO,)* ions are present in the beginning composition, they are also released.
The following is a description of the chemical reaction:
Si-O—-Na™+H"+OH —>Si— OH" + Na" (ag) +OH"
A few minutes after being exposed to body fluids, this response takes place
rapidly. Alkaline cations have been removed from the surface layer, so it now
has a net surface negative charge of [6].
Step 2: The OH-ion released by the high.pH solution attacks the silica glass
network, leading to rupturing Si-O-Si connections. Soluble silica is lost to
solution as Si(OH),, resulting in a higher concentration of Si — OH at the
boundary between the glass and the solution:
H,O + Si— O - Si — OH - Si + Si — OH [33].
Step 3: Intensification and polymerization of an amorphous SiO, _rich layer (1-
2 microns thick) onto the surface of glass. The Na* and Ca**-depleted [67].
Step 4: ACP develops on the SiO, . rich layer as Ca®* and (PO,)*ions diffuse
from the glass into solution. [31].
Step 5: The layer of ACP crystallizes as an HCA layer after incorporating (OH)
and (COgz) from the solution [67].
The five steps listed above are not tissue-dependent, since they happen on the
material side of the interface The glass decomposition steps can be seen in the
Figure2.5.
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Figure 2.5: Schematic representation of bioactivity process steps [71].

In steps 6-11, we'll go over in more detail the reactions that take place in order
to form interfacial bonding with bone.

6- Adsorption of blood proteins and wound fluids in SiO,_ HCA layer [68].

7- The work of macrophages are white blood cells generated from circulating
white blood cells (monocytes) that have the ability to eliminate foreign
substances from the wound site (i.e. dead tissue, bacteria, and other particles).
During this stage macrophages clean the wound and new blood channels begin
to form in the surrounding tissue [69].

8-The mesenchyme cell attachment These are the cells that allow the body to
heal itself after a wound. Initially, they are the first kind of cell to come into
contact with the graft [69].
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9- Mesenchyme cell differentiation At this stage, mesenchyme cells multiply and
develop into osteoblasts (bone-growing cells) [70].

10-matrix generation. Osteoblasts synthesize and deposit collagen fibers in an ad
hoc manner [68].

11-Matrix mineralization Collagen fibers become more organized and mature,
which leads to the growth of new bone [71].

The reaction steps 1-11 listed above occur in a timeframe that varies according
to the bioactive material's index of bioactivity (lg). The strength of failure
diminishes as the thickness of the bonding zone grows because of this index's

influence on the thickness.

2.8 Glass Production
2.8.1 Sol-Gel Process

The sol-gel approach is a chemical synthesis procedure in which a solution
containing an oxide precursor undergoes a polymerization process, resulting in
the gelation of the sol at ambient temperature. Precursors are often selected
based on the individual application after an appropriate characterization of the
intended final composition [72] .When one or more components are combined to
produce a sol, a homogeneous and amorphous gel solid is created during the
transition from a liquid sol to a solid gel. The sol-gel approach, on the other
hand, has a number of drawbacks, including lengthy processing periods,
expensive precursor material prices, fast shrinkage rates, and residual carbon and
hydroxyl content [73].

By manipulating processing settings in a very flexible manner, the method
provides a wide range of products. An alkoxyde precursor (typically tetraethyl
orthosilicic acid (TEOS) or tetramethyl orthosilicic acid (TMOS) is hydrolyzed,
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poly-condensed, and then aged and dried in ambient air to generate sol—gel
glasses for biomedical use [6].

In the case of tetraethyl orthosilicate (TEOS) and other silicate glass alkoxide
precursors, hydrolysis results in a colloidal solution (sol). A silicate (—Si—O-Si-)
network is generated after poly condensation of silanol (Si—OH) groups. As the
(gel) forms, the system's viscosity rises in proportion to the increase in network
connectedness. Following that, the gel is dried and solidified at a temperature of
around 600-800 °C using a thermal process. Sol-gel produced glasses are
mesoporous and have a greater surface area than melt generated glasses, with
pores ranging in size from 300 to 800 nm and over all porosities exceeding
60%. Novel bioactive glass compositions incorporating metal oxides may be
synthesized by selecting appropriate precursor materials[13].
2.8.2Technique of Melting-Quenching

The melt-quench technique involves melting a mixture of oxide precursors in
a furnace at temperatures typically higher than 1000 °C (the actual melting point
depends on the glass composition) and obtaining an amorphous solid by rapidly
quenching the melt formed by the fusion of one or more precursors [23].This is
followed by either the use of graphite molds to create glass blocks or cooling in
water or oil in order to create glass frit. (22 and up)When the cooling rate is high
enough to prevent nucleation and crystal formation, the disordered condition of
the melt is sustained in the solid state [3].Casting into monoliths and drawing
into rods or fibers are the basic forming techniques for bioactive glasses. After
forming the glass is annealed at a temperature equivalent to the viscosity (10*°
Poise) to eliminate residual tensions generated by cooling after forming [4].

Subsequent to the grinding (e.g. in a planetary mill), glass powder may be

utilized directly in the treatment of bone fissures, as an additive to polymer-BG
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composites or it can be further processed for 3D scaffold production using
sintering methods [74]. Melting is a versatile method that enables the
manufacture of a wide variety of glass compositions simply by adjusting the
amount and percentage of raw materials used Additionally, the melt-derived
route for manufacturing bioactive glasses has several drawbacks. For instance,
high melting temperatures, impurities from the crucible material, and subsequent
grinding processes (possible contamination with grinding medium debris
particles) might make it challenging to produce glasses-ceramic with high
quality [75]. The steps for manufacturing glass according to the two methods are
shown in the Figure 2.6 These process has many advantages, like easily
changing the glass chemistry, cheap raw material prices, fast processing times,

and a large output (amount) of glass.

Glass-ceramic
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Figure2.6 illustrates the routs of manufacturing glass-ceramic [76].
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2.9 Mechanical Properties of Bioactive Glass and Glass-Ceramics

a. Brittleness and low tensile strength are the main drawbacks of using ceramics

and glasses as implants. Ceramics and glasses fail with minimal stress under
tension or bending loads while having excellent strength under compression.
Calcium phosphates and bioactive glasses are not appropriate for use as load-
bearing implants [32].

The primary benefit of bio glass is its high bioactivity, while its limitations
include weakness in construction and poor resistance to fracture related to the
a random 2-D glass network. Most bio glass has a bending strength of 40-60
MPa, which is insufficient for loadbearing applications. It has a Young's
modulus of 30-35 GPa, which is extremely similar to that of cortical bone
[30].

Bioactive glasses can partially crystallize after high-temperature thermal
treatment, thereby producing glass-ceramic materials with enhanced
mechanical behavior over their glass-parent. When compared to their glass
parent, glass-ceramics are stronger and more fracture-tough due to the
presence of crystalline phases. Therefore, glass-ceramic is used for vertebral
replacements when high compressive strength is required, so the most
efficient toughening processes were found to be fracture bridging and crack
deflection [11].

2.10 Some Applications of Bioactive Glass /Glasses-Ceramic

a.

A BGS is effectively employed use as a prosthetic for the middle ear to treat
sensory hearing loss, this is the first clinical use of such a material ,Figure
(2.7-a) [8].

After the extraction of natural teeth, the bioactive glass cones known as End
osseous Ridge Maintenance (ERMI) were used as space fillers to restore the

roots of the teeth and provide a firm base for dental implants [25].
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Repairing of the iliac crest after auto graft harvesting and spinal fusion after
graft removal have both utilized bioactive glasses [55].

To fill cysts, flaws caused by injuries, anomalies left by benign tumor
excochleation, and to repair significant acetabular defects, BAS-granules and
pulverized material are employed as seen in Figure (2.7-b) [77].

More contemporary uses of scaffolds for bone repair, composite-based
scaffolds, and coatings for metallic orthopedic implants are all examples of
applications for bioactive glasses, endodontic and periodontology. Different
types of bioactive glass, including particles, putty, dense constructions, or
porous scaffolds, may be injected directly into the defect. Figure (2.7-c)
shows that [78].

Bioglass for pharmaceutical and growth factor administration, using radio -
active glass microspheres to eradicate malignant liver or other organ tumors
[70].

2.11 Two Features of the Material are Essential to its Clinical

Success

1.
2.

It has the ability to form a strong bond with connective tissues[71].

Its capacity to simulate the mechanical performance of the tissue that must
be replaced . The technique of tissue attachment has been proven to have a
direct relationship with the kind of tissue response at the implant
interface[71].
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Scaffold-based tissue engineering
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Figure 2.7 : applications of bioactive glass /glasses-ceramic [78,79].

2.12 Literatures Survey

In 1997 Naoki Imayoshi et al: Bioactivity of calcium silicate glasses
containing multivalent cations where the Glasses with the following
compositions are synthesized using a standard melt-quench method: (V,0s,
WO,, Ta,0s, or CrOs) (50-x/2)Ca0(50-x/2)Si0O,, where the CaO/SiO ratio was
kept constant at 1. The glasses were soaked in SBF with a pH of 7.25 and a
temperature of 36.5°C. The formation of apatite changed when transition metal
oxides were added to 50Ca0-50SiO glass. The addition of 5mol% V,0s and
WO; had hardily effect on the production of apatite in the SBF, but the addition
of 5mol% Ta,05 and CrO; suppressed the production of apatite layer. The
former increased the amount of calcium and silicon, and the size of the silica gel
layer facilitated chemical reactions in the SBF to create apatite layer. On the
other hand, the latter improved chemical durability and prevented a silica gel

layer from forming [80].
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1n 2009 V. Cannillo *, A. Sola et al. BG-45S5, SiO; (46.1%), P,Os (2.6%),
Ca0 (26.9%), and K,O (which replaced Na,O) (24.4%) were melted in a
platinum crucible at 1450 °C. Melt was quickly cooled in water. A new glass
that reduces BG-45S5's crystalline tendency. The addition of potassium oxide
did not impact the thermo-mechanical properties, and the potassium-containing
glass was better than BG-45S5 for enameling since it did not crystallize during
heating. Potassium oxide seems to help in the usage of bioactive glasses without
affecting their thermo mechanical characteristics or bioactivity [81].

In 2011 M.R. Majhi et al: The bioactive glass 45S5 (Hench glass), having
composition 45 SiO, - 24.5 Na,0 - 24.5 CaO - 6 P,0Os (wt %) were prepared by
substituted with Li,O, K,0, ZnO, MgO, and B,0s. using a typical melting
procedure in an electric globar furnace at 1400 °C. Increases in the concentration
of Li,O and KO in the place of Na,O in bio-glass mixture improve density and
compressive strength, while the influence of K,O in place of Na,O in the
bioactive glass 45S5 causes a drop in both glass transition and crystallization
temperatures. The fourier transform infrared (FTIR) absorption spectroscopy
reveals that the effect of introduction of B,Os in place of SiO,, in the bioactive
glass 45S5 has decreasing of bioactivity, a minor change of bioactivity in an
introduction of Li,O and K,O in place of Na,O, while the effect of introduction
of MgO and ZnO in place of Ca0, in the bioactive glass 45S5 cause a decrease
in bioactivity [82].

In 2012 Taehee Kim et al: Effects of using K,O instead of Na,O in the
Glasses composition 24.5Ca0-(24.5-x)Na,0-45Si0,- 6P,05-xK,0 (where X is
0, 8, 16, and 24.5) % mol. was created by melting a homogeneous mixture in a
Pt-Rh crucible at 1400°C for 60 minutes. The molten is quenched in a stainless
steel mold. In-vitro tests demonstrated that substituting Na,O with K,O

decreases the Tg and density of 45S5 Bioglass while increasing the molar
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volume. might anticipate crystalline apatite layer growth by FT-IR changes
(bioactivity). Form and composition of sample surfaces were confirmed using
FESEM photos and EDX data. The capacity of the glass to form a calcium
phosphate layer on SBF-exposed surfaces enhanced when Na,O was substituted
with K,O [83].

1n 2014 A. M. Deliormanli et al . After one hour at 1100 °C in a platinum
crucible, the components of CaCO; Na,CO; MgCO; K,COz; H3BO;,
CaHPO;,.,H,0, and V,05(0.15,1,3)% were melted in the air and cooled between
stainless steel plates. Results showed that that vanadium-containing scaffolds
degraded at a faster rate compared to the bare borate glass scaffolds. Based on
the FTIR analysis and SEM observations a decrease was not observed in vitro
bioactivity of the vanadium containing borate glass scaffolds and powders even
at high substitution levels. The converted layer on the 3% vanadium-containing
glass was crystalline HA after 20 days of immersion in SBF. Results revealed
that the incorporation of this ion caused a decrease in density and the Vickers
micro hardness of the bare borate glass samples was higher compared to the
substituted samples at high indentation loads. It was concluded that vanadium
presumably acted as an intermediate ion and loosen the borate glass network by
formation of triangular BOs groups. The V,0s-containing borate based bioactive
glasses are suitable candidate materials for biomedical applications [84].

In 2016 G. EI-Damrawil et al. showed that by using the traditional melting
method and according to the composition of glasses 24.5Na,O, 24.5Ca0O, 6
P,0s5- xXV,0s5and(45-xSi0;,) mol% (x =0, 3, 6, 9, 12&15 mole %), The batches
melted at 1250°C for 2 hour. and casted into preheated stainless steel molds. The
latter turned into white opaque glass in the crystalline structure at proportions(<6
moles %) under sintering temperature of 660 °C. The advantage of V,Os

containing glasses is that it can easily be crystallized,Low-V,0s glass networks
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remained amorphous and transparent after heating. Sintering process
produces apatite (A), wollastonite (W), and modified vanadate phase. Sintered
glasses have different structure and morphology than as-prepared glasses. The
well-formed species generated in thermally treated glass have a needle-like
structure as their most prominent feature. The presence of vanadium in the glass
network acted as a crystallization agent, which accelerated the reaction of the
material when soaked in body fluid [2].

In 2016 Rehana Zia et al: The solid state technique was utilized to make bio
glass and examine the influence of K,O on the microstructure. TGA-DSC,
Fourier transform IR, X-Ray Diffraction, and Scanning electron Microscopy
were used to study the effects of sintering temperature at 900 °C and partial
replacement of Na,O with K,O on the thermal and structural properties of the
system. Adding K,O to the bioactive ceramic system made it more stable.
Combeite, Sodium Calcium Silicate, and Wollastonite were the main phases in
all of the samples. Also when the amount of K,O went up the amount of
crystallization went down, which suggests that bioactivity was greatly increased
for in-vitro testing [16].

In 2016 Siti Hafizah Mohamed et al: The influence of adding Na,O on the
solubility of phosphate glass with the following concentrations: (34-x)K,0 ,
45P,05, 18Ca0, xNa,0,Al,03, x= 0, 5, 10, 15, and 20 % wt. The glasses were
made by melting the mixture in an alumina crucible at 1300 °C for 2 minutes
and then cooling to room temperature. The glass samples were crushed and
sieved to 2.0 mm-3.9 mm in size. The glass composition has a massive effect on
the solubility of phosphate glass due to the presence of K,O which has a stronger
solubility. the phosphate glass structure is disrupted and weakened by the larger

ionic radius of K™ which increases glass solubility [85].
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In 2020 Konstantinos Dimitriadis et al. Fine powders of SiO,, CaCQOs,
Mg(NO3)26H,0, (NH,;)2HPO,4, Na,CO3, K,CO3, and CaF, were melted in a Pt
crucible at 1400 °C for 1 hour in air. Grinding glass-frit (used in the thermal
analysis experiments as well as to produce the glass-ceramics). T, and T, of
glasses with K* for Na™ substitution shifted to high temperatures, but there were
no significant changes in glasses with Mg™ for Ca" substitution. When GCs
immersed in SBF at 37°C for one week, exhibited bioactivity characteristics
related to wollastonite or-PMS (alpha-potassium magnesium silicate crystalline
phases) Their surface can develop hydroxyapatite (HA). The phase assembly
produced well-sintered, well-crystallized GCs with dense microstructures,
affecting their mechanical properties, Reduces elastic modulus, increases
fracture toughness, and reduces micro hardness [86].

In 2021 Lais D. Silva et al. Bioactive glass mix result from using 26.9Ca0O ,
46.1Si0, ,2.6P,05,24.4K,0 and with different particle sizes and heating rates, a
sintered GC with excellent fracture strength, low elastic modulus, and
bioactivity was created. The mixture was melted in a platinum crucible for 4
hours at 1350°C. It was put in graphite tubes. The glassy samples were annealed
at 50 °C below the glass transition temp . increased densification due to particle
size reduction. Replacing Na" by K" enlarged the processing window, Ty - Ty
which increased from 138 to 172 K when Na* was entirely replaced, resulting in
a denser material using two-step sintering. Due to glasses' weak mechanical
properties, most sintering research focuses on scaffolds, sintering additives in
ceramic composites, and bioactive coatings. The new GC generates an HCA
layer after 8 hours in the SBF solution and as can be seen sintering and

crystallization improve bioactivity [87].
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Summary of Literatures Survey

Many of the previous studies preparing bioactive glass-ceramic and worked
on improving the properties and reduce the melting temperature by using many
additives, such as potassium oxide. There is a difference in literature that shows
the K,O effect on the crystallization process, where glass can be treated at high
temperatures without crystallization, in addition to the process of improving
density, as well as fracture toughness and compressive resistance, and some of
them show that it has an effect on reducing hardness or reducing density. When
using potassium with lithium oxide, it works to drop in both glass transition and
crystallization, In addition to its effect on rise the dissolution of glass in the SBF
solution and little effect on bioactivity, as for glass-ceramic it increases stability.
The other additive is V,0s, as it works to increase crystallization at relatively
low temperatures above 600 °C, also it has an effect on improving the
mechanical properties and accelerated the reaction of the sample when soaked in
body fluid. However, there is no research using a compound resulting from
finding a eutectic point between two oxides and adding or replacing it with glass

components.
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Experimental work

This chapter explains the materials , processes and apparatus used to

manufacture bioactive glasses and glasses_ceramic with eutectic compound .

3.1 Materials

The chemical formula, purity and source of the materials that used in this

work are illustrated in Tables 3.1 and Table 3.2.

Tables 3.1.The chemical formula, purity, form, and origin of the materials

utilized in this study are shown in the.

Materials Chemical formula | Purity | form | Source

Silica foam SiO, 98% | Powder | India

Sodium carbonate Na,CO, 98% | Powder | India

Calcium carbonate CaCOg 98% | Powder | India
Phosphor pent oxide | P,Os 98% | Powder | Merck Germany
Potassium carbonate | K,COs 98% | Powder | England
Vanadium pent oxide | V,0s N/A Powder | England

Table 3.2 : Chemical formula, source and purity of the materials used in the
prepare of Simulated Body Fluid (SBF).

Materials Chemical formula | Source | Purity
Sodium chloride NaCl India 99.9%
Sodium bicarbonate NaHCO, China 99.9%
Potassium chloride KCI Belgium | 99.5%
Sodium hydrogen phosphate Na,HPO,4.2H,0 India 99.8%
Magnesium chloride hex hydrate | MgCl,.6H,0 Italy 99.5%
Calcium chloride dehydrate CaCl, .2H,0 Spain 99%
Sodium sulfate Na,SO, Spain 99%
Tris (CH,OH);CNH, Spain 99%

35




Chapter Three

Experimental work

Materials
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Figure 3.1 Schematic diagram of the glass- ceramic preparation process.
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3.2 Preparation of Eutectic Component :

Eutectic compound of 39% V,0s - 61%K,0 was prepared according to
the phase diagram shown in Figure (3.2). A mixture of the two oxides with the
above proportions was heated at 501 °C for 2 hours. The required amounts
were calculated according the equation 3.1.

n=m/M ............. 3.1 [88].

Where,

« nisthe number of moles,
« m is the mass of substance,
« M is the mass of one mole of that substance .

Heating at 501°c
at 3 hours

V205 + Kzo /K5V3010+ KVOg

39% mole . 61% mole

O 1000}

E [ /5’887 891

2 800 rag b 81

fae] L

% -

= 600}

=

400 ‘ | S
0 20 40 60 30 100
V205 Content /mol% K20 (K2COs3)

Figure 3.2 Phase diagram of binary system of V,0s, K,O.
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3.3 Preparation of Bioactive Glasses. ceramic

The conventional melt-quench technique was used to prepare 45S5
bioactive glass, which is composed of 45wt% SiO,, 24.5wt% Na,O, 6wt%
P,Os, and 24.5wt% CaO, Three weight percentages (5, 10, 15 wt%) of the
eutectic compound (KsV30,0+ KVO3) was replaced by SiO, and Na,O
together as shown in Table 3.3. The detailed scheme of the glass-ceramic
preparation process as well as the devices used for the examination are shown
in the Figure 3.1.

Table 3.3 The weight percentage of bioactive glasses.

No. SiO, CaO Na,O P,Os Eutectic component
(Wt%)  (wt %) (wt %) (wt %) (K5V30:0+ KVO3)Wt%

A 45 % 245% 24.5% 6 % 0%
B 42.5% 24.5% 22 % 6 % 5%
C 42.5% 24.5% 17 % 6 % 10%
D 40 % 24.5% 14.5 % 6 % 15%

Four batches as shown in Table 3.3 was calcined at 900 °C to elimination
Carbonate as in reaction below. Then rising the temperature until melting at
1400 °C, 1130 °C, and 1100 °C for 3 hours, respectively, according to the
proportions used. The melt was quenched in water to obtain an amorphous
glass phase, the produced glasses are shown in the Figure 3.3 , After that, it
was dried for 24 hours at 120 °C and ground to a fine particle size and sieved
in a mesh No. 200 .The obtained powder was examined by X-Ray diffraction
dives. The resulting powder is pressed with the required shape according to
the standard specifications to producing excellent compact samples and less
than two hours of sintering at 1000 °C lead to turns it into glass-ceramic. The

chemical composition ,structural and morphological of the samples were
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characterized by X-ray diffract meters, Scanning electron microscope, FT-
IR instrument and X-Ray Energy-Dispersive Spectroscopy (EDS) in order to
identified the resulting phases and understand the characteristics of glass-
ceramic Structure .To simulate the conditions to which the sample are exposed
when implanted in vivo, physical, mechanical and biological tests are

conducted for them .

Calcination
at 900°C
C&COg(S) SN CaO(s) + COz(g_)
Calcination
at 900°C
N&zCOg(S)ﬁ N&zO(S) + COg(g.)

—

Figure 3.3The yield glass granules after quenching in water.

3.4 Preparation of Compact Samples

3.4.1Pressing Process

Before the pressing process, 2 % PVA liquid is added to the powder of
glasses and mixed well to provide ease of pressing and good cohesion of the
sample. This process is done under the settings of cold die pressing with a
uniaxial pressure device (CT340-CT440) at 150 MPa to produce a well

pressed sample.
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3.4.2 Drying Process

The samples are dried at a temperature of 120 °C for 24 hours to get rid of
moisture and to prevent cracking in the sample resulting from the rapid release
of moisture when sintering This process takes place in an electric oven
(WG43 Electric Blast Dry Box) in the department of ceramics labs / College
of Material Engineering / University of Babylon.
3.4.3 Sintering Process

The glass samples are sintered at different temperatures (600, 700, 850, and
1000) °C as it was found that at 600 °C crystallization occurs in the glass and
turns into glasses_ceramic, The selection of the sintering temperature is
Important to achieve high compaction and strong cohesion. The sintering
temperature was adopted at 1000 °C. Figure 3.4 show the samples after

donning preparation process .

Figure3.4 The compacted bioactive glasses-ceramic samples.
3.5 Characterization and morphology of Bioactive glass-
Ceramic Samples
3.5.1 The Particle Size Analyzer
The bioglass-ceramic is produced after the melting , drying and sintering
process, its grinded and measured its particle size by using a device

(bettersize2000,Babylon  University/College of Materials/Ceramic and
Building Materials Engineering). This process depends on its theory the Mie
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scattering which means dissolving a quantity of the powder in distilled water
to form a dilute solution, The device emits a laser beam of a specific

wavelength that passes through the suspended solution.
3.5.2X-ray Diffraction ( XRD) Test

The fundamental purpose of the XRD approach is to determine the
chemical composition of materials. In this work, specimens were finely
ground before and after sintering to achieve a particle size below 75 microns
and scanned at ambient temperature, An Xx-ray detector (XRD 6000,
Shimadzo, Japan) in the University of Babylon/ College of Material
Engineering/ ceramics laboratories. was used with a scanning rate of 5 degrees
per minute from 10° to 60° (Bragg angle) and a Cuk, radiation (A= 1.5405)
and a power of 40 kV / 30 mA to determine if the structure is random or
crystallized . Can calculation the crystals size from scherrer equation 3.3 [89].

NA=2dsin0 ................ 3.2 .

D=KMB.cosB................. 3.3
Where the Distance between adjacent planesis (d ), Integer (n), Bragg's
angle (0), (D) is the Nano crystallite size , () full width at half maximum of
peaks , A is wavelength, K is the shape factor ( 0.89).
3.5.3 Infrared Analysis (FTIR) Test

After sintering at 1000°C,the FTIR was utilized to evaluate the bonds in the
bioglass-ceramic . It was carried out with the aid of an FTIR-8300
spectrometer, Bruker, Germany. It is situated in the Laboratories of the
University of Babylon's/College of Material Engineering/ Department of
Polymer .The test sample is made by combining 0.001 g of the sample with
(0.1) g of KBR(potassium bromide), pressing the mixture to create a thin film
enough to achieve a suitable spectrum, and then inserting it into the

instrument.
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3.5.4 Scanning Electron Microscope (SEM) Test
A SEM apparatus was utilized to characterize the microstructure of the

bioglass-ceramic samples surface before and after immersion in SBF and to

observe the phases in it, as well as other details such as pores and crystalline .

Prior to scanning using a SEM device, The surface of bio glass-ceramic

samples was coated with very thin layer of gold using a sputtering deposition

process, SEM equipment (EMITEC k350 UK) (VEGA3.TESCAN) University
of Babylon/Engineering materials/ Ceramic Department. Additionally, the
chemical composition of the elements deposited on the surface of a glass-
ceramic sample after immersing it in a SBF solution find by the means of

Energy-Dispersive X-Ray Spectroscopy (EDS).

3.5.5 Physical Characterization
The Archimedes technique (ASTM C373-88) can be used to calculate bulk
density and apparent porosity [90].

1. To make sure the sample is dry and remove moisture ,The test sample is
placed in a drying oven for 24 hours at a temperature of 120 °C, after
which the dry mass (D) is measured

2. poling the sample for 5h and let it in distilled water for 24h then measuring
the suspended mass (S),

3. The saturated mass (M) of specimen is calculated by softly blotting the
surface with a damp cotton towel to remove any surplus water .

Bulk density can be expressed as follows:

Where
B: is bulk density

Apparent porosity can be measure by use the equation 3.5

P%=ﬁ‘

2*100 .......................... 3.5
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and Firing shrinkage can be measure by use the equation 3.6 [91].

Shrinkage(%) = DlD_DZ*IOO ...................... 3.6

1
where:

D1 .diameter of sample before sintering process
D2 : diameter of the sample after sintering.
3.5.6 Mechanical Characterizations

3.5.6.1 Compression Strength

The compressive strength test is the most popular and widely used method
of describing the mechanical properties of bone to simulate the pressure to
which the bone is exposed as a result of the weight of the body itself and other
loads. Under the same circumstances, three samples are tested for each ratio.
The computerized universal testing equipment was used based on the ASTM

standard C-773. The test was carried out at a speed of 0.5 mm/min [92].

Where: a. is the compressive strength of the cylinder sample MPa
Ps is the fracture load (N)
A, is Cross-sectional area of the sample (mm?).
3.5.6.2 Vickers micro Hardness

Under the same circumstances, three samples are chosen for each batch ;
disc samples are formed in a steel die, all samples are suitably polish before
tested . In conformity with ASTM standard C1327-90, the test is conducted
using a digitally Vickers micro hardness meter (TH-717) (In the laboratories
of the Faculty of Materials Engineering/ Ceramic Department). At 1000 g;
with a dwell duration of 15 seconds .Figure 2.5 show the work of micro

hardness device.
Hv=1.854 (p/d?).cccveeenncnn., 3.8
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Where  Hv : which means Vickers hardnessin Gpa. P : load . d: The

diameter of the hole as a result of shedding the load in (un m) [ 93].

square based —
pyramidal indenter

1 - u1 =

e
e
I —_— dy

d o
) impression
sample —
(&) Vickers indentation {b) measurement of impression
diagonals

Figure 3.5 An illustration of how the device Vickers works.

3.5.6.3 Three Point Bending

The bending test is conducted after the process of molding the glass in a
rectangular shape with suitable dimensions and according to ASTMC1161
specification. After sintering at a temperature of 1000 °C, the samples are
ready for examination using the WDW-5E electronic device located in the
laboratories of the polymer department . Figure 2.6 illustration the works of
three point bending device. The bending strength is calculated as follows at a

motion of 0.5 mm/min [20]. Dimension of samples are listed in Table3.4.

_ 3PfL

Where :
or. the bending strength in megapascals. P : the fracture load in newton's

W: sample width in millimeters. t: sample thickness in millimeters
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Figure 3.6 An illustration of how the device three point bending works.

Table 3.4: Samples dimensions that were used for conducting above

gxaminations.

Test name Dimension inmm ASTM
1- compression test D=12 , H=20 C-773
2- Vickers Hardness D=12 , H=5 C1327-90

3-Three point bending L=60,W=4H=6 Cl1161
4- Density and porosity D=12,H=10 C373-88
5- Shrinkage D=16.67, H= 10

6- Biological test sample D=20, H=5

3.6 Preparation Simulation Body Fluid (SBF)
The SBF was prepared as follows [94]. and according to the components
mentioned in the Table 3.5
1. First, the bottle and other tools are wash using one molar of hydrochloric
acid and distilled water.
2. Adding 700 ml of distilled water to a 1000 ml glass container, and was

rapidly swirled with a magnetic stirrer.
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3. The raw materials used in the preparation of SBF as shown in the Table3.5
below, they are added one by one after it is completely dissolved according
to the order, It must be ensured that the temperature of the solution is set
when preparing at 37°C.

4. Another note, the pH of the solution must be set to 7.4 by adding one
mol/dm3 of HCI, as most of the additives are basics, so it causes the pH to
rise.

5. Distilled water is added to the solution until it reaches 1000 ml.

6. The resulting solution is put in a polyethylene or polystyrene bottle and
stored in the freezer at a temperature of 5_10°C.

7. This fluid has been proven to accurately mimic in vitro apatite growth on
the surfaces of various bioactive glasses and glass-ceramics in vivo.

Table 3.5 The substances involved in the preparation of a simulated solution
for body fluid [67].

NaCl 6.547
NaHCO, 2.268
KCI 0.373
MgCl,.6H,0 0.305
CaCl,.2H,0 0.368
Na,HPO,.2H,0 0.178
Na,SO, 0.071
CH,OH);CNH, 6.057

3.7 Formation of the Hydroxyapatite Layer

After preparing the SBF solution, the samples of bioactive glasses- ceramic
are immersed in it for 21 days and under standard conditions at a temperature

of 37 using incubators (blender, Germany, in the College of science
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/University of Babylon) to examine the resulting layer that formed on sample
surface , X-ray diffraction used device in addition to the scanning electron
microscope and the Energy-Dispersive Spectroscopy (EDS).
3.8 Anti- Bacterial Test

To evaluate the effect of samples made of bioactive glass-ceramic in the
media containing bacteria, the Kirby_Bauer test is conducted by using bacteria
present in urine . The basis of this test is based on the use of an agar tablet
containing bacteria, then the samples to be tested as the antibiotic are placed
in these tablets for 24 hours . The effect of the samples as an antibacterial can
be seen through forming an area in the form of a circular ring around the
sample. As the diameter of the ring increases, this means that the sample is
more effective as an antibiotic [95]. This test was carried out in the

laboratories of Al-Kifl Hospital.
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Chapter four

Results and discussion
This chapter will present the results obtained after preparing bioactive glass/

Glass.ceramic and explain physical, mechanical and biological examinations .

4.1 The result of the X-ray analysis for the primary powders

The materials used in the preparation of the bioactive glass-ceramic must be
examined and ensured of their chemical formula and that they are free from other
impurities. This process is carried out using x-ray diffraction. We notice the
analysis of silica In the Figure 4.1 as it appears in a random phase. In Figure 4.2
the result analysis is CaCO; agree with Card No .01-086-2334.In Figure 4.3 the
result analysis is Na,CO; agree with Card No .01-086-0287.In Figure 4.3 the
result analysis is P,Os agree with Card No 01-085-1120.In Figure 4.3 the result
analysis is K,CO agree with Card No, 00-049-1093.In Figure 4.3 the result
analysis is V,0s agree with Card No .01-089-0611.

Counts

200
100 \
L I ey B s B ey B e e

04+ T
20 30 40 50 60
Position [°2Theta] (Copper (Cu))

Figure 4.1:X.ray analysis of silicon dioxide.
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Figure 4.2: X-rays analysis of calcium carbonate.
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Figure 4.3: X-rays analysis of sodium carbonate.
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Figure 4.4: X-rays analysis of phosphorous pent oxide.
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Figure 4.5: X-rays analysis of potassium carbonate .
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Figure 4.6: X-rays analysis of vanadium pent oxide.

4.2 Result of Particle Size Analysis

Figure (4.1)shows the result of the analysis for measuring the particle size of
the bioactive glasses-ceramic powders, Under the same conditions and
simultaneously using the laboratory mill where the particles sizes for powder
with 0% addition are(Do= 0.852,D50=4.683, Dgg=23.64) and the particle size of
sample with 10 % addition are (Dyo= 3.263,D5,=13.00, Dg¢y=25.55) , and the
particle size of sample with 15% addition are (D1o= 3.522,D50=15.72, Dgy=27.51),
the increase in granular size are noticed with the addition of this eutectic

compound and increase the hardness of bioactive glasses —ceramic .
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D10=3522
" | p50=1572

" | 080=27.51

c-
Figure .4.7: The particle size distribution of the bioactive glass-ceramic powders
(0,10.15 %) after the grinding process .

4.3 X-Rays Diffractions (XRD) Analysis

The result of the X-ray diffraction analysis of the eutectic compound as shown
in Figure(4.8) the compounds were obtained are (KVO;) agree with (JCPDS,
card No-01-070-0677 ) and (KsV304 ) agree with (JCPDS, card No 01-077-
1454), where a scanning with angle (26) from 10° to 80 ° .

After grinding the glass produced from the process of quenching the molten in
water, it was examined by X-ray device and scanned in the range from 10 ° to 60
°(2 ©), asshown in Figure(4.9), where the peaks are random due to the silica
bonds (Si — O — Si ) and sudden quenching which prevents the atoms from being
arranged in a three-dimensional manner. We notice a slight change and
crystallization of some peak slightly resulting from the addition of the eutectic
compound as shown in Figure( 4.10-4.11) and the appearance of a phase
(Na,Ca,Si,0g) which agree with (Card .No. 00-023-0670) shown in Figure(4.12).

As in Figure(4.13) scanning with angle (20) from 10° - 60 ° shows the
crystallization occurs in the glass without any addition and its transformation into

52



Chapter four Results & discussion

glass. ceramic when sintered at a temperature of 1000 °C, the main compound
are (Nay Cay Sig O1g ) Is a bio phase agree with (JCPDS, card No-01-079-1089)
.When adding the eutectic compound in the following proportions (5,10,15)% as
shown in the Figure (4.14-4.15-4.16) , its noticed an increase in the
crystallization of the glass and this is due to the presence of vanadium oxide,
which acts as a nucleation agent in glass, the main phase is the combeite (Na; Cay4
( Sig Ozg ) which is a bio phase agree with card number (01-079-1089) and (
K5V30s5) agree with (JCPDS, card No-01-080-0686) which is a powders coupled
with increase in the crystallization rate . it's also noticed a decrease in the
intensity of the main beak with the increase in the percentage of adding the
eutectic compound to the glass until it reaches the most low with addition ratio
15%, as in Figure(4.16) . By using the Scherrer equation from (high score plus)
program to calculate the crystal size, the results were (56.5, 69.7, 75.45 ) nm,
notice an increase in size with the addition of the compound due to the effect of
vanadium oxide who works as a catalyst for nucleation at low temperature from

early time .
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Figure .4.8: X-ray diffraction analysis of eutectic component ( KsV30.0+ KVO3).
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Figure 4.9: X.ray analyses of bioactive glass sample (A) .
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Figure 4.10: X.ray analyses of bioactive glass sample (B).
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Figure 4.11: X.ray analyses of bioactive glass sample (C).
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Figure 4.12: X-ray analyses of bioactive glass sample (D).
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Figure 4.13: X.ray analyses of bioactive glass-ceramic sample (A).
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Figure 4.14: X.ray analyses of bioactive glass-ceramic sample (B).
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Figure 4.15: X.ray analyses of bioactive glass-ceramic sample (C).

Counts
- -
+ NasCas(Sis01s) +
'K.5V3°5
200+
+ -
+ +
-
+ -
H -
+
100
-+ -—
+[+ % + —
- |1 + + + + +++
0 Il"l'llI]'l"!lf'lll"l'li"llIl'l""l["l"l‘ll'
10 20 30 40 50 60

Position [*2Theta) (Copper (Cu))

Figure 4.16: X.ray analyses of bioactive glass-ceramic sample (D).

57



Chapter four Results & discussion

4.4 Scanning Electron Microscope (SEM)

The SEM device located in the laboratories of the Faculty of Materials
Engineering/the Ceramic Department (VEG3) .was used with powerful
magnification (500X, 1KX, and 2.36KX) to analyze the fracture surface of glass-
ceramic after sintering at temperature 1000 °C. Figure (4.17-a) shows the images
of sample With a porous microstructure where the pores are connected or
permeable to the inside, they enhance the connection with living tissue by
creating a path for traveling blood and cells. Figure (4.17-b) demonstrates the
crystallization that occurred in the sample as a result of heat treatment .Figure
(4.18) shows a slight change in the structure due to the little addition.

Figure (4.19-a) at magnification of 500X shows a decrease in porosity were
found as a result of adding a compound of 10% (K5V30,0+KVO3) which leads to
Increasing the phase ( KsV30s) as shown by X-ray diffraction analysis and
Couse a high and uniform grain growth and crystallization in the structure of the
sample as can be seen in the Figure (4.19-b) , In the Figure (4.20-a) there is a
decrease in the porosity and high densification surface as a result of the increase
in the percentage of the added compound of 15%. While in Figure (4.20-b) its
noted the presence of a continuous prismatic phase throughout the sample in
addition to the crystal phase and verification due to partial melting of the sample
as a result of the approach of the sintering temperature to the melting of the

sample.
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Figure 4.17:(a ,b) SEM photo of sample (A) without replacement .
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Figure 4.18:(a ,b) SEM photo of sample (B) with replacement 5 % .
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Figure 4.19:(a ,b) SEM photo of sample (C) with 10% replacement.
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Figure 4.20:(a ,b) The SEM photo of sample (D) with 15% replacement .
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4.5 Fourier-Transform Infrared Spectroscopy

The samples' FTIR spectra were examined in the wave length range of 400 to
4000 cm™, which detects the chemical bonds and functional groups in the
substance.

Figures( 4.21) show correspondingly, the IR spectra of the bioglasses- ceramic
. The absorption bands for the silicates can be seen in the area 1033-1041 cm™
and at 995 cm™ in the spectra of the as-prepared materials. In addition there are
bands at 570 cm™ and within 788-794 cm™, which are attributed to the bending
vibration of P-O in amorphous calcium phosphate and the symmetric stretching
of the Si-O-Si bond, respectively. Additionally, a broad OH absorption band at
3330 cml and a weak adsorbed water band in the produced ceramic powder is
shown by the presence of two peaks at 2364 and 2334 cm™ attributed to the O-H
stretch vibration of hydrogen-bonded O-H groups, and a peak, at 1638 cm™
attributed to the O-H bending mode.

Carbonate group absorption is attributed to the band between 1404 and 1465
cm™. The signal at 720 cm™ reveals the existence of K,O in the glass structure of
the current series. The FTIR spectrum of pure V,0s reveals a low frequency band
about 516 cm-1, that can be ascribed to the symmetric stretching vibrations of the
V-0O-V group. Bands around 726 cm-1 and about 800 cm-1 were also seen in the
FTIR spectra of V,0s, which could have been ascribed to the asymmetric
stretching vibrations of the V-O-V group, The existence of a crystalline phase is
further supported by the FT-IR spectrum, which exhibits a peak at 524,624cm™,
corroborated by the XRD result.
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Figure 4.21: Analysis of the infrared spectrum of bioactive glasses — ceramic
samples A,B,C,D with substitution eutectic compound (5,10,15)% respectively .
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4.6 Physical Properties of Manufactured Bioactive Glass.Ceramic

Samples

Making a number of bioglass.ceramic samples and conducting physical
examinations for them gives an approximate indication of the true values of the
material as the samples manufactured with the substitution (0,5,10,15)% eutectic
component ratio gave satisfactory results as noticed there is a slight decrease in
porosity coming from the addition (KsV30,0+ KVO3) as shown in Figure (4.22) ,
The density of the sample improved after the eutectic compound was introduced
into the glass composition, and this can be seen in the Figure (4.23) ,This is due
to the fact that the density of the added oxides is higher than that of the
substituted oxides whereas the density of K,O (2.32 g/cm3) is higher than Na,O
(2.27 g/cm3) and the density of V,0s5 (3.35 g/cm3) is higher than the density of
SiO; (2.65 g/cm3) [96].

Perhaps and due to the difference in the diameters of their ionic radiuses, the
radii of ions K™ is larger than Na* [97]. and the radii of ions V" is larger than Si*
[98]. It could lead to a disturbance in the network arrangement. Since this
replacement in a glass system can result in a slight change in the physical and
mechanical properties of the glass. The nucleation and granular growth occur as a
result of the increase in vanadium oxide because it has the property of giving the
glass a high crystallization with heat.

After decreasing the melting point as a result of substitution with the eutectic
component and the sintering process for samples at a 1000 °C, which is close to
the melting point, led to the disappearance or smallness of some pores and make
the samples with high condensation , which is can be observed in the images of

the scanning electron microscope analysis.
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The substitution of oxides that have a low melting point and the formation of a
eutectic compound between them has contributed to reducing the melting point
and this is explained by the bond dissociation energies (Ey) of K,O and V,0s are
less than those of SiO, and Na,O (239, 644, 798, and 257) kJ/mol, respectively
[99]. which leads to breaking down the bonds when the temperature rises and
lower melting temperatures. When added to a material, K,O acts as a network
modifier, causing non-bridge oxygen ions and point defects, all of which weaken
the bonds as the temperature rises. Both sodium Na* and potassium K" ions have
the same charge (+1), but since the potassium ion is bigger, the electrostatic
forces of attraction in potassium oxide are weaker. As a result, less energy is
needed to separate the ions, resulting in a less endothermic enthalpy of lattice
dissociation[100].VVanadium serves as an efficient crystallization agent during the
heat treatment of glasses. Some of these reasons have led to a slight increase in

shrinkage in the manufactured samples as can see in Figure (4.24) .
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Figure 4.22 : The effect of eutectic component (KsV3;010+ KVO3) on porosity of
bioactive glasses-ceramic samples A,B,C,D.
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Figure 4.23 : The effect of eutectic component (KsV3010+ KVO3) on density of

bioactive glasses-ceramic samples A,B,C,D.
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Figure 4.24 The effect of eutectic component (K5V30,0+ KVO3) on shrinkage of

bioactive glasses-ceramic samples A,B,C,D.
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4.7 Mechanical Properties

A clear improvement in the mechanical properties of bioactive glass-ceramic
samples with an the substitution eutectic compound (0,5 ,10,15) %, this is due to
improvement and a rise in the density of the manufactured glass-ceramic and the
diminution in its porosity ratio lead to an increase in compaction and a decrease
in areas of weakness resulting from the random distribution and irregular shape
of the pores that represent stress concentrate points, as can be seen above in the
images of the scanning electron microscope analysis.

The heat treatment of the glass, where it was sintered at a temperature of 1000
°C, led to its transformation into glass-ceramic and obtaining high crystallization
,the sintering degree approached the melting point of the samples, so there was a
closeness between the grains and partial melting, which led to high condensation.
The long-range order of the crystal can impede the crack progression and
improve the mechanical properties. Adding potassium oxide, which can give
glass more hardness .The K,O/Na,O substitution improves the chemical
durability of the glass-ceramic [53].

Incorporating vanadium oxide into the ceramics’ composition increased
mechanical strength [2]. As can see in Figure(4.25) the compression strength of
the bioactive glass- ceramic rise from 96 to 137.76 mpa when replacement with
(K5V30.0+ KVO3) compound in samples A,B,C,D. height value obtained at
substitution ratio 15% because the sintering temperature approaching the melting
point, so a slight melting occurred and prismatic phases formed as shown in the
SEM images for the sample (D). this value is more than the compression strength
of cortical bone so it can be used in application that undergo to compression load.
Ceramic materials are characterized by their hardness, and this is result from the
strength of the covalent bonds and the crystalline alignment after the thermal

treatment of the glass,
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where most of the pores have disappeared or their size is small, in Figure(2.26)
an increase in the Vickers hardness from 4.23 to 7.76 Gpa as resulted of
replacement with eutectic compound. The improvement in bending strength from
24.54 t0 32.5 mpa results from the replacement with an eutectic compound. As
shown in the Figure(2.27)It is known that ceramic materials are weak under the
influence of bending load, and when compared this value of glass-ceramic
samples with cortical bone, note that the values that have been reached are much
less than the bending strength value of bone. In the Table4.1 is a comparison

between the results obtained for glass-ceramic samples and natural bones .
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Figure4.25:The effect of eutectic component(KsV;0,0+ KVO3) on

compression strength of bioactive glasses-ceramic samples A,B,C,D.
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Figure4.26: The effect of eutectic component(KsV3;0,0+ KVO3) on Vickers

micro hardness of bioactive glasses-ceramic samples A,B,C,D -
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Figure4.27The effect of eutectic component(KsV;0,0+ KVO3) on bending

strength of bioactive glasses-ceramic samples A,B,C,D.
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Table 4.1 : Comparison of values for the physical-mechanical properties of bone

[11,21,101] and bioactive glass-ceramic samples produced.

Properties Cortical | Cancellous | Bioactive glass- ceramic

bone | bone 0% | 5% 10% | 15%
Density (g/cm®) 1.6-21 | 1.0 2451 | 2459 | 2.467 | 2.489
Porosity (%) 5-30 30-90 19.88 | 19.01 18.12 14.83
Compression strength .MPa | 100-135 | 23 96.05 | 99.75 103.98 | 137.76
Vickers hardness (Gpa) 423 | 5.07 5.75 7.76
Bending strength (Mpa) 50-150 10-20 2454 | 26.08 30.73 | 325

4.8 Biological Response of Bioactive glasses-Ceramic Samples after

Immersion in SBF

Growth of hydroxyapatite in the form of a layer on the surface of the
implanted material in the body indicates that the material is active and has the
ability to adhere to the bone tissue. The ion exchange occurred between Ca’* and
Na** from manufacturer glass.ceramic samples and H;O" in simulating fluid SBF
and breaking the silica bond Si — O — Si When immersing the samples in a
solution for 21 days at a temperature of 37°C and PH = 7.4 and after two days
emergence of a sponge-like layer that can be seen by the eye was deposited on
the surface of the sample with a percentage 10% addition , as well as a thin layer
on the sample without addition, and successively during the immersion period, a
layer was formed on all the samples. Then we carefully extract the samples from
the solution and put it in the drying oven for 48 hours at a temperature of 120 °C

the confirmation of the following tests indicates that this layer is hydroxyapatite.
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4.8.1 X-ray Diffraction Analysis of Bioactive glass-Ceramic

Samples After Immersion in SBF Solution

For the purpose of knowing the chemical composition of the sponge-like
layer formed on the samples after drying, an X-ray diffraction device was used at
scanning angle from 30 to 50 degrees for all proportions of the manufactured
samples with the eutectic compound (0,5,10,15)% respectively and as shown in
Figure 4.11, the results compound are (Cas(PO4)sOH) corresponding to the
(ICSD, Card No. 01-084-1998). ) and all peaks that belong to the metasilicates
phase was disappeared. By using the High Score analysis program, we extracted
the crystallographic parameters which is: the crystal system is hexagonal , a=
9.4166A |, b= 9.4166A, c= 6.8745A and the miller indices (h, k, 1) through the
levels of plan reflections ( 121 ),( 112 ) ,( 300 ) ( 202 ),( 002 ), ( 111 ), space
group P63/m also the density about 3.16 g/cm® and it is confirmed that is
apatite layer . Its Also noted that the intensity of the pick decreases with the

percentage of addition and reaches less level at 10% in the Figur4.30 .

_ +(Ca5(I:04)3OH)
200 - I'
H X
100 - vjl‘ ': o rl + :..I ‘
J M’W B .l*.fw«“ wa&,.md “ﬂ‘\’ MU ‘W‘M

40 50 60
Position [*2Theta] (Copper (Cu))

Figure 4.28: The X-ray diffraction analysis of bioactive glass-ceramic sample
(A) after immersion in SBF and the formation of hydroxyapatite on the outer
layer of the sample.
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Figure 4.29: The X-ray diffraction analysis of bioactive glass-ceramic sample
(B) after immersion in SBF and the formation of hydroxyapatite on the outer
layer of the sample.
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Figure 4.30: The X-ray diffraction analysis of bioactive glass-ceramic sample
(C) after immersion in SBF and the formation of hydroxyapatite on the outer
layer of the sample.
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Figure 4.31: The X-ray diffraction analysis of bioactive glass-ceramic sample
(D) after immersion in SBF and the formation of hydroxyapatite on the outer

layer of the sample.

4.8.2 SEM and EDS Analysis's of Samples after Immersion in SBF
Solution

After drying the samples, they are prepared for examination using the SEM
device (SU3500, Iran ) with high magnification power up to Nano in order to see
the changes that take place in the microstructure and morphology of the sample
and the growth of crystals on the surface resulting from the process of the
dissolution the sample in SBF solution. The formation of (Cas(PO4);OH) was
confirmed by X-ray analysis and the pictures in Figure (4.32-4.33-4.34 ) below
show the growth of the hydroxyapatite layer in the form of small balls ,Fibrous
bushes, or irregular gatherings. Through the result of the analysis of the EDS

apparatus for the glasses_ceramic samples , its noted the deposition of elements
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on the surface of the sample, as well as other elements from the SBF solution
such as Mg, CI. Can calculate the ratio of calcium to phosphorous deposited on
the samples as Ca/p = 1.86 : 1.88 : 1.07 For the percentage of addition 0 % . 10
% .15% . because of the increase in the percentage of a compound(KsV3O010+

KVO;) led to a decrease in the activity of the implanted material and a decrease

in its percentage of Ca/p .
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Figure4.32 : (a,b ,c, d )Result of analyzing bioactive glass-ceramic sample (A)

without substitution using SEM and EDS device .
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Figure4.33 : Result of analyzing bioactive glass-ceramic sample (C) with 10 %
substitution using SEM and EDS device .
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Figure 4.34 : Result of analyzing bioactive glass-ceramic sample (D) with 15%
substitution using SEM and EDS device .
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4.9 Antibacterial efficacy of bioactive glass-ceramic samples (

Kirby_Bauer test)

Three samples of bioactive glass-ceramic with dimension(H =5 mm, D
=12mm) were placed in an agar disc, and this disc contains bacteria of the
type(E-coli bacteria, Urine culture) , which are found in the vivo. After that, the
disc was placed in an incubator at a temperature of 37 °C, and after 24 hours of
cultivation, the samples were taken out of the incubator to know the effect of
bacteria on them. During the formation of a circular dark ring around the samples
with a diameter that varies according to its bactericidal effect (inhibition zone
diameter (1ZD)) . However, as can be seen in the Figure(4.35), the bioactive
glass-ceramic samples do not have a ring around them, indicating that they have a
bactericidal action, even in bioactive glass-ceramic samples that contain an
eutectic compound. Where there is no effect of vanadium oxide or potassium

oxide on this type of bacteria.

Figure4.35: Bioactive glass-ceramic Samples (A,C,D )placed in the agar disc

containing bacteria ( E- Coli).
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Chapter Five

Conclusions and recommendations

The process of manufacturing bioactive glass-ceramic with the addition of an

eutectic compound led to

1-

2-

The (KsV30.,0t KVO3) compound was obtained from finding eutectic
point between the binary system V,05 39%:K,0 61% at 501°C for 2 hours.
The melting point of the glass was decrease from 1400 °C to 1100 °C
because the effect of the substitution with the eutectic compound
(K5V30.0+ KVO,) at ratio 15 %.

In the process of sintering glass, it was found that above 600°C
crystallizes and turns into glass- ceramic , but to make the structure
cohesive and well sintered, it was sintered at a temperature of 1000°C .The
main phase formed in the glass-ceramic without substitution is (Nas;Ca,
Sig Ogg) Where was detected by X-ray diffraction analysis,with the
substitution of the eutectic compound to the mixture, it led to the
formation of a phase (Na;Ca,SigO4g) in addition to (KsV30s) in all
proportions 5%,10%,15%.

Through the results of the scanning electron microscope examination of
the samples, the highest crystallization rate was shown with the percentage
10%.

5-An improvement in the physical and mechanical properties of bioactive

glass-ceramic , where a rise in density with an increase in the percentage
of addition and a decrease in porosity led to an improvement in the
mechanical properties, as a significant increase in the compressive

strength, bending strength and Vickers micro hardness.
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Cultivation of samples in a solution of SBF that forms a layer of
hydroxyapatite on the surface of the sample after two days of immersion
on the surface of the sample with 10% substitution in also to formed a very
thin layer on the surface of the sample without additives, After a few days,
a layer formed on the surface of the other samples.

The presence of a compound (Cas(PO,4)s0OH) is detected by used X-ray for
the surface of the samples .

SEM pictures showed a good growth of hydroxyapatite on the surface of
the samples , The EDS examination of the surface of the submerged
samples showed the precipitate of calcium and phosphorus elements in a
percentage 1.86 : 1.88 : 1.07.

The samples placed in an Agar disc for the purpose of Kirby's test showed

that they were not lethal to bacteria.

5.2 Recommendations

1- Use different sintering temperatures and times, and study its effect on
the physical , mechanical and biological properties.

2-The use of other oxides with a low melting point and good properties
and the formation of a eutectic compound to reduce the melting point to a
large extent for example, boron oxide with potassium oxide.

3- Synthesis glass-ceramic scaffold with the same composition that used
in this work and increase the porosity by adding any volatile substance

without effect on structure .
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