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Abstract

Hydroxyapatite is a calcium phosphate, which in its synthetic form closely 

resembles the apatite within the hard tissues of the body such as bone, 

dentine and enamel and consequently is biocompatible in vivo.

Porous hydroxyapatite is of current interest, as the porosity will allow intimate 

ingrowth of bone leading to rapid regeneration of hard tissue. A novel route 

found for the preparation of porous hydroxyapatite has involved the use of 

reticulated foam technology. This technique has been applied in this project 

along with the addition of a glass to act as a sintering aid; to produce 

reticulated glass-reinforced hydroxyapatite foams with two different pore size 

distributions.

To produce the porous hydroxyapatite foams, hydroxyapatite slips were 

firstly optimised with an anionic deflocculant, using rheological tests and zeta 

potential measurements. The polyurethane foams were then coated with the 

slip and subsequently burnt off to leave behind reticulated ceramic foams. 

The foams were then characterised using density measurements, XRD, 

SEM, Image analysis and mechanical testing.

It was found through rheological and zeta potential measurements that the 

optimal deflocculant addition for the slips was 0.2wt%. Compression testing 

results showed that the materials exhibited properties typical of isotropic



open cellular foams and that using a glass sintering aid improved the 

mechanical properties from a compressive strength of 0.01 MPa for HA only 

to O.OSMPa with a sintering aid. The density and compressive strength was 

further enhanced by the application of additional coatings such that 

improvements from O.OSMPa with one coat to O.OSMPa with two coats were 

achieved using the optimal glass addition of 2wt%, and a sintering time of 8 

hours. The foams with the small distribution of pores and pore sizes also 

gave higher mechanical properties.

Image analysis confirmed that the structure of the polyurethane template was 

conserved during the processing procedure and that the pore size 

distribution remained the same. However, the actual pore sizes decreased 

by approximately 0.05mm during sintering.



Production and characterisation of porous hydroxyapatite 
___________________________________________________ Suzanne Calicut

Table of Contents

1. Introduction................................................................................................... 1

2. Bone............................................................................................................... 4

2.1. Introduction................................................................................................ 5

2.2. Woven and lamellar bone........................................................................ 6

2.3. Cortical and Cancellous bone..................................................................7

2.3.1. Cortical bone..................................................................................... 7

2.3.2. Cancellous bone................................................................................8

2.4. Density /Porosity of bone..........................................................................8

2.5. Mechanical properties of bone.................................................................9

2.5.1. Cortical bone..................................................................................... 9

2.5.2. Cancellous bone..............................................................................12

2.6. Bioceramics.............................................................................................14

2.7. Ideal Implant replication..........................................................................16

2.8. Characterisation of macroporosity.........................................................18

3. Hydroxyapatite............................................................................................21

3.1. Introduction..............................................................................................22

3.2. Crystal structure of hydroxyapatite........................................................23

3.3. Substitution of ions into the hydroxyapatite lattice...............................25

3.4. Preparation of hydroxyapatite................................................................ 28

3.4.1. Wet methods................................................................................... 28

3.4.2. Dry methods.................................................................................... 29

3.4.3. Hydrothermal methods...................................................................29

. Table of Contents
vi



Production and characterisation of porous hydroxyapatite
_____________________________________________________ Suzanne Calicut

3.4.4. Alkoxide method................................................................................ 30

3.5. Production of dense hydroxyapatite..................................................... 31

3.6. Production of porous hydroxyapatite.....................................................32

3.6.1. Burn out methods............................................................................32

3.6.2. Foaming Methods............................................................................34

3.6.3. Hydrothermal Exchange.................................................................35

3.6.4. Bovine Bone.................................................................................... 36

4. Rheology and Zeta Potential..................................................................... 38

4.1. Introduction..............................................................................................39

4.2. Rheological tests.................................................................................... 39

4.3. Rheological behaviour........................................................................... 40

4.3.1. Newtonian and Non-Newtonian.....................................................42

4.3.2. Time dependent effects..................................................................44

4.4. Rheology of ceramic suspensions........................................................44

4.5. Surface charge and zeta potential........................................................ 47

4.5.1. Determining the zeta potential of a system...................................48

4.6. Particle-particle interactions in hydroxyapatite..................................... 52

4.6.1. Stabilising mechanisms..................................................................53

4.6.2. Electrostatic stabilisation................................................................53

4.6.3. Steric stabilisation.......................................................................... 54

4.6.4. Electrosteric stabilisation................................................................54

4.6.5. The mechanism of the anionic deflocculant, Dispex N40............ 56

5. Sintering...................................................................................................... 59

5.1. Introduction............................................................................................ 60

Table of Contents
vii



Production and characterisation of porous hydroxyapatite 
___________________________________________________ Suzanne Calicut

5.2. Types of material transport....................................................................62

5.2.1. Surface diffusion..............................................................................62

5.2.2. Lattice diffusion...............................................................................63

5.2.3. Grain boundary diffusion................................................................63

5.2.4. Plastic flow...................................................................................... 63

5.2.5. Vapour transport..............................................................................64

5.3. Mechanisms for sintering....................................................................... 64

5.3.1. Vapour phase sintering.................................................................64

5.3.2. Solid state sintering....................................................................... 65

5.3.3. Reactive phase sintering...............................................................65

5.3.4. Liquid phase sintering...................................................................65

5.3.5. Liquid phase sintering stages........................................................66

5.3.6. Grain growth during liquid phase sintering................................... 66

5.3.7. Coarsening in liquid phase sintering............................................ 67

5.4. Factors affecting liquid phase sintering................................................67

5.4.1. Particle size.................................................................................... 67

5.4.2. Particle shape.................................................................................67

5.4.3. Amount of liquid phase..................................................................68

5.4.4. Heating and cooling rates..............................................................68

5.4.5. Temperature...................................................................................69

5.4.6. Time................................................................................................69

5.5. Sintering of hydroxyapatite.....................................................................70

5.6. Sintering of glass reinforced hydroxyapatite........................................ 73

6. Mechanical properties of ceramics........................................................... 77

Table of Contents
viii



Production and characterisation of porous hydroxyapatite 
___________________________________________________Suzanne Calicut

6.1. Introduction............................................................................................. 78

6.2. Factors affecting the mechanical properties of ceramics....................81

6.2.1. Grain size distribution.....................................................................82

6.2.2. Porosity........................................................................................... 85

6.3. Dense hydroxyapatite............................................................................ 88

6.4. Porous hydroxyapatite........................................................................... 90

7. Materials and Methods.............................................................................. 95

7.1. Rheology................................................................................................ 96

7.1.1. Preparation of slips......................................................................... 97

7.1.2. Thixotropic properties.....................................................................97

7.1.3. Flow curves.....................................................................................97

7.1.4. pH.....................................................................................................98

7.2. Zeta Potential.........................................................................................99

7.2.1. The Burton Tube............................................................................ 99

7.2.2. Electrophoresis............................................................................... 99

7.3. Precipitation of hydroxyapatite.............................................................101

7.4. Transmission Electron Microscopy (TEM)......................................... 101

7.5. Preparation of glass............................................................................. 102

7.5.1. Calculations...................................................................................102

7.5.2. Preparation....................................................................................105

7.6. Preparation of hydroxyapatite foams.................................................. 105

7.6.1. First coating...................................................................................105

7.6.2. Second coating............................................................................. 106

7.7. Preparation of glass reinforced hydroxyapatite foams...................... 107

Table of Contents
ix



Production and characterisation of porous hydroxyapatite 
___________________________________________________Suzanne Calicut

7.7.1. First coating................................................................................... 107

7.7.2. Second coating.............................................................................. 108

7.8. Firing......................................................................................................108

7.9. Differential Thermal Analysis (DTA)................................................... 109

7.10. X-Ray Diffraction (XRD)................................................................... 109

7.11. Scanning Electron Microscopy (SEM)............................................. 111

7.12. Image analysis...................................................................................I l l

7.13. Density............................................................................................... 113

7.14. Mechanical testing............................................................................116

8. Results.......................................................................................................118

8.1. Characterisation of hydroxyapatite......................................................119

8.1.1. Transmission electron microscopy (TEM).................................. 119

8.1.2. X-ray diffraction (XRD)................................................................. 122

8.1.3. Rheology........................................................................................124

8.1.4. Zeta potential................................................................................. 136

8.1.5. Characterisation of polyurethane foams......................................141

8.1.6. Image analysis.............................................................................. 143

8.2. Characterisation of ceramic foams......................................................144

8.3. Preliminary experiments.......................................................................144

8.3.1. Scanning electron microscopy (SEM).........................................144

8.3.2. X-ray diffraction.............................................................................153

8.3.3. Image Analysis.............................................................................. 155

8.3.4. Density...........................................................................................157

8.3.5. Mechanical properties.................................................................. 161

Table of Contents
X



Production and characterisation of porous hydroxyapatite 
___________________________________________________ Suzanne Calicut

8.4. Main experiments / CNR and CNF/Mg Systems...............................165

8.4.1. Scanning electron microscopy (SEM).........................................165

8.4.2. X-ray Diffraction.............................................................................168

8.4.3. Density...........................................................................................170

8.4.4. Mechanical properties.................................................................. 177

9. Discussion................................................................................................. 183

9.1. Characterisation of hydroxyapatite..................................................... 184

9.1.1. Transmission Electron Microscopy (TEM) and X-ray diffraction 

184

9.1.2. Rheology........................................................................................185

9.1.3. Precipitated hydroxyapatite..........................................................189

9.1.4. Zeta potential................................................................................. 191

9.2. Characterisation of polyurethane foams.............................................195

9.2.1. Differential Thermal Analysis (DTA)............................................195

9.2.2. Scanning Electron Microscopy (SEM)........................................ 195

9.3. Characterisation of ceramic foams..................................................... 196

9.3.1. Scanning electron microscopy..................................................... 196

9.3.2. X-ray diffraction.............................................................................197

9.3.3. Image analysis..............................................................................199

9.3.4. Density.......................................................................................... 200

9.3.5. Mechanical properties..................................................................203

10. Conclusions and Future Work.................................................................208

10.1. Conclusions...................................................................................... 209

10.2. Future work....................................................................................... 211

Table of Contents
xi



Production and characterisation of porous hydroxyapatite 
___________________________________________________Suzanne Calicut

11. References................................................................................................213

12. Appendix...................................................................................................232

Table of Contents
xii



Production and characterisation of porous hydroxyapatite
Suzanne Calicut

List of figures

Figure 1.1 Diagram of woven and lamellar bone............................................... 5

Figure 2.1 Crystal structure of hydroxyapatite.................................................23

Figure 4.1 Rheological measurements............................................................ 41

Figure 4.2 Typical rheological behaviour of Newtonian fluids........................ 43

Figure 4.3 Pseudoplastic non-Newtonian behaviour...................................... 43

Figure 4.4 Overall graphs for ceramic suspension rheology..........................45

Figure 4.5 The electrical double layer diagram.............................................. 48

Figure 4.6 The Burton tube.............................................................................. 50

Figure 4.7 Velocity profile in a rectangular cell used in microelectrophoresis

...................................................................................................................... 51

Figure 4.8 Electrostatic stabilisation.................................................................53

Figure 4.9 Steric stabilisation........................................................................... 54

Figure 4.10 Electrosteric stabilisation...............................................................55

Figure 4.11 Mechanism of the anionic deflocculant, Dispex N40.................. 58

Figure 6.1 Types of stress-strain behaviour a) brittle fracture typical of 

ceramics b) Plastic deformation with no distinct yield point c) Plastic

deformation with yield point adapted from Richerson (1992)..................79

Figure 6.2 Schematic diagram showing the three different types of force....80

Figure 6.3 Stress-strain relationship of an elastic brittle foam.......................92

Figure 7.1 Overhead transparency with pores outlined................................ 112

Figure 8.1 TEM of commercially produced hydroxyapatite.......................... 120

Figure 8.2 TEM of hydroxyapatite precipitated at 60°C................................120

List of figures
xiii



Production and characterisation of porous hydroxyapatite
_____________________________________________________ Suzanne Calicut

Figure 8.3 TEM of hydroxyapatite precipitated at 80°C.................................121

Figure 8.4 Refined data set for hydroxyapatite and p-tricalcium phosphate

 122

Figure 8.5 XRD traces of commercial and precipitated hydroxyapatite 123

Figure 8.6 Thixotropy of commercial hydroxyapatite slips at 33, 37.5 and

42wt% solids concentration with no deflocculant addition..................... 125

Figure 8.7 Flow curve of a 33wt% commercial hydroxyapatite slip with

deflocculant additions at 0 and 0.19wt%.................................................126

Figure 8.8 Flow curve of a 33wt% commercial hydroxyapatite slip with

deflocculant additions at 0, 0.03 and 0.06wt%....................................... 127

Figure 8.9 Flow curve of a 33wt% commercial hydroxyapatite slip with

deflocculant additions at 0.13 and 0.19wt%............................................128

Figure 8.10 The effect of Dispex N40 additions on the viscosity of

hydroxyapatite slips with 33, 37,5 and 42wt% solids content................129

Figure 8.11 Percentage Dispex N40 addition vs. pH in a 33wt% commercial

hydroxyapatite slip.................................................................................... 130

Figure 8.12 Rheological behaviour of a 33wt% slip with a Owt% addition of

Dispex N40................................................................................................. 132

Figure 8.13 Rheological behaviour of a 33wt% slip with a 0.06wt% addition of

Dispex N40................................................................................................. 133

Figure 8.14 Rheological behaviour of a 33wt% slip with a 0.13wt% addition of

Dispex N40................................................................................................. 133

Figure 8.15 Rheological behaviour of a 33wt% slip with a 0.19 wt% addition 

of Dispex N40.............................................................................................134

List of figures
xiv



Production and characterisation of porous hydroxyapatite
_____________________________________________________Suzanne Calicut

Figure 8.16 Viscosity vs. Dispex N40 addition in 33wt% commercial and

precipitated hydroxyapatite slips..............................................................135

Figure 8.17 Zeta potential vs. pH in a 33wt% slip using the Burton tube.... 136 

Figure 8.18 The effect of pH on the electrophoretic mobility of commercial

hydroxyapatite.......................................................................................... 137

Figure 8.19 The effect of Dispex N40 additions on the electrophoretic

mobility of commercial hydroxyapatite..................................................... 139

Figure 8.20 Effect of Dispex N40 additions on the electrophoretic mobility of

commercially produced and precipitated hydroxyapatite....................... 140

Figure 8.21 Tg curve for 60 ppi foam.............................................................141

Figure 8.22 SEM of polyurethane foam......................................................... 142

Figure 8.23 ECD distributions of 45 and 60 ppi polyurethane foams 143

Figure 8.24 45 ppi hydroxyapatite foam that was dipped once in the

hydroxyapatite slip and the fired...............................................................145

Figure 8.25 45 ppi hydroxyapatite foam that was dipped twice in

hydroxyapatite slip and then fired............................................................ 146

Figure 8.26 Microstructure of an hydroxyapatite only foam......................... 147

Figure 8.27 Microstructure of a glass reinforced hydroxyapatite foam 148

Figure 8.28 60 ppi hydroxyapatite foam that was coated and fired once ...149 

Figure 8.29 60 ppi hydroxyapatite foam that was coated and fired twice ...150 

Figure 8.30 Strut of an hydroxyapatite foam has been coated and fired twice

....................................................................................................................151

Figure 8.31 Closed porosity found within a strut of the ceramic foams that 

had been coated and fired once...............................................................152

List of figures
XV



Production and characterisation of porous hydroxyapatite
_____________________________________________________Suzanne Calicut

Figure 8.32 X-ray traces of preliminary foams coated and fired once 153

Figure 8.33 Refined data sets for glass reinforced hydroxyapatite samples

sintered between 1200 and 1350°C for 8 hours..................................... 155

Figure 8.34 ECD of 45 and 60 ppi polyurethane and ceramic foams 156

Figure 8.35 ECD of ceramic foams that have been coated and fired once and

twice............................................................................................................157

Figure 8.36 Preliminary bulk density results for 45 and 60 ppi foams 159

Figure 8.37 Preliminary bulk density results for 45 ppi foams that have been

coated once and twice...............................................................................160

Figure 8.38 Compression test of a 45 ppi ceramic foam..............................161

Figure 8.39 Preliminary experiments with 45 and 60 ppi foams that had been

coated and fired once................................................................................162

Figure 8.40 Preliminary experiments with 45 ppi foams that had been coated

and fired once and twice...........................................................................163

Figure 8.41 Effect of sintering temperature on the ultimate compressive 

strength of 45 ppi ceramic foams that have been coated and fired once

.................................................................................................................... 164

Figure 8.42 SEM of CNP 0054 foam coated twice with ceramic slip...........166

Figure 8.43 SEM of CPMg foam coated twice with ceramic slip................. 167

Figure 8.44 X-ray traces of CNP foams coated and fired once................... 168

Figure 8.45 X-ray traces of CPF/Mg foams coated and fired once..............170

Figure 8.46 Bulk Densities of 45 and 60 ppi foams that have been coated

and fired once........................................................................................... 172

List of figures
xvi



Production and characterisation of porous hydroxyapatite 
___________________________________________________ Suzanne Calicut

List of tables

Table 2.1 Showing the ultimate strengths of human femoral cortical bone.

Adapted from Reilly and Burnstein (1974).................................................10

Table 2.2 Values of compressive strength. Adapted from Currey (1970)..... 12

Table 2.3 Mechanical properties of human femurs. Adapted from Ravaglioli

and Krajewski (1992)...................................................................................14

Table 2.4 Types of reaction to an implant and the response of the tissue.... 15

Table 3.1 Effects of ionic substitutions in hydroxyapatite.............................. 27

Table 5.1 Different sintering mechanisms and types of material transport...61 

Table 6.1 Comparison of some ultimate strength results of hydroxyapatite

fired at increasing temperatures (Akao et al (1981))................................84

Table 6.2 Strengths of hydroxyapatite and tricalcium phosphate at 0 and

50% porosity (Metsger et al (1999))...........................................................88

Table 7.1 Glass compositions produced....................................................... 102

Table 7.2 Weight in grams of reactants and conditions required to produce 

the glasses in table 7.1 (* temperature ramped up at 100°C intervals to

avoid volatillisation of P2O5 ) ....................................................................104

Table 8.1 Particle sizes for commercial and precipitated hydroxyapatite ...123 

Table 8.2 Summary of the change in rheological properties with deflocculant

addition for the three hydroxyapatites..................................................... 132

Table 8.3 Phase element fractions of preliminary experiments.................. 153

Table 8.4 Phase element fractions of a glass reinforced hydroxyapatite 

sintered at 1200-1350°C.......................................................................... 154

List of tables
xviii



Production and characterisation of porous hydroxyapatite
_____________________________________________________ Suzanne Calicut

Table 8.5 Density measurements of foams with 1 coating........................... 158

Table 8.6 Density measurements of foams with 2 coatings........................ 159

Table 8.7 Phase element fractions of CNP system...................................... 169

Table 8.8 Phase element fractions of CPF/Mg System................................169

Table 8.9 CNP system foams that have been coated and fired once........171

Table 8.10 CNP system foams that have been coated and fired twice...... 172

Table 8.11 CPF/Mg foams that have been coated and fired once..............174

Table 8.12 CPF/Mg foams that have been coated and fired twice..............174

Table 12.1 Data for figure 8.36.......................................................................233

Table 12.2 Data for figure 8.38.......................................................................233

Table 12.3 Data for figure 8.39....................................................................... 233

Table 12.4 Data for figure 8.40.......................................................................234

Table 12.5 Data for figure 8.41.......................................................................234

Table 12.6 Data for figure 8.46.......................................................................235

Table 12.7 Data for figure 8.47.......................................................................235

Table 12.8 Data for figure 8.48.......................................................................236

Table 12.9 Data for figure 8.49.......................................................................236

Table 12.10 Data for figure 8.52.....................................................................237

Table 12.11 Data for figure 8.53.....................................................................237

Table 12.12 Data for figure 8.54.....................................................................238

Table 12.13 Data for figure 8.55.....................................................................238

List of tables
xix



Production and characterisation of porous hydroxyapatite
Suzanne Calicut

Chapter 1

1. Introduction

Introduction
1



Production and characterisation of porous hydroxyapatite 
_______________  Suzanne Calicut

Hydroxyapatite is a calcium phosphate, which in its synthetic form closely 

resembles the apatite within the hard tissues of the body such as bone, 

dentine and enamel, it is consequently biocompatable in vivo. Macroporous 

hydroxyapatite bioceramics are intended to replace current bone graft 

materials, which are mostly, derived from natural bovine (xenograft), human 

cadaver (allograft) and same patient (autograft) sources. Thomas et al 

(1999)

Allografts are becoming increasingly unpopular due to the risk of transmitting 

HIV and hepatitis and with the same reasoning xenografts from bovine bone 

are becoming unpopular because of the current concerns regarding the 

possibility of transmitting BSE prions. (The microscopic particles thought to 

be associated with the transmittance of BSE and other brain related 

diseases). Thus it is generally thought that entirely synthetic bone grafts offer 

the best possible option for a bone graft.

Porous hydroxyapatite is of current interest as the porosity can enhance 

implant fixation through the penetration of bone leading to a secure, 

mechanically stable, integrated implant. Preparation of porous 

hydroxyapatite to date has included the use of defatted and sterile bovine 

bone (Hing (1996)), the hydrothermal conversion of coral (Roy and Linneham 

(1974)), burn out (Lui (1998)) and foaming methods (Binner and Reichert 

(1996)). However, controlling the pore size and interconnectivity in the burn 

out and foaming methods and controlling impurities in bovine and coral

Introduction
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sources can pose a problem. A novel route found for the preparation of 

porous hydroxyapatite has involved the use of reticulated foam technology 

(Fabbri et al (1995)) Unfortunately porous hydroxyapatite produced this way 

has often been mechanically unstable.

It has been shown in previous research that adding a phosphate based glass 

to dense hydroxyapatite can significantly enhance its mechanical properties 

(Knowles and Bonfield (1993)). The reticulated foam technology has 

therefore been applied with the use of glass reinforced hydroxyapatite to try 

to improve the mechanical properties of hydroxyapatite only foams.

The work in this thesis, studies the optimisation of the processing techniques 

and parameters required to produce the hydroxyapatite and glass reinforced 

hydroxyapatite foams and the characterisation of the final products.

Introduction
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Chapter 2

2. Bone

Bone
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2.1. Introduction

Bone is unique in the fact that it is the only hard connective tissue in the body 

and it provides support and shape whilst at the same time providing 

protection for the major organs. In addition to this it serves as an active ion 

reservoir for maintaining physiological concentrations of Ca^^ and Mg "̂" in the 

extracellular fluid. It has a complex structure of which about 35wt% is organic 

in nature and contains the collagen fibres and proteins of the bone, the 

remaining 65% is the inorganic bone matrix containing the crystalline salts, 

which consist of mainly calcium and phosphate in the form of hydroxyapatite 

( C a io ( P 0 4 ) 6 ( O H ) 2 ) .

« . j

HC HL OC

Figure 2.1 Diagram of woven and lamellar bone.

Bone
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2.2. Woven and lamellar bone

There are two main varieties of bone, woven (coarse fibre) and lamellar (fine 

fibre) as shown in Figure 2.1. Lamellar bone on the left has interstitial (IL) 

and haversian canals (HC) to convey the blood vessels, and the osteocytes 

(0 0 ) are arranged in regular, concentric order. As seen on the right, 

relatively large and tortuous channels (VC) containing the fat, blood vessels 

and connective tissue permeate the woven bone. In woven bone the 

osteocytes (OC) are distributed haphazardly in the bone matrix.

Both lamellar and woven bone is made up of four main constituents.

^) A protein scaffold which forms the main bulk of the bone and consists 

mainly of collagen fibres.

2) Ground substance, this is an amorphous material which is apparently 

structure-less although chemically it is a protein carbohydrate complex 

that is believed to permeate the collagenous matrix enveloping the 

fibres.

3) The crystalline bone mineral, this is insoluble at body pH, it gives the 

bone its stony hardness.

4) Osteocytes (bone inhabiting cells), each of which occupies its own 

cavity or lacuna within the matrix.

Bone
6



Production and characterisation of porous hydroxyapatite
_____________________________________________________ Suzanne Calicut

2.3. Cortical and Cancellous bone

At the macroscopic level there are two main types of bone, which are 

classified according to the bone architecture. 1) Cortical bone, which 

accounts for approximately 80% of the bone in the human body. It is hard 

and compact and can be found in the shaft of long bones. 2) Cancellous or 

spongy bone, accounts for the remaining 20% of the bone found in the 

human body and as the name suggests has a sponge like architecture. 

Cancellous bone is found in the majority of long bones and at the end of the 

bone.

2.3.1. Cortical bone

Cortical bone is composed almost completely of compact lamellar bone, it 

arranges itself around a central Haversian canal, which is lined by 

osteoblastic (bone forming) cells and contains the blood vessels. These 

concentric lamellae are orientated in the long axes of the bones, forming long 

cylindrical columns, termed Haversian systems or osteons. These are 

responsible for bone remodelling (the lifelong process in which bone is 

renewed through the continuous removal of bone (bone resorption) and the 

replacement of bone by the synthesis of new bone matrix and its subsequent 

mineralisation) and vascularisation.

Bone
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2.3.2. Cancellous bone

Cancellous bone consists of a network of fine interconnecting partitions 

termed the trabeculae. In the mature skeleton the trabeculae are composed 

of lamellar bone with lamellae of mineralised collagen fibres orientated in 

parallel along the long axis of each of the trabeculae. As the trabeculae are 

thin they do not contain Haversian systems and are therefore nourished by 

surrounding vessels within heamatopoietic or fatty marrow. The trabecular 

framework can change from bone to bone and in some cases in different 

parts of the same bone, as a result of adjustments in the framework 

according to Wolff s law, which states that the structure of bone is controlled 

in part by the stresses applied to that bone. (Williams (1999)). Most of the 

bones in the human body are made up of a core of porous cancellous bone 

surrounded by a layer of compact cortical bone, which results in a lightweight 

structure that still maintains good mechanical properties.

2.4. Density /Porosity of bone.

The classification of bone into either cancellous or cortical bone is typically 

dependent on its porosity. (Carter and Hayes (1973)) Compact bone 

generally has a porosity of approximately 5-30%. The cellular structure of 

cancellous bone is made up of a series of interconnected rods or plates. A 

network of rods will produce a low-density open structure while a system 

involving more plates will be denser and have closed pores, therefore

Bone
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cancellous bone porosity can range from 30 to as much as 90%. However, 

the distinction between very porous compact bone and very dense 

cancellous bone is somewhat arbitrary. The density of normal cortical human 

bone can range from 1.7 to 2.0 g/cm  ̂ with the density of cancellous bone 

ranging from approximately 0.15 to 1.7 g/cm  ̂(Cowin (1989)). The porosity of 

normal bone tissue, both cortical and cancellous, shows an approximately 

linear relationship to the apparent density (mineralised tissue mass per total 

tissue volume) (Carter and Hayes (1973)).

2.5. Mechanical properties of bone.

The mechanical properties of bone, both cancellous and cortical, can be very 

complicated to quantify because of the many variables that can affect its 

morphology and consequently its mechanical properties. Much of the 

literature is therefore concerned with assessing the influence that these 

differences have on the mechanical properties. For example, bone is 

anisotropic in nature, it varies in properties depending on which direction it is 

tested in and the properties can be related to the microstructure of bone.

2.5.1. Cortical bone

In cortical bone, the Haversian systems are closely aligned to the longitudinal 

axis of long bones therefore acting as reinforcing fibres. This can be seen in 

the findings of Reilly and Burnstein (1974) which are summarised in Table

2.1, where it can be seen that both the compressive and tension results are

significantly higher in the longitudinal direction than in the transverse
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direction due to the reinforcing Haversian systems. It can also be noted from 

their data that the bone is stronger in compression than in tension in both 

directions.

Loading Mode Ultimate strength (MPa)

Longitudinal Tension 133

Compression 193

Transverse Tension 51

Compression 133

Table 2.1 Showing the ultimate strengths of human femoral cortical 

bone. Adapted from Reilly and Burnstein (1974)

Another variable to be considered is the age and sex from which the test 

specimens originate. Nafei et al (2000) found that the bone volume fraction, 

the mean trabecular volume, the architectural and mechanical anisotropy, 

the elastic modulus and the bone strength all increased with age but the 

connective density and ultimate strain correlated inversely with age. It has 

been shown by Smith and Walmsley (1959) that with increasing age the 

endosteal (interior) bone is more porous than the more recently formed and 

less extensively remodelled periosteal (exterior) bone and that the periosteal 

surface becomes stronger. The reported loss of bone cortical density with 

age by Nafei et al was probably due to this increase in average bone 

porosity, since bone mineralisation tends to increase with increasing age.
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Nafei et al (2000) also found that the bone volume fraction of the trabecular 

bone tissue was the main predictor of its compressive mechanical properties 

and that the effect was more profound in females than males in age groups 

of more than 50 years.

Walleyes and Smith (1970) and Currey (1970) suggest that Haversian 

systems weakened the mechanical properties of cortical bone. They found a 

35% reduction in tensile strength in completely remodelled secondary bone 

(containing 100% secondary osteons) in comparison to primary woven bone. 

The reduction in tensile strength was attributed to the deficiency of mineral in 

the more recently formed secondary bone and the Haversian systems within. 

Evans and Bang (1974) also noted this negative correlation, in ox bones 

however their findings seemed to be less significant than Currey’s. This 

could be due to the fact that the ox bones tested by Evans and Bang 

contained significantly more primary, woven bone than the human bone 

tested by Currey which is undisturbed by remodelling and therefore contains 

many fewer osteons. The distinction between human and ox bone or 

secondary and primary bone is also evident when comparing values of 

compressive strength in table 2.2 Ox bone gives significantly higher 

mechanical properties than the human bone in all directions.
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Authors Species Bone Direction Compressive 
strength (Pa)

Longitudinal 1,930

Bird et al Ox Femur Circumferential 1,550

Radial 1,370

Longitudinal 1,340

Dempter et al Human Femur Circumferential 1,080

Radial 1,200

Table 2.2 Values of compressive strength. Adapted from Currey (1970)

2.5.2. Cancellous bone

Gibson (1997) stated that cancellous bone is cellular in nature and that 

therefore its mechanical properties will reflect this and will be similar to that 

of other cellular materials such as polymeric foams. The author also stated in 

an earlier paper (Gibson (1985)), that the mechanical properties of 

cancellous bone are dependent on the relative density, cell wall properties 

and pore geometry. Carter and Hayes (1973) have suggested that although 

the microstructural material properties of cancellous bone are similar to that 

of cortical bone, the macrostructure is similar to that of open celled rigid 

plastic foams and aerated (porous) concrete, in which the apparent density is 

generally the most important factor affecting the mechanical properties.
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Cancellous bone is known to vary in density and therefore in mechanical 

properties in different locations within the bone depending on the magnitude 

of load applied (Gibson (1985)). Cancellous bone is purely elastic at low 

strains in agreement with measurements for cortical bone (Pugh et al 

(1973)), which was found to be viscoelastic in nature (Carter and Splenger 

(1978)) showing elastic mechanical behaviour at low strain rates and viscous 

mechanical behaviour at higher strain rates. Carter and Hayes (1973) found 

that when strain rates of 0.01 s and 0.1 s were applied to 100 specimens 

of human and 40 specimens of bovine trabecular bone, under uniaxial strain, 

there was a strong relationship between the ultimate compressive stress and 

apparent density, the data could be well described using a straight line with a 

slope of 2 suggesting that the ultimate compressive strength of bone, both 

bovine and human over a wide range of densities was approximately 

proportional to the square of the apparent density. As an overview, table 2.3 

shows the most characteristic values of mechanical properties reported for 

human femurs.
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Type of stress Strength (MPa)

Tensile strength 89-118

Bending strength 76

Compression strength 125-166

Torsional strength 65

Modulus of elasticity 19.5-20.5 X 10^

Table 2.3 Mechanical properties of human femurs. Adapted from 

Ravaglioll and Krajewski (1992)

2.6. Bioceramics

During the last half century, the use of ceramics has been revolutionised to 

improve the quality of life of humans through the ability to repair and 

reconstruct diseased and damaged parts of the skeletal system. Ceramics 

that are used in this way are termed bioceramics. Bioceramics can be 

produced in a variety of forms and can be single crystal (sapphire) 

polycrystalline (alumina, hydroxyapatite) glass ceramics or composites 

(polyethylene-hydroxyapatite). Bioceramics can be used in a variety of 

applications, including space filling whilst the natural repair processes restore 

function and as coatings on metallic prostheses, to defend against chemical 

attack, to separate the surrounding tissue from the implant, to avoid 

inflammation by making it biocompatible and to turn the non-bioactive
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metallic surface into a bioactive one. (Ravaglioll and Krajewski (1992)) 

Specific applications of bioceramics in the past have included total hip and 

knee replacements, maxillofacial reconstruction, augmentation and 

stabilisation of the jaw, spinal fusion and bone filling after tumour surgery.

Unfortunately, no material implanted into a living tissue is inert and any 

material implanted will elicit a response from the host tissue. The response 

will occur at the tissue-implant interface and can be classified as toxic, nearly 

inert, bioactive or resorbable and each type of tissue-interface reaction will 

directly influence the mechanism of tissue attachment. (See table 2.4) 

(Hench and Wilson (1993))

Implant-tissue
reaction

Consequence Tissue response

Toxic Tissue dies None

Biologically nearly inert

Tissue forms a non
adherent fibrous 
capsule around the 
implant

None

Bioactive
Tissue forms an 
interfacial bond with the 
implant

Tissue forms a chemical 
bond with the implant

Resorbable Tissue replaces implant None

Table 2.4 Types of reaction to an implant and the response of the tissue
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2.7. Ideal Implant replication.

By providing a bone defect with a stromal substitute or scaffold, containing 

spaces morphologically compatible with osteons and their vascular 

interconnections, a partnership between the bioceramic implant and skeletal 

regeneration may be encouraged. The interconnections in a porous implant 

can act as a pathway between the pores and when using a porous material 

as a bone substitute these interconnections can act as pathways for cells 

and vessels between pores thus encouraging bone ingrowth inside the 

implant.

Cortical (hard) bone has a parenchyma of osteons or haversian systems 

which are held together by a hard tissue stroma or interstitium. Osteons 

average 150-200pm and communicate through Volksmann canals, therefore 

an ideal cortical bone graft substitute would mimic osteon evacuated cortical 

bone and have an interconnected porous system with channels of similar 

dimensions (Lu et al (1999)). It has also been shown by Lu et al (1999), that 

human osteoblasts can penetrate interconnections of over 20nm in size and 

will colonise and proliferate inside macropores. The author found that a more 

favourable interconnection size for the ingrowth of new bone would be with 

pores of over 40pm. However, in a much cited paper by Hulbert et al (1971), 

a minimum pore size of 100pm for bone ingrowth into ceramic structures was 

suggested and was confirmed by Liu (1997) who found that macropores of 

at least 100pm were needed to host the cellular and extra-cellular
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components of bone and blood vessels and with pores of more than 200pm 

expected to be effective in osteoconduction. In the same paper Liu also 

noted that ceramics containing p-TCP gave significantly higher bone 

ingrowth and calcification than hydroxyapatite alone.

Cancellous bone is open spaced and trabecular. As with cortical bone an 

ideal bone graft substitute would mimic osteon evacuated cancellous bone 

and have a thin lattice interconnected by pores of 500-600pm. The large 

interconnected pores would permit ingrowth of fibrovascular tissue, 

differentiation of osteoblasts and apposition of new bone against the porous 

framework. However when it comes to choosing an optimum pore size for 

bone ingrowth and vascularisation for bone replacement materials, the 

literature seems to give mixed results ranging from 20pm to 500pm. For the 

tissue to remain viable and healthy within a porous implant the pores need to 

be more than 100-150pm in diameter to provide blood supply to the ingrown 

connective tissue and it has also been found that vascularised tissue was not 

found in pores less than 100pm (Hench (1991)) (Hulbert et al (1971)), (Lu et 

al (1999)).
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The general consensus in the literature is that bigger is better and the larger 

the pore size the more bone ingrowth and osteoconduction can be seen. 

Hing et al (1999) demonstrated that the rate of osseointegration was 

dependent on the apparent density of a porous hydroxyapatite as a function 

of pore connectivity and that there was a reduction in the rate of bone 

ingrowth in the higher density specimens. Unfortunately as the pore sizes 

increase the corresponding mechanical properties also decrease (Liu (1995)) 

so a compromise has to be found to achieve an implant that allows complete 

vascularisation whilst remaining mechanically stable until the bone and 

implant are integrated.

2.8. Characterisation of macroporosity

Currently there is no accepted method for characterising the macrostructure 

of porous materials. Mercury porosimetry is a common technique used to 

assess porosity, however it is limited to certain sizes and shapes of materials 

which, must have pores smaller than 300pm. Other methods of analysing the 

macrostructure of porous materials include gathering data directly from 

optical microscopes or scanning electron microscopes which can be very 

time consuming.

An alternative method utilising automated image analysis for the quantitative 

characterisation of porous biomaterials has been proposed by Shors et al 

(1987) This method involved impregnating porous hydroxyapatites prepared
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through the hydrothermal conversion of coral, in resin and polishing planar 

sections. Image analysis was then performed either directly from the 

microscope or from photographs. The authors found this an adequate 

method for characterising the porous materials and that the two preferred 

parameters evaluated were the area fraction (of solid and of voids) and 

internal perimeter of the pores. It was noted that it would be difficult to get 

sufficient numbers of image features per frame using scanning electron 

microscopy and that multiple photographs across the specimen section 

would have to be taken and analysed.

Hing (1999) used image analysis to characterise commercially produced 

porous hydroxyapatite (Endobon®). The specimens were vacuum

embedded, polished and then viewed via a scanning electron microscope or 

light microscopy, image analysis was performed on the specimens directly 

from the light microscope and from electron micrographs. The equivalent 

circular diameters of the pores were measured. However, since this 

parameter was not acceptable for elliptical or elongated pores the pore 

lengths and breadths were also measured.

Shaw (1999) also successfully characterised porous hydroxyapatite made 

from several different processing conditions including the burn out of graphite 

particles and an under sintering route. Image analysis was performed by 

tracing pores and grain sizes seen in scanning electron micrographs onto
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overhead projector acetate sheets and then using the image analysis system 

to automatically measure them using a series of pre-defined parameters.
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Chapter 3

3. Hydroxyapatite
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3.1. Introduction

Calcium hydroxyapatite, more commonly known as hydroxyapatite or the 

American version hydroxylapatite, (formula, Caio(P04)6(OH)) is a member of 

the family of apatites which also include fluorapatite (Caio(P04)6F2), 

chloroapatite (Caio(P04)6Cl2) and carbonate-apatite (Caio(P04,C03)6(OH)2). 

The Ca:P ratio for the apatites, hydroxyapatite, chloroapatite and fluorapatite 

is 1.67, which can be compared to tricalcium phosphate, Ca3(P04)2. which 

has a Ca:P ratio of 1.5 in the a, p and y form. Hydroxyapatite can be found 

naturally as a mineral, may be synthesised and is also a major constituent of 

bone. The chemical composition of synthetic hydroxyapatite closely 

resembles that of the apatite within the hard tissues within the body, such as 

bone, dentine and enamel. It has been investigated for use as a bone repair 

material for over 20 years, because of its good osteoconductive behaviour 

and its high biocompatibility (Hench (1991)).
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3.2. Crystal structure of hydroxyapatite.

All of the apatites, including hydroxyapatite have a common crystal system. It 

is hexagonal in nature thus, a=b:^c, a=p=90° and y=120°. The structure of 

hydroxyapatite belongs to the space group PSs/m indicating it has a primitive 

Bravais lattice, with a six fold axis of symmetry parallel to the c-axis, as well 

as a screw axis. M indicates that there is a mirror plane perpendicular to the 

screw and c-axis.

o O Æ  %  o #  %  o

o yt £■--^

Figure 3.1 Crystal structure of hydroxyapatite.

There are two Câ "" ion positions within the hydroxyapatite unit cell. The first, 

Ca(l) are termed columnar calcium’s as they lie at c=0 (or c=1) with the co

ordinates a=b=Vs and there are four net Ca(l) calcium’s in each unit cell. 

The second, hexagonal type of calcium, Ca(ll) are found parallel to the basal 

plane at c=^U and c=%, there are six net Ca(ll) ions per unit cell. The
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phosphate groups are located in similar arrangements to the Ca(ll) ions. As 

with the Ca(ll) ions there are six net phosphate groups per unit cell. Both the 

Ca(ll) groups and the tetrahedral phosphate groups are arranged in 

equilateral triangles around the hydroxyl ions, therefore if viewing down the c 

axis, the arrangement would be of a stack of alternating calcium and 

phosphate triangles, forming a hexagonal arrangement around the hydroxyl 

groups. The hydroxyl groups are located parallel to the c axes at the corners 

of the unit cell and there are two net hydroxyl groups per unit cell.

Channels run through the hydroxyapatite crystal, (see figure 3.1) parallel to 

the c axes and these channels are delineated by the Ca^̂  ions. 

Hydroxyapatite therefore has a large specific area for ion exchange reactions 

to take place, giving it good adsorption characteristics. When substitution for 

the different cationic and anionic groups occurs in hydroxyapatite at the 

calcium, phosphate or hydroxyl groups, the position of the neighbouring 

atoms may rearrange for steric reasons and the dimensions of the unit cell 

may change (see section 3.2.1). Parameters also affected are the 

crystallinity, solubility and thermal stability. Studies of the sintering of 

hydroxyapatite have shown that an increased sintering temperature resulted 

in an increase in the c-axis and a decrease in the a-axis leading to an overall 

cell concentration, this was attributed to dehydroxylation during sintering 

(Wang and Chaki (1993)).
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The first crystallographic analysis of hydroxyapatite was carried out by 

Posner et a! in 1958 who found that the crystal structure of fluorapatite was 

the same as that of hydroxyapatite with the hydroxyl groups in 

hydroxyapatite being replaced with fluoride groups. He also defined the 

lattice parameters of hydroxyapatite as a=b=0.9432nm and c=0.6881nm

3.3. Substitution of ions into the hydroxyapatite iattice

There are two types of carbonate substitution that can occur within the 

hydroxyapatite lattice, type A and type B. Type A substitutions involve the 

linear hydroxyl groups being replaced by larger, planar carbonate groups. 

This type of substitution will cause an increase in the a-axis, a decrease in 

the c-axis and an overall decrease in crystallinity and solubility. Type B 

substitutions (proposed by Borneman-Starinkevitch (1939)) involves the 

tetrahedral phosphate groups being replaced by the smaller, planar 

carbonate groups, therefore causing a decrease in the a-axis, an increase in 

the c-axis and an overall decrease in crystallinity and solubility.

The Hydroxyl ions can also be substituted, by fluorine and chlorine ions to 

produce fluorapatite and chloroapatite. A fluorine substitution will result in a 

decrease in the a-axis whilst leaving the c-axis unchanged, it increases the 

crystallinity, stability and solubility due to denser packing of the fluorine and 

type two calcium ions. A chlorine substitution will result in an increase in the 

b-axis, which causes a loss in hexagonal symmetry, due to the alternating
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positions of the chlorine ions. The a-axis will also increase but with no 

change to the c-axis, there is no net change in crystallinity or solubility.

Substitution at the calcium site readily occurs and because of this there is 

always some degree of impurity present in hydroxyapatite, particularly when 

prepared via precipitation, due to the reagents that are added to sustain pH 

levels. (Posner (1969)) See table 3.1 for possible substitutions. Berry (1968) 

concluded that hydroxyapatite could not be made calcium deficient, without 

the loss of the apatite structure as was previously thought, but that 

hydroxyapatite would decompose to TCP structures through the equation

3.1.

C aio (P 04)6 (O H )2  2C a3 (P 04 )2  +  C a4P20g + H 2O

Equation 3.1
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Substituting ions Ionic radii (nm) a-axis (nm) c-axis (nm) Crystallinity

HYDROXYAPATITE
(Ca^\PO/',OH) (0.099;0.154;0.097) 0.943 0.688

Lead, Pb for Ca^* 0.120 t t i

Sodium, Na* for Ca^* 0.097 — — —

Potassium, K"’ for Ca^* 0.133 — — —

Magnesium, Mg^* for Ca^* 0.066 i i i

Aluminium, Al *̂ for Câ ^ 0.051 t t i

Fluoride, F' for OH' 0.136 i — t

Chloride, 01' for OH' 0.181 t ; —

Carbonate, COg '̂ for OH' t i i

Carbonate, COa '̂ for P04^ 0.131 i t i

Table 3.1 Effects of ionic substitutions in hydroxyapatite
(4- decrease Î  increase —  no change) adapted from LeGeros et al (1980).

Montel (1968) observed that by substituting carbonate into the OH- sites, the 

a and c-axes decreased. However, Roy et al (1974) found that by 

substituting COs '̂, Sr̂  ̂and N H / into the lattice, there was an increase in the 

lattice parameters. The authors concluded through infra red analysis, that the 

increase was due to carbonate ions (COs  ̂) substituting into the lattice in the 

phosphate and hydroxyl sites. Knowles et al (1996) found that by 

incorporating a glass into hydroxyapatite, no significant change was seen in
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the c-axis. However, the a-axis increased significantly to incorporate ions 

from the glass. ,

3.4. Preparation of hydroxyapatite.

There are varying methods for synthesising hydroxyapatite including, wet 

methods (solution to solid), dry methods (solid to solid), hydrothermal 

methods (solid to solid) and sol-gel methods using alkoxides (solution to 

solid). From all of these the wet method is by far the most commonly used, 

as it can produce large amounts of small crystalline hydroxyapatite powder.

3.4.1. Wet methods

There is a range of wet precipitation routes used to fabricate hydroxyapatite. 

However, the most widely used is the reaction of diammonium hydrogen 

phosphate with calcium nitrate (see equation 3.2), due to the simplicity of the 

experimental conditions, high yields and purity of the samples fabricated. 

(Narasaraju and Phebe (1996))

10Ca(NO3)2 + 6(NH4)2HP04 + 8NH4OH ^  Caio(P04)6(OH)2 + 2ONH4NO3 + 6H2O

Equation 3.2

Pal'Chik et al (1997) found that the reaction temperature, reactant 

concentration, rate of mixing of reactants and residence time can affect the 

overall structure and composition of the hydroxyapatite formed. Monoclinic
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hydroxyapatite with a space group P2i/b can also be synthesised by using 

wet methods followed by heating in air at 1473K for 1h (Ikoma et al (1999)).

3.4.2. Dry methods

Rao et al (1996) synthesised hydroxyapatite through a solid state reaction 

between commercially available TCP and calcium hydroxide in a 3:2 ratio at 

1000°C to yield pure hydroxyapatite (see equation 3.3). The lattice formed 

through solid state diffusion of the constituent ions when heated to high 

temperatures.

3Ca3(P04)2 + Ca(0H)2 Caio(P04)6(OH)2
Equation 3.3

3.4.3. Hydrothermal methods

Hydrothermal methods are used in order to achieve crystals larger than 

those obtained using average wet synthesis methods. Roy et al (1974) 

prepared hydroxyapatite through the hydrothermal exchange of coral to 

hydroxyapatite. (See equation 3.4) However, impurities were found in the 

final product, which were related to the impurities present in the initial coral 

source.
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lOCaCOs + 6(NH4)2HP04 + 2HzO ^  Ca(P04)6(OH)2 + 6(NH4)2C03 + 4H2CO3 
(Aragonite) Equation 3.4

3.4.4. Alkoxide method

Alkoxide methods are used to prepare thin membranes of polycrystalline or 

microcrystalline hydroxyapatite. Aoki (1991) produced hydroxyapatite 

through the reaction of calcium nitrate tetrahydrate and trimethylphosphate 

(see equation 3.5) The chemicals were firstly dissolved in ethanol, the 

solvent was then vaporised off leaving the mixed chemicals, which were then 

heated at 500-1000°C to produce well crystallised hydroxyapatite.

Ca(N03)2.4H20 + (CH3 0 )3P0  4- Caio(P04)6(OH)2

Equation 3.5
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3.5. Production of dense hydroxyapatite

In general dense hydroxyapatite has a maximum micro-porosity of 5vol%, 

with any micropores present in the structure generally measuring around 

1pm. The microporosity is unintentionally introduced and is dependent on 

sintering conditions such as temperature and duration of the sintering hold. 

(See sintering, Chapter 5) Clinical applications of dense hydroxyapatite can 

include the repair of bony defects, immediate tooth root replacement, 

maxillofacial reconstruction and plasma sprayed coatings for dental and 

orthopaedic implants.

Once the hydroxyapatite has been prepared from one of the aforementioned 

methods, the powder then has to be compacted and sintered. There are two 

main methods available for the compacting of powders 1 ) die pressing and 2) 

isostatic pressing (hot or cold). During die pressing the powder is poured into 

a mould and load is applied either uniaxially or biaxially depending on the 

type of press and die. Die pressing can lead to density variations in the 

finished product due to inhomogeneities in the powder fill. Large production 

runs almost always utilise die pressing and not isostatic pressing. In isostatic 

pressing the powder is poured into a rubber mould or "bag", sealed and 

placed in a fluid bath (water or oil) the bath is then placed under hydrostatic 

pressure. The pressure is evenly distributed therefore eliminating any density 

variations that may be encountered as with die pressing. The only limitation
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in the geometry of specimens produced via isostatic pressing is that of 

shaping the rubber mould.

3.6. Production of porous hydroxyapatite.

Porous hydroxyapatite is particularly interesting as an implant material due to 

the possibility of the penetration of bone tissue in order to establish direct 

anchorage of the implant. However, finding a suitable way of preparing 

idealised implants with good osteoconductive properties, complete 

interconnection of porosity and with no impurities, has been a source of 

much research. The production of porous hydroxyapatite can be divided into 

four categories

1 ) Burn out methods

2) Foaming methods

3) Hydrothermal conversion of coral

4) Bovine bone

3.6.1. Burn out methods

Tulliani et al (1999) prepared mullite foams with cell sizes of 32 and 61 pores

per inch (ppi) using reticulated foam technology, for use as filters in diesel

exhaust systems. Commercial mullite powder was used with 1wt% MgO

added as a sintering aid. The ceramic slurry was prepared at a pH of 10 with

61wt% solids content. Darvan dispersant was used to disperse the slurry at a
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concentration of 2wt%. Also 1wt% of carboxymethylcellulose and 1wt% 

poly(ethylene oxide) were added. However, SEM of the foams showed 

several classical defects that arose from this particular processing route. 

These included voids inside the struts and cracks between the pore walls 

due to the expansion difference of the polymer and the ceramic powder. This 

procedure was utilised by authors to produce reticulated porous 

hydroxyapatite via the same methodology. Fabbri et al (1995) produced a 

porous hydroxyapatite bone substitute for maxillofacial surgery with 70-80% 

porosity and a pore size distribution similar to that of natural bone, by 

impregnating cellulose spongy bodies with ceramic particles. The cellulose 

sponge was then burnt off to leave a porous hydroxyapatite structure. The 

hydroxyapatite structures formed were conceived not only as bone fillers for 

cavities, but also for use as drug dispensers and as supports to host cells to 

produce particular therapeutic agents. The materials produced satisfied 

many criteria set out by clinicians. However, some problems still need to be 

addressed such as pore size and absence of micro pores.

Lui (1998) prepared a porous hydroxyapatite through a slip casting route. A 

polymeric powder with controlled particle size was mixed with a rheologically 

optimised slip that contained fine hydroxyapatite powders, the slip containing 

the hydroxyapatite and the polymeric particles was then degassed and cast. 

The polymeric particles were subsequently burnt off leaving the porous 

hydroxyapatite ceramic behind. This method provided a good way of 

producing porous hydroxyapatite with controlled pore size, However, no
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interconnectivity could be specified. Slosarczyk et a! (1999) also produced 

porous hydroxyapatite through the burn off of particles, by using flour of grain 

sizes 0.04-0.2mm as a pore creating medium. The flour particles were mixed 

with the hydroxyapatite slip, which was subsequently isostatically pressed 

and sintered. Again this method provided a good way of producing porous 

hydroxyapatite with controlled pore size. However, no interconnectivity could 

be specified

Engin and Cuneyt Tas (1999) also produced porous hydroxyapatite through 

burn out methods. They mixed aqueous methylcellulose solutions with sub 

micron powders under ultrasonic agitation, to produce ceramic cakes. Once 

dry the methyl cellulose particles were burnt out leaving the hydroxyapatite 

behind with interconnected pores in the range of 100-250pm and an overall 

porosity of 60-90%. The amount and concentration of the methylcellulose 

added to the initial slip controlled the pore sizes.

3.6.2. Foaming Methods

Binner and Reichert (1996) produced hydroxyapatite foams with an open cell 

structure and densities of  ̂15% via a novel foaming method, using slips that

were not fully dispersed. Four processing steps were required 1) Production 

of ceramic slip 2) Foaming of the slip 3) Drying of the slip 4) Sintering. Decon 

75 was used to deagglomerate the slips and to encourage foaming. 

Reversing the flow through a Buchner funnel to bubble the hydroxyapatite
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slip before sintering was also a method used to produce foams. The optimum 

sintering temperature for all the foams produced was found to be 1350°C 

with a heating rate of 4-5°Cmin'^ The sintering temperature was held for 90 

min. The furnace was then cooled at 1°Cmin so that any thermal stresses in 

the foams were reduced. The interconnectivity and pore sizes were not 

controlled.

Shaw (1996) modified a method proposed by Ryshkewitch (1953) and 

Peelen et al (1977) which involved the foaming of ceramic slips with the use 

of H2O2. Shaw (1996) used a platinum catalyst to promote the decomposition 

of H2O2 rather than the elevated temperatures of Ryshkewitch (1953). 

Peelen et al (1997) found that larger pores were produced due to larger 

bubbles of oxygen being produced by the catalyst method. However, neither 

of the authors controlled the pore size, morphology and interconnectivity.

3.6.3. Hydrothermal Exchange

Holmes et al (1984) and Roy and Linneham (1974) produced porous 

hydroxyapatite through the hydrothermal exchange of calcium-carbonate 

corals to hydroxyapatite under conditions of lOOMPa and >250°C. (See 

equation 3.4). The coral Porites produced hydroxyapatite with a porosity of 

66%, channels of 230pm and interconnections of 190pm. The coral 

Gonlopora produced a much larger pore size ranging from 200pm to 1000pm 

(Ravaglioli and Krajewski (1992)). This method of reproduction assures
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uniform pore sizes and interconnectivity. However, impurities from the initial 

coral source were present in the porous hydroxyapatite end product.

lOCaCOa + 6(NH4)2HP04 + 2H2O ^  Ca(P04)6(0 H)z + 6(NH4)2C03 + 4H2CO3 
(Aragonite)

Equation 3.6

3.6.4. Bovine Bone

Another process used to produce porous hydroxyapatite involves the 

replication of bovine bone, bone graft materials produced this way have the 

pore morphology and interconnectivity identical to that of the original bovine 

cancellous bone. Johnson et al (2000) produced materials suitable for 

xenograft implants from bovine bone taken from abattoir waste. The bovine 

bone was subjected to huge lists of procedures before reaching a workable 

product. This included pressure cooking, defatting of the bone by immersing 

in 0.1 mol 1'̂  NaOH solution, microwave heating of the bone in water, 

refluxing in methyl acetate and finally the de-proteination of the bone by 

immersing in a solution of 5% sodium hypochlorite solution and rinsing off in 

water. The technique produced a modifiable implant for biomedical purposes 

in which the original porous architecture of the bone is retained. However this 

technique may be considered problematic due to the current concems about 

BSE and the possibility of transmitting prions (the microscopic particles 

thought to be associated with BSE and other brain related diseases). This 

concern would be eliminated by using the more lengthy methodology
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proposed by Tancred et a! (1998) who also replicated bovine bone, except 

by using wax negatives of the bone instead of the bone itself. Firstly the 

intra-trabecular matter was removed as in the previous method. The bovine 

bone was then infiltrated with wax and the inorganic bone matrix removed by 

dipping in 10% HOI. The wax negatives of the bovine bone were then 

infiltrated with aqueous hydroxyapatite and p-TCP. The wax was then burnt 

off and the ceramic sintered, leaving a ceramic replica of bovine bone.

Lin et al (1999) also used bovine bone to produce hydroxyapatite, except to 

improve its bioactivity they heated it with Na4P2O7.10H2O to produce a 

hydroxyapatite/tricalcium phosphate biphasic material.

Joschek et al (2000) tested commercially produced bovine bone (Endobon) 

and found it to have many impurities, including Ca40(P04)2, NaCaP04, CaO 

and MgO and also trace amounts of aluminium, iron, magnesium, potassium, 

silica, sodium, vanadium, zinc and possibly carbonated apatite.
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Chapter 4

4. Rheology and Zeta Potential
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4.1. Introduction

Rheology can be defined as the study of deformation and flow of matter, for 

example suspensions of solid particles in a liquid and is described 

quantitatively in terms of viscosity. It is important in many fields of science 

such as rubber, plastics, food, paint and textiles industries, it can also be 

important in biology and medicine in particular haematology. Shaw (2000)

To coat the polyurethane foams in this project, an optimised slip is needed. 

In this case, an optimised slip is one which should be well dispersed whilst at 

the same time having high solids loading and a low viscosity. To achieve 

these properties requires precise control of the inter-particle forces. This can 

be done by engineering the surface charge on the particles, resulting in 

electrostatic repulsion, or by adsorption of macromolecules onto the particle 

surfaces, resulting in steric repulsion. These properties can be investigated 

using a combination of rheological and zeta potential measurements.

4.2. Rheological tests

Rheological tests can be carried out using a variety of geometries, including

capillary flow methods where the viscosity of a liquid is determined by the

rate at which it flows through a tube when a constant pressure is applied, or

rotational methods using either concentric cylinder or cone and plate

instruments. The concentric cylinder method involves immersing a spindle of

known dimensions into a vessel of known dimensions, which holds the liquid
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or suspension to be tested. The spindle is rotated at a speed programmed by 

the operator, which in turn curls a spring within the instrument. The spring 

measures the resistance or torque experienced as it tries to rotate in the 

fluid, the torque reading is then converted via the computer’s software and 

outputted as a shear stress reading.

A cone and plate viscometer measures viscosity by placing a small sample 

of the liquid to be tested on a flat plate, which is rotated at a speed set by the 

operator. Suspended above by a sensitive spring is a cone with a very small 

taper angle which just touches the flat plate below, the viscous drag caused 

by the sample in between the cone and the plate is measured by the cone by 

means of an angle of deviation.

4.3. Rheological behaviour

When considering the rheological behaviour of a system, one of the main 

parameters that is measured is the system’s viscosity, which can be defined 

as the resistance of a liquid to flow or the internal friction of a liquid (Blair 

(1969) ). Viscosity is found by measuring the resistance to flow and dividing it 

by the known shear rate (See figure 4.1). For a given viscosity, the 

resistance to flow or “drag” is proportional to the spindle’s size and shape. 

The “drag” will increase as the spindle size and/or rotation speed increases. 

When performing rheological tests, the shear rate and shear stress are also 

measured. The shear rate is a measure of the speed at which the
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intermediate layers within a fluid move with respect to one another and is 

measured by the reciprocal second, it describes the shearing that the liquid 

experiences. Shear stress is the force per unit area required to produce the 

shearing action and is measured in dynes per square centimetre. A graph of 

the shear rate vs. the shear stress known as a flow curve can provide 

extensive information about the rheological behaviour of a fluid.

V=Velocity ^

Particles in suspension 

/
F= Force (dynes)

A=Area
(cm^) ----------------- ►

Particles in suspension 

\

X=Thickness

Stationary plate

A= Area 
(cm^)

Stationary plate

Where Shear stress = F/A (dynes/cm^)

Shear rate = v/x (sec’ )̂

Viscosity = shear stress/ shear rate (dynes sec/cm^) or (Poise) 

Figure 4.1 Rheological measurements
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4.3.1. Newtonian and Non-Newtonian

The two main categories of rheological behaviour are Newtonian and non- 

Newtonian. Newtonian fluids have straightforward rheological behaviour and 

are therefore very easy to characterise and good examples of Newtonian 

fluids are water and oils. The reason that Newtonian fluids are so easy to 

characterise is because their viscosity will remain the same at any given 

shear rate and the relationship between shear rate and shear stress is linear 

(see Figure 4.2).

Unfortunately most fluids do not exhibit Newtonian behaviour, these are 

classified as non-Newtonian and are much more difficult to predict and/or 

quantify, there are a wide range of non-Newtonian fluids and they are divided 

into sub groups, such as (I) plastic, (ii) pseudoplastic and (iii) dilatant fluids. 

For example a fluid with pseudoplastic behaviour would have a viscosity that 

decreases with increasing shear rate and its shear stress would not increase 

linearly with an increase in shear rate (see figure 4.3). Examples of 

pseudoplastic suspensions include paint, emulsions and dispersions of many 

types. A dilatant system will increase in viscosity with increasing shear rate it 

is observed frequently in clay slurries or sand/water mixtures. It is of the 

utmost importance that when comparing non-Newtonian fluids that the exact 

same experimental parameters, such as spindle size, shear rate and 

temperature are repeated between experiments to obtain data, which is 

comparable.
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Figure 4.2 Typical rheoiogical behaviour of Newtonian fluids.
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Figure 4.3 Pseudoplastic non-Newtonian behaviour.
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4.3.2. Time dependent effects

When investigating the rheological behaviour of a suspension it is also 

important to take into account the time dependent effects of thixotropy or 

rheotropy. A thixotropic fluid will decrease in viscosity with time and under 

constant shear, this can be due to particles or agglomerates settling out of 

the fluid or suspension. A rheotropic fluid acts in the opposite way and 

increases in viscosity with time and under constant shear, this can be due to 

the build up of structures within. Thixotropy and rheotropy can occur in 

combination with the rheological behaviour of plastics, pseudoplastics, and 

dilatant fluids described previously.

4.4. Rheology of ceramic suspensions

It is known that the majority of clay-water suspensions and pastes in their 

flocculated state exhibit plastic flow behaviour (Worrall (1975)) and that the 

graph of shear stress vs. shear rate will produce a curve, which does not 

pass through the origin. (See figure 4.4, plots A, B and C). The point at which 

the plot intercepts the stress axis is known as the yield stress, the value of 

stress that has to be applied before the system will flow. In contrast, a 

deflocculated clay water suspension will show Newtonian behaviour 

(Nikumbh et al (1990)), the graph of shear stress vs. shear rate will pass 

through the origin and the shear rate remains proportional to the shear stress 

(See figure 4.4, plot E).
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F) Diiatant
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Figure 4.4 Overall graphs for ceramic suspension rheology.

Powder concentration has a significant influence on the rheological 

behaviour of ceramic-water suspensions. Nikumbh et al (1990) produced

alumina slips containing 80% solids using the deflocculant Dolapix® at

0.2wt% addition. They found that with no deflocculant addition the slip 

exhibited pseudoplastic properties but at the optimal addition of deflocculant 

the slip was Newtonian in character. This was also noted for hydroxyapatite 

suspensions by Lelievre et al (1996). Gil et al (1997) also prepared slips 

using alumina and found that the as-received powder gave much higher 

viscosity measurements than that of the milled alumina, this was attributed to 

a greater degree of particle aggregation in the as-received slips. Nordstrom 

and Karlsson (1990) reached a solids concentration of 64wt% with TCP and 

Ca(0H)2 and Galassie et al (1989) prepared suspensions with 80wt%
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hydroxyapatite which had been calcined at 1000°C with Simoes et a! (1991) 

obtaining similar results. Reichert (1994) prepared a suspension of 

hydroxyapatite with 48wt% solids content using the deflocculant Decon 75 at 

a 0.048wt% addition and in some cases with the use of agar as a stabilising 

agent.

Liu (1998) found that with varying solids loading of between 10 and 15vol%, 

the hydroxyapatite slips exhibited pseudoplastic behaviour. Dispersants were 

added at a level of 0.25-0.9wt% It was found that at dispersant additions 

above the optimal of 0.9wt% the viscosity of the suspension rose again due 

to a concentration build up of cations which lead to over-flocculation.

The rheological behaviour of the above suspensions depends mainly on the 

four following factors

1 ) Viscosity of the dispersion medium

2) Particle concentration

3) Particle size and shape

4) Particle-Particle and Particle-Dispersion interactions.

The first three of the above can easily be controlled in a laboratory 

environment, therefore the last factor of particle interactions and particle 

dispersion interactions has to be addressed.

Rheology and zeta potential
46



Production and characterisation of porous hydroxyapatite
________________________________________________________ Suzanne Calicut

4.5. Surface charge and zeta potential

The nature of the surface charge on a particle can be investigated by 

studying the dependence of the electrophoretic mobility or zeta potential on 

factors such as pH, ionic strength and the addition of surface active agents 

such as the deflocculant Dispex N40. The surface charge on the exposed 

surface of a particle is balanced by ions of the opposite charge termed 

counter-ions, this layer around the particle, termed the Stern layer is 

considered to be rigidly attached to the oppositely charged particle. A diffuse 

cloud of co-ions, ions of the same charge as the particle, are distributed 

around the particle (and attached Stern layer) and are free to move around. 

The combined effect of the two layers is termed the electrical double layer. 

The slip plane can be defined as the point at which the Stern layer and the 

diffuse layer meet (see figure 4.5), the electrical potential at this junction is 

related to the mobility of the particle and is called the zeta potential. As the 

zeta potential increases in a system there will be a corresponding decrease 

in viscosity, therefore a suspension with a high zeta potential and a low 

viscosity is required to achieve an optimised slip.
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Figure 4.5 The electrical double layer diagram

4.5.1. Determining the zeta potential of a system.

There are several methods of measuring zeta potential including Electro

osmosis, streaming potential and electrophoresis. Electro-osmosis is the 

movement of a liquid relative to a stationary charged field, it can be 

measured in a closed system through a porous plug. The rate of flow is 

determined by measuring the velocity of an air bubble in a capillary tube. 

Streaming potential is the electrical field created when a liquid is made to 

flow along a charged surface; it is the opposite of electro-osmosis. 

Electrophoresis is the movement of a charged particle and attached material 

relative to a stationary liquid, by an applied electrical field. The most popular
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of the above is electrophoresis, the electric field is applied across the sample 

and the charged species move towards the oppositely charged electrode. 

The velocity of the particle is measured over a fixed distance, this parameter 

is known as the “mobility” and zeta potential can then be calculated from this 

mobility using the Helmholtz-Smoluchowski equation (equation 4.1).

Ç=
8 X so X E

Equation 4.1

Where Ç = zeta potential

E = electrostatic field 

T| = viscosity of suspending medium 

V = rate of migration 

8 = dielectric constant 

80 = permittivity of vacuum

4.5.1.1. The Burton tube.

The Burton tube is a crude method of measuring zeta potential using this 

theory, it consists of a glass u-tube with an inlet tube sealed to the middle. 

An electrode is placed in each limb of the u-tube and the tube filled half way 

with the solutions to be measured, half way with water. (See figure 4.6) An 

electrostatic field is then applied and the suspension will move towards either 

the positive or the negative electrode accordingly, the movement is
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measured in mm against time and the information fed into the Helmholtz- 

Smoluchowski equation (see equation 4.1) to find the zeta potential.

Electrodes

Water LJ

Suspension

Figure 4.6 The Burton tube

4.5.1.2. Electrophoresis

A second more up to date and accurate way of measuring a particle's 

mobility is through the use of micro-electrophoresis equipment. The 

electrophoretic mobility of a particle can be found by timing individual 

particles in a dilute suspension over a fixed distance normally around 100pm, 

on a calibrated eyepiece scale. The field strength is adjusted to give timings 

of approximately lOsec. Faster times induce timing errors, and slower times 

increase the unavoidable error due to Brownian motion. Electrophoretic 

measurements by the microscope method can be complicated by the 

simultaneous occurrence of electro-osmosis. The internal glass surfaces of
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the cell are usually charged, which causes an electro-osmotic flow of liquid 

near to the wall together with (since the cell is closed) a compensating return 

flow with maximum velocity at the centre of the tube. This results in a 

parabolic distribution of liquid with depth, and the true electrophoretic mobility 

is only found where the electro-osmotic flow and the return flow cancel. This 

is termed the stationary level of which there are two, one by each of the cell 

walls. Timings are made at both stationary levels. By alternating the current 

from negative to positive errors due to drift (caused by leakage, convection 

or electrode polarisation) can be eliminated.

Cell wall

Electro-osmotic 

flow 

Stationary 

levels

Bulk flow

Point of observation 

Figure 4.7 Velocity profile in a rectangular ceil used in

microelectrophoresis
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4.6. Particle-particle interactions in hydroxyapatite

Provided the particles in an hydroxyapatite suspension remain as discrete 

individual units, Brownian motion (caused by molecules of the dispersion 

medium, which have a thermal motion dependent on the temperature, 

striking the hydroxyapatite particles causing them to move in a random 

manner) and diffusion (the spontaneous movement of molecules or particles 

in suspension owing to random thermal motion, to reach a uniform 

concentration throughout the solvent) will operate to counteract any 

sedimentation forces. However in hydroxyapatite suspensions short range 

Van der Waals forces operate, when the particles come into close contact 

with one another (which is very likely in a high solids content slip), therefore 

causing aggregation and an increase in suspension viscosity. The 

aggregates will then behave as single large particles, sedimentation occurs 

and the system is said to be flocculated. In order to prepare stable 

hydroxyapatite suspensions repulsive forces between particles have to be 

introduced. These have to be the same range and magnitude as the 

attractive Van der Waals forces in order to prevent agglomeration.
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4.6.1. Stabilising mechanisms

There are generally 3 accepted methods of preventing aggregation, 

producing a stable suspension (Reichert (1994))

1 ) Electrostatic stabilisation

2) Steric stabilisation

3) Electrosteric stabilisation

4.6.2. Electrostatic stabilisation

Electrostatic stabilisation is the long range repulsion achieved through the 

interaction between the electrical double layers. Electrostatic forces of 

repulsion occur when charges of the same polarity build up on the particle 

surface. (See figure 4.8) These can be controlled by the pH of the 

suspension and the addition of chemicals that will supply monovalent cations 

for the particle surface to adsorb such as Na"", N H /, Lî . The like charges 

repel and particles are shielded from one another through electrostatic 

repulsion. The higher the charge on the particle the larger the repulsion and 

the better the dispersion.

+ ^ +  + ^ +

Figure 4.8 Electrostatic stabilisation
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4.6.3. Steric stabilisation

Steric stabilisation involves polymeric molecules such as anionic 

deflocculants adsorbing onto the particles in suspension. They provide a 

buffer around each particle. (See figure 4.9) One end of the chain has a 

limited solubility in the solvent and anchors to the particle, the other is 

soluble in the solvent and extends away from the particle.

X
AAATO

A A A /o f  j c W W/I
Figure 4.9 Steric stabilisation

4.6.4. Electrosteric stabilisation

A combination of the two can also occur in the case of polyelectrolyte 

dispersants such as Dolapix CE 64 (polyacrylic acid) and is termed 

electrosteric stabilisation, where suspension stability is achieved through a 

combination of steric and electrostatic stabilisation. (See figure 4.10) For 

example if the stabilising agent in a sterically stabilised suspension is ionised 

and carries charge of the same sign as that on the particles (e.g. anionic 

surfactant on a negative particle) then the electrical double layer repulsion 

will be enhanced. The deflocculant will cause displacement of the Stern
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plane away from the particle surface therefore increasing the range of double 

layer repulsion and enhancing the stability of the system.

I
“  AAA/XD I

/V W X )

Figure 4.10 Electrosteric stabilisation

Gil et al (1997) and Nunes et al (1992) found that milled alumina 

suspensions could be stabilised electrostatically by lowering the pH of the 

suspending medium. However, both authors concluded that the control of 

inter-particle forces through the addition of a deflocculant was more 

beneficial than the variation of pH alone and that the adsorption of 

polyelectrolytes modified the electrical double layer characteristics of the 

particles and interacted between them more strongly than pH.

Anionic polyelectrolyte deflocculants are often used because suspensions 

are found to be able to tolerate considerable excess without offsetting the 

deflocculating effect (Worrall (1975)). Good examples of commercial anionic 

polyelectrolyte deflocculants are Dispex N40 (sodium polyacrylate) and 

Dolapix PC67 (polyacrylic acid). Lelievre et al (1996)) tested the rheological
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behaviour of hydroxyapatite with the addition of 34 different deflocculants, 

many of which were inefficient such as sodium silicate and non-ionic 

surfactants. The most efficient was found to be an anionic polyelectrolyte. Gil 

et al (1997) tested three deflocculants, Jargon, Dolapix and Reotan on 

alumina suspensions, out of these they found Jargon to be the most effective 

with an optimal addition of 0.04wt%. They found that at high pH values the 

particle surfaces and the polyelectrolyte molecules were negatively charged 

and deflocculation occured from both steric and electrostatic effects. Nunes 

et al (1992) used Dolapix PC 67, Dolaflux B and Dolaflux SP to stabilise 

alumina suspensions and found that all of the deflocculants reduced the 

viscosity. However, after the optimal viscosity had been reached further 

additions of the deflocculant caused an increase in viscosity again due to 

overflocculation.

4.6.5. The mechanism of the anionic defloccuiant, Dispex N40.

When placed in an aqueous environment the neutral Dispex N40 dissociates 

into a polymeric anion and a sodium cation (A) (See Figure 4.11). Since the 

hydroxyapatite particles have a net positive charge, the polymeric anion is 

then attracted to the surface and interacts (B). This will happen many times 

over the surface of the particle (C). The particle is then effectively stabilised 

by the neutralising effect of +ve to -ve interaction, electrostatic repulsion 

repels the particles and steric interactions forbid particles to interact with one 

another. Due to the dipole moment in the water, it is attracted to the overall
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negative charge on the particle creating a Stern layer (D). All the mobile 

sodium cations are then attracted to the overall net anionic particle. 

Subsequently the particle that had an original diameter X, now has a 

diameter X plus the neutralising effect of the anionic polymer plus the 

electrostatic effect over the nett negativity, plus the steric effect of the 

polymer, plus the Stern water layer plus the sodium ion cloud (E) (Figure 

4.11).
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Figure 4.11 Mechanism of the anionic deflocculant, Dispex N40.
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Chapter 5

5. Sintering
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5.1. Introduction

Sintering can be defined as a thermal treatment for bonding particles into a 

coherent, predominantly solid structure via mass transport events occurring 

on an atomic scale (German (1996)). It is usually necessary for practical and 

economic reasons to produce ceramics with as high a density as possible 

using as low a temperature as possible. By controlling sintering it is possible 

to produce ceramics with a variety of microstructures and properties for 

specific applications. The bonding achieved during sintering can lead to a 

diminution of the surface area and a loss in surface energy, (German (1985)) 

where the loss of surface energy is the driving force for the mechanisms 

(Waldron (1995)). Changes that can occur to the material during sintering 

generally include changes in grain size and shape and changes in pore size 

and shape, leading to an overall elimination of porosity and therefore an 

increase in the density of the ceramic. The movement of material to the 

pores or vacancies can be achieved by several different mechanisms, all of 

which are driven by heat, with increasing temperatures giving faster 

movements. Most sintering is performed without an external pressure. 

However, for high temperature applications high densities can be obtained 

using external pressure sources, for example hot pressing and hot isostatic 

pressing (Waldron (1995)).
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Type of sintering Material transport mechanism Driving Energy

Vapour Phase Evaporation-condensation Differences in Vapour 
pressure

Solid-State Diffusion
Differences in free 
energy or chemical 
potential

Liquid Phase Viscous flow, diffusion Capillary pressure, 
surface tension

Reactive liquid Viscous flow, solution 
precipitation

Capillary pressure, 
surface tension

Table 5.1 Different sintering mechanisms and types of materiai 

transport

Sintering can be divided into four main categories, depending on the 

particulate systems involved. These are summarised in Table 5.1. and fully 

described in section 5.2. During each of the sintering processes there are 

three main stages that occur (see figure 5.1 ), the first or initial stage involves 

the rearrangement of the particles and the initial neck formation at the 

contact angle between the particles and during this stage there is a small 

decrease in porosity. The second or intermediate stage includes neck and or 

grain growth. The porosity in the material continues to decrease resulting in 

shrinkage and nearly all of the shrinkage that occurs during sintering occurs 

in the intermediate stage. The pores will continue to shrink as sintering 

continues until the third or final stage is reached where the pores become 

unstable along the three grain edges and pinch off to become isolated pores.
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Figure 5.1 Schematic diagram of the pore structure changes during 

sintering, starting with particles in point contact

The pore volume decreases and the pores become smoother. As pore 

spheroidation occurs, the pores are replaced by grain boundaries.(German 

(1996))

5.2. Types o f material transport

5.2.1. Surface diffusion

Surface diffusion involves the movement of atoms, one by one, from one 

surface flaw to another. This movement is thermally driven. The activation 

energy for surface diffusion is low in comparison to other material transport 

mechanisms and therefore initiates at lower temperatures. It does not 

produce any shrinkage as the centres of the particles are not moved closer 

together.
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5.2.2. Lattice diffusion

Lattice diffusion involves the motion of vacancies through a crystalline 

structure, this can happen from the neck surface to the particle interior, 

therefore depositing mass at the neck surface so no densification occurs. 

Movements can also occur from the neck surface to an inter-particle grain 

boundary, this will produce shrinkage and densification as the layer of atoms 

moves in the direction opposite to the contact between the particles, thus 

allowing the centres of the atoms to approach as the sinter bonds grow. 

Finally there is mass flow to the neck region due to vacancy concentration 

differences in the sintering microstructure.

5.2.3. Grain boundary diffusion

Grain boundary diffusion is very important to sintering densification. Grain 

boundaries are formed in the sinter bond between individual particles due to 

misaligned crystals. Mass will flow from the grain boundary to the neck 

region, further redistribution will then occur from the neck region through 

surface diffusion. Densification and shrinkage will occur as the particle 

centres move closer together.

5.2.4. Plastic flow

Plastic flow is the motion of dislocations under stress as they interact with 

vacancies during sintering to improve mass transport. Plastic flow can lead to
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densification and shrinkage as the centres of the particles move closer 

together.

5.2.5. Vapour transport

Vapour transport involves the movement of atoms from the surface of the 

material to the neck region. This mechanism is dominant in vapour phase 

sintering and is present in solid state sintering. There is a reduction in the 

surface area as bonds grow between the particles. However the centres of 

the particles do not move closer together and hence densification or 

shrinkage will not occur.

5.3. Mechanisms for sintering

5.3.1. Vapour phase sintering

Vapour phase sintering involves the evaporation and subsequent re

condensation of material, under the influence of surface curvature on vapour 

pressure, causing necks to form between particles. Smaller particles will 

provide a much greater driving force for sintering as they have higher radius 

of curvature. Vapour phase sintering increases material strength through the 

bonding of adjacent particles and the change in shape of the pores. However 

this mechanism will not result in densification or shrinkage of the specimen.
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5.3.2. Solid state sintering

Solid state sintering is one of the most commonly used sintering 

mechanisms. In solid state sintering there is no liquid phase; instead, the 

joining together of the particles and the reduction of porosity and subsequent 

increase in density of the body occurs by atomic diffusion. A common 

difficulty in solid state sintering is that coarsening may dominate the 

densification process, with the result that high densities are difficult to 

achieve.

5.3.3. Reactive phase sintering

Reactive liquid phase sintering is a variation on liquid phase sintering (see 

below, section 5.3.4). During reactive phase sintering the liquid phase 

decomposes during sintering and can in some cases, disappear completely. 

Reactive liquid phase sintering can produce materials with excellent high 

temperature properties.

5.3.4. Liquid phase sintering

During liquid phase sintering a liquid phase will coexist with a particulate 

solid at the sintering temperature. One of the main advantages of liquid 

phase sintering is that the liquid phase provides a route for faster atomic 

diffusion and overall sintering than a solid state process and there is no need 

for any external pressures to achieve compact densification. The presence of
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the liquid phase additionally reduces particle friction therefore aiding the 

rapid rearrangement of the solid particles. Disadvantages of liquid phase 

sintering include the occurrence of “slumping” or the loss of shape during 

sintering if too much liquid is formed. (German (1985))

5.3.5. Liquid phase sintering stages.

As previously mentioned there are three stages that occur during each of the 

sintering cycles, for liquid phase sintering these are:

Initial stage- rearrangement, liquid formation and spreading 

Intermediate stage - solution re-precipitation, diffusion, and grain 

growth shape accommodation

Final stage - Solid state elimination of porosity grain growth and 

contact growth.

5.3.6. Grain growth during liquid phase sintering

Grain growth takes place during liquid phase sintering, with some grains 

growing and some shrinking leading to an overall decrease in the number of 

grains. Grain growth will take place readily in single-phase materials, as it 

only involves small, localised movements of atoms. However, when another 

phase is present as in liquid phase sintering, the process is slowed down 

considerably because its constraint to the boundaries means that a large 

amount has to move for grain growth to occur (Waldron (1995)).
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5.3.7. Coarsening in liquid phase sintering

Coarsening can occur in liquid phase sintering when there is a distribution in 

grain sizes. The solubility of a grain in its surrounding liquid varies inversely 

with grain size; small grains have a higher solubility than coarse grains. The 

difference in solubility establishes a concentration gradient in the liquid. 

Material is therefore transferred from the small grains to the large grain by 

diffusion. The net result is a progressive growth of the larger grains giving 

fewer grains with larger grain size, termed coarsening (German (1985)).

5.4. Factors affecting liquid phase sintering

5.4.1. Particle size

A decrease in the particle size distribution can aid densification therefore 

giving a higher final density. During the rearrangement step, smaller particles 

improve the rate of rearrangement because of the large capillary force 

present, even though the amount of inter-particle friction has been increased 

due to the presence of more particles. Likewise in the intermediate stage a 

smaller particle can improve densification rates. However, in long cycles this 

benefit can be lost due to the coarsening described above.

5.4.2. Particle shape

The main effect of particle shape is seen in the compact of the material 

before sintering and the initial stage of rearrangement during sintering.
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Spherical particles can be undesirable because of low green densities 

achieved. However, an irregular particle will not compact well because of 

large inter-particle friction therefore leading to poor initial density (German 

(1985)).

5.4.3. Amount of liquid phase

The volume fraction of liquid present at the sintering temperature has a 

significant effect on the sintering rate and final microstructure. Features such 

as the grain size, separation between grains, continuity and grain shape 

accommodation all depend on the volume fraction of liquid. The amount of 

liquid phase present is an important parameter to quantify as it plays a role at 

every stage of the sintering cycle. In the first or initial stage the amount of 

liquid can directly influence the rate of rearrangement. In the second or 

intermediate stage the amount of liquid present will influence the 

densification and grain growth and the rate of solution re-precipitation in the 

final stage.

5.4.4. Heating and cooling rates

The heating rate can have a critical effect on liquid phase systems. In 

general faster heating is beneficial to a system but practical considerations 

such as oxide reduction, lubricant burn off and binder removal can hinder 

this. However at the same time, very slow heating can totally suppress the 

formation of a liquid due to crystallisation. During cooling, solid re-
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precipitation can occur due to the decrease in solid solubility in the liquid. 

Therefore a high cooling rate can lead to high strength materials as the 

amount of re-precipitated solid will increase the strength of a material and the 

greater the cooling rate the more the re-precipitation occurs. However, at the 

solidification temperature, rapid cooling can be harmful due to the formation 

of solidification porosity, which will weaken the final product. In practice, the 

cooling rate is not optimised but benefits may be possible from cooling rate 

control.

5.4.5. Temperature

The primary requirement with respect to temperature is the formation of a 

liquid. Sintering temperatures should be greater than the melt point of the 

phase that is to become the liquid, the higher the temperature the less 

viscous and consequently more reactive the liquid phase becomes. (Knowles 

et al (1996)) In general the optimal sintering time will decrease as the 

sintering temperature increases due to higher diffusion rates and liquid 

content. However high sintering temperatures can lead to more rapid grain 

growth and distortions in the compact due to excess liquid formation and 

micro-structural coarsening.

5.4.6. Time

The time that is required to fully sinter a material depends on the 

temperature and the amount of liquid phase present. Major densification
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generally occurs within the first 20 minutes of a sintering cycle and beyond 

60 minutes there is little densification gain. Sintering time cannot be short as 

densification will not occur but cannot be too long as excessive grain growth 

may occur, which can be detrimental to the final products mechanical 

properties.

5.5. Sintering of hydroxyapatite.

The sintering of hydroxyapatite can be hindered by two processes, 

dehydroxylation (the loss of OH- groups) to oxyhydroxyapatite at lower 

temperatures (equation 5.1, where, V=vacancy) and the decomposition of 

hydroxyapatite to TCP at elevated temperatures (equation 5.2).

C aio(P04)6(O H )2 Caio(P04)6(OH)o.50o.75Vo.75 O.75H2O

Equation 5.1

C a io (P 0 4 )6 (O H )2  2 C a 3 (P 0 4 )2  +  C a 4 P 2 0 g  +  H 2O

Equation 5.2

Rao and Boehm (1974) studied precipitated hydroxyapatite, fluorapatite and 

chloroapatite and found that a sintered density of 99% of the theoretical 

could be achieved using a sintering temperature of 1200°G. Puajindanetr 

(1992) also studied precipitated hydroxyapatite but only managed to obtain 

samples with a sintered density 98% of the theoretical using a sintering 

temperature of 1310°C. Puajindanetr concluded that precipitated 

hydroxyapatite gave greater control over powder characteristics and

Sintering
70



Production and characterisation of porous hydroxyapatite 
___________________________________________________ Suzanne Calicut

consequently sintering behaviour than commercially produced 

hydroxyapatite.

The sintering behaviour of hydroxyapatite and dicalcium phosphate were 

studied by Wang et al (1993), who found that when sintering in air the 

density, flexural strength and hardness of hydroxyapatite all increased with 

sintering temperature, up until 1150°C. After this point decomposition of the 

hydroxyapatite to the secondary phase TCP occurred, resulting in decreases 

in the density, flexural strength and hardness values. It was found that 

sintering under vacuum had a detrimental effect on the mechanical 

properties of the final specimen due to the decomposition to secondary 

phases occurring at lower temperatures. However, it was found in the same 

paper that, sintering in moisture actually increased the mechanical properties 

of hydroxyapatite reducing any dehydroxylation that occurs during sintering. 

This decomposition at relatively low temperatures is probably due to either 

impurities or non-stoichiometry.

De With et al (1981) also investigated the effects of sintering commercial 

hydroxyapatite in moist air and decomposition was not seen below 1150°C. 

However, p-TCP was seen in specimens sintered at 1150 to 1250°C and a- 

TCP was found in specimens sintered above 1250°C. The authors also 

concluded that the moist atmosphere during sintering seemed to suppress 

phase decomposition more effectively in porous compact than dense 

compacts.
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The influence of sintering temperature on the shrinkage, density and grain 

growth of hydroxyapatite at temperatures of 1000-1450°C was investigated 

by Vanianduyt et a! (1995) , they found that hydroxyapatite degraded to the 

secondary phases a and p-TCP above 1300°C. Grain sizes were also found 

to increase steadily beyond 1300°C whereas exaggerated grain growth 

(coarsening) was observed at 1450°C. However, Muralithran and Ramesh 

(2000) found that the optimum sintering temperature of cold isostatically 

pressed hydroxyapatite was 1250°C with a dwell time of 2 hours, producing a 

pure hydroxyapatite sintered product with >99% density of theoretical value. 

Sintering above this temperature caused degradation of hydroxyapatite to 

the secondary TCP phase through the elimination of the OH functional 

group.

Zhou et al (1993) found the dehydroxylation of hydroxyapatite occurred at 

sintering temperatures higher than 1200°C and they found a gradual 

increase in loss of hydroxyl ions up until 1400°C after which there was 

complete decomposition of hydroxyapatite.

Abrahams and Knowles (1994) studied the affect of sintering conditions on 

the stability of commercial hydroxyapatite at temperatures ranging from 1000 

to 1450°C with a dwell time of 1h. Decomposition to secondary phases was 

only found for samples sintered at 1450°C. However, small but significant
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decreases in the unit cell volume and hydroxyl ion channel size were noted 

in samples sintered above 1000°C, this was attributed to loss of carbonate 

from the channels within the hydroxyapatite structure.

5.6. Sintering of giass reinforced hydroxyapatite

It has been shown in previous research that the addition of a phosphate 

based glass to dense hydroxyapatite can significantly improve its mechanical 

properties (Knowles and Bonfield (1993), Knowles (1994), Santos et al 

(1994)). This is probably due to the presence of the phosphate glass which 

can cause the diminution of hydroxyl groups and hence the promotion of 

phase changes in hydroxyapatite, leading to the development of secondary 

phase tricalcium phosphate structures. The phase changes are dependent 

on sintering temperature, although the literature shows that the general 

sequence is HA ^  p-TCP -> a-TCP. Inversion to a-TCP is accompanied by 

a bigger volume change than with p-TCP therefore complete inversion to 

a-TCP has been found to weaken the structure of hydroxyapatite therefore 

reducing its flexural strength (Knowles (1994)).

Santos et al (1994) studied the influence of phosphate glasses on the 

sintering mechanism of hydroxyapatite over a range of temperatures. The 

authors found small additions of phosphate glasses were in general 

beneficial to the sintering process, to achieve fully dense materials. A strong 

chemical bond was developed between the hydroxyapatite and the
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phosphate based glass at high temperatures. The liquid phase acted on the 

hydroxyapatite by reducing the interfacial energy and promoting the kinetics 

of the sintering process through faster atomic diffusion. As a result of 

chemical reactions TCP phases were formed and porosity eliminated. There 

was also an improvement in mechanical properties at 1250°C. However, 

micro-structural coarsening took place at 1350°C, which explained the 

decrease in fracture toughness that was seen at 1350°C. No difference in 

mechanical properties was found between the 2.5 and the 5 wt% additions of 

glass. The 2.5wt% therefore seemed to be the optimal glass addition 

required to minimise the reactive liquid phase present at the grain boundary 

but at the same time be sufficient to fully sinter the hydroxyapatite.

Santos et al (1995) and Knowles and Bonfield (1993) reinforced commercial 

hydroxyapatite, by incorporating a Ca0 -Na0 -P202 glass at the grain 

boundary of hydroxyapatite to act as a liquid phase sintering aid. During 

sintering, the glasses had a melt temperature of approximately 1000°C, 

therefore at the sintering temperature of 1200-1350°C, the glass was in a 

liquid form, of a very low viscosity and consequently very reactive. It was 

found that the liquid phase glass reacted with the hydroxyapatite to cause 

elimination of OH- ions from the hydroxyapatite causing an imbalance in its 

structure, leading to phase changes and the formation of tricalcium 

phosphate. When the system cooled the authors found, through XRD 

experiments that no glassy phase was present and that it had crystallised 

out. The maximum mechanical property values were found in the materials
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sintered at 1300° and at higher temperatures abnormal grain growth 

occurred. It was also found that the presence of the liquid phase could inhibit 

grain growth of hydroxyapatite therefore creating a material with a small 

grain size and a high density. Both authors concluded that phosphate 

glasses could be incorporated into hydroxyapatite through a simple liquid 

phase sintering process and that materials produced this way, had 

significantly higher mechanical properties than those of hydroxyapatite alone. 

This was attributed to small grain sizes and therefore high densities and the 

formation of p-tricalcium phosphate.

Knowles et al (1996) also used glass as a sintering aid to improve the 

mechanical properties of hydroxyapatite. The glass promoted phase changes 

with an increase in phase changes concurring with an increase in the amount 

of glass used. It was found that the formation of secondary phases, in small 

amounts could be beneficial by inducing localised residual stresses, through 

associated volume changes. The glass also acted as a grain growth inhibitor. 

The authors found that the mechanical properties were significantly higher 

with the glass sintering aid. This was attributed to two factors 1) classical 

sintering effects and 2) phase changes. Thermal analysis was performed on 

the glasses, which were to have Tg values of around 400°C. At the sintering 

temperature of 1200-1350°C the glass was therefore in a low viscosity state 

and very reactive, causing degradation of the hydroxyapatite to the 

secondary phases. The authors concluded that the glass sintering aid 

significantly inhibited grain growth and therefore enhanced the mechanical

Sintering
75



Production and characterisation of porous hydroxyapatite 
___________________________________________________ Suzanne Calicut

properties. 1300°C was found to be the optimal sintering temperature for this 

system.

Tancred et al (1998) studied the effects of sintering hydroxyapatite with 

phosphate glass additions at 2.5, 5, 10, 25 and 50wt%. It was found that with 

glass additions less than 10wt% a dense hydroxyapatite/tricalcium 

phosphate structure was formed which had significantly higher flexural 

strength and fracture toughness properties than pure hydroxyapatite alone. It 

was found that the hydroxyapatite/tricalcium phosphate ratio was strongly 

dependent on the percentage glass addition. Higher glass additions (more 

than 10wt%) resulted in a composite containing significant amounts of p- 

tricalcium phosphate and a or p-calcium pyrophosphate whilst still having 

similar mechanical strengths to pure hydroxyapatite.

The composition of the glass added can also have a significant effect on the 

amount of decomposition of the hydroxyapatite to secondary phases and 

subsequently the mechanical properties of the final sintered ceramic. It has 

been found that as the sodium content of the glass increases the amount of 

p-tricalcium phosphate formed increases. This can be attributed to two 

factors 1) as the sodium content of the glass increases, the viscosity of the 

glass at the sintering temperature decreases 2) the reactivity of sodium.
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Chapter 6

6. Mechanical properties of ceramics
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6.1. Introduction

When evaluating the properties of a material, one of the main parameters 

investigated is often the materials mechanical properties so that the 

limitations as far as its structural applications are concerned can be 

determined.

Ceramics are in general, hard but brittle materials, which are strong in 

compression and weak in tension. They commonly fail by brittle fracture 

without exhibiting any appreciable plastic deformation (see figure 6.1). The 

failure can occur by propagation of existing cracks or flaws as small as 5- 

200)im when subjected to stress, this can be compared to metals which can 

withstand flaws of up to several millimetres without them significantly 

affecting the bulk material properties (Shaw (1999)).
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Figure 6.1 Types of stress-strain behaviour a) brittle fracture typical of 

ceramics b) Plastic deformation with no distinct yield point c) Plastic 

deformation with yield point adapted from Richerson (1992)

When testing the mechanical properties of a material there are three main 

types of stress that can be considered (see figure 6.1). 1) Tensile, this tends 

to lengthen the body to which force is applied. 2) Compressive, which tends 

to shorten the body and 3) Shear, which makes part of the body slide in a 

direction opposite to that of an adjacent part. For example in flexural and 

bending strengths, where the sample to be tested is held at either end and 

the load applied is at either one or two points in the centre producing either 3 

or 4 point bending. During mechanical testing, load is defined as the stress 

and is generally measured in MPa. The deformation is termed the strain and 

is generally measured in mm of the initial length of the specimen. In every 

material there is a region of testing where, if the stress were to be taken 

away, the strain would be reversible; this is termed the elastic region in 

which, the stress and strain are related by a simple proportionality constant. 

If, after this region, further stress is applied, the material will fail or undergo 

irreversible plastic deformation.
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Figure 6.2 Schematic diagram showing the three different types offeree

In practice, ceramics are not normally characterised using tensile tests as 

difficulties can arise with the preparation and gripping of the test piece and 

also with misalignment of the grips during testing which can lead to stress 

concentrations at surface flaws. Problems can also arise during testing of the 

flexural strength of a ceramic because of gripping problems and because 

readings will differ significantly depending on specimen size and loading 

patterns. The compressive or crushing strength is therefore a common test 

for ceramics, it is a particularly good parameter to use as many ceramics and 

especially ceramic foams are created for use in compression rather than in 

tension.
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The theoretical strength (ath) can also be calculated and is the tensile 

strength that would be required to actually break the atomic bonding within 

the material to pull the structure apart, it can be calculated using the equation 

6.1 (Richerson (1992)).

O' .u —

Equation 6.1

where E = elastic modulus 

ao = interatomic spacing 

/  = fracture surface energy

6.2. Factors affecting the mechanical properties of ceramics 

The mechanical properties of ceramics are highly dependent on the 

processing parameters used, due to the effects that they can have on the 

microstructure and macrostructure of the final product. Processing can 

influence parameters such as the grain size, the amount of porosity and the 

phase purity, all of which can affect the final mechanical properties of the 

ceramic. This is because the presence of the flaws such as pores, cracks or 

inclusions in the final sintered ceramic material can result in stress 

concentrations and ultimately failure of the structure (Vanianduyt (1995)).
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6,2.1. Grain size distribution

Orowan (1933) devised the equation 6.2 for the dependence of strength (ct)

on grain size (d) in a polycrystalline material, where K is a constant.

1
cy =  K d'2

Equation 6.2

Orowan based his work on Griffiths fracture theory (1920) that states that the 

strength of a ceramic is related to its greatest flaw size (therefore the bigger 

the flaw size the weaker the ceramic) and the effect of grain boundaries on 

crack propagation. It was proposed that grain boundaries act as a barrier to 

crack propagation as a result of the increased energy to propagate across a 

grain boundary rather than through the grain itself.

Retch (1953) developed this concept further in 1953 by considering the effect 

of the build up of dislocations at a grain boundary, where ctq is the applied 

stress required to move the dislocations across a glide plane.

a = Oq + Kd 2

Equation 6.3

Based on work on chromium chloride and thoria, Knudsen (1959) combined 

the results of Orowan and Retch and devised the equation 6.4 where p = 

fractional porosity and a and b are constants. Knudsen found the constant a 

to vary in his work from 0.2 to 0.9 depending on the material used.
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o = Kd-*.e-bP

Equation 6.4

Vanlanduyt (1995) found that in dense hydroxyapatite, the highest fracture 

toughness values were obtained with the smallest grain sizes i.e. with 

sintering at 1300°C. However the compressive stress and hardness were 

found to be at an optimum at 1400°C, this was probably due to the decrease 

of the maximum flaw size with the decreased pore size at higher 

temperatures.

Rao and Boehm (1973) synthesised hydroxyapatite, fluorapatite and 

chloroapatite and studied their compressive strengths as a function of 

density. They found that at room temperature the strength of the 

polycrystalline materials was dependent on grain size, with a finer grain size 

giving higher strength results. The compressive strength of apatites was 

found to have an exponential dependence on density. Royer et al (1993) also 

found that the flexural strength of hydroxyapatite decreased with an increase 

in grain size.

Akao et al (1981) tested polished samples of hydroxyapatite sintered 

between 1150 and 1300°C (see table 6.1 for a summary of the results). 

Mechanical properties of hydroxyapatite sintered at 1150°C (which had a 

porosity of around 20%) were very low, however they did increase with
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sintering temperatures with the maximum compressive, flexural and torsional 

strengths occurring at 1300°C. It was concluded that the flexural strengths of 

the materials tended to be controlled primarily by porosity rather than grain 

size as reported by Rao and Bohem

Temperature °C Compressive (MPa) Flexural (MPa) Torsional (MPa)
1150 308±46 61 ±8 50±7
1200 415±46 104±11 62±5
1250 465±58 106±10 75±4
1300 509±57 113±12 76±5

Table 6.1 Comparison of some ultimate strength results of 

hydroxyapatite fired at increasing temperatures (Akao et al (1981))
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6.2.2. Porosity

Pores in a ceramic can also have an affect on the mechanical behaviour 

increasing the stress due to removal of some of the load bearing material or 

stress concentration affects. Pores may also act as an integral part of flaws 

or as a source of dislocations.

Martin and Brown (1995) tested calcium deficient and carbonated 

hydroxyapatite, they found that improved mechanical properties could be 

achieved by a having a ceramic with a uniform distribution of fine porosity.

Ryshkewitch (1953) studied the influence of controlled porosity on the 

compression strength of sintered pure alumina and magnesia partially 

stabilised zirconia. Specimens with porosities ranging from 3-60% were 

prepared via a foaming technique using hydrogen peroxide. It was found that 

an increase in porosity by 10% decreased the strength of both of the 

materials by half of their initial value highlighting the catastrophic effects of 

porosity in ceramic systems.

In a discussion of Ryshkewitch’s paper on the compression strength of 

porous sintered alumina and zirconia (Ryshkewitch (1953)), Duckworth 

(1953) proposed the equation (equation 6.5) based on a combination of the 

authors' work. Duckworth found that b was the slope of the In a versus P 

curve and had a value of 7 however, the physical significance of the constant
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was unknown. Any effects due to grain size were not accounted for. The 

value also appeared to be independent of material or pore size.

a  =  C o e -b P

Equation 6.5

Where a = strength of a porous body

Go= strength of a non porous body of the same material 

P= porosity expressed as a fraction 

b= a constant

Driessen et al (1982) found the above equation also to be true for both 

apatite and p-tricalcium phosphate ceramics prepared via a foaming route 

using hydrogen peroxide and when CTq varied between 400 and BOOMPa.

Royer et al (1993) tested stoichiometric hydroxyapatite sintered at 1100°C 

and also found Ryshekwitch's equation to be true, with the strength of the 

material increasing as the porosity decreased. It was found that a material 

with CT of 11SMpa had a constant b of 0.06.
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Rice (1976) proposed a more complex model for a solid with more than 50% 

porosity

Equation 6.6

Where ct = strength of a porous body

Go= strength of a non porous body of the same material 

P= porosity expressed as a fraction 

b= a constant

Metsger et al (1999) tested specimens of hydroxyapatite and tricalcium 

phosphate which had uniform grain sizes and a unitary aspect ratio, it was 

found that specimens with 50% porosity had significantly lower compressive 

strength, toughness and Young's modulus values than a fully dense 

specimen of the same material. It was also noted that both the fully dense 

and the 50% porosity tricalcium phosphate specimens gave significantly 

better mechanical properties than the hydroxyapatite specimens with the 

equivalent porosity (see table 6.2).
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Hydroxyapatite TCP

Porosity 0% 50% 0% 50%

Compressive strength (MPa) 70 9.3 315 13

Young's modulus (GPa) 9.2 1.2 21 1.6

Toughness (J.cm"'̂ ) 0.36 0.042 2.34 0.077

Table 6.2 Strengths of hydroxyapatite and tricalcium phosphate at 0 

and 50% porosity (Metsger et al (1999)).

6.3. Dense hydroxyapatite

The mechanical properties of dense hydroxyapatite have been well 

characterised. Hydroxyapatite is generally a brittle ceramic that is strong in 

compression and weak in tension. Compressive strength results of dense 

hydroxyapatite have been reported as high as 917 MPa for a polycrystalline 

hydroxyapatite that had a density close to the theoretical value and was free 

of fine pores and secondary phases (Jarcho et al (1976)). A compressive 

strength of 798MPa was reported by De With (1981) ranging down to 

138MPa by Rao and Bohem (1974). These results can be compared to tooth 

enamel which, has a compressive strength of 384MPa and dentine which 

has a compressive strength of 295 MPa (Martin and Brown (1995)).
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De With (1981) noted that there was a linear dependency of Young’s 

Modulus and Poisson’s ratio to density for sintered hydroxyapatite from 75% 

of the theoretical density and above.

Akao et al (1981) studied the mechanical properties of hydroxyapatite 

sintered between 1150 and 1300°C for three hours. They found that the 

compressive strength of sintered hydroxyapatite was approximately 3 to 6 

times that of human cortical bone and roughly 1.5 times as strong as dentine 

and enamel. Flexural strength results also depended on porosity rather than 

grain size as proposed by Rao and Bohem (1974)).
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6.4. Porous hydroxyapatite

The mechanical properties of any foam are related to its structure and the 

properties of the material of which the cell walls are made. Important 

structural features of a foam are its relative density, the degree to which its 

cells are open or closed and the anisotropy of the foam. Crucial cell wall 

properties are the solid density, Young’s Modulus, yield strength, fracture 

strength and creep parameters of the solid material.

As mentioned previously conventional methods of mechanical testing are 

unsuitable when applied to porous materials due to the difficulties 

encountered with machining and gripping the test pieces. Compression 

testing has been successfully employed for the characterisation of 

cancellous bone and has also been adopted for the testing of porous 

hydroxyapatite.

Porosity within ceramics can be described as either micro or macro and open 

or closed. Micro porosity generally involves pores measuring 1pm and less 

and macropores as anything above that.

Gibson et al (1997) have successfully predicted the mechanical behaviour of 

cellular solids and highly porous materials, by modelling the structure as an 

elastic brittle foam (see figure 6.3). From the relationship between ultimate 

compressive strength and relative density, the foams can be classified as
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either open or closed cell models (equation 6.7). Mechanical properties of 

low-density structures such as porous ceramics and cancellous bone can 

also be modelled to their relative density by equation 6.7

o — Cl T
Equation 6.7

Where

a = Ultimate compressive strength

—  = Relative density
p *

p = Apparent density 

p*= Real density

Where X=2 in an open celled isotropic foam, and x=1 for a closed cell 

isotropic foam. Ĉ  is the proportionality constant and is dependent on the 

structure of the strut material, Whitehouse and Dyson (1974) found the 

proportionality constant to be reduced when closed porosity formed during 

processing was present within the ceramic struts.

Porous ceramics when under a compressive stress will generally deform by 

an elastic brittle mechanism (see figure 6.3).
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Linear elasticity at low strain rates is generally controlled by cell wall bending 

which is followed by a collapse plateau controlled by the brittle crushing of 

the individual cells followed by a region of densification controlled by the 

crushing of the solid cell walls, in which the stress rises steeply. Increasing 

the relative density of the foam will increase the Young’s Modulus, raise the 

plateau stress and reduce the strain at which densification starts.

Linear elastic

DensificationCollapse plateau

Q .

Strain

Figure 6.3 Stress-strain relationship of an elastic brittle foam

Liu (1997) investigated the influence of porosity and pore size on the 

compression strength of porous hydroxyapatite produced using burn out 

techniques involving polyvinyl butyral particles. The author found that the 

compressive strength correlated linearly with macropore size and that 

ceramics with smaller macropores gave higher compressive strength results 

than those with larger pores. However, Lange and Miller (1987) found the 

mechanical properties of open cell alumina and zirconia foams, fabricated
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using reticulated foam technology to be independent of cell size. They also 

found that there was a large scatter in data, which appeared to be related to 

the processing variations and defects such as cracks within the cell struts 

and specimen density variations.

Le Huec et al (1995) studied the influence of porosity on the mechanical 

strength of calcium phosphate ceramics. The samples had open porosity 

with total volumes of between 20-60% and pore sizes between 5 and 400pm. 

The authors found that there was a decrease in compressive strength with 

increased porosity, which was related to a decrease in the quantity of solid 

material present in each specimen. It was also noted that the larger pores 

had a greater influence upon the compressive strength than the micropores, 

this observation is concurrent with the findings of Griffiths (1920) on the 

rupture of ceramic materials, who found that the maximum theoretical stress 

at rupture is inversely proportional to the dimensions of the fissure. The 

authors concluded that there was a marked decrease in compressive 

strength with increased porosity and that not only total porosity but also pore 

size have to be optimised to optimise the compressive strength.

Goretta et al (1990) studied the mechanical behaviour of porous open cell 

alumina at room and at high temperatures, they found that at room 

temperature the foam's mechanical properties obeyed the relationships 

predicted by Gibson and Ashby based on failure by bending of individual 

struts. However, it was found that the fracture toughness values deviated
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from the model and these deviations were attributed to microstructural 

irregularities such as broken or spilt struts or closed cells. They also found 

that the mechanical strengths and fracture toughness values were improved 

when tested at 900°C but were significantly poorer at 1200°C, this was 

attributed to creep deformation.

Hing et al (1999) characterised porous commercially produced 

hydroxyapatite (Endobon®) in terms of its mechanical properties, macro and

microstructure. All of the specimens were found to fail in an elastic brittle 

type mechanism. However, individual specimens mechanical properties were 

highly dependent on their apparent density, this relationship between the 

strength and apparent density of isotropic specimens was best described by 

a quadratic relationship and in anisotropic specimens by a linear relationship. 

It was found that an increase in apparent density from 0.38 to 1.25g cm'  ̂

gave a corresponding increase in compressive stress from 1 to 11 MPa.
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Chapter 7

7. Materials and Methods
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7.1. Rheology

In order to optimise the hydroxyapatite suspensions, rheological tests were 

carried out on commercial hydroxyapatite (Batch P120, Plasma Biotal Ltd, 

Derbyshire, UK.) and hydroxyapatite precipitated at 60°C and 80°C (see 

section 7.3), the suspending medium in all cases was double distilled water 

(DDW) and the commercial anionic deflocculant used was Dispex N40, 

sodium polyacrylate (Allied Colloids UK.). A Brookfield digital rotating 

rheometer DVIII+ (Brookfield Engineering, Harlow, UK.) with a small sample 

adapter was used for all tests.

Two different rheological tests were carried out on the suspensions. A time 

dependent study to test the thixotropic properties of the suspensions and a 

rate dependent study to obtain flow curves so that the rheological behaviour 

of the suspensions could be established. Since for non-Newtonian systems 

the apparent viscosity also varied with shear rate, it was necessary, for the 

thixotropic tests, to choose an arbitrary shear rate at which all measurements 

were to be made. For the commercial hydroxyapatite a range of solids 

contents from 33wt% to 42wt% were investigated. The range used, was 

varied from 33wt% up to 42wt%, slips with solids content higher than this 

were not possible to measure in the rheometer without the addition of a 

deflocculant. However, for the precipitated hydroxyapatite just one solids 

concentration of 33wt% was investigated as it was a stand-alone experiment 

on hydroxyapatite that had been precipitated in the laboratory. The rheology
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of a 33wt% commercial hydroxyapatite suspension was also measured 

against pH with and without the addition of Dispex N40 at the optimal 

concentration.

7.1.1. Preparation of slips

All slips were prepared by adding the hydroxyapatite powder to be tested to 

double distilled water (DDW). If a deflocculant was used in the tests this was 

generally added to the DDW before the powder to allow it to disassociate in 

the water.

7.1.2. Thixotropic properties

The slips were prepared at the required concentrations as above and then 

stirred at a constant rate on a magnetic stirrer (Bibby, Staffordshire, UK.) for 

5 min to break down any structures and agglomerates within. They were then 

transferred to the rheometer; their viscosity and shear stress were measured 

at a constant shear rate of 50 sec against time for 60 min. The method was 

repeated for each solids concentration with deflocculant additions at 0, 0.03, 

0.06, 0.13, 0.19, and 0.25 wt%.

7.1.3. Flow curves

The slips were prepared as above (section 7.1.1) and then stirred at a 

constant rate on a magnetic stirrer for 5 min to break down any agglomerates
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and then transferred to the rheometer. The shear rate was started at 0.13 

sec"i (the lowest shear available on the machine for all 3 spindles) and then 

increased from 2.5 sec’  ̂ to 55 sec'̂  at intervals of 2.5 sec"\ Each shear rate 

was given a time lag of 1 min to establish an equilibrium before moving on to 

the next shear rate step. Measurements of shear stress vs. shear rate and 

viscosity vs. shear rate were taken to produce flow curves. The method was 

repeated for each solids concentration with increasing deflocculant additions 

at 0, 0.03, 0.06, 0.13, 0.19 and 0.25wt%

7.1.4. pH

A 33wt% commercial hydroxyapatite slip was prepared as above (section 

7.1.1) and stirred via a magnetic stirrer at a constant rate for 5 min. The pH 

of the slip was adjusted with hydrochloric acid (0.1m solution) and sodium 

hydroxide (0.1m solution) to the required level. Once the pH had stabilised, 

the slip was stirred for a further 5 min and transferred to the rheometer. Tests 

of thixotropy and flow curves were carried out at pH values between pH 3 

and pH 12. The method was then repeated for 33wt% slips that had Dispex 

N40 added at the optimal level (0.199wt%).

A 33wt% slip was prepared and Dispex N40 added with continuous stirring at 

a constant rate on a magnetic stirrer, deflocculant was added at 0, 0.03, 

0.06, 0.09, 0.13, 0.19 and 0.25wt% additions, the pH was allowed to stabilise 

after each addition of deflocculant and a pH reading taken.
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7.2. Zeta Potential

7.2.1. The Burton Tube

Preliminary experiments were carried out using the Burton tube. A 

suspension of 50wt% hydroxyapatite (HA) in DDW was prepared and its pH 

adjusted to the required level using either sodium hydroxide (0.1m) or 

Hydrochloric acid (0.1m). Water was firstly poured into the U-tube of the 

Burton tube (see figure 4.6), to a height about half way up either limb, 

keeping the inlet tube sealed. The suspension was then poured into the 

thistle funnel and the inlet tap opened slowly, so as to displace the water 

upwards gradually forming a sharp boundary between the clear water and 

the opalescent suspension below. Two platinum electrodes were then 

inserted into each limb and connected to a source of electrostatic field 

(400V). The rate of migration was measured with a millimetre scale and a 

stopwatch. Using the Helmholtz-Smoluchowski equation (equation 4.1), zeta 

potential (Q was calculated and a graph of zeta potential vs. pH was plotted

7.2.2. Electrophoresis

Electrophoresis measurements were carried out on 0.05wt% hydroxyapatite 

suspensions (P I20, Plasma Biotal Ltd, Derbyshire, UK.) using a Rank 

Brothers Micro-electrophoresis system (Rank brothers, Cambridge, UK.). 

0.05wt% solutions were used so that a good contrast could be achieved 

when viewing the particles through the microscope. The hydroxyapatite
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particles were suspended in a 0.001 mol% potassium chloride solution so as 

to maintain a constant electrical double layer thickness.

Hydroxyapatite (0.5g) and potassium chloride (0.0765g) were weighed out 

on a precision balance (Mettler Toledo, Merck, Leicestershire ,UK.) and 

placed in a II volumetric flask, which was then filled to the II mark with DDW. 

The suspension was then placed in an ultrasonic bath (Bandelin, Berlin, 

Germany) for 15 min to break up any agglomerates that might have been 

present and then stirred at a constant speed for 5 min with a magnetic stirrer. 

The pH of the suspension was adjusted with Hydrochloric acid (0.1m) and 

sodium hydroxide (0.1m) to the required levels. The suspension was then 

transferred to the rectangular cell via a plastic pipette. A voltage was applied 

to the cell from two platinum electrodes one placed in either end of the cell. It 

was varied until a reading of approximately 10pm sec'̂  was achieved so as 

to minimise any effects due to Brownian motion or timing errors, the 

movement of the particles was then measured via an eyepiece graticule in 

the microscope in pm sec'\ 20 particles were measured in each stationary 

plane, any effect is due to polarisation were minimised by reversing the 

current flow after each measurement.

The above procedure was repeated with the addition of the deflocculant, 

Dispex N40 at 0, 0.03, 0.06, 0.13, 0.19 and 0.25wt% to the initial suspension.
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7.3. Précipita tion of hydroxyapa tite.

Hydroxyapatite was prepared from solutions of calcium nitrate tetrahydrate 

(118.06g in 900ml DDW) and diammonium hydrogen phosphate (39.64g in 

1600ml DDW) both solutions were adjusted to approximately pH II with 

ammonium hydroxide. The diammonium solution was then added dropwise 

to the calcium solution (held at either 60 or 80°C). The resulting suspension 

was then left stirring on a magnetic stirrer at either 60 or 80°C for 24 h to 

allow it to mature. The resulting matured suspension was then filtered off 

using a Buchner funnel, rinsed 5 times with DDW (5 x II) and dried in a 

drying cabinet at 70°C.

7.4. Transmission Eiectron Microscopy (TEM)

A 0.5wt% hydroxyapatite suspension was prepared by dispersing 1g of 

hydroxyapatite in 50ml of DDW. The suspension was then placed in an 

ultrasonic bath for 30min in order to ensure a thorough dispersion and that 

any agglomerates present were broken down. One drop of the suspension 

was then placed on a Formvar carbon-coated copper grid and left for 1 min. 

Excess liquid was removed with filter paper and the grid left to dry for lOmin. 

The hydroxyapatite particles were then viewed under TEM (Joel 100CX) at 

an accelerating voltage of 80kV.
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7.5. Preparation of giass

NaaO
(mol%)

CaO
(mol%)

P2O5
(mol%)

CaF
(mol%)

MgO
(mol%)

CNP0100 35% 20% 45% 0% 0%

CNP0191 31% 24% 45% 0% 0%

CNP0193 27% 28% 45% 0% 0%

CNP0197 23% 32% 45% 0% 0%

CNP 0409 19% 36% 45% 0 % 0 %

CNP 0054 15% 40% 45% 0% 0%

CPF 0138 0% 21.25% 63.75% 15% 0%

CPMg0117 0% 21.25% 63.75% 0% 15%

CPMgF0112 0% 21.25% 63.75% 7.5% 7.5%

Table 7.1 Glass compositions produced

7.5.1. Calculations

The amount of reactant required for each component of each glass was 

calculated by multiplying the mol% of reactant required (see table 7.1) by the 

molar weight of that constituent and then dividing by the stoichiometric 

number (which is found by dividing the molar weight of the reaction products 

by the molecular weight of the reactant). All reagents used for the 

preparation of the glasses were purchased from BDH, UK.
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For example to make the glass CNP 100 (35% Na20, 20% CaO, 45% P2O5)

2NaH2P04 Na^C + P2O5 + 2H2O

240g 62g

0.26
142g

0.59
36g <

Reaction
equation

Molar
weight

Stoichiometric
number

Equation 7.1

2CaC03 CaO + CO2
100 56 44

0.56 0.44

P2O5 P2O5
142 142

0

Equation 7.2

Equation 7.3

Na^O - Using equation 7.1

NaH;P04U.zo

As shown in the reaction equation some of the P2O5 required is produced at 

the same time as the Na20, this can be calculated: 86.8x0.59= 51.212g 

P2O5.
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E2Q5- -  Using equation 7.2

(0.45x142), g3 g 
0

Minus the amount produced during the Na^C reaction 

63.9-51.212 = 12.688q PoOg

CaO - Using equation 7.3

NazHPO,
(9 )

CaCOa
(g)

P2O5
(g)

CaH2P04
(g)

CaF 2
(g)

MgCa
(g)

Temp
(°C)

Dwell
(h)

CNP 0100 86.8 20 12.688 0 0 0 1200 2

CNP 0191 74.5 24 19.8 0 0 0 1200 2

CNP 0193 64.88 28 25.49 0 0 0 1200 2

CNP 0197 55.27 32 31.18 0 0 0 1200 2

CNP 0409 45.66 36 36.8 0 0 0 1200 2

CNP 0054 37.2 40 41.95 0 0 0 1200 2

CPF 138 0 0 60.36 57.76 11.72 0 1000* 2

CPMg 117 0 0 60.36 57.76 0 12.67 1000* 2

CPMgP 112 0 0 60.36 57.76 5.86 6.34 1000* 2

Table 7.2 Weight in grams of reactants and conditions required to 

produce the glasses in table 7.1 (* temperature ramped up at 100°C 

intervals to avoid volatilisation of P2O5 )
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7.5.2. Preparation

The reactants were calculated as above and then weighed out on a precision 

balance (Mettler Toledo, Merck, Leicestershire, UK.) and placed in a 

platimum-7%rhodium crucible (type 71040, Johnson Matthey Herts, UK). 

Due of the hygroscopic nature of P2O5. care was taken to minimise the 

contact time with air and therefore the loss of P2O5, by weighing it out last, 

placing it into the crucible first and then putting the other chemicals above it. 

The crucible was then immediately transferred to a furnace (Carbolite, 

Sheffield, UK.) which, was preheated to the temperature shown in table 7.2 

and left for 2 hours. The high temperature ensured a very low viscosity and 

coupled with the long melt time ensured homogenisation of the melt via 

convection. Using these procedures, compositions within 1% of that 

calculated could be obtained. (Franks (2000)) The resulting molten glass was 

then poured onto a flat metal plate, covered and allowed to cool to room 

temperature. The glasses were then ground in an agate pestle and mortar.

7.6. Prépara tion of hydroxy apa tite foams.

7.6.1. First coating

Hydroxyapatite (lOOg) was milled in methanol (150ml) for 24 hours in a ball 

mill (Model2 fixed ball mill, Pascal Engineering, UK). The methanol was 

removed by drying in a drying cabinet for 24h and the resulting powder then 

sieved down to a particle size of <75|im on a sieve shaker (Fritsch, Christian
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Scientific, Gateshead, UK.). The slip that was to be used to coat the 

polyurethane foams was then prepared by dispersing the optimal 

concentration of deflocculant (0.199wt%) in DDW (10ml) and then re- 

suspending the milled and sieved hydroxyapatite at the required solids 

concentration. The polyurethane foams (Custom foams Inc, Milton Keynes, 

UK.) were then immersed in the slip and any excess removed using rollers. 

Care was taken to ensure that the foams were evenly coated giving uniform 

linking of the pores whilst leaving all of the pores open. The foam was 

allowed to dry in a drying cabinet at 60°C for 30 minutes and the coating 

process repeated. The foam was then allowed to dry for a further 24 hours in 

the drying cabinet before firing.

7.6.2. Second coating

The ceramic slip was prepared using the method above. The sintered 

ceramics were then immersed in the slip for 15 sec, allowing the slip to 

penetrate all of the pores. The ceramic foam was then removed and the 

excess slip blown off with compressed air. The ceramics were allowed to dry 

for 24 hours in a drying cabinet before firing.
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7.7. Preparation of glass reinforced hydroxyapatite foams

7.7.1. First coating

It has been shown that the optimal glass addition for the promotion of 

hydroxyapatite to p-tricalcium phosphate would be at 2wt%, (Knowles and 

Bonfield (1993) therefore 2g of the chosen glass was milled dry in a ball mill 

(Model2 fixed ball mill, Pascal engineering, UK) for 24 hours. Hydroxyapatite 

(98g) and methanol (150ml) were then added and the mixture milled for a 

further 24 hours in the ball mill. The methanol was removed by drying in a 

drying cabinet for 24h and the resulting powder then sieved down to a 

particle size of <75pm on a sieve shaker (Fritsch, Christian Scientific, 

Gateshead, UK.). The glass reinforced slip that was to be used to coat the 

polyurethane foams was then prepared by dispersing the optimal 

concentration of deflocculant (0.199wt%) in DDW (10ml) and then re- 

suspending the milled and sieved glass reinforced hydroxyapatite at the 

required solids concentration. The polyurethane foams (Custom foams Inc, 

Milton Keynes, UK.) were then immersed in the slip and any excess removed 

using rollers. Care was taken to ensure that the foams were evenly coated 

giving uniform linking of the pores whilst leaving all of the pores open. The 

foam was allowed to dry in a drying cabinet at 60°C for 30 minutes and the 

coating process repeated. The foam was then allowed to dry for a further 24 

hours in the drying cabinet before firing.
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7.7.2. Second coating

The ceramic slip was prepared using the method above. The sintered 

ceramics were then immersed in the slip for 15 sec, allowing the slip to 

penetrate all of the pores. The ceramic foam was then removed and the 

excess slip blown off with compressed air. The ceramics were allowed to dry 

for 24 hours in a drying cabinet before firing.

7.8. Firing

An initial experiment was carried out on the reticulated polyurethane foam 

using Differential Thermal Analysis (DTA) (see section 7.9) to evaluate the 

temperature at which the polyurethane foam burnt, how much of the foam 

burnt off at this temperature and to see if there were any residues. From this 

data a suitable thermal regime for the firing of the foams could be found.

The hydroxyapatite coated polyurethane foams were fired in a furnace 

(Lenton, Harborough, UK.) at 1°C/min to the burn off temperature of 600°C 

and then at 5°C/min to the sintering temperature. The dwell time at the 

sintering temperature was varied between 2 and 8 hours and the sintering 

temperature varied between 1200 and 1350°C at 50°C intervals. The 

sintered ceramic was then cooled at 1°C/min down to 10°C. Shrinkage during 

sintering was monitored by measuring the samples with micrometer and 

image analysis results taken before and then after the foams had been fired.
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7.9. Differential Thermai Anaiysis (DTA)

Combined differential thermal analysis and thermogravimetric analysis were 

carried out on a Setaram differential thermal analyser (Setaram, Caliure, 

France) using an air/5% CO2 oxidising atmosphere and a heating rate of 

20°C min'̂  up to a maximum temperature of 1000°C . A small sample of the 

foam was weighed out on a precision balance into a lOOpI platinum crucible 

and then placed on the detection rod. The program was then started. The 

data was baseline corrected by carrying out a blank run and subtracting this 

from the data which, could correct for thermal and gravimetric drift.

7.10. X-Ray Diffraction (XRD)

XRD was carried out on a Phillips PW1050/1082 powder diffractometer 

(Hiltonbrooks, Cheshire, UK.) in flat plate geometry using Ni filtered 

CuKa radiation (wavelength 1.5409 A). Samples were ground to a fine 

powder and mounted in the holder of the diffractometer. Data was collected 

from 10° to 90° 20 with a step size of 0.02° and a count time of 12 sec. The 

data was refined to find the phase element fractions and the density of each 

phase so that the overall real density of the sample could be found, by 

multiplying each phase element fraction by its density and then adding the 

corrected densities together.

The crystal structures of hydroxyapatite and a and p tricalcium phosphate 

were refined for each sample by the Rietveld method, using the program
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GSAS. (Larson et al (1990)) The starting models used in refinement were 

based on the single crystal structure determination (Kay et al (1964)), 

(Matthew (1977)), (Calvo (1975)). Peak shapes were modelled on a pseudo- 

Voigt distribution. Scattering factors for neutral atoms were assumed. In each 

case, five background parameters, a scale factor, four peak shape variables, 

cell parameters and a zero-point correction were refined before variation of 

the structural parameters.

Particle size was determined using the following equation (Cullity (1978)).

B=
t. COS 0

Equation 7.4

Where B is the broadening of the diffraction line measured at half its 

maximum intensity (radians) and t is the diameter of the crystal particle. 

Corrections for instrument broadening were made using powdered silicon. 

FWHM measurements were made on the 002 peak for HA and on the 111 

peak for silicon.

Materials and methods
110



Production and characterisation of porous hydroxyapatite
7.11. Scanning Electron Microscopy (SEM) Suzanne Calicut

In order to acquire images for qualitative and quantitative analysis, SEM was 

carried out on the polyurethane and ceramic foams. The polyurethane and 

ceramic foams were sectioned horizontally with a sharp razor blade and 

mounted onto aluminium stubs with Araldite and left to dry for 24 h. The 

mounted specimens were then coated with gold using a sputter coater 

(Edwards instruments, Eastbourne, UK.) and then viewed under the SEM 

(Stereoscan 90, Cambridge Instruments, Crawley, UK).

7.12. image anaiysis.

Image analysis was used to quantitatively determine the pore dimensions of 

four different foams before and after processing.

Individual pores seen in SEM micrographs were outlined onto overhead 

transparencies. The SEM micrographs used were taken at a magnification 

that allowed approximately 15-20 full pores to be distinguished clearly (see 

Figure 7.1). Lower magnifications would have led to inaccuracies when 

outlining the pores and higher magnification was impractical due to the 

amount of pores in the field of view. The transparency was then viewed 

under the image analysis system, Image Pro Plus 4 which consisted of a 

video camera linked directly to the computer's software. At this point the 

image was varied in terms of contrast and sharpness to get a picture which 

was suitable to take measurements from. With each picture, a scale bar was
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read into the computer to calibrate from pixels to pm or mm. The ‘live’ image 

was then ‘captured’ using the snap tool and the image, which could be saved 

and modified, was used to take measurements from. Measurements were 

taken through the manipulation of the grey scales and use of the ‘count’ tool. 

A series of pre-defined parameters were then selected from a list for 

measurement of each pore including area, aspect, mean diameter, 

perimeter, roundness and length and breadth of the pores.

Figure 7.1 Overhead transparency with pores outlined.

Area -  The area of each object in the selected range of intensities.

Aspect -  The ratio between the major axis and the minor axis of the ellipse 

equivalent to the object (i.e. an ellipse with the same area, 1®* and 2"̂  degree 

movements), as determined by major axis/minor axis. Aspect is always > 1
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Mean diameter -  The average length of diameters measured at 5° intervals 

around the centroid of each object.

Perimeter - The length of the outline of the object

Roundness -  The roundness of each object. (Circular objects will have 

roundness = 1 other objects will have roundness > 1)

Length -  The length of the bounding box along the major axis 

Breadth - The width of the bounding box along the major axis

The equivalent circular diameter (ECD) of the pores was calculated using the 

equation 7.5

ECD =

Equation 7.5

Where a = area

7.13. Density

There are a number of density measurements that can be made, including 

the bulk density and the apparent density. The samples were measured 

accurately with a micrometer (Mitutoyo digimatic, RS, Northants, UK.) and 

weighed dry ( W d r y . ) .  The samples were then immersed in a beaker of distilled 

water and held under vacuum so that the water could penetrate all the
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macropores. Care was taken to ensure that the minimum amount of low 

pressure boiling took place when under vacuum. The samples were then re

weighed underwater using a Mettler Toledo balance and density kit, to 

produce the measurement Wsub. The samples were then carefully removed 

from the beaker and dabbed on a water-saturated tissue for 1/2 second to 

remove any surface water droplets without losing any of the internal water 

onto the tissue through capillary action. The samples were then re-weighed 

in air to produce the measurement Wsat- Bulk and apparent densities were 

calculated using the calculations 7.6 and 7.7 The real density was found 

through X-ray Diffraction measurements (see materials and methods, X-ray 

Diffraction) and the relative density and porosity were calculated from these.

The bulk density is a simple density measurement, which takes into account 

the density of the ceramic and the pore volume.

Bulk density =
W x i x d

Equation 7.6

The apparent density is the same as the bulk density but more accurately 

measured using a density kit.

Apparent Density = f , — pH20
\  W sat — W sub y

Equation 7.7
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The real density is the density of the material which makes up the foam itself 

and is calculated via XRD. Using the real density the relative density and the 

porosity can be found. The relative density is the density of the foam divided 

by that of the solid from which it is made, the fraction of pore space in the 

foam is its porosity and is simply 1- relative density.

Relative Density
Real density

Porosity = 1 -  Relative density

Closed porosity =1- Porosity

Where: Wdry = Weight of dry sample (g) 

Wsat = saturated weight (g) 

Wsub = submerged weight (g) 

w = width of sample (mm)

I = length of sample (mm) 

d = depth of sample (mm) 

PH2O = density of water

Equation 7.8

Equation 7.9

Equation 7.10
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7.14. Mechanical testing

In order to determine the mode of failure and values of ultimate compressive 

strength, compression testing was performed on 10 specimen's of Icm^ on a 

floor standing Instron 4505 using a IkN-load cell. Load was applied axially to 

the sample with a cross head velocity of 1pm sec'̂  the test was recorded 

with a data point every 0.5sec. Compressive strength and strain were 

calculated using the following equations.

Compressive strength MPa =
 ̂ w ' * ( 1 "l

tio oo j uooo j

Equation 7.11

Strain = D
 ̂ h  ̂
1000

Equation 7.12

Where D = Displacement (mm)

L = Load

h = Height of specimen (mm) 

w = Width of specimen (mm)

I = Length of specimen (mm)
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The ultimate compressive strength (UCS) was defined as the maximum 

compressive strength obtained during testing before densification.
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Chapter 8

8. Results
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8.1. Characterisation of hydroxyapatite

8.1.1. Transmission electron microscopy (JEM)

Figures 8.1-8.3 show the morphology of the commercial hydroxyapatite 

(figure 8.1) and the hydroxyapatite precipitated at 60°C and 80°C (figures 8.2 

and 8.3). Measurement of the particle size from the TEM images is difficult 

for any of the hydroxyapatites, due to the high aspect ratio of the particles. 

However, in figure 8.1 it can be seen that the commercially produced 

hydroxyapatite has a much greater particle size compared to the two 

precipitated hydroxyapatites. The hydroxyapatite precipitated at 60°C (figure 

8.2) shows a relatively narrow particle size distribution as does the 

commercially produced hydroxyapatite, but the hydroxyapatite precipitated at 

80°C (figure 8.3) showed evidence for the presence of some fine 

particulates. All three hydroxyapatites showed an acicular morphology.
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Figure 8.1 TEM of commercially produced hydroxyapatite

Figure 8.2 TEM of hydroxyapatite precipitated at 60°C
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Figure 8.3 TEM of hydroxyapatite precipitated at 80°C

Results
121



Production and characterisation of porous hydroxyapatite
Suzanne Calicut

8.1.2. X-ray diffraction (XRD)

Figure 8.4 shows an example of the outputted result of a refinement carried 

out using GSAS on a hydroxyapatite/p-tricalcium phosphate structure. The 

graph shows (from top to bottom) the actual data collected from the 

instrument (defined by crosses), the fitted profile (defined by an unbroken 

line) followed by tick marks which represent the reflection positions for p- 

tricalcium phosphate (top set) and the hydroxyapatite (bottom set). The last 

line is the difference between the fitted profile and the reflection pattern (N.B. 

The flatter this line is, the better the fit is between the profile and the 

reflection pattern).

Hist
Obsd. and Diff. Profiles

1
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2 0 * 0  2 2 .0  2 4 .0  2 6 .0  28 -0  30 .0  32 .0  3 4 .0  3 6 .0  3 8 .0  40 .0
2 - T h e t a ,  deg

Figure 8.4 Refined data set for hydroxyapatite and p-tricalcium phosphate
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The X-ray diffraction trace (Figure 8.5) shows that the P120 is significantly 

more crystalline compared to the HA precipitated at both 60 and 80°C 

denoted by the intense reflections. From the particle size measurements 

calculated from the peak widths (table 8.1), it was found that the P120 had a 

significantly larger particle size compared to both of the precipitated 

hydroxyapatites, with the hydroxyapatite precipitated at 60°C having a 

smaller particle size than the hydroxyapatite precipitated at 80°C. The 

absolute values calculated by this method are not to be relied on but are 

correct relative to one another.

35000 
I  30000 
^  25000
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<  15000 
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20 25 30
26

35 40

Figure 8.5 XRD traces of commercial and precipitated hydroxyapatite

Commercial
hydroxyapatite

Hydroxyapatite 
precipitated at 

60°C

Hydroxyapatite 
precipitated at 

80°C

Particle size(nm) 129.99 61.06 82.24

Table 8.1 Particle sizes for commercial and precipitated hydroxyapatite
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8.1.3. Rheology

In order to optimise suspensions of hydroxyapatite, rheological tests were 

carried out on commercial hydroxyapatite (Batch P120, Plasma Biotal Ltd.) 

and hydroxyapatite precipitated at 60 and 80°C with increasing additions of 

the deflocculant (Dispex N40). Two different rheological tests were carried 

out on the suspensions. A time dependent study to test the thixotropic 

properties of the suspensions and a rate dependent study to obtain flow 

curves so that the rheological behaviour of the suspensions could be 

established.

8.1.3.1. Commercial hydroxyapatite

Figures 8.6 and 8.7 show the results of time dependent thixotropic tests on 

commercially produced hydroxyapatite, it was found that with no deflocculant 

addition all of the slips exhibited thixotropic behaviour where the slips under 

constant shear decrease in viscosity with time, however, it was found to be 

much more pronounced in the 42wt% slip, where the viscosity decreases 

from approximately 650Mpa to 550Mpa in the first 10 minutes of the 

experiment. After which the relationship between the viscosity and time 

remained fairly constant (see figure 8.6). It can also be noted from figure 8.6 

that the higher the solids content the higher the viscosities of the slip 

remained throughout the experiment, with a 42wt% solids slip having 

viscosities ranging from 650-550MPa, a solids content of 37.5wt% having a
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viscosity of approximately 300MPa and a 33wt% slip having a viscosity of 

approximately 150MPa.

Due to scaling effects it is difficult to see the thixotropic nature of the lower 

solids content slips from figure 8.6. However, in figure 8.7 the thixotropic 

tendency of the un-optimised 33wt% slip can be seen more clearly, where 

with constant shearing at 55sec'’' the viscosity of the slip drops from 

approximately 140MPa to 110MPa throughout the duration of the 

experiment. The figure also shows that with a deflocculant addition of 

0.19wt% the viscosity was significantly reduced and that the resulting slip 

was not thixotropic in nature indicating that the hydroxyapatite particles were 

remaining in suspension.
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Figure 8.6 Thixotropy of commercial hydroxyapatite slips at 33, 37.5 

and 42wt% solids concentration with no deflocculant addition
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Figure 8.7 Flow curve of a 33wt% commercial hydroxyapatite slip with 

deflocculant additions at 0 and 0.19wt%

The viscosities of the slips were also measured against the increasing shear 

rate applied, to find out more information on the rheological behaviour of the 

suspensions. Figures 8.8 and 8.9 show the behaviour of the 33wt% 

commercial hydroxyapatite slip with increasing shear. At a Owt% addition of 

deflocculant the slip was found to be exhibiting pseudoplastic behaviour 

(where the viscosity of the slip decreases with an increase in shear rate). It 

can be seen that the viscosity of the slip decreased from 1500MPa at a 

shear rate of lOsec'  ̂to a viscosity of approximately 400MPa at a shear rate 

of 55sec"\ With a 0.03wt% addition the slip was still found to be exhibiting
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pseudoplastic behaviour. However, the viscosity of the system was slightly 

higher than with the Owt% addition with the viscosity decreasing from around 

1750MPa at a shear rate of 10sec"̂  down to a viscosity of approximately 

400MPa at a shear rate of 55sec'\ With a 0.6wt% addition the slip was of a 

much lower viscosity but was still exhibiting pseudoplastic behaviour with a 

decrease of around SOOMPa from 10 to 55sec'\ From figure 8.9 it can be 

seen that at a 0.13wt% addition, the slip was of a lower viscosity still, staying 

around lOMPa throughout and was almost Newtonian in character (where 

the viscosity remains independent of shear rate). At the 0.19wt% addition, 

the slip exhibited Newtonian behaviour staying at constant viscosity of 6MPa, 

the lowest viscosity obtained yet. A further addition of deflocculant at 

0.25wt% had no significant effect on the rheological behaviour or viscosity of 

the slip confirming that that the optimal deflocculant addition was at 0.19wt%.

2000 -,
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Figure 8.8 Flow curve of a 33wt% commercial hydroxyapatite slip with 

deflocculant additions at 0, 0.03 and 0.06wt%
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Figure 8.9 Flow curve of a 33wt% commercial hydroxyapatite slip with 

deflocculant additions at 0.13 and 0.19wt%

Figure 8.10 shows the effect that the increasing deflocculant additions had 

on the average viscosity of slips containing 33, 37.5 and 42wt% solids, whilst 

shearing at SOsec"̂  for 1 hour. At Owt% it can be seen that the higher the 

solids content the higher the viscosity of the system with the 42wt% solids 

content slip having an average viscosity of BOOMpa then the 37.5wt% slip an 

average of 500MPa and then the slip with 33wt% solids content an average 

viscosity of approximately HOMPa. Around the 0.1 wt% addition of 

deflocculant the standard deviations are high due to the decrease in viscosity 

that occurs with time during the test. Overall it can be seen that the viscosity 

decreased significantly with increasing deflocculant additions up to 0.19wt% 

in all of the suspensions, after which point any further addition of deflocculant
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seemed to have little or no effect on the suspension viscosity. However, at 

the optimal additon of deflocculant at 0.19wt% all of the slips had 

approximately the same low viscosity reading.

^ 3 3 w t %  
—  37.5wt%  
* —42wt%
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Figure 8.10 The effect of Dispex N40 additions on the viscosity of 

hydroxyapatite slips with 33, 37.5 and 42wt% solids content

Figure 8.11 shows the effect of increasing Dispex N40 additions on the pH of 

a 33wt% commercial hydroxyapatite slip. It can be seen that with no 

deflocculant addition the slip is at pH 8, the pH of the slip then increased with 

increased deflocculant additions to a maximum at around pH 10 after this 

any further addition of deflocculant had little effect on the pH of the slip. It 

can be noted that the highest pH recorded was at the same deflocculant 

addition that the lowest viscosity was found in the rheological tests.
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Figure 8.11 Percentage Dispex N40 addition vs. pH in a 33wt% 

commercial hydroxyapatite slip.

8.1.3.2. Precipitated hydroxyapatite

The viscosity of the commercial hydroxyapatite, hydroxyapatite precipitated 

at 60°C and hydroxyapatite precipitated at 80°C were measured against 

increasing shear rate. It can be seen (figure 8.12) that with a Owt% addition 

the hydroxyapatite precipitated at 80°C exhibited Newtonian characteristics 

staying at a low constant viscosity and remaining independent of shear rate. 

However, the hydroxyapatite precipitated at 60°C and the commercial 

hydroxyapatite behaved as pseudoplastic systems, decreasing in viscosity 

with increasing shear rate. It can also be noted that the viscosity for the 

commercial hydroxyapatite was very much higher than the precipitated 

hydroxyapatites, starting with a viscosity of 3000MPa at a shear rate of
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10sec'”' and decreasing to approximately SOOMPa at a shear rate of 50sec'\ 

With the hydroxyapatite precipitated at 60°C starting at lOOOMPa at a shear 

rate of lOsec'  ̂ coming down to approximately 200MPa at SOsec'̂  and the 

hydroxyapatite precipitated at 80°C staying at a constant viscosity of less 

than 50MPa. When a small amount of deflocculant was added (0.06wt%), 

the commercial hydroxyapatite viscosity increased from a viscosity of 

SOOOMPa to 4000MPa at a shear rate of 10sec'\ For the hydroxyapatite 

precipitated at 80°C and hydroxyapatite precipitated at 60°C there was no 

significant effect on the rheology, although the viscosity of the hydroxyapatite 

precipitated at 60°C decreased slightly. With a 0.06wt% addition of 

deflocculant, the hydroxyapatite precipitated at 60°C showed a change to 

Newtonian behaviour, staying at approximately 450MPa throughout the test 

(figure 8.13). While the commercial hydroxyapatite started to deflocculate at 

0.13wt% addition (figure 8.14) and was fully dispersed and Newtonian in 

character at a 0.19wt% addition and the hydroxyapatite precipitated at 60°C 

was dilatant in character (figure 8.15).

The changes in rheological behaviour with each deflocculant addition for the 

three different types of hydroxyapatite are summarised in table 8.2.
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HA P120 HA@  60 HA@  80

Owt% Pseudoplastic Pseudoplastic Newtonian
0.03wt% Pseudoplastic Pseudoplastic Newtonian
0.06wt% Pseudoplastic Newtonian Newtonian
0.13wt% Almost Newtonian Newtonian Newtonian
0.19wt% Newtonian Dilatant Newtonian

Table 8.2 Summary of the change in rheologicai properties with 

deflocculant addition for the three hydroxyapatites
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Figure 8.12 Rheologicai behaviour of a 33wt% slip with a Owt% addition 

of Dispex N40

Results
132



Production and characterisation of porous hydroxyapatite
Suzanne Calicut

HAP120 
HA @ 804000

3500
3000
2500
2000
1500
1000
500

 X  X  X  X ---- X — X ---- X ----X  — X -----X  X — X ---- X — X ------

40

Shear rate (1/sec)

Figure 8.13 Rheologicai behaviour of a 33wt% slip with a 0.06wt%

addition of Dispex N40
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Figure 8.14 Rheologicai behaviour of a 33wt% slip with a 0.13wt% 

addition of Dispex N40
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Figure 8.15 Rheologicai behaviour of a 33wt% slip with a 0.19 wt% 

addition of Dispex N40
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Figure 8.16 shows the effect of Dispex N40 on the average viscosity of 

commercial and precipitated hydroxyapatite slips that have been subjected to 

constant shearing at 50sec'^ for 1 hour. It can be seen that the 

hydroxyapatite precipitated at 80°C was at a constant low level of less than 

50MPa throughout the experiments and the Hydroxyapatite precipitated at 

60°C stayed at a constant level of approximately SOOMPa throughout the 

experiments even though, as seen in figures 8.12-8.15, its rheologicai 

behaviour was changing. The commercially produced hydroxyapatite, 

however, started off as a highly viscous system with a viscosity of BOOMPa 

and when deflocculated at the optimal addition of 0.19wt% came down to a 

viscosity of 70 MPa.
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Figure 8.16 Viscosity vs. Dispex N40 addition in 33wt% commercial and 

precipitated hydroxyapatite slips
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8.1.4. Zeta potential

8.1.4.1. Commercial hydroxyapatite

Preliminary zeta potential measurements using the Burton tube 

Figure 8.17 shows the effect of pH on the zeta potential of a 33wt% slip, 

measured using a Burton tube. It can be seen that above pH 9 the slip has a 

negative zeta potential with a maximum of-IOm V at pH 11. Below pH 9 the 

zeta potential was positive up to a maximum of 8mV around pH 8. Above this 

point the zeta potential gradually decreased and the isoelectric point where 

all charges are equal and the plot crosses the axis was found to be just 

above pH 9.

CO

o
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Figure 8.17 Zeta potential vs. pH in a 33wt% slip using the Burton tube.
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Detailed zeta potential measurements using the rank brothers 

electrophoresis kit.

Figure 8.18 shows the effect of pH on the electrophoretic mobility (which is 

proportional to zeta potential) of commercial hydroxyapatite using the Rank 

Brothers micro-electrophoresis kit. It was found that above pH 7 there was a 

negative electrophoretic mobility with a maximum of -18mV^s'^ at pH 8. 

Below pH 7 there was a positive electrophoretic mobility, at pH values below 

pH 4 hydroxyapatite began to dissolve and therefore no further 

measurements could be made. The isoelectric point where all charges are 

equal and the graph crosses the axis was found at approximately pH 7.

00

HI
o

X

o  ^

II
Q.
2
o0)

LU

40

30

20

10

0

-10

-20
pH

Figure 8.18 The effect of pH on the electrophoretic mobility of 

commercial hydroxyapatite
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The effect that the addition of the deflocculant, Dispex N40 had on the 

system was also investigated (figure 8.19). At a Owt% addition the 

electrophoretic mobility was negative at around -9m V^s'\ With increased 

additions the electrophoretic mobility became more positive up to a 

maximum of around 27mV^s’\  the electrophoretic mobility then decreased 

again to 12mV^s’  ̂ , where the maximum adsorption of the deflocculants ions 

on the surface of the hydroxyapatite particles had been reached, further 

addition of the deflocculant only increased the charge in the liquid phase 

therefore reducing the potential difference between the surface of the particle 

and the liquid. This reduction in surface potential led to a reduction in the 

zeta potential. The zeta potential then levelled off to 22mV^s'\ after this 

point, any further additions of deflocculant had no further effect on the 

electrophoretic mobility of the system. It was also noted that the highest 

electrophoretic mobility was measured at the same level as the lowest 

recorded viscosity and pH values.
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Figure 8.19 The effect of Dispex N40 additions on the electrophoretic 

mobility of commercial hydroxyapatite

8.1.4.2. Precipitated hydroxyapatite

In figure 8.20 it can be seen that the electrophoretic mobility of each of the 

systems at a Owt% addition was negative with the hydroxyapatite 

precipitated at 80°C being the most negative at -22mV^s'^ then the 

hydroxyapatite precipitated at 60°C at - H m V e '”* and finally the 

commercially produced at -8m V^s'\ On addition of the deflocculant (Dispex 

N40) the electrophoretic mobility increased in all systems to a maximum at 

the 0.09wt% addition, at this point the commercial hydroxyapatite had the 

highest electrophoretic mobility at 27mV^s‘\  As with the commercial 

hydroxyapatite, when the maximum adsorption of the deflocculants ions on 

the surface of the hydroxyapatite particles had been reached, further addition
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of the deflocculant only increased the charge in the liquid phase therefore 

reducing the potential difference between the surface of the particle and the 

liquid. This reduction in surface potential led to a reduction in the zeta 

potential. All of the hydroxyapatites zeta potentials then levelled off, after 

which any further addition of deflocculant had no effect on the electrophoretic 

mobility of the systems.
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Figure 8.20 Effect of Dispex N40 additions on the electrophoretic 

mobility of commercially produced and precipitated hydroxyapatite
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8.1.5. Characterisation o f polyurethane foams

8.1.5.1. Differential thermal analysis (DTA)

Before a suitable firing regime could be found for the burn off and sintering of 

the hydroxyapatite coated polyurethane foams, combined differential thermal 

analysis and thermogravimetric analysis tests were carried out on the 

polyurethane foams, to evaluate the temperature at which the foam burnt off, 

how much of the foam burnt off at this temperature and to see if there were 

any residues. From the thermogravimetric analysis plot seen in figure 8.21 it 

can be seen that the polyurethane foam decomposed over the temperature 

range of 200 to 700°C. It can be seen that 10.647mg (97.68%) of the 10.9mg 

of polyurethane foam put in had been burnt off by 700°C.

F ig Expenment : lXî28f> BOpfïfIR (gray foam) Arm .Ail * 5% C02 Cructt>f« M 400oi
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Figure 8.21 Tg curve for 60 ppi foam

T»mporatur«/ *C

Results
141



8.1.5.2.

Production and characterisation of porous hydroxyapatite
Suzanne Calicut

Scanning electron microscopy (SEM)

Figure 8.22 shows a scanning electron micrograph of a 45 ppi polyurethane 

foam before coating or firing, it can be seen that the polyurethane framework 

had a fully interconnected structure with pores. From the micrographs, pores 

could be outlined onto acetate sheets and used for image analysis to 

quantify the pore sizes and pore size distributions. This will be discussed in a 

later section.
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Figure 8.22 SEM of polyurethane foam
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8.1.6. Image analysis

Image analysis was performed on the polyurethane foams to ascertain the 

equivalent circular diameter of the pores and its distribution before coating 

with the hydroxyapatite slip. It can be seen in figure 8.23 that the 45 ppi foam 

had a wide pore size distribution ranging from a pore size of 0.12 to 0.98mm. 

In comparison the 60 ppi foam had a much smaller pore size distribution with 

pores ranging from 0.1 to 0.6mm.
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Figure 8.23 ECD distributions of 45 and 60 ppi polyurethane foams
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8.2. Characterisation of ceramic foams

During the project three different systems relating to the compositions of the 

glasses were used for the production of the glass reinforced hydroxyapatite 

foams. Preliminary experiments were carried out to verify the coating and 

firing procedures using hydroxyapatite only, two glasses containing calcium, 

phosphorus and sodium (one with a high sodium content (CNP 0100) and 

one with a low sodium content (CNP 0054)) and a separate glass containing 

calcium, phosphorus and magnesium, as it has been shown in the past that 

magnesium can stabilise the p-tricalcium phosphate phase. Once the coating 

and firing procedures had been established two separate glass systems 

were investigated for the reinforcement of hydroxyapatite, a calcium, sodium, 

phosphate system investigating glasses with sodium contents in between 

that of CNP 0100 and CNP 0054 and a system containing glasses with 

mixtures of calcium, phosphate, fluoride and magnesium.

8.3. Preliminary experiments

8.3.1. Scanning electron microscopy (SEM)

Scanning electron microscopy was used to optimise the coating procedures. 

When the polyurethane foams were coated with the optimised slip, they were 

dipped in the slip once, the excess slip removed, dried, dipped in slip again, 

the excess removed again, allowed to dry again and then fired. It can be 

seen in figure 8.24 and 8.25, the difference that the second immersion in the
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slip made to the amount of solids that were left on the foam. Figure 8.24 

shows a foam that was only immersed in the slip once, it can be seen that 

the struts were very poorly formed and inconsistent although there were no 

blocked pores. However, in figure 8.25 it can be seen that the struts of the 

ceramic were much better formed and consistent in terms of solids content. 

There were still no blocked pores visible in the foam.

3:80681 P:25KV WD:21MM5 3 , 5X 
500UM - 'V A,

: -

Figure 8.24 45 ppi hydroxyapatite foam that was dipped once in the 

hydroxyapatite slip and the fired
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Figure 8.25 45 ppi hydroxyapatite foam that was dipped twice in 

hydroxyapatite slip and then fired

The foams were prepared with hydroxyapatite alone and then again with the 

addition of phosphate glasses. Figure 8.26 shows the microstructure of an 

hydroxyapatite only foam. It can be seen that there was a significant level of 

porosity present and this can be compared to figure 8.27 which, had a 2wt% 

addition of the phosphate glass CNP 0054 it can be seen that there was 

minimal porosity present and there was a small grain size distribution.
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Figure 8.26 Microstructure of an hydroxyapatite only foam
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Figure 8.27 Microstructure of a glass reinforced hydroxyapatite foam

As previously mentioned the polyurethane foams were immersed in the slip 

twice, left to dry and then fired. To improve the mechanical properties even 

further, the fired ceramics were then re-immersed in a fresh slip and then re

fired. In figure 8.28 it can be seen that the hydroxyapatite foam that had been 

coated and fired once had a fully reticulated structure with no clogged pores. 

However, figure 8.29 shows foam of the same pore size that had been 

coated and fired twice, it can be seen that there were some clogged pores on 

the surface. The two different coatings can be clearly seen in figure 8.30 and
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it was also noted how much more solids can be taken up with a second 

coating on top of the original fired ceramic.

2 0 ,4X 
2MM
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i hydroxyapatite
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Figure 8.28 60 ppi once
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fisc

Figure 8.29 60 ppi hydroxyapatite foam that was coated and fired twice
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Figure 8.30 Strut of an hydroxyapatite foam has been coated and fired 

twice
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Finally in figure 8.31, closed porosity that was present within the struts of the 

ceramics that had been coated and fired just once due to the burn off of the 

polyurethane foam can be seen.

&

Figure 8.31 Closed porosity found within a strut of the ceramic foams 

that had been coated and fired once
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8.3.2. X-ray diffraction

From the X-ray traces in figure 8.32 and the phase element fraction results in 

table 8.3 it can be seen that all of the glasses promoted the decomposition of 

the hydroxyapatite crystal structure to the secondary phase p-tricalcium 

phosphate. The glass that promoted the largest decomposition of 

hydroxyapatite was the high sodium content CNP 0100. It was also noted 

from the phase element fraction results that the foams that had been coated 

and fired twice had lower levels of secondary phases present in the final 

specimen than those that had been coated and fired once (table 8.3).

c3
CD

â
■e
CD

10000

^  CNP 0100 
^  CNP 0054 

CPMg 0117 
vJV HA PI 20

Figure 8.32 X-ray traces of preliminary foams coated and fired once

1 coating 2 coatings
HA p-TCP a-TCP HA p-TCP a-TCP

HA PI 20 100 0 0 100 0 0
CPMg 0117 83.1 16.9 0 83.2 16.8 0
CNP 0054 81.1 18.9 0 86.5 13.5 0
CNP 0100 78.9 21.1 0 84.9 15.1 0

Table 8.3 Phase element fractions of preliminary experiments
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Figure 8.33 shows the refined X-ray data traces and table 4, the phase 

element fraction results for glass reinforced hydroxyapatites that have been 

sintered between 1200 and 1350°C for 8 hours. It can be seen that at 1200 

to 1300°C there has been degradation of the hydroxyapatite phase to the 

secondary phase p-tricalcium phosphate and it remains at a constant 16% 

between 1200 and 1300°C. However, at 1350°C this p-tricalcium phosphate 

has degraded further to a-tricalcium phosphate. Leaving no p-tricalcium 

phosphate in the structure, just hydroxyapatite and a-tricalcium phosphate. 

There has also been a slight decrease in the level of hydroxyapatite from 

84% to 77% at 1350°C.

1 coating
HA p-TCP a-TCP

1200°C 84 16 0
1250°C 84 16 0
1300°C 84 16 0
1350°C 77 0 23

Table 8.4 Phase element fractions of a glass reinforced hydroxyapatite 

sintered at 1200-1350°C
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Figure 8.33 Refined data sets for glass reinforced hydroxyapatite 

samples sintered between 1200 and 1350°C for 8 hours

8.3.3. Image Analysis

When preparing the foams, it was important that the template of the 

polyurethane was copied exactly so that the porosity and interconnectivity of 

the final specimen could be controlled. Figure 8.34 shows that the 

distribution of macro-porosity of both the 45 and the 60 ppi foams had not 

been altered during the replication process, however, both foams equivalent 

circular diameters had shrunk by approximately 0.5mm.

It was also noted that the 45 ppi foam had a broader distribution than the 60 

ppi foam as was seen with the initial polyurethane results (section 8.2.3)
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Figure 8.34 ECD of 45 and 60 ppi polyurethane and ceramic foams.

Figure 8.35 shows the equivalent circular diameter (ECD) of the foams 

which, have been coated and fired once and coated and fired twice. It can be 

seen that the foams that have been coated twice had a slightly narrower 

distribution than those that had only been coated and fired once and the 

mean equivalent circular diameter has shifted to a smaller particle size.
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Figure 8.35 ECD of ceramic foams that have been coated and fired once 

and twice

8.3.4. Density

For each specimen prepared, five different densities were measured. The 

bulk density (Bulk) was measured geometrically (dry) and represented the 

density of the foam material and the pore volume. The apparent density 

(App.) was measured using a technique based on Archimedes principle (wet) 

and also took into account the density of the foam material and pore volume. 

The real density (Real) which represents the density of the solid material that 

makes the foam itself was calculated from phase element fraction results 

gathered via X-ray diffraction studies. The closed porosity (Poro.) and the 

relative density (Rela.) which represents the density of the foam divided by 

density of the solid from which it is made were calculated using the combined 

results from the calculated and measured densities.
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In the preliminary experiments (tables 8.5 and 8.6) it was found that the CNR 

54 glass reinforced foam and the CNR 0100 glass reinforced foams gave 

higher density results than hydroxyapatite only foams. The CPMg foam 

however generally tended to have values similar to or even slightly below 

those seen for the hydroxyapatite only foam. It was found that the 60 ppi 

foams gave higher bulk, real, apparent, relative density and porosity results 

than the 45 ppi foams prepared form the same material (figure 8.36) except 

for the CNR 0100 glass reinforced foam which showed values with no 

statistical difference between the 45ppi and the 60 ppi foams. When 

comparing the first and second coating bulk densities for the 45 ppi foam 

(figure 8.37), after the first coating the values are similar to those seen for the 

hydroxyapatite foam without glass. However when a second coat is applied 

the bulk densities increase significantly for all systems except the ceramic 

foam containing glass CRMg 0117 which are only slightly higher than the 

values for the first coating.

45 ppi 60 ppi

Bulk
gcm*̂

A p p

gcmr
Real
gcm^ Rela. Poro Bulk

gcm'3
App
gem '

Real
gcm'^ Rela. Roro.

CPMg
0117

0.052
±0.008

0.088
±0.012

3.132 0.017
±0.003

0.028
0.080
±0.016

0.107
±0.019

3.131 0.026
±0.006

0.034

CNR 0054 0.069
±0.014

0.118
±0.025

3.137 0.022
±0.011

0.038
0.106
±0.033

0.141
±0.047

3.137
0.034
±0.015

0.045

CNR 0100 0.061
±0.009

0.103
±0.012

3.137 0.019
±0.006

0.033
0.052
±0.016

0.090
±0.024

3.135
0.017
±0.008

0.029

HAR120 0.057 
±0.011

0.095
±0.015

3.160 0.018
±0.001

0.030
0.079
±0.002

0.100
±0.002

3.16 0.025
±0.006

0.032

Table 8.5 Density measurements of foams with 1 coating
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45 ppi 60 ppi

Bulk
gcm'^

App
gcmr

Real
gcm'^ Rela. Poro

Bulk
gcm'3

App.
gcm'^

Real
gcm'3 Rela. Roro

CPMg
0117

0.068
±0.011

0.143
±0.014

3.148
0 .022
±0.014

0.045
0.114
±0.019

CU60
±0.019

3.148 0.036
±0.007

0.051

CNR 0054 0.219
±0.043

0.375
±0.064

3.177 0.069
±0.002

0J18
0.407  

: ±0.038
0.563
±0.050

3.177 0.128
±0.017

0.178

CNR 0100 0.217
±0.024

0.375
±0.026

3.177 0.068
±0.003

0J18 0 272
. ±0.034

0 369
±0.002

3.177 0.086
±0.008

0.116

HA R120 0.193
±0.053

0.362
±0.081

3.160 0.061
±0.002

0.115
0.358

, ±0.059
0.502
±0.087

3.160 0.113
±0.029

0.159

Table 8.6 Density measurements of foams with 2 coatings
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CNR
0054

CNR
0100

Figure 8.36 Preliminary bulk density results for 45 and 60 ppi foams
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I
□  1 coating 
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0117 0054
CNP
0100

Figure 8.37 Preliminary bulk density results for 45 ppi foams that have 

been coated once and twice
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8.3.5. M echanical properties

The compression testing result shown in figure 8.38 was typical of all of the 

foams tested and shows that the ceramics had three regions of strain, 

characteristic of an elastic brittle foam. Firstly region A) a linear region 

controlled by cell wall bending, followed by region B) a plateau controlled by 

the brittle crushing of the cells and the final region of densification, 0) where 

the compressive strength increased linearly with strain.

0.035

03

^  0.025

S 0.02
CO

? 0.015

$ 0.01
Q.
I  0.005 
o

0
0 0.2 0.4 0.6 0.8

Strain

Figure 8.38 Compression test of a 45 ppi ceramic foam

Figure 8.39 shows that the ultimate compressive strength of the CNP 54 and 

CPMg glass-reinforced foams was significantly higher than the 

hydroxyapatite only foams for the 45ppi foams and the CNP100 glass 

reinforced foam with 45ppi had a similar compressive strength to 

un reinforced hydroxyapatite. For the 60ppi foams, the unreinforced
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hydroxyapatite and the CPMglOO and CNP100 glass reinforced 

hydroxyapatites had higher compressive strengths compared to the same 

material but with 45ppi. The CNP0054 glass reinforced foam at 45 and 60 

ppi had similar mean values. Furthermore, the foam with 60ppi and using 

glass CNP0100 had a lower compressive strength than the 60 ppi 

unreinforced hydroxyapatite.

CD
CL

CO
O

0.04
0.035

0.03
0.025

0.02
0.015

0.01
0.005

0
HA

P120
CPMg
0117

□  45 ppi fr 
a  60 ppi fr

CNP
0054

CNP
0100

Figure 8.39 Preliminary experiments with 45 and 60 ppi foams that had 

been coated and fired once
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It can be seen in figure 8.40 that for all systems, the second coating 

improved the mechanical properties, including the hydroxyapatite without 

glass. It can clearly be seen that the glasses CNP0054 and CNP0100 gave 

the biggest improvement in compressive strength between the first and 

second coating.

0.12

0.1

0.08
CL

^  0.06 
CO
O 0.04 

0.02 

0
HA

P120
CPMg
0117

CNP
0054

□  1 coating 
b 2 coatings

CNP
0100

Figure 8.40 Preliminary experiments with 45 ppi foams that had been 

coated and fired once and twice
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The effect of sintering temperature against ultimate compressive strength 

was also investigated; this is shown in figure 8.41. With the hydroxyapatite 

only samples the ultimate compressive strength increased with increasing 

sintering temperature. However, for the samples with the optimal glass 

addition of 2% CNP 0054 the ultimate compressive strength showed a 

significant increase at 1250°C but then decreased again at higher 

temperatures.

0.045 

0.04 

0.035 

0.03 

I  0.025 

g  0.02
3

0.015

0.01

0.005

0 .t É

□  CNP 0054 
■  HAP120

_l
1200 1250 1300

Sintering temp (°C)
1350

Figure 8.41 Effect of sintering temperature on the ultimate compressive 

strength of 45 ppi ceramic foams that have been coated and fired once
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8.4. Main experiments /  CNP and CNF/Mg Systems

8.4.1. Scanning electron microscopy (SEM)

Two different glass systems were used to try to optimise the mechanical 

properties of the final ceramic foams. The foams had significantly higher 

mechanical properties when they were coated and fired twice (see results 

section 8.4.5). Figure 8.42 shows a ceramic foam that was prepared by 

coating and firing twice with the optimal glass reinforced hydroxyapatite from 

the CNP system, CNP 0054. Figure 8.43 also shows a foam that has been 

coated and fired twice but has the optimal glass addition from the CPF/Mg 

system, CPMg 0117. These figures show the inconsistencies in blocked and 

open pores that occur when the foams are coated and fired twice.
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Figure 8.42 SEM of CNP 0054 foam coated twice with ceramic slip
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Figure 8.43 SEM of CPMg foam coated twice with ceramic slip
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8.4.2. X-ray Diffraction

8.4.2.1. CNP system

From the X-ray traces in figure 8.44 and the phase element fraction results in 

table 8.7, it can be seen again that all of the glasses have promoted the 

degradation of hydroxyapatite to the secondary phase p-tricalcium 

phosphate. The glass that promoted the highest levels of secondary phase 

was the glass that contained the highest amount of sodium (CNP 0100). The 

sodium decreases the viscosity and therefore the reactivity of the glass. 

Again it was noted that the foams that had been coated and fired twice had 

lower levels of secondary phases present than those that had been coated 

and fired once.

16000  .
SQ 14000  -c3 12000  -
ca
P 10000  -

■G 8 0 0 0  -
CD

6 0 0 0  -
V)c 4 0 0 0  -
Bc 2 0 0 0  -

0 -

CNP 0054 
CNP 0409 

A CNP 0197 
CNP 0193 

j '  CNP 0191 
^  CNP 0100 
^  HAP120

Figure 8.44 X-ray traces of CNP foams coated and fired once
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1 coating 2 coatings
HA p-TCP a-TCP HA P-TCP a-TCP

HA P I20 100 0 0 100 0 0
CNP 0100 78.9 21.1 0 84.9 15.1 0
CNP 0191 86.4 13.6 0 91.2 8.8 0
CNP 0193 85.5 14.5 0 87.9 12.1 0
CNP 0197 83.2 16.8 0 89.5 10.5 0
CNP 0409 83.9 16.1 0 96.8 3.2 0
CNP 0054 81.1 18.9 0 86.5 13.5 0

Table 8.7 Phase element fractions of CNP system

S.4.2.2. CPF/Mg system

From the X-ray traces in figure 8.45 and the phase element fraction results in 

table 8.8 it can be seen that each glass in the CPF/Mg system promoted 

decomposition of the hydroxyapatite structure to the secondary phase p- 

tricalcium phosphate. The glass that promoted the largest phase change was 

CPMgF. It was noted again that the foams that had been coated and fired 

twice had lower levels of secondary phase present than those that had been 

coated and fired once.

1 coating 2 coatings
1 HA P-TCP a-TCP HA p-TCP a-TCP

HA P I20 100 0 0 100 0 0
CPF 77 23 0 84.5 15.5 0

CPMg 85 15 0 87.5 12.5 0
CPMgF 82.8 17.2 0 88.8 11.2 0

Table 8.8 Phase element fractions of CPF/Mg System
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Figure 8.45 X-ray traces of CPF/Mg foams coated and fired once

8.4.3. Density

S.4.3.1. CNP system

In the CNP system it was found that with the foams that had been coated 

and fired just once, there was an general increase in densities from the CNP 

0100 glass to the CNP 0054. This corresponds with a decrease in sodium 

content and therefore reactivity from CNP 0100 to CNP 0054 (table 8.9).

Foams from CNP 0191 and above had higher density results than the 

hydroxyapatite only glasses. It was also found that the 60 ppi foams had 

slightly higher mean densities than the 45 ppi foams made from the same 

material (figure 8.46). The foams that had been coated and fired twice had
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significantly higher densities than those that had just been coated and fired 

once, however, the inverse relationship between the sodium content of the 

glasses and the density is lost with the second coating (figure 8.47).

45 ppi 60 ppi

Bulk
gcm’̂

App.
gem"'

Real
gcm^ Rela. Poro Bulk

gcm'^
App
gem"'

Real
gem'3 Rela. Poro

CNP 0100 0.052
±0.005

0.075
±0.008

3.122 0.166
±0.013

0.024 0.058
±0.054

0.077
±0.007

3.122 0.019
±0.012

0.025

CNP 0191 0.065
±0.008

0.094
±0.012

3.191 0.020
±0.007

0.030 0.074
±0.011

0.099
±0.011

3.191 0.023
±0.018

0.031

CNP 0193 0.062
±0.007

0.089
±0.010

3.177 0.019
±0.008

0.028 0.075
±0.011

0.103
±0.010

3.177 0.024
±0.008

0.032

CNP 0197 0.082
±0.016

0.109
±0.019

3.176 0.026
±0.011

0.034 0.084
±0.012

0.106
±0.014

3.176 0.026
±0.011

0.033

CNP 0409 0.058
±0.007

0.083
±0.009

3.176 0.018
±0.020

0.026 0.090
±0.008

0.118
±0.011

3.176 0.028
±0.020

0.037

CNP 0054 0.085
±0.014

0.116
±0.019

3.125 0.027
±0.019

0.037 0.140
±0.041

0.177
±0.053

3.125 0.044
±0.020

0.057

HA P I20 0.055
±0.008

0.084
±0.013

3.160 0.017
±0.005

0.027 0.075
±0.012

0.098
±0.015

3.16 0.024
±0.013

0.031

Table 8.9 CNP system foams that have been coated and fired once
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45 ppi 60 ppi

Bulk
gcm'^

App
gem'

Real
gcm'̂ Rela. Poro Bulk

gcm^
App
gem'

Real
gcm'̂ Rela. Poro

CNP 0100 0.231
±0.068

0.143
±0.011

3.148 0.022
±0.003

0.045 0.244
±0.034

0.344
±0.046

3.172 0.077
±0.008

0.108

CNP 0191 0.270
±0.022

0.410
±0.027

3.216 0.083
±0.001

0.127 0.309
±0.005

0.431
±0.061

3.215 0.096
±0.008

0.134

CNP 0193 0.234
±0.022

0.379
±0.026

3.177 0.074
±0.002

0.119 0.249
±0.019

0.351
±0.020

3.177 0.078
±0.001

0.111

CNP 0197 0.285
±0.037

0.408
±0.054

3.178 0.090
±0.003

0.128 0.279
±0.017

0.370
±0.029

3.177 0.088
±0.003

0.116

CNP 0409 0.265
±0.027

0.400
±0.023

3.180 0.083
±0.004

0.126 0.300
±0.015

0.399
±0.025

3.180 0.094
±0.005

0.126

CNP 0054 0.266
±0.044

0.382
±0.062

3.174 0.084
±0.001

0.120 0.432
±0.036

0.603
±0.049

3.174 0.136
±0.101

0.190

HAP120 0.226
±0.024

0.344
±0.039

3.16 0.071
±0.003

0.108 0.302
±0.040

0.410
±0.039

3.16 0.095
±0.005

0.130

Table 8.10 CNP system foams that have been coated and fired twice
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Figure 8.46 Bulk Densities of 45 and 60 ppi foams that have been 

coated and fired once
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Figure 8.47 Bulk densities of 45 ppi foams that have been coated and 

fired once and twice

8.4.3.2. CPF/Mg system

It can be seen that with one coating and firing all of the glass reinforced 

foams in the CPF/Mg system have higher density values than the 

hydroxyapatite only foams (table 8.11) for 45 and 60 ppi foams and for one 

and two coatings. For the CPMgF system the density values are similar to 

those seen for the equivalent but unreinforced hydroxyapatite foam. The 

CPF glass reinforced foam however tends to show values similar or below 

those for the unreinforced hydroxyapatite foam.
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Figure 8.48 Bulk densities of 45 and 60 ppi CPF/Mg foams that have 

been coated and fired once
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Figure 8.49 Bulk densities of 45 ppi CPF/Mg foams that have been 

coated and fired once and twice
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Figure 8.50 shows that overall with a decrease in porosity there is a linear 

increase in bulk density which, is independent of number of coatings, number 

of firings, pore size or glass composition.
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Figure 8.50 The effect of porosity on the bulk density

The relationship between the bulk (dry) and the apparent (wet) density 

measurements should be linear and 1:1 in ratio as ultimately they are the 

same measurement Hing (1996). In figure 8.51 it can be seen that the 

relationship between the “dry” bulk measurement and the apparent density 

was linear but not 1:1 in ratio. However, the relationship between the “dry” 

bulk density and the” wet” apparent density minus the closed porosity was 

linear and had a ratio of 1:1. It should also be noted that the foams that had 

only one coating were in general at the low density end of the scatter and 

those that were coated twice were at the high density end as expected.
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Figure 8.51 The effect of apparent density and apparent density minus 

the closed porosity on the bulk density

♦=Apparent density, one coating and firing 0=Apparent density two 

coatings and firings # =  Apparent density -  closed porosity, one coating and 

firing 0=Apparent density -  closed porosity, two coating and firings.

8.4.4. Mechanical properties

a.4.4.1. CNP system

It can be seen in figure 8.52 that in all cases the 60 ppi foams give higher 

ultimate compressive strength results than the 45 ppi foams and the glass 

reinforced foams give higher ultimate compressive strength results than the 

hydroxyapatite only foams. There is a significant increase in ultimate
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compressive strength from the CNP 0100 glass reinforced hydroxyapatite 

which contained the most sodium to the CNP 0054 glass reinforced 

hydroxyapatite which contained the least sodium. This is concurrent with the 

density results (section 8.5.3)
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Figure 8.52 Ultimate compressive strength of 45 and 60 ppi foams that 

had been coated once in the CNP system

It can be seen in figure 8.53 that in every case, the second coating improved 

the mechanical properties with the CNP 0054 glass giving the highest 

ultimate compressive strength. Also it was noted that the inverse relationship 

between the sodium content of the glass and the ultimate compressive 

strength is seen again from the CNP 0100 glass reinforced hydroxyapatite 

and the CNP 0054 glass reinforced hydroxyapatite.
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Figure 8.53 Ultimate compressive strength of 45 ppi foams that had 

been coated once and twice in the CNP system

B.4.4.2. CPF/Mg system

In figure 8.54 it can be seen that for the CPMg and the CPMgF glass 

reinforced hydroxyapatite foams, the 60 ppi foam gave higher ultimate 

compressive strength results than the 45 ppi foams and that the glass 

reinforced foams gave higher ultimate compressive strength results than the 

hydroxyapatite only foams. However, this was not seen in the CPF foams 

that had a higher ultimate compressive strength than the hydroxyapatite only 

foam in the 45 ppi foam but not in the 60 ppi foam.
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Figure 8.54 Ultimate compressive strength of 45 and 60 ppi foams that 

had been coated once in the CPF/Mg system

It can be seen in Figure 8.55 that the second coating improves the 

mechanical properties of the foams in every case and that the ultimate 

compressive strengths of the glass reinforced hydroxyapatite is greater than 

those of the hydroxyapatite only foams.
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Figure 8.55 Ultimate compressive strength of 45 ppi foams that had 

been coated once and twice in the CPF/Mg system

Figure 8.56 shows that the ultimate compressive strength depended on the 

relative density with an increase in ultimate compressive strength with 

increasing relative density and that it conformed to the relationships 

predicted with an value of 0.7495, the proportionality constant was 

8.9904. Again the foams with only one coating were confined to the lower 

end of the density scale and those with two coatings at the high end of the 

scale.
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Chapter 9

9. Discussion
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9.1. Characterisation of hydroxyapatite

Commercially produced hydroxyapatite (batch P120, plasma biotal) was 

used for the majority of experiments and all of the foam production. However, 

hydroxyapatite was also precipitated at 60 and 80°C and its morphology via 

transmission electron microscopy and x-ray diffraction line broadening 

calculations, its rheology and zeta potential investigated.

9.1.1. Transmission Electron Microscopy (JEM) and X-ray diffraction

TEM studies showed that the commercially produced hydroxyapatite had 

significantly larger particle morphology than the hydroxyapatite precipitated 

at 60 and 80°C. For the precipitated hydroxyapatite it is known that the 

temperature significantly affects the particle morphology (Mullin (1961)) and 

these findings are concurrent. The particle size data measured by line 

broadening effects from the x-ray analysis also agrees with these findings 

with the commercial hydroxyapatite having a particle size of 129.99nm 

compared to the hydroxyapatite precipitated at 60°C and 80°C which have 

particle sizes of 61.06nm and 82.24nm respectively. The X-ray diffraction 

data also showed that the commercially produced hydroxyapatite was 

significantly more crystalline than the precipitated hydroxyapatite.

Discussion
184



Production and characterisation of porous hydroxyapatite
Suzanne Calicut

9.1.2. Rheology

9.1.2.1. Commercial hydroxyapatite

Lelievre et al (1996) investigated the rheologicai behaviour of hydroxyapatite 

slurries with the addition of 34 different deflocculants, they found the most 

efficient to be an anionic polyelectrolyte added at a 3.5wt%. The rheologicai 

properties of commercial hydroxyapatite suspensions in this study were 

investigated with the increasing addition of an anionic polyelectrolyte 

deflocculant, Dispex N40 (sodium polyacrylate). This was so that the 

optimum deflocculant addition could be found which would leave the slip with 

as high a solids loading as possible whilst at the same time having the lowest 

viscosity possible. The slip could then be used to coat the polyurethane 

foams with as much hydroxyapatite as possible without clogging any pores

Time dependent studies were carried out to test the thixotropic properties of 

commercial hydroxyapatite suspensions with differing solids concentrations. 

With no Dispex N40 added all of the suspensions exhibited thixotropic 

behaviour that was more pronounced in the higher solids content slips. In the 

deflocculated slips however, this behaviour was greatly reduced and in most 

cases disappeared completely. This was a result of the surface charges 

present on the hydroxyapatite particles. When deflocculation had not taken 

place, particles in the slip would attract and agglomerate due to the presence 

of short range Van de Waals forces, these agglomerates would then act as 

large particles which fall out of suspension causing the reduction in viscosity.
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When the slip had been optimised through the use of Dispex N40 a 

combination of steric stabilisation and electrostatic stabilisation termed 

electrosteric stabilisation occurred. This combined stabilisation effect 

overcomes the Van de Waals forces so that the particles are no longer 

attracted or agglomerate and fall out of suspension but stay as discrete, 

individual units which remain in suspension. Where there are higher solids 

content slips this phenomenon is more pronounced, as there are more 

opportunities for the particles to collide with one another, aggregation to 

occur and increasing difficulty for the particles to orientate in the direction of 

shear (Lelievre et al (1996))

Lelievre et al (1996) found that powder concentration had a significant effect 

on the rheologicai behaviour of ceramic water suspensions. The study 

showed that at a shear rate of 75 sec'̂  the viscosity of hydroxyapatite 

suspensions dramatically increased at concentrations above 70wt% from 

200Mpa for a 70wt% suspension to ISOOMPa for a 75wt% suspension. The 

findings in this research were in agreement with this and showed that the 

higher solids contents slips gave higher viscosity readings, which is to be 

expected as more particles have the opportunity to collide and agglomerate. 

It is also more difficult for the particles to move around in a higher solids 

content suspension and to slide past one another when the slip is being 

sheared.
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Rate dependent studies were also performed on the suspensions so that 

more could be learnt about their rheologicai behaviour. With no Dispex N40 

addition the slips all exhibited pseudoplastic behaviour, causing the viscosity 

of the suspension to decrease when there was an increase in the rate of 

shear. This behaviour has been found to be typical of aggregated clay water 

suspensions by several authors, in alumina suspensions (Nikumbh et al 

(1990)), silicon coated ceramic suspensions (Nawaz and Neergaard (1997)) 

and hydroxyapatite suspensions (Toriyama et al (1995)). When a small 

amount of deflocculant was added (0.03wt%) it was found that viscosity 

increased very slightly although the rheologicai behaviour remained the 

same (pseudoplastic). This could be explained by the deflocculant 

dissociating in the solution causing more ions to be present in the 

suspension, not enough to deflocculate the suspension but enough to 

increase the viscosity of the suspension. As the amount of Dispex N40 

added was increased further the pseudoplastic behaviour was less 

pronounced to a point where at the optimal addition of 0.19wt% the slip was 

Newtonian in character causing the viscosity to remain constant and 

independent of the rate of shear. This is a much lower addition than that 

found by Lelievre et al (1996) who found that a 3.5wt% addition of their 

anionic polyelectrolyte deflocculant was required to fully deflocculate their 

slip.
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It was also found that in all tests, once the optimal addition of Dispex N40 

had been added, any further addition had no effect on the overall viscosity of 

the suspensions. The fact that considerable excess can be tolerated without 

offsetting the deflocculating effect is a known characteristic of anionic 

polyelectrolyte deflocculants such as Dispex N40 (Worrall (1975)).

The rheologicai tests mentioned above were all carried out on 33, 37.5 and 

42wt% suspensions. Higher solids contents than this would be desirable for 

coating the polyurethane foams, but rheologicai tests on slips with solids 

contents higher than 42wt% were unsuccessful due to the exceptionally high 

viscosity of the slips with no deflocculant addition. The rheometer's spindle 

would create a “hole” in the suspension as it turned which remained for the 

duration of the test causing the rheometer to realistically be measuring 

nothing but air. As the optimal Dispex N40 addition was a percentage of the 

solids content and did not vary in the range of solids contents used in this 

project, this deflocculant addition was therefore applied to slips with higher 

solids contents such that slips with 66wt% solids were achieved, which were 

then used to coat the polyurethane foams.

The pH of the suspension was also measured with increasing Dispex N40 

additions. It was found to increase in pH with deflocculant addition from pH8 

at a Owt% to just below pHIO at the optimal addition due to the particles in 

suspension becoming more negative in character with the addition of 

increasing deflocculant addition (see Rank Brothers zeta potential). After the
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optimal addition had been reached no further increase was seen in the pH as 

when the polyacrylate disassociates neither half of the particle is used, 

leaving them cancelling themselves out in terms of charge and therefore 

leaving the pH unaffected.

9.1.3. Precipitated hydroxyapatite

In a separate experiment the rheology of hydroxyapatite that had been 

precipitated in the laboratory at different temperatures was also investigated 

and compared against results gathered for the commercial hydroxyapatite.

At a Owt% addition of Dispex N40 the suspension of hydroxyapatite 

precipitated at 80°C was found to be already exhibiting Newtonian behaviour 

indicating that the particles were already in suspension and without the need 

for any deflocculant. Whereas the hydroxyapatite precipitated at 60°C and 

the commercially produced hydroxyapatite were behaving as pseudoplastic 

systems with the commercially produced hydroxyapatite requiring more 

deflocculant to become fully dispersed and Newtonian in character than the 

hydroxyapatite precipitated at 60°C. This observation can be explained by 

the particle size results that were seen in the TEM analysis and XRD line 

broadening calculations (section 9.1.1). Whilst the mean particle size found 

through XRD line broadening calculations was larger for the hydroxyapatite 

precipitated at 80°C, there appears to be some fine particulate which, would 

stay in suspension more easily. As previously mentioned the commercial
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hydroxyapatite required more Dispex N40 to fully deflocculate the system 

than the hydroxyapatite precipitated at 60°C this was a consequence of its 

larger particle size.

Discussion
190



Production and characterisation of porous hydroxyapatite
Suzanne Calicut

9.1.4. Zeta potential

9.1.4.1. The Burton tube

Preliminary tests for zeta potential were carried out using the Burton tube; 

tests of pH vs. zeta potential were investigated. It was found that below the 

isoelectric point found at pH 9.2, where all charges are equal, the slip had a 

positive zeta potential and above the isoelectric point, a negative zeta 

potential. This is because, in the acidic region, below the isoelectric point 

there is a concentration of positive ions around the particles and in the 

alkaline region, above the isoelectric point there is a build up of negative ions 

around the particle causing a negative zeta potential.

The zeta potential was investigated further in terms of electrophoretic 

mobility (which is proportional to zeta potential) with the use of the more 

accurate Rank Brothers electrophoresis kit. The electrophoretic mobility of 

the commercial hydroxyapatite was tested against pH. It was found that 

above the isoelectric point found at pH 7, where all charges are equal, the 

electrophoretic mobility was negative and below the isoelectric point it was 

positive. As with the Burton tube, this is due to the build up of positive ions 

around the particle in the acidic region and negative particles in the alkaline 

region.
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The isoelectric point measured using the electrophoresis equipment was 

different to that measured using the Burton tube because tests were carried 

out in 0.001 wt% KOI to maintain a constant double layer thickness. The 

isoelectric point found from electrophoresis measurements was concurrent 

with findings noted by Somasundaran and Wang (1999) who found that the 

isoelectric point of synthetic hydroxyapatite was at pH7 and independent of 

the ionic strength liquid phase. Below the isoelectric point they found the zeta 

potential to be positive with a maximum at lOmV and above the isoelectric 

point negative with a maximum at pH 12 of-27mV.

The electrophoretic mobility of commercial hydroxyapatite was also 

investigated with increasing deflocculant additions. The suspension begins 

with a negative electrophoretic mobility indicating that the particles in 

suspension have a positive charge. When the Dispex N40 is added to the 

system the electrophoretic mobility increases with increasing deflocculant 

additions until it is positive, indicating that the particles have a net negative 

charge. This is because Dispex N40 dissociates in water to produce a 

sodium cation and a polymeric anion. Since the hydroxyapatite particles 

have an overall positive charge, the polymeric anion is attracted to the 

surface of the particle and interacts. This happens many times over the 

particle surface. The particle is effectively stabilised by the neutralising 

effects of the positive to negative interaction and the particle is now overall 

negatively charged. When the maximum adsorption of the potential 

determining ion on the surface of the hydroxyapatite particles has been
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reached, further addition of the potential determining ion only increases the 

charge of the liquid phase therefore reducing the potential difference 

between the surface and the liquid. This reduction in surface potential leads 

to a reduction in the electrophoretic mobility. The electrophoretic mobility 

then levels off and remains at a constant level, no matter how much more 

deflocculant is added. The highest electrophoretic mobility was recorded at 

the same deflocculant addition as the lowest viscosity (0.199wt%) during 

rheologicai tests.

9.1.4.2. Precipitated hydroxyapatite

For the precipitated hydroxyapatite it was found that all the systems began 

with a negative zeta potential once again indicating that the all the particles 

had a positive charge. The hydroxyapatite precipitated at 80°C was the most 

negative, then the hydroxyapatite precipitated at 60°C and then the 

commercial hydroxyapatite. This is due to the particle size measurements, 

found from line broadening calculations, which indicated that the commercial 

hydroxyapatite was largest in size, then the hydroxyapatite precipitated at 

80°C and then the hydroxyapatite precipitated at 60°C. However, as seen 

from TEM analysis, whilst the hydroxyapatite precipitated at 80°C has a 

larger mean particle size, there appears to be some fine particulate which 

would move under charge more easily. When the Dispex N40 was added the 

zeta potential for all of the hydroxyapatites increased with increasing Dispex 

N40 additions until they have a positive electrophoretic mobility, indicating
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that the particles now have a net negative charge as with the commercial 

hydroxyapatite.
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9.2. Characterisation of poiyurethane foams

9.2.1. Differential Thermal Analysis (DTA)

DTA showed that 92.66% of the polyurethane foam had burnt off by 600°C, 

the firing regime was therefore set at 1°C min"̂  up to 600°C and then 5°C 

min to the sintering temperature,

9.2.2. Scanning Electron Microscopy (SEM)

It has been shown in the literature that an ideal bone implant would have 

spaces morphologically compatible with osteons and their vascular 

interconnections. The interconnections are an important feature of the 

implant as they can act as pathways for cells and vessels between pores 

thus encouraging bone ingrowth inside the implant. It has been found that an 

ideal cancellous bone substitute would have a thin lattice interconnected by 

pores of 500-600pm. (Ravaglioli and Krajewski (1992)).

The SEM analysis showed that the polyurethane foams had an open celled 

structure, which is fully interconnected, the scanning electron micrographs 

were then used to perform image analysis. The image analysis showed that 

the pore sizes ranged from 120 to 980pm in the 45 ppi polyurethane foams 

to 100 to 600pm in the 60 ppi foam. Either of these polyurethane foams were 

therefore considered ideal templates for the production of ceramic implants.
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9.3. Characterisation of ceramic foams

9.3.1. Scanning electron microscopy

Scanning electron microscopy was used to optimise the processing 

procedures. It was found that by immersing the polyurethane foam twice in 

the ceramic slip before firing, that the final ceramic foam had a much more 

consistent structure with more solids per individual strut which could improve 

the mechanical properties. It was also seen from the SEM studies that a 

second coating and firing of the ceramic foam resulted in inconsistent 

blocking of some of the pores and whilst this may be beneficial to the 

mechanical properties of the product, it could be detrimental to 

osseointegration.

When investigating the hydroxyapatite microstructure it was found that the 

glass helped to reinforce the hydroxyapatite structure by eliminating porosity 

and reducing grain growth. Pores within the struts of the ceramic due to the 

burn out of the polyurethane foam, which could be detrimental to the 

mechanical properties, were also noted.
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9.3.2. X-ray diffraction

X-ray diffraction results were shown in terms of X-ray traces and phase 

element fractions to quantify the phases present in the final products. It has 

been shown in the literature that the introduction of a glassy phase to act as 

a sintering aid promotes the degradation of secondary phases in the order 

HA -> p-TCP -> a-TCP through the diminution of hydroxyl groups. (Knowles 

(1994)). The inversion of p-tricalcium phosphate to a-tricalcium phosphate is 

known to be accompanied by a bigger volume change than the inversion of 

hydroxyapatite to p-tricalcium phosphate therefore complete inversion to a- 

tricalcium phosphate can be detrimental to the hydroxyapatite structure. This 

sequence of events was found to be dependent on both sintering 

temperature (Santos et al (1994)) and percentage glass addition (Knowles 

(1996)) therefore both variables were investigated in this project.

Preliminary tests were carried out on hydroxyapatite and hydroxyapatite 

reinforced with a low and high sodium content glass and a magnesium 

containing glass to optimise the processing conditions. The glass 

compositions were then varied and split into two systems, a CNP system 

with glasses containing sodium, calcium and phosphate with the sodium 

content ranging from 15-35% and a system with glasses containing calcium, 

fluorine and magnesium.
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In the preliminary experiments the glass that promoted the largest 

degradation of hydroxyapatite to p-tricalcium phosphate was the CNP 0100, 

then the CNP 0054, then the magnesium containing glass. This can be 

explained by the fact that the CNP 0100 glass contains the most sodium and 

is therefore most reactive and promoting the most amount of hydroxyapatite 

to the secondary phase p-tricalcium phosphate. The CNP 0054 glass 

contains some sodium which degrades some of the hydroxyapatite to the p- 

tricalcium phosphate phase. Dickens et al (1974) found that the addition of a 

magnesium containing glass to a hydroxyapatite system delayed the 

promotion of hydroxyapatite to p-tricalcium phosphate. The findings of this 

study were concurrent, it was found that the sintered hydroxyapatite system 

which, contained the magnesium glass had the least amount of p-tricalcium 

phosphate present and this was attributed to the delayed promotion of the 

hydroxyapatite as seen by Dickens et al in 1974.

When firing between 1200 and 1350°C the density of the un-reinforced 

specimens steadily increased. This can be attributed to the general 

densification that occurs during sintering. However, for the glass reinforced 

hydroxyapatite, densification occurs from 1200-1250°C. At temperatures 

higher than this (1300 and 1350°C) substantial grain growth can occur via a 

liquid phase sintering mechanisms due to the presence of the glass phase 

causing the density to decrease. This trend has also been noted in previous 

research (Knowles (1996))
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In the CNP system it was found that the hydroxyapatite that contained the 

glass with the highest amount of sodium (i.e. the most reactive) contained 

the most p-tricalcium phosphate after sintering and that the hydroxyapatite 

that contained the glass with lowest amount of sodium (i.e. the least reactive) 

contained the least amount of p-tricalcium phosphate. This is of significance 

as this trend was also reflected in the density and compressive strength 

results where specimens with the highest p-tricalcium phosphate 

concentrations had the lowest densities and mechanical properties.

In the CPF/Mg system the CPF decomposed the highest levels of 

hydroxyapatite to the p-tricalcium phosphate phase, this is thought be due to 

the high reactivity of the fluorine present in the glassy phase.

9.3,3. Image analysis

When fabricating porous hydroxyapatite through the novel technique of 

reticulated foam technology, it is important that the polyurethane foam 

template is replicated exactly so that the specified porosity and 

interconnectivity can be controlled, as the morphology of the porous implants 

is very important to obtain good implant incorporation. Image analysis was 

therefore employed to monitor the change in pore dimensions and 

distribution throughout the processing procedure.
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The two foams with different pore sizes (45 ppi and 60 ppi) were analysed by 

image analysis to ascertain their pore dimensions and distributions before 

and after the processing procedure (i.e. just the polyurethane foams and the 

final hydroxyapatite ceramic foam). The BCD of the pores was used as it has 

previously been found in the literature to be an optimal parameter for the 

measurement of pores when they are not elliptical or elongated in shape 

(Hing (1996)) (Shaw (1999)).

It was found that the macrostructure of the polyurethane template was 

conserved during the processing procedure and that the pore size 

distribution remained the same, however, the actual overall pore size 

decreased by approximately 0.05mm throughout the range of pore sizes 

during processing. This was due to the inevitable shrinkage that occurs 

during the sintering stage.

As expected the foams that had been coated and fired twice have a smaller 

pore size distribution than those coated just once as the very small pores 

became clogged with slip. A small amount of shrinkage due to sintering is 

also seen.

9.3.4. Density

Significant time was spent measuring a number of density parameters in 

conjunction with ensuring the methodologies were accurate. Bulk and

Discussion
200



Production and characterisation of porous hydroxyapatite
Suzanne Calicut

apparent density measurements were made using geometric and 

Archimedes type techniques respectively. However, one of the main density 

measurements often quoted in the literature is the relative density (Gibson 

and Ashby (1997)) which is the density of the foam (or bulk density) divided 

by the density of the solid from which the foam is made (or real density). The 

real density could not be accurately measured using the Archimedes type 

principle however it could be determined from the structural refinement of the 

x-ray diffraction data which calculates the phase densities from an atomic 

perspective and the phase element fractions of each phase. It was important 

to measure all of these density variables as they all help to correlate the 

various datasets found. When examining the data there are some obvious 

correlations between density and compressive strength of the foams. 

However it is often too simplistic to look at just, for example, the bulk density 

and compressive strength. It can clearly be seen that the actual struts can 

show significant variation in density, which will alter the compressive 

strength. Furthermore, to complicate matters, the existence of secondary 

phases can also either increase the mechanical properties or decrease them 

dependent on the level of secondary phases present.

The 45 ppi foams also have a much lower density than the 60 ppi foams 

again this is to be expected, as the 60 ppi has smaller macropores as seen 

in the image analysis results. Therefore more cell walls and therefore more 

solids per square mm than the 45 ppi foams.
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In all of the foams it was found that the specimens that had been coated and 

fired just once had a much lower density than those that had been coated 

and fired twice. This was to be expected as the twice coated foams have 

more hydroxyapatite on them per square mm than the once coated foams, 

they have also been subjected to the sintering process twice therefore 

allowing more time for densification to take place. From phase element 

fraction analysis it was found that after the second coating and firing the 

foams contained a lower percentage of the less dense p-tricalcium 

phosphate phase. In general any correlations seen between the density and 

the compressive strength can be made with the once coated system. When a 

second coating is applied the relationship is lost and this is probably due to 

the introduction of more variability in the specimens, such as even coating, 

introduction of higher levels of uncontrolled porosity etc. Probably the 

clearest evidence of the correlation between bulk density and compressive 

strength is seen in the data in Table 8.9 and Figure 8.53 for the 45ppi once 

coated foam using glass type CNP 0054.

The glass composition in either the CNP or the CPF/Mg systems generally 

did not seem to have an effect on the bulk density of the final ceramics. This 

is because the composition did not have an effect on the pore size or pore 

size distribution and therefore the amount of solid that was present per 

square mm.
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It was found that as the porosity of the specimens decreased there was a 

corresponding linear decrease in bulk density. This was independent of the 

number of coatings, porosity or glass composition.

It has been shown in previous research (Hing (1996)) that the bulk and 

apparent density should be equal as they are essentially the same 

measurement, but measured through different techniques. However, it was 

found in this work that the bulk density was significantly lower than the 

apparent density. This is a result of the way that the apparent density was 

measured. When measuring the unden/vater Wsub value for the apparent 

density calculation, the water could not penetrate the closed porosity that 

was present within the struts of the ceramic that occurred during processing, 

which can be seen in the SEM micrographs. This therefore made the 

apparent density appear higher than it actually was. The closed porosity 

concerned was also calculated and when subtracted from the apparent 

density gave a corrected apparent density which, when plotted against the 

bulk density gave the desired, linear, 1:1 ratio relationship. The main density 

measurement used for comparisons was therefore the bulk density.

9.3.5. Mechanical properties

Cells in a porous structure can be either open (comprising of a network of 

rods) or closed (comprising of a network of rods and plates), isotropic or
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anisotropic and the behaviour of the structure during compression is partially 

dependent on these parameters. (Gibson and Ashby (1997))

During compression testing of the final glass reinforced hydroxyapatite and 

hydroxyapatite ceramic foams, it was found that all of the foams exhibited 

three distinct regions of strain. A) a linear region controlled by cell wall 

bending, followed by B) a collapse plateau which was controlled by the brittle 

crushing of the cells followed by the final region of densification C) where the 

cell walls collapse and the solid hydroxyapatite walls were compressed. This 

distinct pattern indicated that the structure was failing in an elastic brittle 

manner highly characteristic of an open ceramic structure. (Gibson and 

Ashby (1997)). And also related to the way cancellous bone fails under 

compression (Gibson (1995)).

The relationship between the porous ceramics' relative density and their 

ultimate compressive strengths was best described by a quadratic 

relationship as described by (Gibson and Ashby (1997)) for a typical 

isotropic, open celled material with increased densities giving increased 

ultimate compressive strengths. This relationship has been noted by several 

authors looking at open isotropic cells. (Le Heuc et al (1995)) (Goretta et al 

(1990)). Deviations from the model could be attributed to the appearance of 

some clogged or closed pores in the foams that had been coated and fired 

twice and closed porosity that was present within the struts of the ceramic 

foam that were seen in the SEM micrographs. (See section 8.3.1). Linear
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relationships noted by other authors for anisotropic foams were not noted 

here as all the foams were isotropic confirming that the polyurethane foams 

retained their template structure during the coating and firing procedures.

In all cases the foams that had been coated and fired twice gave significantly 

higher ultimate compressive strength results than those that had been 

coated and fired just once. This was because more hydroxyapatite per 

square mm had been applied to the foam overall which therefore caused an 

increase in the bulk density and consequently an increase in the ultimate 

compressive strength of the final ceramic foam. The same reasoning was 

applied for the ultimate compressive strength versus pore sizes in foams, the 

60 ppi foams gave better ultimate compressive strength results than the 45 

ppi foams because there are more cells per square mm which results in 

more solid hydroxyapatite per square mm. The foams were therefore of a 

higher density and consequently higher ultimate compressive strength.

In general for all the systems and foam types, the foams that had the 

addition of glass had higher ultimate compressive strength results than the 

hydroxyapatite only foams, this is because the phosphate glass reinforces 

the hydroxyapatite through a liquid phase sintering mechanism, eliminating 

porosity and potentially inhibiting grain growth.

In the CNP based system, for either the 45 or 60 ppi foams that had been 

coated just once, there was a general increase in the ultimate compressive
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strength results from the hydroxyapatite reinforced with CNP 0100 glass 

which contained the most amount of sodium to the hydroxyapatite reinforced 

with the CNP 0054 glass which contained the least amount of sodium. There 

is a corresponding increase with the density. This can be explained by the 

phase element results which show that with the hydroxyapatite samples 

reinforced with the high sodium content glass a large amount of 

hydroxyapatite is promoted to the secondary phase p-tricalcium phosphate 

and this can be attributed to

1 ) the position in the reactivity series of sodium and 

2) the glass viscosity.

With an increase in sodium content there is a decrease in viscosity and 

therefore reactivity of the glass. Associated with the promotion are volume 

changes which, can induce large amounts of residual stress into the ceramic 

(Knowles et al (1996)) (Santos et al (1994)). These residual stresses, when 

occurring in large amounts can be detrimental to the overall ultimate 

compressive strength of the ceramic therefore explaining the low ultimate 

compressive strength results that are found when a large amount of p- 

tricalcium phosphate is present in the ceramic. The low sodium content CNP 

0054 glass still promotes some of the hydroxyapatite to the p-tricalcium 

phosphate but at low concentrations this can be beneficial to the stability by 

only inducing localised residual stress.
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Although the second coating improves the mechanical properties 

dramatically due to the presence of more solids per square millimetre. The 

above mentioned relationships are lost due to inconsistencies in processing 

such as uneven coating and blockage of pores.

The glass that gave the highest mechanical properties on the CPF/Mg

system was CPMg foam, this corresponds to the highest density

measurement, in both the 45 and 60 ppi foams and the least amount of p- 

tricalcium phosphate found for that system from the phase composition 

results. This can be attributed to the magnesium delaying the promotion of 

hydroxyapatite to the p-tricalcium phosphate phase. It has been shown in 

previous research that magnesium can be beneficial to the stability of the 

hydroxyapatite phase by delaying the formation of the p-tricalcium phosphate 

phase (Dickens et al (1974)) and the findings of this study are concurrent.

The foam that gave the poorest mechanical properties in the CPF/Mg system 

was the CPF glass, this could be due to the high reactivity of the fluorine in 

the glass, causing the large degradation of hydroxyapatite to p-tricalcium 

phosphate, as seen in the phase element fraction results, again this

promotion introduces a large amount of residual stress into the ceramic

causing the low ultimate compressive strength results seen.
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Chapter 10

10. Conclusions and Future Work
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10.1. Conclusions

• It was found that the flocculated hydroxyapatite suspensions exhibited 

pseudoplastic rheological behaviour. The sodium polyacrylate 

deflocculant (Dispex N40) was found to have excellent deflocculating 

properties with the optimal addition at only 0.2wt% to fully deflocculate 

the suspension and change its rheological behaviour to Newtonian. Once 

the optimal addition had been reached any further additions of 

deflocculant had no effect on the viscosity of the suspensions.

• The hydroxyapatite precipitated at 80°C was fully deflocculated without 

the need for any deflocculant, this was found to be due to its particle size 

distribution seen in the TEM studies. The commercial hydroxyapatite and 

hydroxyapatite precipitated at 60°C both acted as pseudoplastic systems 

with the hydroxyapatite precipitated at 60°C needing the least 

deflocculant to deflocculate, this is because the hydroxyapatite 

precipitated at 60°C has a smaller particle size than the commercial 

hydroxyapatite.

• Zeta potential studies showed that the particles had a negative 

electrophoretic mobility, indicating a positive charge on the particle 

surface, when deflocculation had occurred, the electrophoretic mobility 

was positive indicating an overall negative charge on the particle, this is 

due to the build up of the negative part of the disassociated deflocculant
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attaching itself to the positive hydroxyapatite particle. The highest zeta 

potential was found at the same deflocculant addition as the lowest 

viscosity.

• Scanning electron microscopy studies showed that the foams had a 

macrostructure that was interconnected and open celled. The image 

analysis showed the that the pore sizes ranged from 120-980|im in the 45 

ppi foams and from 100-600pm in the 60 ppi foams. Either of these were 

therefore found to be ideal for the production of a cancellous bone 

substitute. After sintering it was found through image analysis that the 

pore sizes had shrunk by approximately 50pm however, the 

macrostructure was maintained.

• X-ray diffraction studies showed that the presence of the phosphate glass 

in the hydroxyapatite structure, decomposed some of the hydroxyapatite 

to the secondary phase p-tricalcium phosphate and although some 

decomposition was beneficial to the mechanical properties, too much 

would be detrimental due to the associated volume changes.

• It was also found that an increase in sodium content increased the 

amount of hydroxyapatite that was decomposed to p-tricalcium 

phosphate this was attributed to the reactivity of the sodium.
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• The foams when tested under uniaxial compression exhibited mechanical 

behaviour typical of elastic brittle open isotropic foams, which can also be 

seen with cancellous bone. The relationship between the ultimate 

compressive strength and the ceramics and their relative density was 

best described by a quadratic realtionship, as described by Gibson and 

Ashby (1997). Any deviations from the model were attributed to the 

presence of clogged/closed pores in the foams that had been coated and 

fired twice.

• The optimal processing parameters were found to be with a 60 ppi 

polyurethane foam, which was coated and fired twice with a 2wt% glass 

reinforced hydroxyapatite at 1250°C with a dwell time of 8 hours.

• Although the final foams had optimal architecture for bone ingrowth, the 

mechanical properties are not as good as some materials on the market 

today, therefore more work would have to be carried out to improve the 

mechanical properties further and to become a competitive product, (see 

future work)
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10.2. Future work

Whilst the mechanical properties are adequate, they could be improved via a

number of routes:

• Further optimisation of the coating procedure by introducing higher solids 

content.

• Optimisation of the second coating procedure to allow correlations 

between density and UCS.

• Investigation of the material using in vitro culture methods. This work has 

already started and the use of bioreactors and the porous apatites as 

scaffolds is being considered.
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Chapter 11

11. References
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45 ppi Stdev 60 ppi Stdev

HA PI 20 0.0572 0.0010 0.0792 0.0118

CPMg0117 0.0524 0.0078 0.0802 0.0163

CNP 0054 0.0695 0.014 0.1064 0.0330

CNP0100 0.0607 0.092 0.0527 0.0167

Table 12.1 Dalta for figure 8.36

1®* Coating Stdev 2"̂  Coating Stdev

HA P I20 0.0572 0.0010 0.1931 0.0531

CPMg0117 0.0524 0.0078 0.0680 0.0106

CNP 0054 0.0695 0.014 0.2191 0.0428

CNP 0100 0.0607 0.092 0.2170 0.0237

Table 12.2 Dalta for figure 8.38

45 ppi Stdev 60 ppi Stdev

HA P I20 0.0063 0.0032 0.0234 0.0064

CPMg0117 0.0167 0.0022 0.0341 0.0065

CNP 0054 0.0218 0.0133 0.0256 0.0096

CNP 0100 0.0083 0.0019 0.0192 0.0031

Table 8.13 Data for figure 8.39
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1®* Coating Stdev 2"̂  Coating Stdev

HAP120 0.0063 0.0032 0.0406 0.0198

CPMgOII? 0.0167 0.0022 0.0200 0.0092

CNP 0054 0.0218 0.0133 0.0753 0.0218

CNP 0100 0.0083 0.0019 0.0303 0.0199

Table 12.4 Data for figure 8.40

HA PI 20 Stdev CNP 54 Stdev

1200°C 0.0057 0.0021 0.0063 0.0016

1250°C 0.0086 0.0020 0.0306 0.0091

1300°C 0.0125 0.0037 0.0099 0.0025

1350°C 0.0228 0.0031 0.0092 0.0031

Table 12.5 Data for figure 8.41
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45 ppi Stdev 60 ppi Stdev

HA PI 20 0.0550 0.0081 0.0749 0.0122

CNP 0100 0.0518 0.0053 0.0582 0.0055

CNP 0191 0.0652 0.0076 0.0738 0.0113

CNP 0193 0.0618 0.0075 0.0745 0.1133

CNP 0197 0.0815 0.0157 0.0836 0.0116

CNP 0409 0.0576 0.0070 0.0896 0.0078

CNP 0054 0.0854 0.0144 0.1397 0.0409

Table 12.6 Data for figure 8.46

1®̂ Coating Stdev 2"̂  Coating Stdev

HA P I20 0.0550 0.0081 0.2255 0.0244

CNP 0100 0.0518 0.0053 0.2314 0.0680

CNP 0191 0.0652 0.0076 0.2680 0.0230

CNP 0193 0.0618 0.0075 0.2423 0.0224

CNP 0197 0.0815 0.0157 0.2849 0.0365

CNP 0409 0.0576 0.0070 0.2649 0.0267

CNP 0054 0.0854 0.0144 0.2662 0.0437

Table 12.7 Data for figure 8.47
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45 ppi Stdev 60 ppi Stdev

HA PI 20 0.0550 0.0081 0.0749 0.0122

CPF 0138 0.0649 0.0058 0.0708 0.0060

CPMg0117 0.0951 0.0120 0.1337 0.0449

CPMgF0112 0.0746 0.0092 0.0927 0.0172

Table 12.8 Data for figure 8.48

1^ Coating Stdev 2"̂  Coating Stdev

HA PI 20 0.0550 0.0081 0.2255 0.0244

CPF 0138 0.0649 0.0058 0.2211 0.0236

CPMg0117 0.0951 0.0120 0.3750 0.0704

CPMgF0112 0.0746 0.0092 0.2275 0.0618

Table 12.9 Data for figure 8.49
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45 ppi Stdev 60 ppi Stdev

HA P I20 0.0086 0.0020 0.0313 0.0053

CNP 0100 0.0229 0.0021 0.0306 0.0027

CNP 0191 0.0114 0.0063 0.0181 0.0062

CNP 0193 0.0112 0.0050 0.0162 0.0016

CNP 0197 0.0106 0.0023 0.0162 0.0044

CNP 0409 0.0884 0.0013 0.0274 0.0067

CNP 0054 0.0306 0.0091 0.0597 0.0148

Table 12.10 Data for figure 8.52

1®̂ Coating Stdev 2"̂  Coating Stdev

HA PI 20 0.0086 0.0020 0.0263 0.0045

CNP 0100 0.0229 0.0021 0.0262 0.0047

CNP 0191 0.0114 0.0063 0.0479 0.0084

CNP 0193 0.0112 0.0050 0.0408 0.0090

CNP 0197 0.0106 0.0023 0.0533 0.0136

CNP 0409 0.0884 0.0013 0.0356 0.0079

CNP 0054 0.0306 0.0091 0.0795 0.0244

Table 12.11 Data for figure 8.53
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45 ppi Stdev 60 ppi Stdev

HA PI 20 0.0086 0.0020 0.0313 0.0053

CPF 0138 0.0118 0.0023 0.0064 0.0033

CPMgOII? 0.0288 0.0084 0.0380 0.0118

CPMgF0112 0.0128 0.0030 0.0298 0.0096

Table 12.12 Data for figure 8.54

1®* Coating Stdev 2"̂  Coating Stdev

HA P I20 0.0086 0.0020 0.0263 0.0045

CPF 0138 0.0118 0.0023 0.0359 0.0095

CPMg0117 0.0288 0.0084 0.0904 0.0264

CPMgF0112 0.0128 0.0030 0.0351 0.0083

Table 12.13 data for figure 8.55
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Abstract

The effect of precipitation temperature, i.e. particle morphology on the rheological properties of a hydroxyapatite (HA) slip was 
investigated and compared to a commercial HA (batch P120 supplied by Plasma Biotal, Tideswell, Derbyshire, UK). The commercial 
HA was highly crystalline and had a particle size much larger than the HA precipitated at 60 and 80°C. With no deflocculant addition, 
the commercial HA had a viscosity much higher compared to the precipitated HA as expected. The commercial HA and the HA 
precipitated at 60°C showed similar pseudoplastic behaviour, but the HA precipitated at 80°C showed Newtonian behaviour. This 
was explained by the HA precipitated at 80°C having mean particle size of 82.24 nm, but a much wider particle size distribution. This 
is confirmed by the electrophoretic mobility measurements which show that the HA precipitated at 80°C has a much lower zeta 
potential at a 0 wt% addition of deflocculant. Because of the wider particle size distribution, the need to add deflocculant is much 
reduced. ©  2000 Elsevier Science Ltd. All rights reserved.

Keywords: Hydroxyapatite; Rheology; Zeta potential

1. Introduction

H ydroxyapatite has been used extensively as a m ater
ial for im plant use and bone regeneration [1 -3 ] due to its 
bioactivity [2]. It has been used in various forms, such as 
m onolithic block [4], porous foam [5,6] coatings [7,8] 
and granules [9].

To produce m ore complex im plant designs there are 
various processing m ethods and one that is available for 
producing porous HA im plants is reticulated foam tech
nology [10], which makes use of a polyurethane foam, 
which is coated with an HA slip and then fired to burn off 
the polyurethane. However, in order to optimise this 
processing m ethod, an understanding of the rheological 
properties m ust be acquired, in order to optimise the slip 
to coat the foam. The work presented in this paper is an 
in depth study of the rheology and zeta potential 
m easurem ents of various HA slips com pared to a com 
mercially available HA and a study of the effect of

* Corresponding author. Tel.: +44-207-915-1189; fax: +  44-207-915- 
1189.

E-mail address: j.knowles@eastman.ucl.ac.uk (J.C. Knowles).

precipitation tem perature and hence particle m orpho
logy on the rheology and zeta potential of the HA slips. 
W ork was also carried out to optim ise the deflocculation 
of the slip and this is also presented.

2. Materials and methods

2.1. Precipitation

HA was prepared from solutions of calcium nitrate 
tetrahydrate (118.06 g in 900 ml of double-distilled water 
(DDW)) and diam m onium  hydrogen phosphate (39.64 g, 
1600 ml DDW ), bo th  solutions were adjusted to  approx
imately pH  11 with am m onium  hydroxide. The di- 
am m onuim  solution was then added drop  wise to the 
calcium solution (held at either 60 or 80°C) and then left 
to m ature at that tem perature for 24 h. The remaining 
suspension was then rinsed five times w ith D D W  (5x11), 
filtered via a Buchner funnel and then dried in a drying 
cabinet a t 70°C.

The commercial HA was supplied by Plasm a Biotal 
(Plasm a Biotal, Tideswell, Derbyshire, UK) and had 
a batch code P I 20.

0142-9612/00/$-see front matter ©  2000 Elsevier Science Ltd. All rights reserved. 
PIT: 8 0 1 4 2 - 9 6 1 2 ( 0 0 ) 0 0 0 3 2 - 6 240
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2.2. X-ray diffraction (XRD)

XRD of the samples was carried out on a Philips 
PW 1050/1082 pow der diffractometer, in flat plate geo
metry using N i filtered Cu radiation (wavelength 
1.5406 A). Samples were ground to a fine powder and 
m ounted in the holder of the diffractometer. D ata  were 
collected from 10 to 100° 2Q w ith a step size of 0.02° and 
a count time of 12 s. Particle size was determined using 
the following equation [11].

B =
0.92 

t cos 6

where B is the broadening of the diffraction line m ea
sured at half its m axim um  intensity (radians) and t is the 
diam eter of the crystal particle. Corrections for instru
ment broadening were m ade using powdered silicon. Full 
width a half m axim um  (FW H M ) measurements were 
made on the 0 0 2 peak for HA and on the 1 1 1 peak for 
silicon.

2.3. Transmission electron microscopy (TEM)

An HA solution was prepared by dispersing 1 g of HA 
in 50 ml of water. This was placed in an ultrasonic bath 
for 30 min, to ensure thorough dispersion. A drop of the 
solution was placed on a Form var carbon-coated copper 
200 grid and left for 1 min. Excess liquid was removed 
with filter paper and the grid was allowed to dry for 
about 10 min. The HA particles were then viewed with 
a JE O L  lOOCX TEM  at an accelerating voltage of 80 kV.

2.4. Flow curves

HA (20 g) was suspended in D D W  (30 ml) to produce 
slips containing 40 wt% solids. The rheological proper
ties of these suspensions were then investigated using 
a Brookfield R otating Rheom eter D V III4-. The HA slips 
were stirred at a constant rate on a magnetic stirrer for 
5 min to break down any aggregates within. The slip was 
then transferred to the rheom eter. The shear rate was 
started at 0.13 s “  ̂ (the lowest shear rate obtainable with 
this rheom eter) and then varied between 2.5 and 55 s “  ̂
a t intervals of 2.5 s “ h Each shear rate was given a time 
lag of 1 m in to establish an equilibrium  before proceed
ing to the next shear rate step. M easurements of shear 
rate vs. viscosity were taken to produce flow curves. The 
standard  deviation was calculated from at least two re
peat m easurem ents. The m ethod was repeated with de
flocculant additions a t 0, 0.03, 0.06, 0.13 and 0.19 wt% .

2.5. Thixotropic properties

The slips were stirred at a constant rate on a magnetic 
stirrer for 5 min and then were transferred to the

rheom eter. Their viscosity and shear stress were 
m easured at a constant shear rate (the variation of velo
city with distance) of 50 s “  ̂ for 60 m in with data  being 
collected at 1 m in intervals, the d a ta  for these 60 points 
were averaged and the standard  deviation calculated. 
The m ethod was repeated for deflocculant additions of 0, 
0.03, 0.06, 0.13 and 0.19 wt% .

2.6. Zeta potential

Zeta potential m easurem ents were perform ed on the 
HA P I 20 and the precipitated HA particles using the 
R ank Brothers electrophoresis apparatus. The HA p ar
ticles were suspended in a 0.001 m ol%  potassium  chlor
ide (KCl) solution so as to m aintain a constant electrical 
double-layer thickness. 0.05 w t%  solutions were used so 
a good contrast could be achieved when viewing the 
particles through the microscope. M easurem ents were 
taken after each deflocculant addition of 0,0.06,0.13 and 
0.19 w t%  and the m ean was calculated from m easure
m ents on 20 particles, for each deflocculant addition.

3. Results

3.1. X-ray diffration

The X-ray diffraction (Fig. 1) shows tha t the P120 is 
significantly m ore crystalline com pared to the HA pre
cipitated at both 60 and 80°C. F rom  the particle size 
measurements, the P I 20 has a significantly larger particle 
size with a values of 129.99 nm  com pared to the HA 
precipitated at 60 and 80°C, which had a particle size of 
61.06 and 82.24 nm, respectively.

3.2. Transmission electron microscopy

Fig. 2a-c  shows the m orphology of the HA powders 
after precipitation. M easurem ent of particle size from  the 
T EM  images, is difficult, due to the high aspect ratio  of 
the particles, for all three H A ’s, however. Fig. 2a is 
concurrent with the X-ray diffraction measurements, in

35000

30000

25000 -

20000  -

15000 -

10000 -

5000 -

20 25 30 35
T w o  theta  (d eg rees )

Fig. 1. X-ray diffraction traces for P120 (upper), HA precipitated at 
60°C (middle) and 80°C (lower).
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3.3. Flow curves

1389

Fig. 2. TEM of HA for: (a) P I20 (original magnification x 23 000)
(b) HA precipitated at 60°C (original magnification x 14 000) and
(c) HA precipitated at 80°C (original magnification x 14 000).

that the P I 20 has a m uch greater particle size com pared 
to the two precip itated  H A ’s. The HA precipitated at 
60°C (Fig. 2b) shows a relatively narrow  particle size 
d istribution  like the P I 20, but the HA precipitated 
at 80°C (Fig. 2c) shows evidence for the presence of 
some fine particles. All three H A ’s showed an acicular 
m orphology.

It can be seen from Fig. 3 th a t at a 0 ml addition  the 
HA precipitated at 80°C acts as a N ew tonian  system 
whereas the HA precipitated at 60°C and the HA P I 20 
behave as pseudoplastic systems. Also the viscosity for 
the P120 is very m uch higher com pared  to the precipi
tated  HA ’s. W hen a small am oun t of deflocculant is 
added, for the P I 20, the viscosity increases slightly. F o r 
the HA precipitated at 80°C, there is no effect on the 
rheology. The HA precipitated at 60°C shows a change to 
N ew tonian  behaviour with a 0.06 w t%  addition  of de- 
ffocculant (Fig. 4). The HA P120 sta rts to deffocculate at 
a 0.13 w t%  addition  (Fig. 5) and is fully dispersed and 
N ew tonian  in character at a 0.19 w t%  addition  (Fig. 6), 
the HA precipitated at 60°C exhibits d ila tan t behaviour 
at a 0.19 w t%  addition  (Fig. 5). The change in behaviour 
with deffocculant addition  for the three different types of 
HA is sum m arised in Table 1.

3.4. Thixotropic properties

Fig. 7 shows the effect of D ispex N 40 on the viscosity 
of the systems when subject to constan t shearing at 
50 s “ \  It can be seen tha t the HA precipitated at 80°C is 
at a constan t low value of less than  50 M P a th roughout 
all D ispex additions. The HA precipitated at 60°C also 
stays at constan t level of approxim ately  300 M P a even 
though its rheological behaviour is changing. The HA 
P I 20, however, starts off as a highly viscous system with 
a viscosity of 1000 M P a and when deffocculated comes 
down to a viscosity of 70 M Pa.

N o th ixotropic properties were found in any of the 
systems.

3.5. Zeta potential

The zeta po ten tia l of each of the systems at a 0 w t%  
addition  are negative (Fig. 8) with HA precipitated at 80 
being the m ost negative then the HA precip itated  at 60°C 
and then the HA P I 20. O n addition  of D ispex N 40 the 
zeta potential rises. All systems have a m axim um  around  
the 0.06 w t%  addition.

4. Discussion

The P120 HA is produced via a hydro therm al m ethod 
and has a significantly larger particle size com pared to 
the precipitated HA samples. F o r the precipitated HA 
samples, it is know n tha t tem perature significantly affects 
the precipitate m orphology [12] and our findings are 
concurrent. The HA precipitated at 60°C has a particle 
size of 61.06 nm and at 80°C, a particle size of 82.24 nm, 
m easured by line broadening effects. This does not ex
plain the deffocculant effects. However, the TEM  may
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Fig. 3. Viscosity against shear rate for the 3 H A ’s with 0 wt% deflocculant ( ♦ — HA P120, ■ — HA precipitated at 80°C, x — HA precipitated at 60°C).
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Fig. 4. Viscosity against shear rate for the 3 H A ’s with 0.06 wt% deflocculant { ♦ — HA  P120, ■ — HA  precipitated at 80°C, x  — HA  precipitated at 
60°C).

help to explain this. W hilst the m ean particle size for the 
HA precipitated at 80°C is larger, there appears in the 
T EM  to be some fine particulate, which would stay in

suspension m ore easily, hence the findings for the viscos
ity at 0 ml addition and the effect of deflocculant addi
tions.
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Fig. 5. Viscosity against shear rate for the 3 HA ’s with 0.13 wt% deflocculant ( ♦ — HA P120, ■ — HA precipitated at 80°C, x — HA precipitated at 60°C).
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Fig. 6. Viscosity against shear rate for the 3 H A ’s with 0.19 wt% deflocculant {♦ — H A  P120, ■ —HA precipitated at 80°C, x — HA precipitated at 60°C).

At a 0 ml addition the HA precipitated at 80°C acts 
as a N ew tonian system indicating that all the particles 
are already in suspension and are fully deflocculated 
w ithout the need for any addition of Dispex N40. The 
HA precipitated at 60°C and  the P I 20 both  behave as 
pseudoplastic systems with no Deflocculant added. The

HA P I 20 requires m ore Dispex N40 to fully deflocculate 
the system because of its larger particle size. Once the 
systems have been fully deflocculated a further addition 
of deflocculant to any of the systems does no t have 
a large effect on the viscosity bu t their behaviour changes 
from  N ew tonian to dilatant.
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Table 1
Summary of change in rheological properties with deflocculant addi
tion for the three hydroxyapatites

wt% HA  P I20 H A  @ 60 H A @  80

0 Pseudoplastic Pseudoplastic Newtonian
0.03 Pseudoplastic Pseudoplastic Newtonian
0.06 Pseudoplastic Newtonian Newtonian
0.13 Almost Newtonian Newtonian Newtonian
0.19 Newtonian Dilatant Newtonian

1200 -,

1000  -

£
E 800 -

* 600 -

400 -

200  -

0 0.05 0.1 0.20.15 0.25
wt% Dispex N40

Fig. 7. Effect of deflocculant addition on viscosity for the three H A ’s 
with a shear rate of 50 s ' '  ( ♦ — HA  P I 20, ■ — HA  precipitated at 80°C, 
X — HA precipitated at 60°C).

2 0  1

0.05 0.15 0.2
I  -10

= -20 - j

-25 -
wt% Dispex N40

Fig. 8. Effect of deflocculant addition on the electrophoretic mobility of 
the 3 H A ’s ( ♦ — HA P I20, ■ — HA  precipitated at 80°C, X — HA pre
cipitated at 60°C).

N o th ixotropic properties were noticeable in any of the 
suspensions, this was because of the low solids content 
that was used in these experiments.

All the systems begin with a negative zeta potential 
indicating tha t they all start with a positive charge. W hen 
the Dispex N40 is added to the systems the zeta potential 
increases slowly until it is positive indicating that the 
particles have a net negative charge. This is because 
Dispex N 40 dissociates in w ater to produce a sodium 
cation and  a polymeric anion. Since the HA particles 
have an overall positive charge, the polymeric anion is 
attracted  to the surface of the particle and interacts. This 
happens m any times over the particle surface. The p ar
ticle is effectively stabilised by the neutralising effects of 
the positive to negative interaction and the particle is 
now overall negatively charged. W hen the maximum 
adsorption of the potential determ ining ion on the

surface of the H A  particles has been reached, further 
addition of this potential determ ining ion only increases 
the charge in the liquid phase therefore reducing the 
potential difference between the surface and the liquid. 
This reduction in surface potential leads to a reduction in 
the zeta potential.

5. Conclusions

H A  precipitated a t 80°C is suspended in solution with
out the need for any deflocculants this is due to  the 
particle size distribution. H A  P I20 and H A  precipitated 
at 60°C both act as pseudoplastic m aterials with the H A  
precipitated at 60°C being the first to deflocculate and 
show N ew tonian behaviour with the addition of Dispex 
N40. This is because the H A  precipitated a t 60°C has 
a smaller particle size than  the H A  P I20. If an excess of 
deflocculant was added in any of the systems they would 
exhibit dilatant behaviour.

Z eta potential m easurem ents show that all the par
ticles start off with a positive charge. W hen defloccula
tion has occurred, the overall charge becomes negative. 
This is due to the negative part of the dissociated defloc
culant attaching itself to the H A  particles.
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AN INVESTIGATION OF THE RHEOLOGY OF A HYDROXYAPATITE SLIP

S. Calicut H.N. Newman* and J.C. Knowles
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Introduction. Porous apatites possess great 
potential as a biomaterial for hard tissue 
surgery [1]. One potential way of 
producing synthetic foams is using 
reticulated foam technology. However, to 
optimise this process, the rheology must 
be understood. The aim of this 
investigation was to ascertain the 
rheological properties o f a hydroxyapatite 
(HA) suspension and the affect that a 
deflocculant (sodium polyacrylate) would 
have on these slips.
Materials and Methods. Rheology 
measurements were carried out on slurries 
containing 50, 60 and 70g HA (batch 
P I20, Plasma Biotal Ltd.) in 100 mis of 
double distilled water, using a Brookfield 
digital rotating rheometer DVIII+. Sodium 
polyacrylate (Dispex N40) was added at 
different concentrations in each 
suspension to find the optimum 
deflocculant addition and solids load 
required to achieve a good, well dispersed 
slip. The slurries were tested for 
thixotropic effects and the flow curves of 
shear stress Vs. shear rate. Results of 
Bingham yield stress; plastic viscosity and 
apparent viscosity were recorded, pH was 
also recorded with each deflocculant 
addition and a graph of mis Dispex N40 
Vs. pH was plotted. Zeta potential was 
measured at varying pH levels using a 
Burton tube to obtain the point of zero 
charge.
Results. Figure 1 shows that, as expected, 
the viscosity decreases rapidly with 
increasing deflocculant addition (see 
Figure 1). Above a 0.2ml addition, there is 
little further decrease in viscosity. At this 
point the suspensions showed Bingham 
characteristics which gave flow curves 
which were linear and had a yield value.

140 

_ 120 
Q . 100

20

0.2 0.4 0.6
mis Dispex.

Figure 1. Effect o f deflocculant addition on 
viscosity of suspension with 60g solids.

The pH of the system at this addition was also 
measured and was approximately pH 9, which 
corresponds to the point of zero charge. Zeta 
potential measurements also showed that the 
optimal pH was 9.

CO

Q. -10

Figure 2. Effect o f pH on zeta potential.

Conclusions. The optimum deflocculant addition 
for each system was 0.2%. This deflocculant 
addition has balanced the surface charges and 
prevented particle aggregation in suspension. The 
deflocculant will now maintain the HA in 
suspension and thus optimise the suspension for 
coating the polyurethane foam.
References.
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RETICULATED HA FOAMS FOR BIOACTIVE IMPLANTS
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University of London, 256 Gray's Inn Road, London WCIX 8LD

Introduction. Reticulated foam processing 
technology offers great advantages, for 
producing ceramic foams for implant use. 
However, to produce these materials, an 
understanding of the processing must be 
undertaken, to optimise these materials, in 
terms of both strength and pore size. 
Materials and Methods. Hydroxyapatite 
slurries were produced by suspending 
different amounts of HA (50, 60, 70, 80 
and 90g, batch P I20, Plasma Biotal Ltd.) 
in 100 ml. of double distilled water and 
with a 0.2ml addition of Dispex N40 
deflocculant (determined from previous 
rheological experiments).
Polyurethane (PU) foams were obtained 
(Custom Foams Ltd.) with different pore 
sizes (45 and 60 pores per inch (ppi)) and 
were impregnated at different solids 
content. Following oven drying to remove 
excess water, the foams were fired at 
l°C.min’‘ until 600°C, to carefully burn 
the foam off, followed by 5°C.min'* to 
1250°C, where this temperature was held 
for either 2 or 8 hours, followed by 
furnace cooling. The resulting specimens 
were examined via SEM.
Results. Figures 1 and 2 show the effect 
of PU foam pore size on the final ceramic 
foam.

*pa.5s
Figure 1. HA 
foam from 
45ppi PU 
foam.

The small
pore size

(60ppi) shows evidence for blocking of 
pores due to inadequate removal of excess 
ceramic after coating. Specimens were
prepared with different solids content in

the HA slip and the resulting ceramic foams, are 
shown in Figures 3 and 4. The increased solids 
content results in lower porosity levels and hence 
a ceramic foam with better mechanical 
properties._______________

Figure 2. 60ppi 
PU foam coated 
with HA and fired 
at 1300°C for 8 
hours.

Figure 3 shows 
that when the 
solids content of 

the slip is low, extensive cracking occurs and 
significant porosity is seen.

Figure 3. Effect of 
lower solids
content on final 
ceramic foam.

When the foam is 
fired for 8 hours, 

significant
porosity disappears, both at the macroscopic 
level as seen in Figure 3 and the microporosity is 
also significantly reduced.

Figure 4. Effect of 
extended sintering 
time on both 
macro and
microporosity.

Conclusions. The 
optimum PU foam 

has 45ppi. To increase the strength of the ceramic 
foams, a high solids content is required to 
maximise the coverage of the polyurethane foam. 
As the ceramic, when it coats the polyurethane 
forms a highly porous layer, the specimens must 
be sintered for 8 hours or more.
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The rheological behaviour and processing of a reticulated glass-reinforced hydroxyapatite ceramic.

S u z a n n e  B . C a lic u t . J o n a th a n  C . K n o w le s , H u b e r t  N . N e w m a n .
D e p a r tm e n t o f B io m a te r ia ls , E a s tm a n  D e n ta l In s titu te , U n iv e rs ity  C o lle g e  L o n d o n , 2 5 6  G ra y s  Inn  R o a d , L o n d o n , W C 1 X  8 L D .

R e g e n e ra t io n  o f  b o n e  fo llo w in g  to o th  e x tra c tio n  o r s u rg ic a l 
re m o v a l o f w is d o m  te e th  is b e n e fic ia l to  m a in ta in  th e  

a n a to m y  o f th e  b o n e . P o ro u s  b io a c tiv e  c e ra m ic s  o ffe r  
p o te n tia l fo r th is  a p p lic a t io n  a n d  in p a rtic u la r , re tic u la te d  
fo a m  te c h n o lo g y . H o w e v e r ,  in o rd e r  to  o p tim is e  th e s e  

c e ra m ic s , th e  rh e o lo g ic a l b e h a v io u r  s h o u ld  b e  u n d e rs to o d .  
M a te r ia ls  a n d  M e th o d o lo o v .
R h e o lo g ic a l e x p e r im e n ts  w e re  c a rr ie d  o u t to  o p tim is e  s lip s  

c o n ta in in g  5 0 , 6 0  a n d  7 0 g  h y d ro x y a p a tite  (b a tc h  P 1 2 0 ,  
P la s m a  B io ta l ltd .) in 1 0 0 m l d o u b le  d is tilled  w a te r  w ith  th e  

a d d it io n  o f a n  a n io n ic  d e flo c c u la n t D is p e x  N 4 0  (A llie d  

C o llo id s ). U s in g  a  B ro o k fie ld  d ig ita l ro ta tin g  rh e o m e te r  

D V II I+  th e  s lu rr ie s  w e r e  te s te d  fo r th ix o tro p ic  ( t im e  

d e p e n d a n t )  p ro p e rt ie s  a n d  m e a s u re m e n ts  o f s h e a r  s tre s s  

vs . s h e a r  ra te  w e r e  ta k e n  to  p ro d u c e  f lo w  c u rv e s .
A s  h y d ro x y a p a t ite  (H A )  by its e lf p ro d u c e s  fo a m s  w ith  
in a d e q u a te  m e c h a n ic a l p ro p e rties '^ ^  a  p h o s p h a te  b a s e d  

g la s s  w a s  a d d e d  to  p ro d u c e  th e  g la s s -re in fo rc e d  
h y d ro x y a p a tite  ( G R -H A ) .
5  o r  lO g  o f g la s s  w a s  m ille d  d ry  fo r 2 4  h o u rs  a n d  th e n  9 5  
o r 9 0 g  o f H A  a n d  1 5 0 m l o f m e th a n o l w a s  a d d e d  a n d  
m ille d  fo r a fu r th e r  2 4  h o u rs . T h e  s u s p e n s io n  w a s  th e n  
d rie d  to  re m o v e  th e  m e th a n o l a n d  s ie v e d  d o w n  to  a  

p a rtic le  s iz e  o f < 7 5 |im  to  g iv e  p re c u rs o r p o w d e rs  
c o n ta in in g  5  o r  1 0 w t .%  o f g la s s  re s p e c tiv e ly . T h e  G R -H A  
m ix tu re  w a s  th e n  re s u s p e n d e d  in w a te r  w ith  D is p e x  N 4 0  

a t th e  o p tim a l a d d it io n  ( 0 .2 % )  fo u n d  fro m  th e  rh e o lo g ic a l  
te s ts  fo r H A  o n ly . T h e  o p tim is e d  s lip  w a s  th e n  u s e d  to  

im b ib e  p o ly u re th a n e  fo a m s  (C u s to m  F o a m s  ltd .) o f  
d iffe re n t p o re  s iz e s . S c a n n in g  e le c tro n  m ic ro s c o p y  (S E M )  
w a s  u s e d  to  a n a ly s e  a n y  m ic ro p o re s  o r m ic ro c ra c k s  fo u n d  

in th e  s tru ts  o f th e  m a c ro p o re s . X R D  w a s  u s e d  to  q u a n tify  
th e  p h a s e s  p re s e n t  in th e  fo a m s .
R e s u lts
F ig u re  1. S h o w s  th a t, a s  e x p e c te d  v is c o s ity  d e c re a s e s  
ra p id ly  in e v e ry  s y s te m  w ith  in c re a s in g  d e flo c c u la n t  

a d d it io n . T h e  o p tim a l a d d itio n  is 0 .2 % . A n y  fu rth e r  a d d itio n  
o f  d e flo c c u la n t h a d  little  e ffe c t on  th e  v isco s ity

50g

70g

% Dispex N40

F ig u re  1. P e rc e n ta g e  o f  D is p e x  vs . V is c o s ity  in H A  slips .
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F ro m  fig u re  2  it c a n  b e  s e e n  th a t  w ith  n o  d e f lo c c u la n t  

a d d it io n  th e  s lip s  e x h ib it  p la s tic  p ro p e rt ie s , w h e n  th e  s lip  

h a s  b e e n  d e f lo c c u la te d  to  th e  o p tim u m  le v e l ( 0 .2 % )  th e  
f lo w  c u rv e s  h a v e  N e w to n ia n  c h a ra c te r is t ic s  p ro v in g  th a t  

th e  p a r t ic le s  a re  in s u s p e n s io n .
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F ig u re  2 . F lo w  c u rv e  fo r a  5 0 %  H A  S lip .

F ig u re  3 . X - R a y  p a tte rn  fo r  G R H A  w ith  5  ( lo w e r )  a n d  
1 0 w t%  (u p p e r )  g la s s .

F ig u re  3  s h o w s  th e  re s u lts  o f X R D  a n a ly s is  o n  th e  s in te re d  
c e ra m ic s . F ro m  th e s e  it c a n  b e  s e e n  th a t  w ith  a  5 w t%  

g la s s  a d d itio n  th e re  w a s  s o m e  d e c o m p o s itio n  o f th e  H A  to  

P - T C P .  H o w e v e r  w h e n  1 0 w t%  g la s s  w a s  u s e d , th e  H A  

c o m p le te ly  d e c o m p o s e d  to  p - T C P  w ith  n o  re s id u a l H A .  
A s s o c ia te d  w ith  th is  w a s  s ig n ific a n t v o lu m e  c h a n g e  th a t  
c a n  in tro d u c e  m ic ro p o ro s ity  b a c k  in to  th e  s tru ts  o f  th e  
m a c ro p o re s , th is  f in d in g  w a s  c o n firm e d  b y  S E M  a n a ly s is .  
S E M  a n a ly s is  a ls o  s h o w s  th a t  ju s t o n e  c o a tin g  o f th e  fo a m  

w ith  th e  c e ra m ic  s lip  is n o t e n o u g h  to  p ro d u c e  a  s tu rd y  
c e ra m ic . M ic ro p o re s  a n d  m ic ro c ra c k s  a re  p re s e n t  w ith in  

th e  s tru ts  o f  th e  m a c ro p o re s . M ic ro p o ro s ity  w a s  a ls o  a  big  
p ro b le m  w ith  th e  fo a m s  th a t  h a d  o n ly  b e e n  fire d  fo r  2  
h o u rs , th is  w a s  a lm o s t  to ta lly  e lim in a te d  b y  u s in g  a  lo n g e r  
d w e ll t im e  o f  8  h o u rs .
C o n c lu s io n s .
T h e  o p tim a l d e flo c c u la n t a d d itio n  fo r  th e  p u re  H A  s y s te m s  

w a s  0 .2 % , it c a n  b e  a s s u m e d  th a t  th is  v a lu e  w ill ho ld  fo r  
th e  G R - H A  s y s te m s .
C o a tin g  th e  p o ly u re th a n e  fo a m  ju s t  o n c e  a n d  h a v in g  a  
d w e ll t im e  o f 2  h o u rs  is n o t e n o u g h  to  p re v e n t  a  h u g e  

a m o u n t  o f m ic ro p o re s  a n d  m ic ro c ra c k s  a p p e a r in g  w ith in  

m ic ro s tru c tu re . T h e y  c a n  h o w e v e r  b e  s ig n ific a n tly  re d u c e d  

by m u ltic o a tin g  th e  p o ly u re th a n e  fo a m  a n d  u s in g  a  lo n g e r  

d w e ll t im e  s u c h  a s  8  h o u rs .
T h e  u s e  o f a  g la s s  s in te r in g  a id  c a n  g re a t ly  e n h a n c e  th e  
m o rp h o lo g y  o f th e  c e ra m ic  fo a m  b y  d riv in g  th e  so lid  s ta te  

s in te r in g  m e c h a n is m  h o w e v e r , th e re  is a  lim it to  th e  

a m o u n t o f  g la s s  th a t c a n  b e  a d d e d . F u r th e r  w o rk  is 

c u rre n tly  in p ro g re s s  to  o p tim is e  th e  a m o u n t a n d  

c o m p o s it io n  o f g la s s  to  im p ro v e  th e  m e c h a n ic a l p ro p e rt ie s  
e v e n  fu rth e r.
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