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SUMMARY

The objective o f  the current study was to investigate the efficiency o f  the overlapping 

irradiation regime for resin-based composites (RBCs) in ISO 4049 by modifying the 

irradiation protocol. To exacerbate the potential for uncontrolled initiation on 

polymerisation and decrease the homogeneity o f  polymerisation along the length o f  the 

specimen, the exit window was moved by three-quarters (not half) the diameter along the 

top surface only so that some areas received twice the irradiation o f  adjacent areas. It was 

proposed that increasing the number o f  irradiations, with decreasing tip diameter from 13 

to 11 and 8mm, would progressively decrease the efficiency o f  the polymerisation 

process compared with a ‘one-hit’ irradiation using a 25mm custom made fibre optic light 

guide. Additionally, the influence o f  light irradiation variables (tip diameter, irradiance, 

irradiation protocol and LCU) on the flexural strength, flexural modulus and the Vickers 

hardness were assessed. Within the limitations o f  the experiment tip diameter, irradiance 

and irradiation protocol had no influence on three-point flexural strength and modulus 

data. An increase in irradiance for a constant irradiation time resulted in an increase in the 

Vickers hardness o f  the bottom surfaces. The study emphasised that the relationship 

between the development o f  mechanical properties with energy density is not linear 

although some clinical implications were highlighted. The objective o f  Part II o f  the 

current study was to investigate RBC placement variables (principally irradiation 

distance) which has implications for strength and modulus development in clinical 

practice. In addition, the influence o f  quartz tungsten halogen LCU irradiation distance 

on bi-axia! flexure strength and short- and long-term in-vitro wear resistance were also



assessed. Deviation from the m axim um  flexure properties from that described in the 

literature (M usanje and Darvell, 2003) occurred at irradiation distances between 0 and 

7mm in three-point flexure and 9 and 11 m m  in bi-axial flexure. The determination o f  the 

mean total volumetric wear was identified to be a m ore accurate param eter for evaluating 

material loss due to wear since difficulties with the m ean m axim um  w ear depth 

m easurem ents for data reporting are routinely encountered. Increasing the num ber o f  

wear cycles to 500,000 results in significant volum etric w ear observed over time which is 

exacerbated with increasing irradiance distances.



A C K N O W L E D G M E N T S

1 would like to thank my supervisor Dr Garry JP Fleming for his considerable support 

and patience over the past three years. His positive attitude and willingness to succeed 

has motivated m e in m aking it possible to complete this PhD. The guidance, 

encouragem ent and enthusiasm  he has show n is m uch  appreciated.

During this stressful and challenging period A dam  Dowling has proved to be a true 

and loyal friend w ho has offered his support and assistance continuously throughout 

m y time at the Materials Science Unit.

I would also like to extend my gratitude to Professor Brian Darvell for his useful 

com m ents  during the latter stages o f  this thesis which have been invaluable and to 

Brendan Grufferty for keeping m e sane. My w'ife, Jasdeep, w ho has m ade it all 

w orthwhile  with her support and encouragem ent over the three years o f  this PhD.

1 would like to express my appreciation to the Dublin Dental School and Hospital, 

Trinity College Dublin for the financial support received and for providing m e with 

the opportunity to study at the institution.

Finally  I would like to express my gratitude to Drs Andreas Syrek and John Rafelt 

from  3M ESPE for supplying the RBC materials and answering any relevant 

questions.



TABLE OF CONTENTS

PA R TI

THE EFFICACY OF A MODIFIED IRRADIATION PROTOCOL ON RBC
PERFORMANCE

CHAPTER 1 Introduction

I. l Historical developm ent o f  resin-based com posites 1

1.2 Traditional RBC technology 2

1.3 Microfilled RBC technology 6

1.4 Hybrid RBC technology 8

1.5 Nano-filled RBC technology 10

1.6 Summary 10

CHAPTER 2 l^ight Irradiation and the Associated Pitfalls

2.1 Polymerisation o f  light-activated RBCs 12

2.2 Chem istry  o f  light activation 13

2.3 Light irradiation devices 16
2.3.1 Q uartz  tungsten halogen 16
2.3.2 Light emitting diode 18

2.4 H ow  does one assess performance o f  RBCs? 20

2.5 A im s and Objectives 22

CHAPTER 3 Materials and Methods

3.1 Materials 24
3.1.1 Dimethacrylate RBC materials 25

3 . 1.1.1 Resin chemistry 25
3.1.1.2 Filler m orphology 27

3.1.2 Light curing units 28
3.1.2.1 Quartz tungsten halogen 28
3 . 1.2.2 Light emitting  diode 28



3.2. Characterisation techniques: Mechanical properties 29
3.2.1 Specimen preparation 29
3.2.2 QTH handheld LCU 31

3.2.2.1 Standard mode (s) 31
3.2.2.2 Boosted mode (h) 3 1
3.2.2.3 Turbo tip standard (s,) and boosted mode (bt) 32

3.2.3 LED handheld LCU 34
3.2.3.1 Elipar™ Freelight (i) 34
3.2.3.2 Elipar™ Freelight 2 (h) 34

3.3 Three-point flexure testing 36
3.3.1 Three-point flexure strength 37
3.3.2 Three-point flexure modulus 37

3.4 Vickers hardness testing 37
3.4.1 Indentation technique 38
3.4.2 QTH handheld LCU 39

3.4.2.1 Standard mode (s) 39
3.4.2.2 Boosted mode (t,) 42
3.4.2.3 Turbo tip standard (st) and boosted mode (hO 43

3.4.3 LED handheld LCU 45
3.4.3.1 Elipar™ Freelight (i) 45
3.4.3.2 Elipar™ Freelight 2 (h) 46

3.5 Statistical Analysis 49
3.5.1 Three-point flexure strength data 49
3.5.2 Reliability o f the flexure strength data 50
3.5.3 Three-point flexure modulus data 52
3.5.4 Vickers hardness data 52

CHAPTER 4 Results

4.1 IS04049: The influence o f  LCU tip diam eter 54
4.1.1 Three-point flexure strength 54

4.1.1.1 Standard mode 54
4.1 .1 .1 .1 Statistical analysis: Standard mode: tip diam eter 57

4.1.1.2 Boosted mode 58
4.1.1.2.1 Statistical analysis: Boosted mode: tip diam eter 59

4.1.1.3 Grouped data (standard and boosted mode) 60
4.1.2 Reliability o f fracture strength data 61

4.1.2.1 Standard mode 61
4.1.2.2 Boosted mode 64

4.1.3 Three-point flexure modulus testing 66
4.1.3.1 Standard mode 66

4.1.3.1.1 Statistical analysis: Standard mode: tip diam eter 68
4.1.3.2 Boosted mode 69

i i



4.1.3.2.1 Statistical analysis; Boosted mode; tip diam eter 71 
4.1.3.3 Grouped data; tip diam eter -  standard and boosted mode 72

4.1.4 Vickers hardness testing 72
4.1.4.1 Standard mode 73

4 .1 .4 .1 .1T op  73
4.1.4.1.2 Bottom 74
4.1.4.1.3 Statistical analysis; Standard mode; tip diam eter 76

4.1.4.2 Boosted mode 77
4.1.4.2.1 Top 77
4 .1.4.2.2 Bottom 78
4.1.4.2.3 Statistical analysis; Boosted mode; tip diam eter 81

4.2 1S04049; The influence o f  LED LCU tip diam eter 81
4.2.1 Three-point flexure strength 82

4.2.1.1 Elipar™ Freelight 82
4.2.1.1.1 Statistical analysis 84

4.2.1.2 Elipar™ Freelight 2 84
4.2.1.2.1 Statistical analysis 85

4.2.2 Reliability o f  fracture strength data 86
4.2.2.1 Elipar™ Freelight 86
4.2.2.2 Elipar™ Freelight 2 87

4.2.3 Three-point flexure modulus testing 89
4.2.3.1 Elipar™ Freelight 89

4.2.3.1.1 Statistical analysis 91
4.2.3.2 Elipar™ Freelight 2 92

4.2.3.2.1 Statistical analysis 93
4.2.4 Vickers hardness testing 93

4.2.4.1 Elipar™ Freelight 94
4.2.4.1.1 Top 94
4.2.4.1.2 Bottom 95
4.2.4.1.3 Statistical analysis; Elipar™ Freelight 97

4.2.4.2 Elipar™ Freelight 2 98
4 .2 .4 .2 .1T op  98
4.2.4.2.2 Bottom 98
4.2.4.2.3 Statistical analysis; Elipar™ Freelight 2 99

4.3 1S04049; The influence o f  QTH LCU irradiance 100
4.3.1 Three-point flexure strength 100

4.3 .1 .1Q T H  100
4 .3 .1.1.1 Standard mode 100

4.3.1.1.1.1 Statistical analysis 101
4 .3 .1.1.2 Boosted mode 102

4.3.1.1.2.1 Statistical analysis 102
4.3.2 Reliability o f the fracture strength data 103

4.3.2.1 Standard mode 103
4.3.2.2 Boosted mode 104

i i i



4.3.3 Three-point flexure modulus 105
4.3.3.1 Standard mode 105

4.3.3.1.1 Statistical analysis 105
4.3.3.2 Boosted mode 106

4.3.3.2.1 Statistical analysis 107
4.3.4 Vickers hardness testing 108

4.3.4.1 Standard mode 108
4.3.4.1.1 Top 108
4.3.4.1.2 Bottom 108
4.3.4.1.3 Statistical analysis: Standard mode: irradiance 110

4.3.4.2 Boosted mode 110
4 .3 .4 .2 .1 T o p  110
4.3.4.2.2 Bottom 1 11
4.3.4.2.3 Statistical analysis: Boosted mode: irradiance 1 11

4.4  1S04049: The influence o f  LED LCU irradiance 112
4.4.1 Three-point flexure strength 112

4.4.1.1 Statistical analysis: Elipar™ Freelight 1 12
4.4.1.2 Statistical analysis: Elipar™ Freelight 2 112

4.4.2 Three-point flexure m odulus 1 13
4.4.2.1 Statistical analysis: Elipar™ Freelight 113
4.4.2.2 Statistical analysis: Elipar™ Freelight 2 113

4.4.3 Vickers hardness 114
4.4.3.1 Statistical analysis: Elipar™ Freelight: Irradiance 114
4.4.3.2 Statistical analysis: Elipar™ Freelight 2: Irradiance 1 14

CHAPTER 5 Discussion

5.1 Q TH  116
5.1.1 Irradiance 1 16
5.1.2 Tip diam eter 117

5.2 LED 118
5.2.1 Irradiance 118
5.2.2 Tip d iam eter 119

5.3 Characterisation techniques: Mechanical properties
5.3.1 ISO 4049: 2000 120
5.3.2 LCU tip d iam eter 121

5.3.2.1 Summary: tip d iam eter 126
5.3.3 Light energy density 128

5.3.3.1 Summary: irradiance 135
5.3.4 RBC material 136
5.3.5 Implications for further research 137

iv



PART II

THE INFLUENCE OF IRRADIATION DISTANCE ON RBC PERFORMANCE  

CHAPTER 6 Introduction

6.1 Aims and Objectives 140

CHAPTER 7 Materials and Methods

7.1 Three-point flexure properties 141
7.1.1 QTH irradiance variation 142
7.1.2 LED irradiation variation 142
7.1.3 Specimen preparation 142

7.1.3.1 QTH LCU 143
7.1.3.2 LED LCU 144

7.1.3.2.1 Elipar™ Freelight (i) 144
7.1.3.2.2 Elipar™ Freelight 2 (h) 145

7.1.4 Three-point flexure testing 146
7.1.4.1 Statistical analysis 147

7.2 Bi-axial flexure properties 147
7.2 .1 Specimen preparation 148
7.2.2 Bi-axial flexural strength 149

7.2.2.1 Statistical analysis 150

7.3 In-vitro  wear testing 152
7.3.1 Short-term in-vitro wear resistance 155

7.3.1.1 Statistical analysis 156
7.3.2 Long-term in-vitro wear resistance 157

7.3.2.1 Statistical analysis 157

CHAPTER 8 Results

8.1 The influence o f  irradiation distance 159
8.1.1 QTH LCU irradiance variation 159
8.1.2 LED LCUs irradiance variation 159

8.2 Three-point flexure strength
8.2.1 Optilux 501 QTH LCU 160
8.2.2 Elipar™ Freelight LED LCU 162
8.2.3 Elipar™ Freelight 2 LED LCU 163
8.2.4 Statistical analysis 165

8.3 Three-point flexure modulus 167
8.3.1 Optilux 501 QTH LCU 167

V



8.3.2 Elipar Freelight LED LCU 169
8.3.3 Elipar Freelight 2 LED LCU 171
8.3.4 Statistical analysis 173

8.4 Bi-axial flexure strength 175
8.4.1 QTH LCU irradiance variation 175
8.4.2 Bi-axial flexure strength 175
8.4.3 Statistical analysis 175

8.5 In-vitro wear testing 177
8.5.1 Short-term in-vitro wear resistance 177

8.5.1.1 Mean total volumetric wear 178
8.5.1.1 Mean maximum wear depth 182
8.5.1.3 Statistical analysis 182

8.5.2 Long-term in-vitro wear resistance 184
8.5.2.1 In-vitro  wear resistance at 150,000 cycles 184
8.5.2.2 In-vitro  wear resistance at 300,000 cycles 186
8.5.2.3 In-vitro wear resistance at 500,000 cycles 188
8.5.2.4 Statistical analysis 191

CHAPTER 9 Discussion

9.1 LCU irradiance degradation 194

9.2 Three-point flexure properties 194
9.2.1 Irradiation distance 197
9.2.2 RBC material 199

9.3 Reliability o f the flexure strength data 200

9.4 Bi-axial flexure strength 201

9.5 In-vivo wear resistance 203
9.5.1 Short-term in-vitro  wear resistance 209
9.5.2 Long-term in-vitro wear resistance 210
9.5.3 RBC material 212

CHAPTER 10 Conclusions 214

CHAPTER 11 Recommendations for Further Work 219

REFERENCES 223

vi



LIST OF FIGURES

Figure No. Page

3.1 The chemical structure o f  (a) bisphenol A glycol di methacrylate (Bis-GM A) and 
(b) triethyleneglycol dimethacrylate (TEGDM A) utilised in the monomer blend o f 
the dimethacrylate RBC, ZlOO™. 25

3.2 The chemical structure o f  (a) bisphenol A hexaethoxylated dim ethacrylate (Bis- 
EMA) and (b) urethane dimethacrylate (UDM A) utilised in the m onomer blend o f 
the dimethacrylate RBCs, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT.

26

7.1 A three-dimensional representation o f  the total wear facet for the 7mm sliding
path produced from the wear regime employed using the OHSU oral wear 
simulator. 156

8.1 The mean total volumetric wear at 50,000, 150,000, 300,000 and 500,000 wear
cycles for ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT
irradiated at distances o f  0, 7 and 15mm using a QTH handheld LCD at 
irradiances o f  650 ± 14, 350 ± 8, and 150 ± 8mW/cm^, respectively. 188

8.2 The mean maximum wear depth at 50,000, 150,000, 300,000 and 500,000 wear
cycles for ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT
irradiated at distances o f  0, 7 and 15mm using a QTH handheld LCU at 
irradiances o f  650 ±  14, 350 ± 8, and 150 ± 8m W/cm^, respectively. 189



Table No.
LIST OF TABLES

Page

3.1 The formulation o f  the RBC m aterials used in the current study. 24

3.2 The specimen groups for each RBC material irradiated when em ploying the 13,
11, 8, 25 and 8mm ‘T urbo’ tip diam eters with the Q7H LCU in standard and 
boosted modes. 33

3.3 The specimen groups for each RBC material irradiated when em ploying the 13 
and 8mm tip diameters with the Elipar™ Freelight and Elipar™ Freelight 2 LED 
LCUs. 35

3.4 The non-overlapped and overlapped groups on the top and bottom surfaces for
each RBC material when irradiated with the 13, 11, 8, 25 and 8mm ‘Turbo’ tip
diameters using the QTH LCU in standard mode. 41

3.5 The non-overlapped and overlapped groups on the top and bottom surfaces for
each RBC material when irradiated with the 13, 1 1, 8, 25 and 8mm ‘Turbo’ tip
diameters using the QTH LCU in boosted mode. 44

3.6 The non-overlapped and overlapped specimen groups on the top surface when
irradiated with the 13 and 8mm tip diam eters using the Elipar™ Freelight and
Elipar™ Freelight 2 LED LCUs. 47

3.7 The non-overlapped and overlapped specimen groups on the bottom surface when
irradiated with the 13 and 8mm tip diam eters using the Elipar™ Freelight and
Elipar™ Freelight 2 LED LCUs. 48

4.1 The range and mean three-point flexure strengths (associated standard deviations) 
for the RBC specimens irradiated using a QTH LCU with 8, 11, 13 and 25 mm tip 
diameters using the QTH LCU in standard and boosted modes. 56

4.2 The Weibull moduli and 95% confidence intervals for the RBC specimens 
irradiated using a QTH LCU with 8, 11, 13 and 25 mm tip diam eters using the 
QTH LCU in standard and boosted modes. 63

4.3 The range and mean three-point flexure moduli (associated standard deviations) 
for the RBC specimens irradiated using a QTH LCU with 8, 11, 13 and 25 mm tip 
diameters using the QTH LCU in standard and boosted modes. 67

4.4 The non-overlapped and overlapped Vickers hardness data for the top and bottom 
surfaces for each RBC material when irradiated with the 13, 11, 8 and 25mm tip 
diameters using the QTH LCU in standard mode. 75



4.5 The non-overlapped and overlapped Vickers hardness data for the top and bottom 
surfaces for each RBC material when irradiated with the 13, 11, 8 and 25mm 
‘Turbo’ tip diam eters using the QTH LCU in boosted mode. 80

4.6 The range and mean three-point flexure strengths (associated standard deviations)
for the RBC specim ens irradiated with the Elipar™ Freelight and Elipar™ 
Freelight 2 LED LCUs using tip diameters o f  8 and 13mm. 83

4.7 The Weibull moduli and 95% confidence intervals for the RBC specim ens
irradiated with the Elipar™ Freelight and Elipar™ Freelight 2 LED LCUs using 
tip diameters o f  8 and 13mm. 89

4.8 The range and mean three-point flexure moduli (associated standard deviations)
for the RBC specim ens irradiated with the Elipar™ Freelight and Elipar™ 
Freelight 2 LED LCUs using tip diameters o f  8 and 13mm. 90

4.9 The non-overlapped and overlapped Vickers hardness data for the top surface for
each RBC material when irradiated with the 13 and 8mm tip diam eters using the 
LED LCUs. 95

4.10 The non-overlapped and overlapped Vickers hardness data for the bottom surfaces
for each RBC material when irradiated with the 13 and 8mm tip diam eters using 
the LED LCUs. 96

4.11 The range and mean three-point flexure strength (associated standard deviations)
for the RBC specimens irradiated using a QTH LCU in standard and boosted 
modes with the 8mm ‘Turbo’ tip diameter. 101

4.12 The Weibull moduli and 95%  confidence intervals for the RBC specim ens
irradiated using a QTH LCU in standard and boosted m odes with the 8mm 
‘Turbo’ tip diameter. 104

4.13 The range and mean three-point flexure moduli (associated standard deviations)
for the RBC specimens irradiated using a QTH LCU in standard and boosted 
modes with the 8mm ‘Turbo’ tip diameter. 106

4.14 The non-overlapped and overlapped Vickers hardness data for the top and bottom
surfaces for each RBC material when irradiated with the 8mm ‘Turbo’ tip
diam eter using the QTH LCU in standard and boosted modes. 109

7.1 The specimen groups for each RBC material irradiated in contact with the top
surface (at a distance o f  0mm) and at distances o f  7 and 15mm from the top
surface when employing the 8mm tip diam eter with the QTH LCU. 144

ix



7.2 The specimen groups for each RBC material irradiated in contact with the top
surface (at a distance o f 0mm) and at distances o f  7 and 15mm from the top
surface when em ploying the 8mm tip diam eter with the Elipar™ Freelight LCU.

145

7.3 The specimen groups for each RBC material irradiated in contact with the top
surface (at a distance o f  0mm) and at distances o f  7 and 15mm from the top
surface when em ploying the 8mm tip diam eter with the Elipar™ Freelight 2 LCU.

146

7.4 The specimen groups for each RBC material irradiated in contact with the top
surface (at a distance o f  0mm) and at distances o f 3, 5, 7, 9, 11, 13 and 15mm
from the top surface when employing the 13mm tip diameter with the QTH LCU.

151

7.5 The specimen groups for each RBC material irradiated in contact with the top
surface (at a distance o f  0mm) and at distances o f  3, 5, 7, 9, 11, 13 and 15mm
from the top surface when employing the 13mm tip diameter with the QTH LCU.

154

8.1 The range and mean three-point flexure strengths (associated standard deviations)
for the RBC specim ens irradiated in contact with the top surface (at a distance o f 
0mm) and at distances o f  7 and 15mm using the QTH LCU. 161

8.2 The range and mean three-point flexure strengths (associated standard deviations)
for the RBC specim ens irradiated in contact and at distances o f 7 and 15mm from 
the top surface o f  the specimens using the Elipar™ Freelight LCU. 162

8.3 The range and mean three-point flexure strengths (associated standard deviations)
for the RBC specim ens irradiated in contact and at distances o f 7 and 15mm from 
the top surface using the Elipar™ Freelight 2 LCU. 164

8.4 The range and mean three-point flexure moduli (associated standard deviations)
for the RBC specim ens irradiated at distances o f  0, 7 and 15mm from the top
surface o f the specim ens using the QTH LCU. 168

8.5  The range and mean three-point flexure moduli (associated standard deviations)
for the RBC specim ens irradiated at distances o f  0, 7 and 15mm from the top
surface o f the specim ens using the Elipar™ Freelight LCU. 170

8.6 The range and mean three-point flexure moduli (associated standard deviations)
for the RBC specim ens irradiated at distances o f  0, 7 and 15mm from the top
surface using the Elipar™ Freelight 2 LCU. 172

8.7 The range and mean bi-axial flexure strengths (associated standard deviations) for 
the RBC specimens irradiated in contact with the top surface (at a distance o f

X



0mm) and at distances o f  3, 5, 7, 9, 11, 13 and 15mm from the top surface o f  the 
specim ens using the QTH LCU. 176

8.8 The mean total volumetric wear and mean maximum wear depth (associated 
standard deviations) at 50,000 wear cycles for the RBC specimens irradiated in 
contact with the top surface (at a distance o f  0mm) and at distances o f  3, 5, 7, 9, 
11,13 and 15mm from the top surface o f  the specim ens using the QTH LCU.

181

8.9 The mean total volumetric wear and mean maximum wear depths (associated 
standard deviations) following 150,000 wear cycles for the RBC specim ens 
irradiated at a distance o f  0, 7 and 15mm. 185

8.10 The mean total volumetric wear and mean maximum wear depth (associated 
standard deviations) following 300,000 wear cycles wear cycles for the RBC 
specim ens irradiated at a distance o f  0, 7 and 15mm. 187

8.11 The mean total volumetric wear and mean maximum wear depth (associated 
standard deviations) at 500,000 wear cycles wear cycles for the RBC specimens
irradiated at a distance o f  0, 7 and 15mm. 191

xi



PARTI

THE EFFICACY OF A MODIFIED IRRADIATION PROTOCOL ON RESIN- 

BASED COMPOSITE PERFORMANCE



CHAPTER 1 Introduction

1.1 Historical development of resin-based composites

A novel resin-based composite  (R B C) was patented in 1958 from the pioneering work 

carried out by Bowen, the Associate D irector o f  the A m erican  Dental Association 

Research Unit at the National Bureau o f  Standards, which revolutionised existing dental 

resin-based technology (Bowen, 1958). Bow en patented the highly viscous 

d imethacrylate m onom er com posed  o f  25w t.%  bisphenol-A and glycidyl methacrylate 

resin and contain ing 75wt.%  quartz or a luminosilicate glass filler which provided the 

potential for increased physical and mechanical properties and therefore a greater 

application for dental RBCs. The pale yellow, highly viscous d imethacrylate m onom er 

was given the acronym  BisG M A . Initially, the viscosity o f  B isG M A  was identified to be 

unsuitable for the incorporation o f  filler particles and m anipulation for cavity restoration. 

Consequently , Bow en (1962) reported the necessity for the adm ixture o f  a m onom er o f  

lower m olecular weight, triethyleneglycol dimethacrylate (T E G D M A ), to achieve a 

suitable viscosity to allow for the incorporation o f  filler particles which was required for a 

successful RBC. The glass fillers were coated with a silane coupling  agent to provide an 

adhesive bond betw een the pow dered  inorganic filler and the resin matrix (Bowen, 1963). 

The decreased viscosity o f  the resin matrix allowed for the addition o f  an increased wt.%  

o f  tiller particles and the consequential im provem ent in mechanical properties com pared 

with m onom ers o f  higher viscosity. T he mechanical and physical properties o f  the 

difunctional B isG M A  m onom er were reported to be superior to methylmethacrylates 

because o f  the larger m olecular size and chemical structure, providing decreased



polymerisation shrinkage (Braden, 1974), increased tensile strength (Barker and Setchell, 

1972; Vanherle et al., 1985), increased compressive strength and an increased elastic 

modulus (Vanherle et al., 1985) giving rise to the development o f the first generation o f 

commercially available RBCs.

1.2 Traditional RBC technolog}'

The introduction o f traditional RBCs based on Bowen’s BisGMA resin provided 

increased clinical success over conventional acrylic materials following placement in 

anterior teeth (Osborne et al., 1973). Many optimistic clinicians, motivated by the 

increased aesthetics, decreased polymerisation shrinkage, low thermal conductivity and 

ease o f manipulation, considered these traditional RBCs as a viable alternative to 

amalgam in posterior restorations (Mack, 1970; Barker and Setchell, 1972). The majority 

o f RBC versus amalgam longevity studies in the early 1970s highlighted similar, i f  not 

superior, results for the placement o f RBC restorations during the first twelve months 

following placement (Osborne et al., 1973; Nuckles and Fingar, 1975), which may 

explain the early enthusiasm for the placement o f RBCs in posterior cavities. One o f the 

first commercial RBCs, Adaptic (Johnson &  Johnson, Windsor, NJ, US), was reported to 

have a marginal integrity similar to amalgam after 12 months (Nuckles and Finger, 1975). 

Osborne et al. (1973) identified that another o f the early commercially available RBCs, 

Concise (3M Dental Products, St Paul, MN, US), had superior marginal adaptation after 

the first year o f service. However, by the second year amalgam was superior with regard 

to occlusal wear. Further investigations suggested that the occlusal surface o f Concise 

posterior restorations exhibited decreased wear resistance compared with amalgam
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following 12 months, which resulted in poor occlusion in posterior restorations and the 

shifting o f  the adjacent teeth (Leinfelder et al., 1975). Phillips et al. (1973) investigated 

RBC versus amalgam longevity studies on Adaptic and an amalgam restorative material, 

(Velvalloy; S.S. White Dental Products, Philadelphia, PA, USA) and reported a 

progressive loss o f  anatomical form on the occlusal surfaces o f  the RBC restorations over 

three years. The result compelled the authors to contraindicate the routine use o f  Adaptic, 

except where aesthetics were the main concern, or until improvements in the material 

provided a solution to the inadequate wear characteristics. Furthermore, the first 

generation o f RBCs were identified to possess colour instability and increasing marginal 

discolouration which was reported to be directly associated with recurrent caries (Nuckles 

and Fingar, 1975). Despite the major disadvantages o f  traditional RBCs identified 

following one or two years placement in-vivo, the patient demand for aesthetic 

restoratives and the possible biocompatibility concerns o f  potential mercury toxicity from 

dental amalgam restorations (Flem ing et al., 2001) encouraged scientists to examine 

different filler technologies for improving the properties o f  traditional RBCs.

The first significant improvement to traditional RBC technology followed the 

developm ent o f  P-10 (3M Dental Products, St. Paul, MN, USA) a posterior RBC in the 

late 1960s. P-10 was designed for the restoration o f posterior cavities and was essentially 

a modification o f  Concise which had been successfully indicated for use in anterior 

restorations (Phillips et al., 1973) and contra-indicated for use in posterior restorations 

(Leinfelder et al., 1975). The wear resistance o f P-10 was reported to be significantly 

increased due to the increased filler content, from 56.8 to 69.1 vol.%  and decreased mean
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filler particle size from 10.0 to 4 A \ x m  for Concise compared with P-10 (Leinfeider and 

Roberson, 1983; Willems et al., 1993). Com m ercially available RBC restoratives o f  the 

period consisted o f  a separate base and catalyst component which contained a benzoyl 

peroxide initiator and a tertiary amine activator (Anusavice, 1996). The com ponents o f  

such two-paste systems were mixed together to produce a chemical reaction that provided 

a process o f self or auto-polymerisation. A major advancem ent in RBC technology took 

place in 1970 with the introduction o f  photo-activated resin formulations and the 

development o f Prisma-Fil (Caulk Dentsply, M ilford, DE, USA). Ultra-violet (UV) light 

was required to polymerise the RBC aided by a photo-chemical initiator within the resin 

matrix, commonly, benzoin methyl ether (Smith, 1985). The types o f  UV lamps used for 

the polymerisation o f  photo-activated RBCs were reported to emit long wave UV light 

(340-380nm) with a specific absorption for the benzoin methyl ether initiator o f  365nm 

(Rock, 1974). Powers et al. (1978, 1980) reported increased wear resistance and colour 

stability o f  photo-activated RBCs compared with auto-polymerising systems. The 

increased wear resistance was attributed to a decrease in the incorporation o f  oxygen that 

was common with auto-polymerising RBCs, whereby entrapped air incorporated by the 

mechanical mixing o f  the base and catalyst created porosity that was responsible, in part 

for exacerbating the wear process (Leinfeider, 1987). M oreover, a photo-activated system 

allowed the operator increased working time for more precise m anipulation o f  the 

material within the oral cavity compared with auto-polym erising RBCs (Lutz and 

Phillips, 1983). However, a 60s exposure period using UV light to irradiate the RBC 

specim ens was reported to produce a limited depth o f  cure o f  1.5mm (Lee et al., 1976; 

Murray et al., 1981).

4



The significantly im proved properties and less technique sensitive m anipulation o f  pho to

activated com pared with auto-polym erised R BC s and concerns that prolonged exposure 

to UV light m ay cause dam age to the oral m ucosa or eyes led to the developm ent o f  

lower energy radiation visible light cured (V L C ) RBC materials. The light initiator 

chem istry  o f  VLC RBCs utilised the absorption o f  intense visible (blue) light at a 

wavelength o f  470nm  for polym erisation  o f  the resin matrix. Dart et al. (1978) patented 

the first successful VLC RBC com position  by irradiation o f  visible light with a light 

initiator formulation based on the use o f  1,2-diketones, nam ely benzyl or 

cam phoroquinone (C Q ) and an am ine activator such as d im ethylam inoethylm ethacrylate  

(D M A E M A ) which are still utilised in RBC technology today. T he visible light-initiating 

formulation was indicated in the first com m ercially  available VLC RBC (Foto-Fil; 

Johnson  & Johnson, Windsor, NJ, US) which consisted o f  a B isG M A  analogue m onom er 

system, namely urethane dimethacrylate (U D M A ). The w avelength  o f  visible light was 

reported to penetrate RBC materials m ore efficiently than UV radiation, w here  increased 

depths o f  polymerisation were achieved for shorter irradaition times (Tirtha et al., 1982; 

Lutz et al., 1983; Watts et al., 1984).

The traditional R B C s o f  the 1960s contained macrofillers o f  quartz, glass, borosilicates or 

ceram ics with the size distribution o f  these ground particles ranging from 1 to lOOjam 

(A nusavice, 1986). The m ajor disadvantages o f  traditional R BC s were focussed on the 

w eak bond between the fillers and the resin matrix subjecting the material to hydrolysis in 

function and inherent surface finish and polishing difficulties (Stanford, 1971). RBCs 

contain ing macrofillers were reported to be susceptible to fracture, filler particles were
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exfoliated from the resin matrix resulting in clinically unacceptable w ear resistance, 

especially under stress bearing situations (Kusy and Leinfelder, 1977). The surface 

roughness o f  traditional RBC restorations was also reported to significantly increase 

shortly after p lacem ent (Farah and Dougherty, 1981; Jordan et al., 1982) increasing the 

susceptibility for plaque formation which resulted in the discolouration o f  the restoration 

and the increased formation o f  secondary caries (Lutz et al., 1983).

1.3 M icrofilled RBC technology

Traditionally RBCs contained 65-80w t.%  filler particles which was responsible for the 

increased mechanical strengths and elastic moduli observed com pared with their 

traditional RBC predecessors (Smith, 1985). The w ear resistance increased with filler 

content within the resin matrix (Leinfelder and Roberson, 1983; Lutz et al., 1984; 

Leinfelder, 1987; M air et al., 1990), but the wear resistance was dependent on the particle 

size distribution and the m anner in which the particles were packed together (Leinfelder, 

1987). Filler technology was improved to include filler particles o f  less than Ijam 

d iam eter and the advent o f ‘microfilled’ RBCs was revolutionised w'ith the developm ent 

o f  Isopast (Vivadent, Schaan, Liechtenstein) in 1974 which contained fumed or pyrogenic 

silica filler particles with a m ean size o f  0.05(am diam eter (Leinfelder, 1995). Since the 

d iam eter o f  incorporated fillers was less than the w avelength o f  visible light a  highly 

lustrous polish capability and surface finishing resulted (Smith, 1985). The surface area to 

vo lum e ratio o f  the filler particles, however, was significantly increased com pared  with 

traditional macrofillers which was manifested as an increased difficulty in incorporating
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the equivalent w eight percentage o f  filler particles within the resin matrix (Barnes and 

Kidd, 1980). U nm anageable  viscosities resulted from highly filled microfilled resins such 

that the solution was to decrease the volum e fraction o f  filler. This resulted in decreased 

strengths and w ear resistance and an associated increase in polym erisation  shrinkage 

(Anusavice, 1996). The com prom ise  between a lower volum e fraction o f  filler was 

overcom e by m anufacturing the filler particles from a prepolym erised, highly filled 

microfill RBC ground into particles o f  approxim ately  25)j.m diameter. The filler particles 

were then incorporated within a low viscosity resin matrix contain ing a decreased volum e 

fraction o f  pyrogenic silica and on polymerisation (auto-cured), the uncured resin reacted 

chemically with the prepolym erised filler particles to form a silica contain ing matrix o f  

approxim ately 45-50wt.% . The increased strength and wear resistance and decreased 

polymerisation shrinkage o f  the RBC without sacrificing the poiishability o f  the RBC 

was revolutionary (Barnes and Kidd, 1980).

The com m ercially  available microfilled R BCs o f  the time included Helioprogress and 

Heliom olar (Vivadent, Schaan, Liechtenstein), Durafill™ and D entacolour (K ulzer Inc., 

Friederichsdorf, G erm any) and Silux and Silux Plus™ (3M Dental Products, St. Paul, 

MN, USA). Microfilled R BCs had one m ajor com prom ise  com pared with traditional 

macrofilled RBC system s nam ely, the inability to highly load the resin with filler 

particulates. With fine particles, the liquid dem and by the particles to spread out over 

such a large surface area (within the resin matrix) was so high that only approxim ate filler 

loading o f  50w1.% could be achieved (Anusavice, 1996). A lthough the presence o f  m icro

sized fillers resulted in increased poiishability and increased co lour stability, the wear
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resistance remained inadequate in load-bearing situations and the mechanical and 

physical properties were decreased com pared with their macrot'illed counterparts (Smith, 

1985).

1.4 Hybrid RBC technology'

The ‘critical d iam eter ' o f  the abrasive filler particles and the separating distance between 

the particles within the resin matrix were responsible for the significant im provem ents in 

the mechanical and physical properties o f  the microfilled com pared with the traditional 

RBCs (Jorgensen and Asm ussen, 1978). A ttem pts to com bine the advantages o f  m acro- 

and m icro-fm e filler particles led to the developm ent o f  the ‘hybrid ’ R BCs which 

contained a com bination o f  different particle sizes and particle size distributions. In the 

early 1980s, the resin matrix o f  traditional R BCs was reinforced with microfillers to 

decrease the differences in the mechanical and physical properties o f  the macrofillers and 

the matrix (Lutz and Phillips, 1983). W hen applied com m ercially  to the traditional R B C s 

o f  the 1970s (Adaptic and Concise), the use o f  traditional RBC restoratives am ongst 

dental practitioners for the restoration o f  posterior dentition was markedly reduced (Lutz 

et al., 1984).

Traditional hybrid RBCs were filled with filler particle sizes ranging from 1.0 to 5.0p.m 

to approximately 70w t.%  with the spaces between the larger particles being filled with 

particles that were representative o f  those utilised in microfilled RBCs with particle 

d iam eters o f  0.05jim and therefore a mean particle d iam eter o f  approxim ately l)am



(W illem s et a!., 1993). Traditional macrofillers consisted o f  directly adm ixed  pyrogenic 

silica particles, a coupling agent and the organic matrix phase. A s a result, these R BCs 

system s demonstrated a superior w ear resistance com pared  with traditional m acrofilled 

R B C s (Lutz et al., 1984; Leinfelder, 1987; M air et al., 1990). In contrast to the 

microfilled systems, larger metal glass fibres (such as barium  silicates) could be 

incorporated as part o f  the dispersed phase thereby offering an increased radiopacity  

w hich  w as essential for the evaluation o f  an RBC restoration following placem ent 

(Barnes and Kidd, 1980). However, the polishability was not optim ised because o f  the 

w ear patterns inherent in resin systems that contained traditional macrofillers  (H euer et 

al., 1982). Therefore, hybrid R BC s were not considered optimal for use in anterior 

restorations although significant im provem ents in the wear resistance over traditional 

R BC s increased expectation am ongst dental practitioners for application as a posterior 

filling material. M any variations o f  filler size, shape and particle size d istribution 

followed in the developm ent o f  R BCs where traditional R B C s becam e m ore hybrid and 

microfilled systems became more com plex  and similar to the hybrid RBC types.

The majority o f  RBC restorations placed by dental practitioners in clinical practice today 

are s imilar in formulation to the traditional hybrid RBCs. The only variations were an 

alteration to the filler loading and morphology whereby m odest m echanical and physical 

im provem ents were realised. A significant increase in w ear resistance and surface 

polishability o f  traditional hybrid R B C s w as realised with the introduction o f  filler 

loadings in excess o f  80wt.%  with a concomitant decrease in the average partic le size to 

less than l)im. These m o d em  ‘m icro-hybrid’ R BC s (indicated for both an ter ior  and
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posterior use) were also termed 'un iversa l '  o r  "all-purpose’ RBCs and included Herculite 

XRV  (K err Corporation, Orange, CA, USA), Filtek Z250™  (3M  ESPE Dental Products, 

St Paul, MN, USA), Renew (Bisco, Schaum burg, IL, USA), Virtuoso (Den-M at 

Corporation, Santa Maria, CA , USA) and Charism a (Heraeus Kulzer, Dormagen, 

Germany).

1.5 Nano-filled RBC technology'

A ‘nano-fi lled’ RBC (Filtek^'^ Supreme, 3M  ESPE Dental Products, St Paul, MN, USA) 

was marketed in 2003 with claims o f  translucency, polishability and polish retention 

similar to microfilled RBCs whilst exhibiting the significantly increased w ear resistance 

and equivalent mechanical properties associated with conventional micro-hybrid RBCs 

(Mitra et al., 2003). A unique ‘nano-filler’ technology, formulated with nanom er fillers 

(ranging from 20 to 75nm diameter) was purported and utilised in conjunction with nano

cluster filler particles (ranging from 0.6 to 1.4fim). O ther than the m anufacturers ‘in- 

house’ reports there is little published research available to date in the dental literature 

(Mitra et al., 2003). However, it would seem that the loosely bound agglom erates o f  the 

nanofillers are not really ‘n an o ’ sized as claimed, with cluster particle size ranges from 

0.6 to 1.4fj,m.

1.6 Summary

Since the introduction o f  R BCs in the m id-1960s (Bowen, 1962; Bowen, 1967) there 

have been significant developm ents that continue to improve the mechanical and physical
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properties such as strength and w ear resistance in attem pt to increase the clinical 

longevity o f  RBC restorations. However, dental practitioners m ust select the most 

appropriate RBC from a wide variety o f  available materials today and, in som e cases, the 

use o f  a particular restorative material for a specific application m ay not be optimal when 

considering the mechanical and physical characteristics and clinical indications. 

H owever, dental R B C s have disadvantages which limit their application, despite 

im provem ents which have expanded their indications for clinical use, namely, marginal 

leakage due to polymerisation shrinkage (Eick and Welch, 1986; Walls et al., 1988; 

Davidson and Feilzer, 1997; Chen et al., 2001; Ferracane, 2008) and inadequate w ear 

resistance under high m asticatory loading in large restorations (Lutz et al., 1984; M air et 

al., 1990; Suzuki and Leinfelder, 1993; Hu et al., 1999). These remain the m ajor 

draw backs for the acceptance o f  RBC filling materials as a viable replacem ent material in 

the posterior region o f  the oral cavity.
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CH A PTER 2 Light Irradiation and the Associated Pitfalls

2.1 Polymerisation o f light-activated RBCs

The first com m ercially  available RBC consisted o f  a two-paste system com posed  o f  a 

base which contained a benzoyl peroxide initiator and a catalyst, nam ely a tertiary amine 

activator (Anusavice, 1996a) that were mixed together to produce a chemical reaction by 

se lf  or auto-polymerisation. These RBCs had an inherent problem due to incorporation o f  

oxygen during mixing which resulted in poor mechanical properties with the incorporated 

porosity being responsible for the decreased strength and exacerbated wear rates 

(Leinfelder, 1987). The introduction o f  visible light activated RBCs resulted in significant 

im provem ents in the clinical perform ance o f  these materials in term s o f  wear resistance, 

colour stability, strength, radiopacity and degree o f  conversion (Ferracane, 1995). The 

first light activated RBC was patented by Dart et al. (1978) which contained C Q  and an 

am ine activator which allowed for an increased working time for the operator com pared 

with previously available auto-polym erising systems (Lutz and Philips, 1983). Attempts 

to im prove the properties o f  RBCs have been m ade by num erous researchers and many 

m anufacturers  by altering the formulations o f  photo-initiators and am ine activators 

(Y oshida and Greener, 1994; A sm ussen  and Peutzfeldt, 1996; Venhoven et al., 1996; 

Park et al., 1999), light curing units (LCDs) (Mills et al., 1999; Jandt et al., 2000; 

M usanje and Darvell, 2003) and light irradiating m ethodologies (W atts and Hindi, 1999; 

Silikas et al., 2000; Sahafi et al., 2001).
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2.2 Chemistry o f light activation

The light initiator chemistry o f  the majority o f  the photo-activated R B C s utilised in 

m odem  clinical practice consists o f  a d iketone-am ine system w hich  absorbs intense 

visible (blue) light for the polymerisation o f  the resin matrix. T he most com m only  

formulated light activation molecules for dental R BCs consist o f  the light-initiator, C Q  

and a co-initiator am ine activator, D M A E M A . The absorption spectrum  o f  C Q  ranges 

from approxim ately  430 to 480nm  and forms an effective photo-in itia tor system. 

However, the irradiation o f  a photo-activated RBC results primarily in the formation o f  

an excited state photo-sensitiser m olecule which after several inefficient steps m ay result 

in the formation o f  a free radical which can initiate a polymerisation chain reaction. Both 

the photo-sensitiser and the am ine must be present at low concentrations for reasons o f  

colour, strength and stiffness, but this m akes the rate o f  free radical production low, and 

thus the rate o f  initiation (Yoshida and Greener, 1994; V enhoven  et al., 1996). The 

mobility  o f  the amine free radical species m eans that mutual annihilation can dom inate  

chain initiation if  the concentration rises too high, and likewise the term ination  o f  live 

chains. Mutual reaction o f  live chains is o f  low probability because o f  their relatively low 

diffusibility, polymerisation relying on the higher m obility o f  the m o n o m er  to permit the 

reaction to proceed, rem em bering  that continuation o f  the po lym erisation  occurs long 

after irradiation has ceased for this very reason: light only initiates the first stage o f  the 

process (M usanje and Darvell, 2006). Hence, too great a rate o f  am ine radical production 

is counterproductive, leading to loss o f  polymerisation initiating radicals and the 

term ination o f  existing chains (V enhoven  et al., 1996). This is expected to effect 

adversely strength, stiffness and hardness (Ferracane and Greener, 1986).
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The CQ must first be excited from the ground state, CQ ,̂ to the so-called excited singlet 

state. CQ* by the absorption o f  one quantum o f  light before it can be converted to the 

active form, the triplet state, C Q \  This is an essentially a random and low probability 

event, but the rate o f  which is proportional to the concentration o f  CQ*. The rate o f  

formation o f  radicals is proportional to both the concentration o f  C Q ' and the amine. The 

rate o f  formation o f  CQ* depends on the concentration o f  CQ^ and the irradiance, but 

total CQ = CQ° + CQ* + CQ^ ignoring for the moment the consumption o f  the CQ by the 

process o f  radical production. Thus, since the rate o f  formation o f  CQ* is proportional to 

CQ° at a given irradiance, this becomes less efficient as the irradiance is raised. Indeed, it 

leads to an e.xponentially asymptotic approach to saturation in the absence o f  any 

consumption such that it is only at relatively low' irradiances that an approach to a simple 

proportionality between the concentration o f  CQ* and thus the rate o f  production o f  CQ ' 

can be made. Thus, fundamentally, no such system can show proportionality in any 

respect to irradiance, although it does, in the limit, approximate this at low irradiance. 

The CQ supply is limited, and this is indeed consumed by the process o f  radical 

production. That is, for a constant irradiation, the rate o f  production o f  radicals must fall, 

and eventually cease, whereupon further irradiation can have no further effect (Tirtha et 

al., 1982). It follows then that adding in the effect o f  the mutual annihilation o f  radicals, 

when deterioration in mechanical properties must ensue, leads to the conclusion that 

reciprocity is an impossibility except as the limiting behaviour at low irradiance and low 

CQ and amine concentrations, that is, doubling irradiance is not equivalent to doubling 

exposure time. The question o f  importance, nevertheless, is at what magnitude o f  

irradiance does reciprocity failure become o f  practical importance. Effectively, as this is a
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trade-off between the rates o f  polymerisation reaction initiation and annihilation of 

radicals, the expectation is o f  a peak in the value o f  the mechanical property o f  interest as 

a function o f  irradiance. This is not the case but an approach to the plateau value with 

respect to time is evident, as shown by the results o f  M usanje and Darvell (2003).

Further efforts to improve the properties o f  the initiating system o f  RBCs have included 

the utilisation o f  alternative photo-initiators and amine activators. Peutzfeldt and 

Asmussen (1996) reported that the use o f  diacetyl (2,3-butanedione) and propanal 

improved the surface hardness and the degree o f conversion when formulated with 

peroxide/am ine initiated resins since the diacetyl compounds produced an increased 

num ber o f  free-radicals on absorption o f  photons with an associated increase in the 

degree o f  cross-linking. Park et al. (1999) reported the degree o f  conversion o f  a 

conventional BisGM A/TEGDM A resin consisting o f  a novel photo-initiator, 1-phenyl- 

1,2-propanedione (PPD) and CQ. The authors suggested an improved efficiency o f  

polymerisation when PPD and CQ were used in optimum ratios and attributed this to an 

increased wavelength absorption range o f  approxim ately 350 to 480nm in comparison 

with CQ alone (approximately 430 to 480nm ). M oreover, the reduction in the 

concentration o f  CQ within the experimental resin compared with the concentration o f  

CQ in the conventional CQ/DM AEM A photo-initiators in RBC m aterials was suggested 

to result in improved colour stability.
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2.3 Light irradiation devices

The free-radical polymerisation o f  com m ercially  available RBC systems results in the 

presence o f  a significant quantity o f  residual m onom er due to incomplete conversion o f  

the residual m onom er (Lovell et al., 1999; Elliot et al., 2001; Oreflce et al., 2003). The 

mechanical and physical properties o f  the resultant RBC were influenced by the degree o f  

cross-linking and an associated increase in the degree o f  conversion o f  the resin matrix 

following polymerisation (Ferracane et al., 1998; Peutzfeldt and Asm ussen, 2000). 

Consequently , to optimise the degree o f  conversion o f  an RBC restorative, many 

manufacturers have promoted the utilisation o f  LCUs with differing technologies to 

maximise the mechanical and physical properties o f  the resultant RBCs.

2.3.1 Quartz tungsten halogen

The most widely utilised light sources for the photo-activation o f  R BCs in the dental 

profession remains the quartz tungsten halogen (Q T H ) LCUs. The radiation emitted by 

the Q TH  bulb generates considerable heat and a broad wavelength  o f  light, o f  which most 

is ineffective for the absorption spectrum o f  CQ. Consequently , band-pass filters are 

required to reduce the generated heat and limit the output wavelength  to approxim ately 

380 to 520nm for Q TH LCUs (Cook, 1982). Although the spectral output is reduced and 

corresponds m ore effectively with the absorption spectrum o f  C Q  the range o f  

wavelengths remains wide, resulting in a low efficiency o f  the LCU which is dependent 

upon the quality o f  filtration. The practical limitations o f  band-pass filters and the 

essential removal o f  excessive heat restricts the m anufacture o f  conventional QTH LCUs 

to irradiances less than lOOOmW/cm^. Furthermore, bulbs used in QTH  devices have a
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limited lifetime o f  approximately 40 to lOOh (Stahl et al., 2000), the dielectric pass-band 

filter and the reflector degrade over time due to high operating temperatures which results 

in a significant reduction in efficiency over time (Mills et al., 1999) possibly resulting in 

inadequately irradiated restorations if  the exposure time is not increased to compensate 

for decreased irradiance (Jandt et al., 2000). Damage to the fibre optic bundle due to poor 

handling (Pollock et al., 1981) and repeated sterilisation (Ruggeberg et al., 1996) can lead 

to a reduction in the irradiance over time. Clinical studies on QTH LCDs have shown that 

27% o f  214 LCUs surveyed in Australia (Martin et al., 1998), 33% o f  130 LCUs in Israel 

(Pilo et al., 1999), 30% o f  209 LCUs in Texas (Barghi et al., 1994) and 4.2% o f  214 

LCUs in Toronto had an irradiance o f  less than 200mW/cm“ (El-Mowafy et al., 2005) 

highlighting that many dental practitioners do not maintain their QTH IX U s  to produce 

the optimal irradiance. The concerns o f  decreased degree o f  conversion attributed to 

irradiance and the dental practitioners desire for decreased chair-side operating times 

resulted in the introduction o f  turbo-boosted LCU tip diameters for QTH LCUs and the 

development o f  high intensity LCUs. The plasma-arc LCU (Apollo 95E; Dental Medical 

Diagnostic Systems Inc., Westlake Village, CA, USA) operates at irradiances in excess o f  

1000mW/cm‘ and claims to polymerise RBCs to a similar depth o f  cure (compared with 

QTH LCUs) within a few seconds. However, the use o f  turbo-boosted LCU tip diameters 

have been shown to cause increased cuspal deflection compared with conventional LCU 

tip diameters (Abbas et al., 2003) and the use o f  high intensity plasma-arc LCUs may not 

result in adequate polymerisation o f  the RBC to the 5mm depths at the short irradaition 

times claimed by the manufacturers (Hofmann et al., 2000; Munksgaard et al., 2000; 

Peutzfeldt et al., 2000; Abbas et al., 2003). Musanje and Darvell (2003) reported 

significantly decreased flexural strength and flexural modulus for RBC specimens
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irradiated with a plasma-arc LCU when irradiated for less than 5s com pared with a 

conventional QTH LCU. The authors attributed the decreased flexural strength and 

m odulus to the rapid saturation o f  the photo-sensitiser which decreased the resultant 

network formation. The authors concluded that a practical m axim um  irradiance exists for 

the optimum  cure o f  a particular RBC. O ther investigators (H ofm ann et al., 2000) have 

reported a narrow er spectral output for the p lasm a-arc LCU (approximately 440 to 

490nm ) com pared  with QTH LCU s (approximately 380 to 520nm). The significant 

decrease in flexural strength, flexural m odulus and Vickers hardness o f  RBC s containing 

photo-initiators that absorb light at shorter w avelengths than C Q  was attributed to the 

narrow spectral output o f  p lasm a-arc LCU which failed to overlap with the absorbance 

spectrum o f  the specific photo-initiator. From a simple rheological perspective, as the rate 

o f  polymerisation increases, there exists a decreased potential for stress-relief by pre-gel 

flow o f  the material (D avidson and Feilzer, 1997). Clinically, the increased rate o f  

polymerisation from high irradiance LCUs m ay increase the stresses generated at the 

tooth and RBC restoration interface and thereby increase the likelihood o f  marginal 

leakage (Brackett et al., 2000; A bbas et al., 2003; H ofm ann et al., 2003).

2.3.2 Light emitting diode

Light emitting diode (LED ) technology w as developed over the past 10-15 years to 

overcom e the shortfalls o f  halogen technology. The idea that LED  LCUs would replace 

Q T H  LCUs and becom e com m onplace in dental surgeries w orldw ide within 10 years was 

boldly proposed in a letter to the British Dental Journal in 1995 by Mills (1995) despite 

the fact that the technology was not yet available. The transform ation o f  the idea to reality 

did not com e about by accident with m any technological challenges having to be
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overcome. The low powered blue LEDs available in 1995 were based on silicon carbide 

technology with an output in excess o f  the 7).iW per LED available (M ills et al., 1999). 

T he problem w as overcom e in part with the developm ent o f  an LED based on gallium- 

nitride technology with over 400 times m ore output pow er (3m W  per LED ) (N akam ura  et 

al., 1995) such that by 2002 prototype LED  LCDs with irradiances similar to QTH LCDs 

(in excess o f  500m W /cm “) w ere  developed. The perform ance o f  these prototype LED 

LC D s is well reported in the dental literature and resulted in polym erised RBCs with 

reported inferior depth o f  cure (penetrom eter assem bly) (Harrington and Wilson, 1993; 

Uhl et al., 2003), similar depth  o f  cure (Barol hardness) (Mills et al., 2002), similar 

com pressive fracture strengths (Mills et al., 2002) and Knoop hardness values (Uhl et al.,

2003). The variously reported data was a com bination o f  the rapid developm ent from 27 

blue LEDs to in excess o f  63 LED s per ECU resulting in an increased intensity LED 

ECU, the curing conditions namely, exposure tim e and distance (B ennett and Watts,

2004), and the d iam eter o f  the ECU light guide tip (Nitta, 2005). The spectral output o f  

the gallium-nitride blue LED s falls w'ithin the spectrum o f  the com m only  used C Q  photo

initiator (400-500nm ), thereby elim inating the need for the use o f  filters (Mills, 1995; 

M ills et al., 1999; Jandt et al., 2000; Mills et al., 2002; Uhl et al., 2003; Uhl et al., 

2004a,b). LED s have an expected lifetime o f  several thousand hours with little 

degradation o f  irradiance over time (Mills, 1995; Mills et al., 1999; Jandt et al., 2000; 

M ills  et al., 2002; Uhl et al., 2004a). T he reduced heat generated during use would also 

be expected to improve the longevity o f  the ECUs and the light guides (Bennett et al., 

2004) together with  a  reduction in tem perature rise o f  the tooth during irradiation (Uhl et 

al., 2006). It has been dem onstrated that the depth o f  cure (Mills et al., 1999; Jandt et al..
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2000; M ills et al., 2002), com pressive strength (Jandt et al., 2000), flexure strength  (Stahl 

et al., 2000), hardness (M ills et al., 2002; Uhl et al., 2002) and the degree o f  

polym erisation  (Y oon et al., 2002) achieved w hen irradiated w ith the second generation 

o f  LED LC lJs w ere sim ilar o r greater to the values achieved w'ith QTH LC U s (Uhl et al., 

2002; A ravam ydhan  et al., 2006).

2.4 How does one assess performance of RBCs?

The International S tandard for D entistry  - po lym er-based filling, restorative and luting 

m aterials (ISO  4049: 2003) is lim ited in scope as the battery o f  tests cannot predict how  a 

RBC will perform  w hen placed by dental p ractitioners in clinical practice. The range o f  

testing m ethodologies em ployed to assess RBC perform ance and stated in ISO 4049 

include depth o f  cure, w ater sorption, w ater solubility  and th ree-poin t flexure strength. It 

is im perative that there is standardisation  and reproducib ility  o f  the testing  m ethodologies 

betw een test cen tres w hen evaluating  R B C s using the ISO 4049 standard  (ISO  4049, 

2000) so that any m aterial tested under standard conditions should produce consisten t test 

results. H ow ever, the d ifferences in the th ree-point flexure strength data reported in the 

dental literature for the RBCs investigated  in the curren t study varied from  79-184M Pa 

for ZlOO™ M P R estorative (3M  ESPE, St Paul, M N, U SA ) (Peutzfeld and A sm ussen, 

2000; C esar et a!., 2001; Yap et al., 2002; A dabo et al., 2003; Palin et al., 2003; Beun et 

al., 2007), 92-245M P a for Filtek™  Z250 (3M  ESPE, St Paul, M N , U SA ) (Ferracane et 

al., 2003; M itra et al., 2003; Yap et al., 2003; Palin et al., 2003, 2005; C alherios et al., 

2006), 138-170M Pa for Filtek™  P60 (3M  ESPE, St Paul, M N, U SA ) (A dabo et al., 2003;
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Ferracane et al., 2003) and 1 l3-153M Pa for Filtek™ Supreme (3M ESPE, St Paul, MN, 

USA) (M itra et a!., 2003; Beun et al., 2007). The variously reported three-point flexure 

strength data was reported to be indicative o f  the degree o f  conversion (Ferracane et al., 

2003; Calherios et al., 2006), light intensity (M iyazaki et al., 1996; Calherios et al.,

2006), type o f  mould (Peutzfeld and Asmussen, 2000; Palin et al., 2003; Beun et al.,

2007) and LCU (Ferracane et al., 2003; Palin et al., 2003, 2005) employed.

The three-point flexure strength o f  RBC materials determined using the protocol set out 

in ISO 4049 (ISO 4049, 2000) involves the fabrication o f  rectangular bar-shaped 

specimens with length, width and height dim ensions o f  25 x 2 x 2mm, respectively. As 

the length o f the rectangular-bar exceeds the LCU tip diameter, an overlapping light 

irradiation procedure is required. The exit window o f  the LCU tip diam eter is placed at 

the centre o f  the specimen, irradiated for the recommended exposure time which can vary 

depending upon the composition o f  the RBC. The exit window is then moved by half the 

diam eter o f  the exit window along the specim en and the adjacent area irradiated, with the 

procedure repeated until the entire length o f  the specim en is irradiated on both the top and 

bottom surfaces (ISO 4049, 2000). The efficiency o f  the overlapping irradiation regime 

has been questioned by a num ber o f  authors in the dental literature recently in terms o f  

uncontrolled initiation on polymerisation (Mehl et al., 1997; M anhart et al., 2000), non- 

homogeneously cured specimens (Ferracane et al., 2003) and inconsistent polymerisation 

along the length o f  the bar-shaped specimen (Palin et al., 2003, 2005).

21



A range o f  LCD tip diameters are currently available to dental practitioners ranging from 

8 to 13mm. C onsequently  8, 1 1 and 13mm tip diam eters require seven, five and three 

overlapping irradiations on each side to adequately  irradiate the 25m m  length o f  the bar

shaped specim ens according to the irradiation protocol. A lternative irradiation 

m ethodologies including oven-LCU s (Peutzfeldt and A sm ussen, 2000; Ferracane et al., 

2003; Palin et al., 2005), the use o f  a scanning m otion with a handheld-LC U  along the 

length o f  the bar-shaped specimen (Mehl et al., 1997; M anhart et al., 2000) or em ploying 

a custom m ade fibre optic light guide enabling a ‘one-h it’ irradiation o f  the entire 

specimen (M usanje et al., 2001) have been advocated to control initiation on 

polymerisation and produce hom ogeneous specim ens and consistent polymerisation along 

the length o f  the specimen.

2.5 Aim s and Objectives

The objective o f  the current study was to investigate the efficiency o f  the overlapping 

irradiation regim e by m odifying the specim en m anufacture protocol in ISO 4049. To 

exacerbate the potential for uncontrolled initiation on polymerisation and decrease the 

hom ogeneity  o f  polym erisation along the length o f  the specim en, the exit w indow  was 

moved by three-quarters (not half) the d iam eter a long the specim en so that some areas 

received twice the irradiation o f  adjacent areas, it w as proposed that increasing the 

num ber o f  irradiations, with decreasing LCD tip d iam eter from 13 to 11 and 8m m , would 

progressively decrease the efficiency o f  the polym erisation process com pared with a 

‘one-h it’ irradiation using a custom m ade fibre optic light guide. In addition, the 

specim ens were irradiated from the top surface only to further exacerbate the
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phenom enon investigated. Additionally, the influence o f  light irradiation variables (tip 

diameter, irradiance, irradiation protocol and LCU ) on the flexural strength, flexural 

m odulus and the Vickers hardness o f  four R B C s was assessed. T he hypothesis tested was 

that the flexural strength, flexural m odulus and the Vickers hardness for the RBCs would 

be sim ilar regardless o f  the irradiation variables and the internal control for the 

investigations were specim ens irradiated with w as the 25m m  custom  m ade fibre optic 

light guide which enabled a ‘one-h it’ irradiation.
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CHAPTER 3 Materials and Methods

3.1 M aterials

The dimethacrylate RBC materials tested in the current study were ZlOO™, Filteic™ 

Z250, Fihek™ P60 and Filtek™ Supreme XT (Table 3.1). The materials were 

manufactured by 3M ESPE Dental Products Division, St. Paul, MN, USA.

Table 3.1: The formulation of the RBC materials used in the current study.

RBC Filler Resin

Type Particle size Volume (%)

ZIOQTM (shade 
A3: batch 
20050211)

Zirconia and 
silica 0.01-3.5 (im 66% Bis-GMA and 

TEGDMA

FiltekTM Z250
(shade A3: batch 
20050210)

Zirconia and 
silica 0.01-3.5 |am 61%

Bis-GMA, 
UDMA, Bis- 
EMA and 
TEGDMA

FiltekT^i P60
(shade A3; batch 
20050329)

Zirconia and 
silica 0.01-3.5 (im 60%

Bis-GMA, 
UDMA, Bis- 
EMA and 
TEGDMA

FilteRTM 
Suprem e XT
(shade A3B; 
batch 20050106)

Zirconia and 
silica 0.6-1.4 p,m 59.5%

Bis-GMA, 
UDMA, Bis- 
EMA and 
TEGDMA
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3.1.1 Dim ethacrylate RBC materials

3.1.1.1 Resin chem istry

The dimethacrylate based resin in ZlOO™ is com posed  o f  a m onom eric blend o f  2,2- 

b is[4-(2-hydroxy-3-m ethacryloxypropoxy)phenyl]propane (bisphenol A glycol 

dimethacrylate; B is-G M A ) and T E G D M A  (Figure 3.1). The photo-initiator system  within 

the resin constituent o f  ZlOO™ consists o f  a visible light initiator, nam ely C Q  and a co 

initiator, namely D M A E M A  which enable light activation and initiation o f  the 

polymerisation reaction (ZlOO™ :Product Report, 1996).

(a)

(b)
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Figure 3.1: The chemical structure o f (a) bisphenol A glycol dim ethacrylate (Bis- 
GMA) and (b) triethyleneglycol dim ethacrylate (TEGDM A) utilised in the m onomer 
blend o f the dim ethacrylate RBC, ZlOO™.
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The dimethacrylate based resins in Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT 

are similar to that for ZIOO™ but the majority o f the TEGDMA is replaced with 2,2- 

bis[4-(2-methacrylyloxyethoxy)phenyl]propane (bisphenol A hexaethoxylated 

dimethacrylate; Bis-EMA(6) with six ethylene oxide molecules for each bisphenol A 

group) and 1,6 bis(methacryloxy-2-ethoxycarbonylamino)-2,4,4-trimethylhexane 

(UDM A) (Figure 3.2). CQ and DM AEM A are the visible light initiator and co-initiator 

within the resin constituents o f Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT to 

enable light activation and initiation o f the polymerisation reaction (Filtek™ Z250, 

Filtek™ P60 and Filtek™ Supreme XT; Product Reports, 1999, 2001 and 2004, 

respectively).
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Figure 3.2: The chemical structure of (a) bisphenol A hexaethoxylated 
dimethacrylate (Bis-EMA) and (b) urethane dimethacrylate (UDM A) utilised in the 
monomer blend of the dimethacrylate RBCs, Filtek™ Z250, Filtek™ P60 and 
Filtek™ Supreme XT.
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3.1.1.2 Filler morphology

The m onom eric resin blend o f  ZlOO™ w as reinforced to 66vol.%  with m ethacrylate- 

functional silane coated zirconia-silica filler according to the m anufacturer (Table 3.1). In 

addition, the m anufacturer reported a particle size distribution ranging from 0.01-3.5fim 

with an average particle size o f  0.6fam (ZlOO™: Product Report, 1996).

The filler particles em ployed  by the m anufacturers to reinforce the m onom eric  resin 

blend o f  Filtek™ Z 250 and Filtek™ P60 were also a methacrylate-functional silane 

coated zirconia-silica filled to 60 and 61vol.% , respectively (Table 3.1). The 

manufacturers reported that the em ploym ent o f  optimised sol-gel and milling processes 

produced an increase in filler consistency and an increase in the num ber o f  finer filler 

particles. H owever, the particle size distributions reported for Filtek™ Z250 and Filtek™ 

P60 were sim ilar to ZlOO™ ranging from 0.01-3.5|J.m with a primary particle size o f  

0.6|am (Filtek™ Z250 and Filtek™ P60: Product Reports, 1999 and 2001, respectively).

The m onom eric resin blend o f  Filtek™ Suprem e X T  w as reinforced with a com bination 

o f  aggregated methacrylate-functional silane coated zirconia-silica clusters with an 

average cluster particle size o f  0.6-1.4)im (primary particle size o f  5-20nm) and a  non

agglom erated m ethacrylate-functional silane coated zirconia-silica filler o f  20nm 

resulting in a filler volum e o f  59.5vol.%  (Table 3.1) according to the m anufacturer 

(Filtek™ Suprem e XT: Product Report, 2004).
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3.1.2 Light curing units

3.1.2.1 Quartz tungsten halogen

The QTH handheld LCU used to irradiate the RBC materials examined in the current 

study was an Optilux 501 (Kerr Mfg. Co., Orange, CA, USA). The QTH LCU was 

employed in both standard and boosted modes and the irradiance was measured seven 

consecutive times using a radiometer incorporated within the Optilux 501 QTH LCU 

when employed with tip diameters o f  13, 11,8 and 25mm. In addition, an 8mm Turbo tip 

diameter was also used in standard and boosted modes and the irradiance was also 

measured consecutively {n=l) using the radiometer.

3.1.2.2 Light emitting diode

A first generation light emitting diode (LED) LCU (Elipar™ Freelight, 3M ESPE Dental 

Products Division, St. Paul, MN, USA) and a second generation LED LCU (Elipar™ 

Freelight 2, 3M ESPE Dental Products Division, St. Paul, MN, USA) were used to 

irradiate the RBC materials under investigation. The irradiance o f  the Elipar™ Freelight 

and Elipar™ Freelight 2 LED LCUs were measured consecutively seven times using the 

radiometer incorporated within the QTH LCU when employed with tip diameters o f  13 

and 8mm.
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3.2 Characterisation techniques: Mechanical properties

The range o f  testing m ethodologies em ployed to assess RBC performance as stated in the 

m ost recent ISO specification include depth o f  cure, water sorption and water solubility 

and three-point flexure strength. The three-point flexure strength testing methodology 

involves the fabrication o f  rectangular bar-shaped specimens with length, width and 

height dim ensions o f  25 x 2 x 2mm, respectively. As the length o f  the rectangular bar 

exceeds the LCU tip diameter, an overlapping procedure is required. In accordance with 

ISO 4049, the exit window o f  the LCU tip is placed at the centre o f  the specimen and 

irradiated for the recom mended exposure time. The exit w indow is moved by half the 

LCU tip diam eter and the adjacent area is irradiated by overlapping the previously 

irradiated section. The procedure is repeated until the entire length o f  the specimen is 

irradiated from both the top and bottom surfaces. A range o f  tip diameters are currently 

available to GDPs ranging from 8 to 13mm in diameter. Consequently 8, 11 and 13mm 

tip diameters require seven, five and three overlapping irradiations, respectively to 

irradiate the 25mm length o f  the ISO bar-shaped specimens.

3.2.1 Specimen preparation

Twenty rectangular bar-shaped specimens o f  the four dimethacrylate RBCs investigated 

(ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT) were fabricated using a 

knife-edged split aluminium mould (aluminium alloy 6061) designed to minimise the 

stresses generated on the specimens upon retrieval following irradiation (M usanje and
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Darvell, 2001). In addition, the split-mould allowed the flash o f  excess material to be 

easily removed and the d iverging end walls allowed easy flow o f  the material and 

m axim ised the expulsion o f  air (M usanje and Darvell, 2001). A constant excess o f  

uncured resin was placed into the mould, the top surface was covered with a cellulose 

acetate strip to eliminate oxygen inhibition o f  the top layer o f  the RBC. A glass 

m icroscope slide and a load o f  1kg was applied for 20s to ensure consistent and 

reproducible packing o f  the rectangular bar-shaped test specimens. The load and 

m icroscope slide were removed and the specim en was irradiated at ambient room 

tem perature (23 ±  I°C) for 40s for ZlOO™ and 20s for Filtek™ Z250, Filtek™ P60 and 

Filtek™ Supreme XT.

The entire length o f  each specimen was irradiated by m odifying the ISO 4049 specimen 

m anufacture protocol (ISO 4049, 2000) by placing the tip o f  the light guide in direct 

contact with the acetate strip and irradiating from the top surface only. The exit w indow  

was moved by three-quarters (not half) the d iam eter a long the specim en so that certain 

areas received twice the irradiation o f  adjacent areas to exacerbate the potential for 

uncontrolled initiation on polymerisation and non-hom ogeneity  o f  polym erisation along 

the length o f  the specimen.
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3.2.2 QTH handheld LCU

3.2.2.1 Standard mode Q

The 13mm tip d iam eter required three overlapping irradiations to ensure the entire length 

o f  each specim en o f  ZlOO™ (G roup As), Filtek™ Z 250 (Group Bs), Filtek™ P60 (Group 

Cs) and Filtek™ Suprem e XT (G roup Ds) was irradiated using the modified irradiation 

protocol. The 11mm tip d iam eter required four overlapping irradiations for ZlOO™ 

(G roup Es), Filtek™ Z250 (Group Fs), Filtek™ P60 (Group Gj) and Filtek™ Supreme XT 

(Group Hs), while the 8m m  tip d iam eter required five overlapping irradiations for each 

specim en o f  Z 100™ (G roup Is), Filtek™ Z250 (Group Js), Filtek™ P60 (Group Ks) and 

Filtek™ Supreme XT (G roup Ls). A further four specim en groups o f  Z 100™ (Group Ms), 

Filtek™ Z250 (Group Ns), Filtek™ P60 (Group Os) and Filtek™ Suprem e X T (Group Ps) 

were irradiated using a custom  m ade fibre optic light guide (C technologies. C edar 

Knolls, NJ, USA) with a rectangular exit w'indow o f  3m m  wide and 25m m  length thus 

enabling illumination o f  the entire spec im en in ‘one-h it’ (Table 3.2). The light guide had 

a 10mm circular collection port with the fibre optics within the bundle randomly arranged 

to form the exit w indow  (M usanje and Darvell, 2001).

3.2.2.2 Boosted mode (b)

For ZlOO™ (Group At), Filtek™ Z250  (Group Bb), Filtek™ P60 (Group Cb) and Filtek™ 

Suprem e X T  (G roup Db), the 13mm tip d iam eter required three overlapping irradiations
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when the modified irradiation protocol was used. The 11mm tip diameter required four 

overlapping irradiations to ensure the entire length o f  each specimen o f  Z 100™ (Group 

Eb), Filtek™ Z250 (Group Fb), Filtek™ P60 (Group Gb) and Filtek™ Supreme XT (Group 

Hb) was irradiated. In addition, the 8mm tip diameter required five overlapping 

irradiations for ZlOO™ (Group lb), Filtek™ Z250 (Group Jb), Filtek™ P60 (Group Kb) 

and Filtek™ Supreme XT (Group Lb). Groups o f  ZlOO™ (Group Mb), Filtek™ Z250 

(Group Nb), Filtek™ P60 (Group Ob) and Filtek™ Supreme XT (Group Pb) were also 

irradiated using the 25mm custom made fibre optic light guide (Table 3.2).

3.2.2.3 Turbo tip standard (si) and boosted mode (bt)

The 8mm Turbo tip diameter required five overlapping irradiations to ensure the entire 

length o f  each specimen o f  ZlOO™ (Group 1st), Filtek™ Z250 (Group Jst), Filtek™ P60 

(Group Kst) and Filtek™ Supreme XT (Group Lst) was fully irradiated in standard mode. 

Further specimen groups o f  ZlOO™ (Group Ibi), Filtek™ Z250 (Group JbO, Filtek™ P60 

(Group Kbt) and Filtek™ Supreme XT (Group LbO were irradiated in boosted mode 

(Table 3.2).
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Table 3.2: The specimen groups for each RBC material irradiated when employing the 13, 11, 8, 25 and 8mm ‘Turbo’ 
tip diameters with the QTH LCU in standard and boosted modes.

RBC Operating
mode

Tip diameter

13mm 11mm 8mm 25mm 8mm ‘Turbo’

ZlOO™
Standard mode Group As Group Es Group Is Group Ms Group 1st

Boosted mode Group Ab Group Eb Group lb Group Mb Group Ibt

Filtek™ Z250
Standard mode Group Bs Group Fs Group Js Group Ns Group Jst

Boosted mode Group Bb Group Fb Group Jb Group Nb Group Jbt

Filtek™ P60
Standard mode Group Cs Group Gs Group Ks Group Os Group Kst

Boosted mode Group Cb Group Gb Group Kb Group Ob Group Kbt

Filtek™ 
Supreme XT

Standard mode Group Ds Group Hs Group Ls Group Ps Group Lst

Boosted mode Group Dh Group Hb Group Lb Group Pb Group Lbt



3.2.3 LED handheld LCU

3.2.3.1 Elipar™ Freelight (i)

The 13mm tip d iam eter required three overlapping irradiations on the top surface for 

ZlOO™ (Group Qi), Filtek™ Z 250 (G roup Ri), Filtek™ P60 (Group S,) and Filtek™ 

Supreme XT (Group T|) while the 8m m  tip d iam eter required five overlapping 

irradiations on the top surface for ZIOO™ (Group U|), Filtek™ Z250  (Group V|), Filtek™ 

P60 (Group W|) and Filtek™ Supreme X T  (G roup X|) to ensure the specim ens were 

irradiated using the modified irradiation protocol with the Elipar™ Freelight LED LCU 

(i) (Table 3.3).

3.2.3.2 Elipar™ Freelight 2 (h)

Employing the modified irradiation protocol with the Elipar™ Freelight 2 LED  LCU (h) 

required three overlapping irradiations on the top surface for the 13mm LCU tip d iam eter 

for ZlOO™ (Group Qh), Filtek™ Z250 (Group Rh), Filtek™ P60 (Group Sh) and Filtek™ 

Supreme XT (Group Th). In addition, five overlapping irradiations on the top surface for 

the 8mm LCU tip d iameter for ZlOO™ (Group Uh), Filtek™ Z 250 (Group Vh), Filtek™ 

P60 (Group Wh) and Filtek™ Suprem e X T  (Group Xh) were required to ensure the 

specimens were irradiated (Table 3.3).
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Table 3.3: The specimen groups for each RBC material irradiated when employing 
the 13 and 8mm tip diameters with the Elipar™ Freelight and Elipar™ Freelight 2 
LED LCUs.

RBC LED LCU
Tip diameter

13mm 8mm

ZlOO™
Elipar™ Freelight Group Qi G roup  U|

Elipar™ Freelight 2 G roup Qh G roup  Uh

Filtek™ Z250
Elipar™ Freelight Group R| G roup  V|

Elipar™ Freelight 2 Group Rh G roup  Vh

Filtek^^  ̂P60
Elipar™ Freelight Group S| G roup  W|

Elipar™ Freelight 2 Group Sh G roup  Wh

Filtek’’’'̂  Supreme 
XT

Elipar™ Freelight Group T| G roup  Xi

Elipar™  Freelight 2 Group Th G roup  Xh

Following irradiation with the LCU the cellulose acetate strip w as discarded, the mould 

dismantled, the specim en removed and checked for surface imperfections. The specimens 

with defects were eliminated and the remaining specim ens were stored in a light-proof 

container containing 50ml o f  deionised water and placed in a climate controlled cham ber 

(Froilabo-Firalabo, SP-260 B V EH F, M eyzieu, France) maintained at 37 ±  1°C at 55%  

relative humidity for 24h prior to testing and analysis.
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3.3 Three-point flexure testing

It is imperative that there is standardisation and reproducibility o f  the testing 

methodologies between test centres when evaluating RBCs (ISO 4049, 2000). Therefore, 

the testing o f  nominally identical specimens under similar test conditions should produce 

consistent test results between test centres. However, the variously reported three-point 

flexure strength data in the dental literature (M iyazaki et ai., 1996; Peutzfeldt and 

Asmussen, 2000; Cesar et al., 2001; Yap et al., 2002; M itra et a!., 2003; Palin et al., 2003; 

Ferracane et al., 2003; Yap and Teoh, 2003; Palin et al., 2005; Calheiros et al., 2006; 

Beun et al., 2007) may suggest that the efficacy o f  the overlapping irradiation regime is 

flawed in terms o f  uncontrolled initiation on polymerisation (Mehl et al., 1997; Manhart 

et al., 2000), non-homogeneously cured specim ens (Ferracane et al., 2003) and 

inconsistent polymerisation along the length o f  the bar-shaped specimen (Palin et al., 

2003, 2005). As a result, the efficacy o f  ISO 4049: 2000 was examined in terms o f  the 

three-point flexure properties and Vickers hardness.

The rectangular bar-shaped specimens with the irradiated side uppermost were centrally 

loaded with a 0.3mm width knife-edge indenter across a support span o f  20mm in 

accordance with the testing procedure outlined in ISO 4049. The specimens were loaded 

using a universal tensile testing machine (Instron Model 5565, High W ycombe, 

Buckinghamshire, UK) at a crosshead speed o f  Im m /m in and the maximum load to 

fracture was recorded.
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3.3.1 Three-point flexure strength

The three-point flexure strength was calculated using Equation 3.1 (ISO 4049, 2000)

2) PL
^,nax=T7:77 Equation 3.1

2bd

where a^ax was the maximum flexure stress (MPa), P  the measured load at fracture (IM), L 

the support span distance (20mm), b the width and d  the thickness o f  the specimen (mm) 

measured using a digital m icrom eter accurate to lOOfam (M itutoyo, Kawasaki, Japan).

3.3.2 Three-point flexure modulus

The three-point flexure modulus was determined using Equation 3.2 (ISO 4049: 2000)

„  ( ^ P ^t  - Equation 3.2

where E  was the flexure modulus (GPa), L the support span distance (20mm), h the width

and £ /the thickness o f  the specimen (mm) and j  the gradient o f  the steepest linear 

portion o f  the load-deflection curve.

3.4 Vickers hardness testing

Vickers hardness m easurem ents were made to investigate the claims o f  uncontrolled 

initiation on polymerisation (Mehl et al., 1997; Manhart et al., 2000), non-
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homogeneously cured specimens (Ferracane et al., 2003) and inconsistent polymerisation 

along the length o f the bar-shaped specimen (Palin et al., 2003, 2005).

3.4.1 Indentation technique

The Vickers hardness testing m ethodology employs a downward force, using a diamond 

pyramid head (M icromet 5104, Buehler, Lake Blutt, Illinois, USA), to produce an indent 

on the surface o f  the specimen. The subsequent indentation pattern creates diagonal lines 

which are then measured using a m icrometer screw gauge contained within the 

microscope attachm ent o f  the machine to determine the average diagonal distance. The 

Vickers hardness was obtained by calculating the surface area o f  the indent in accordance 

with Equation 3.3 where the harder the material the shallower the indentation and 

therefore an increased Vickers hardness value.

K / /= ^ - ( s in 6 8 ° )  Equation (3.3)

where P was the predetermined load applied (g), D  was the diagonal distance (|am) and 

68° was the angle o f  the diamond pyramid head tip o f  the indenter.

Three specimens for each group irradiated with the QTH (Table 3.2) and LED (Table 3.3) 

LCUs were prepared in accordance with the specimen preparation procedures outlined in 

Section 3.2.1.1 and 3.2.1.2, respectively. The 13mm tip diameter (which required three 

overlapping irradiations on the top surface) formed three non-overlapped and two 

overlapped regions for the top and bottom surfaces o f  each RBC specimen. The 11mm tip 

diameter resulted in four non-overlapped and three overlapped regions while five
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overlapping irradiations were required with the 8mm tip diam eter thereby creating five 

non-overlapped and four overlapped regions on the top and bottom surfaces o f  each 

specimen o f  Z100™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT. Employing 

the QTH with the 25mm ‘one-hit’ tip diam eter resulted in only one non-overlapped and

no overlapped regions on the top and bottom surfaces o f  each RBC specimen.

Two Vickers indentations were applied, with a load o f  300g for 15s at room tem perature, 

to each o f  the non-overlapped and overlapped regions o f  the rectangular bar-shaped 

specimens. This resulted in a total o f  six non-overlapped and four overlapped Vickers 

indentations on the top and bottom surface o f  each o f the three specimens irradiated with 

a 13mm tip diameter. With the 11mm tip diameter, eight non-overlapped and six 

overlapped Vickers indentations were produced on the top and bottom surface o f  each o f  

the three specimens. For the 8mm tip diameter, ten non-overlapped and eight overlapped 

Vickers indentations were made on the top and bottom surface o f  each o f  the three 

specimens. On each o f  the three ‘one-hit’ specimens a total o f fifteen non-overlapped 

Vickers indentations were made on the top and bottom surfaces.

3.4.2 QTH handheld LCU

3.4.2.1 Standard mode Q

The Vickers hardness data for the non-overlapped ( n o )  and overlapped ( o )  regions was 

grouped for the top surface ( r) o f  each RBC material irradiated in standard mode (s ) .  The
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13m m  tip diam eter resulted in grouped data for Z 100™  (G roup As(no)T and G roup As(O)t), 

Filtek™  Z 250  (G roup Bs(no)t and Group Bs(O)i), Filtek™  P60 (G roup Cs(no)t and Group  

Cs(O)t) and Filtek'^'^ Suprem e X T  (Group Ds(no)t and Group Ds(Q)t). The grouped data for 

the 11mm tip diam eter w ere ZlOO™ (G roup Es(no)t and Group Es(O)t), Filtek™  Z 250  

(G roup Fs(no)t and Group Fs(Q)t), Filtek’"  ̂ P60 (G roup Gs(no)t and Group Gs(O)t) and 

Filtek™  Suprem e X T  (G roup F1s(no)t and Group Hs(Q)t). For the 8m m  tip d iam eter the 

data w as grouped as ZlOO™ (G roup Is(no)t and Group 1s(0)t), Filtek™  Z 2 5 0  (Group  

Js(NO)T and G roup Js(O)t), Filtek™  P60 (G roup Ks(no)t and Group Ks(O)t) and Filtek™  

Suprem e X T  (G roup Ls(no)t and Group Ls(O)t)- In addition, a total o f  fifteen  V ickers  

indentations w ere recorded on the top surface ( t ) for each o f  the three ‘o n e-h it’ specim ens  

o f  each R BC  m aterial, nam ely ZlOO™ (G roup Ms(NO)t), Filtek™  Z 250  (G roup Ns(no)t)> 

Filtek™  P60 (G roup Os(no)t) and Filtek™  Suprem e X T  (Group Ps(no)t) (T able 3 .4).

For the bottom  surfaces ( b ) the V ickers hardness data for the non-overlapped (n o ) and 

tw o overlapped (o ) regions w as a lso  grouped w hen irradiated in standard m ode (s) w ith  

the 13mm tip diam eter (ZlOO™ (G roup As(no)b and Group As(Q)b), Filtek™  Z 2 5 0  (Group  

Bs(no)b and Group Bs(Q)b), Filtek™  P60 (G roup Cs(no)b and G roup Cs(O)b) and Filtek™  

Suprem e X T  (G roup Ds(no)b and Group Ds(G)b))- T he V ickers hardness data for the 

bottom  surface o f  the specim ens irradiated w ith  the 11 mm tip d iam eter w ere grouped as 

ZlOO™ (G roup Es(no)b and Group Es(O)b), Filtek™  Z 250  (G roup Fs(NO)Band Group Fs(Q)b), 

Filtek™  P60 (Group Gs(N0 )b and Group Gs(Q)b) and Filtek™  Suprem e X T  (G roup Hs(no)b 

and Group Hs(O)b). S im ilarly, the V ickers indentations on the bottom  surface o f  the three 

sp ecim en s irradiated w ith an 8m m  tip diam eter w ere grouped as Z 100™  (G roup 1s(no)b
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Table 3.4: The non-overlapped and overlapped groups on the top and bottom surfaces for each RBC material when 
irradiated with the 13, 11, 8, 25 and 8mm ‘Turbo’ tip diameters using the QTH LCD in standard mode.

RBCl Surface Region
Tip diameter

13mm 11mm 8mm 25mm 8mm ‘Turbo’

ZIOQT̂ M

Top
Non-overlapped Group As,not Group Es(no)t Group ls(NO)T Group Ms(no)t Group lst(NO)T

Overlapped Group As(0)t Group Es(0)t Group ls(0)T Group lst(0)T

Bottom
Non-overlapped Group As(no)b Group Es(no)b Group is(NO)B Group Ms(no)b Group lst(NO)B

Overlapped Group As(0)b Group Es(0)b Group ls(0)B Group Is„o)B

Filtek™
Z250

Top
Non-overlapped Group Bs(no)t Group Fs(no)t Group Js(NO)T Group N s(no)t Group Jst(N0)T

Overlapped Group Bs,o)t Group Fs(0)t Group Js(0)T Group Js,(0)T

Bottom
Non-overlapped Group Bs(no)b Group Fs(no)b Group Js(NO)B Group Ns(no)b Group Jst(NO)B

Overlapped Group Bs(0)b Group Fs(0)b Group Js(0)B Group Jst(0)B

Filtek™ P60

Top
Non-overlapped Group Cs(no)t Group Gs(no)t Group Ks(no)t Group Os(no)T Group Kst(NO)T

Overlapped Group Cs(0)T Group G s(0)t Group Ks(0)t Group Kst(0)T

Bottom
Non-overlapped Group Cs(NO)B Group Gs(no)B Group Ks(no)b Group Os(no)b Group Kst(NO)B

Overlapped Group Cs(0)B Group Gs(0)b Group Ks,o)b Group Ks,(0)b

Filtek™  
Supreme XT

Top
Non-overlapped Group Ds(no)t Group Hs(N())t Group Ls(no)t Group Ps(NO)T Group Ls,(no)t

Overlapped Group Ds(0)t Group Hs(0)t Group Ls(0)t Group Lst(0)T

Bottom
Non-overlapped Group Ds(no)b Group Hs(no)b Group Ls(no)b Group Ps(NO)B Group Lst(NO)B

Overlapped Group Ds(0)b Group Hs(0)b Group Ls(0)b Group Lst(0)B



and Group 1s(0)b), Filtek™ Z250 (Group Js(no)b and Group Js(O)b), Filtek™ P60 (Group 

l̂ s(NG)B and Group Ks(O)b) and Filtek™ Supreme XT (Group Ls(no)b and Group Ls(O)fj)- 

Fifteen indentations were produced on the bottom surface ( b ) o f  the three 'one-h it’ 

specimens o f each RBC material examined were grouped as ZlOO™ (Group Ms(no)b), 

Filtek™ Z250 (Group Ns(no)b), Filtek™ P60 (Group Os(NO)b) and Filtek™ Supreme XT 

(Group Ps(no)b) (Table 3.4).

3.4.2.2 Boosted mode (b)

The Vickers hardness data for the top surface irradiated in boosted mode (h) was grouped 

for each RBC irradiated with the !3mm tip diam eter (ZlOO™ (Group Ab(NO)i and Group 

Ab(O)T), Filtek™ Z250 (Group Bb(Non and Group Bb(O)r), Filtek™ P60 (Group Cb(NO)Tand 

Group Cb(O)i) and Filtek™ Supreme XT (Group Db(NO)T and Group Db(O)T)), 11 mm tip 

diameter (ZiOO^*^ (Group Eb(Noyr and Group Eb(O)r), Filtek™ Z250 (Group Fb(NO)T and 

Group Fb(O)r), Filtek™ P60 (Group Gb(NO)T and Group Gb(O)T) and Filtek™ Supreme XT 

(Group Hb(NO)T and Group Hb(O)T)) and 8mm tip diam eters (ZlOO™ (Group lb(NO)T and 

Group Ib(O)T), Filtek™ Z250 (Group Jb(NO)Tand Group Jb(O)T), Filtek™ P60 (Group Kb(NO)T 

and Group Kb(O)i) and Filtek™ Supreme XT (Group Lb(NO)Tand Group Lb(O)T))- A further 

fifteen Vickers indentations were made on the top surface (t ) for each o f  the three ‘one- 

h it’ specimens o f  each RBC material, namely ZlOO™ (Group Mb(NO)T), Filtek™ Z250 

(Group Nb(NO)T), Filtek™ P60 (Group Ob(NO)T) and Filtek™ Supreme XT (Group Pb{NO)T) 

(Table 3.5).
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Similarly, the Vickers hardness data for the bottom surface irradiated in boosted mode (b) 

was grouped for each RBC irradiated with the 13mm tip diam eter, (ZlOO™ (Group 

Ab(NO)B and Group Ab(O)B), Filtek™ Z250 (Group Bb(NO)B and Group Bb(O)B), Filtek™ P60 

(Group Cb(NO)B and Group Cb(O)B) and Filtek™ Supreme XT (Group Db(NO)B and Group 

Db(O)B)), 1 Inim tip diam eter (ZlOO™ (Group Eb(NO)B and Group Eb(O)B), Filtek™ Z250 

(Group Fb(NO)Band Group Fb(O)B), Filtek™ P60 (Group Gb(NO)Band G roup Gb(O)B) and 

Filtek™ Supreme XT (Group Hb(NO)Band Group Hb(O)B)) and 8mm tip diam eters (ZlOO™ 

(Group lb(NO)Band Group Ib(O)B), Filtek™ Z250 (Group Jb(NO)B and Group Jb(O)B), Filtek™ 

P60 (Group Kb(No)B and Group Kb(O)B) and Filtek™ Supreme XT (Group Lb(NO)B and 

Group Lb(O)B)). The bottom surface (b) was also subjected to fifteen indentations o f  the 

three ‘one-hit’ specimens o f  each RBC material examined and grouped as ZlOO™ (Group 

Mb(NO)B), Filtek™ Z250 (Group Nb(NO)B), Filtek™ P60 (Group Ob(NO)B) and Filtek™ 

Supreme XT (Group Pb{NO)B) (Table 3.5).

3.4.2.3 Turbo tip standard (st) and boosted mode (bi)

The 8mm ‘Turbo’ tip diam eter in standard mode (si) resulted in a total o f  ten non

overlapped ( n o )  and eight overlapped (o) indenta:tions on the top surface ( x )  o f  each group 

o f  three rectangular bar-shaped specimens o f  ZlOO™ (Group U knot and Group Ist(O)T), 

Filtek™ Z250 (Group Jsknot and Group Jsko)t), Filtek^'^ P60 (Group K sknot and Group 

K.st(on) and Filtek™ Supreme XT (Group Lst(NO)T and Group Lskq)?) (Table 3.4). The 

Vickers hardness was also grouped for the bottom surface ( b )  o f  each o f  the three 

rectangular bar-shaped specimens (ZlOO™ (Group lst(NO)Band Group Ist(O)B), Filtek™
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Table 3.5: The non-overlapped and overlapped groups on the top and bottom surfaces for each RBC material when 
irradiated with the 13, 11, 8, 25 and 8mm ‘Turbo’ tip diameters using the QTH LCU in boosted mode.

RBC Surface Region
Tip diameter

13mm 11mm 8mm 25mm 8mm ‘Turbo’

ZIOQTM

Top
Non-overlapped Group Ab(NO)T Group E^NO)T G roup lb(NO)T Group Mb(NO)T Group Ibt(NO)T

Overlapped Group Ab(0)T Group Eb(())T Group lb(())T Group Ib,(0)T

Bottom
Non-overlapped Group Ab(NO)B Group Eb<NO)B Group Ib(NO)B Group Mb(NO)B Group lbt(NO)B

Overlapped Group Ab(0)B Group Eb(())B Group lb(0)B Group lbt(0)B

Filtek™
Z250

Top
Non-overlapped Group Bb(NO)T Group Fb(NO)T Group Jb(NO)T Group Nb(NO)T Group Jbt(NO)T

Overlapped Group Bh(0)T Group F^o)T Group Jb(0)T Group Jbt(0)T

Bottom
Non-overlapped Group B^NO)B Group Fb(NO)B Group Jb<NO)B Group Nb(NO)B Group Jbt(NO)B

Overlapped Group B(,(0)b Group Pb(0)B Group Jb(0)B Group Jbt(0)B

Filtek̂ ^M P60

Top
Non-overlapped Group Cb(NO)T Group Gb(NO)T Group Kb(NO)7 Group Ob(NO)T Group Kbt(NO)T

Overlapped Group Cb(0)T Group Gb(0)T Group Kb(0)T Group Kbt(0)T

Bottom
Non-overlapped Group Cb(NO)B Group Gb(NO)B Group Kb(NO)B Group Ob(NO)B Group Kbt(NO)B

Overlapped Group Cb(0)B Group Gb(0)B Group Kb(0)B Group Kb,(0)B

Filtek^^ 
Supreme XT

Top
Non-overlapped Group Db(NO)T Group Hb(NO)T Group Lb(NO)T Group Pb(NO)T Group Lb,(NO)T

Overlapped Group Db(0)T Group Hb(0)T Group Lb(0)T Group Lb,(0)T

Bottom
Non-overlapped Group Db(NO)B Group Hb(NO)B Group Lb(NO)B Group Ph(NO)B Group Lbt(N())B

Overlapped 1 Group Db(0)B Group Hb<o)B Group Lb(0)B Group Lb,(0)B
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Z 250  (G roup Jsunob and G roup Jskob), Filtek™  P60 (G roup Kskno)b and Group Kjkob) 

and Filtek™  Suprem e X T  (Group LsuN osand Group Lskob)) (T able 3 .4 ).

In boosted m ode (bt), the V ickers hardness data w as grouped for the top  surface, nam ely  

ZlOO™ (G roup ibt(NO)Tand Group IbKor), Filtek™  Z 2 5 0  (G roup JbuNOjand Group Jbuoi), 

Filtek™  P60 (Group Kbt(NO)Tand Group Kbt(O)T) and Filtek™  Suprem e X T  (G roup Lbt(NO)T 

and Group Lbt(O)T) (T able 3 .4 ) and bottom  surface, n am ely ZlOO™  (G roup lbt(NO)B and 

Group Ibt(O)B), Filtek™  Z 250  (G roup Jbt(NO)B and Group Jbt(O)B), F iltek™  P60 (Group  

K.bt(N0 )B and Group K btios) and Filtek™  Suprem e X T  (G roup Lbt(NO)B and G roup Lbt(O)B) 

o f  the R B C s (Table 3 .5).

3.4.3 LED handheld LCU

3.4.3.1 Elipar™ Freelight (,)

The Elipar™  Freelight LED LCU (i) irradiated w ith a 13m m  tip diam eter required a total 

o f  six  and four non-overlapped and overlapped V ickers indentations, resp ectively  on the 

top surface. The data w as grouped for each  o f  the R BC  m aterials investigated , nam ely  

ZlOO™ (G roup Qi(no)t and Group Qi(O)t), F iltek™  Z 2 5 0  (G roup Ri(no)t and Group  

R|(0 )t), Filtek™  P60 (G roup S|(no)t and Group S|(0 )t) and Filtek™  Suprem e X T  (G roup  

Ti(no)t and Group T|(0 )t) for the 13m m  tip diam eter. For the top surface irradiated with  

the 8m m  tip diam eter the data w as grouped for each  o f  the RBC  m aterials, nam ely  

ZlOO™ (G roup U |(no)t and Group U|(0 )t), F iltek™  Z 250  (G roup V |(no)t and Group
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V|(0 )t), Filtek™  P60 (G roup W|(no)t and Group W |(on) and Filtek™  Suprem e X T  (Group  

Xi(NO)T and Group Xi(O)t) (T able 3 .6).

The V ickers indentation procedure outlined above w as repeated on the bottom  surface (b ) 

with the 13mm tip d iam eter (ZlOO™ (G roup Q|(no)b and Group Qi(Q)b), Filtek™  Z 250  

(G roup Ri(no)b and Group R|(0 )b), Filtek™  P60 (G roup Si(no)b and Group Si(0 )b) and 

Filtek™  Suprem e X T  (G roup T|(no)b and Group T|(0 )b))- S im ilarly , the 8m m  tip diam eter  

data was grouped for each  o f  the RBC m aterials investigated , nam ely (G roup U|(no)b and 

Group U|(0 )b), Filtek™  Z 250  (Group V|(nq)b and Group V|,o)b), Filtek™  P60 (Group  

W|(no)B and Group W|(0 )b) and Filtek™  Suprem e X T  (G roup X|(no)b and Group X|(0 )b) 

(T able 3 .7).

3.4.3.2 Elipar™ Freelight 2 (h)

The Elipar™  Freelight 2 LED LCD (h) w as also used to irradiate the top surface o f  the 

rectangular bar-shaped sp ecim en s w ith a 13mm tip diam eter. The data w as grouped for 

each o f  the RBC m aterials investigated , nam ely ZlOO™ (G roup Qh(NO)T and Group  

Qh{0 )T), Filtek™  Z 250  (G roup Rh(NO)T and Group Rh(O)T), Filtek™  P60 (G roup Sh(NO)T and 

Group Sh(O)r) and Filtek™  Suprem e X T  (Group Th(NO)T and Group Th(O)T). W ith the 8m m  

tip diam eter the data w as grouped as ZIOO™ (G roup Uh(no)t and G roup Uh(O)t), Filtek™  

Z 2 5 0  (G roup Vh(NO)T and Group Vh(O)T), Filtek™  P60 (G roup Wh(NO)i and Group Wh(oyr) 

and Filtek™  Suprem e X T  (Group Xh<NO)T and Group Xh(O)T) (Table 3 .6).
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Table 3.6: The non-overlapped and overlapped specimen groups on the top surface when irradiated with the 13 and 
8mm tip diam eters using the Elipar™  Freelight and Elipar™ Freelight 2 LED LCUs.

RBC LED LCU
Elipar™ Freelight Elipar'^'^ Freelight 2

13mm 8mm 13mm 8mm

ZlOO™
Non-overlapped G roup Q|(no)t Group U|(no)t Group Qh(NO)T Group Uh(NO)T

Overlapped Group Q|(0)t Group Ui(0)T Group Qh(0)T Group Uh(0)T

Filtek™ Z250
Non-overlapped Group Ri(no)t Group V|(nq)t Group Rh(NO)T Group Vh(NO)T

Overlapped Group R|(0)t Group V|(0)T Group Rh(0)T Group Vh(0)T

Filtek^M P60
Non-overlapped Group Si(no)t Group W|(no)t Group Sh(N0)T Group Wh(NO)T

Overlapped Group Si(0)T Group Wi(0)T Group Sh(0)T Group Wh(0)T

Filtek™ Suprem e  
XT

Non-overlapped Group T i(no)T Group X|(no)t Group Th(NO)T Group Xh(NO)T

Overlapped Group T i,o)t Group Xi(0)T Group Ih(0)T Group Xh(0)T



Table 3.7: The non-overlapped and overlapped specimen groups on the bottom surface when irradiated with the 13 and 
8m m  tip diam eters using the Elipar™  Freelight and Elipar™ Freelight 2 LED LCUs.

RBC LED LCII
Elipar^^ Freelight Elipar™ Freelight 2

13mm 8mm 13mm 8mm

ZIOO^M
Non-overlapped Group Q|(no)b Group Ui(no)b Group Qh(NO)B Group Uh(NO)B

Overlapped Group Q|(0)b Group U|(0)B Group Qh(0)B Group Uh(0)B

Filtek™  Z250
Non-overlapped Group R|(no)b Group V|(no)b Group Rh(NO)B Group Vh(NO)B

Overlapped Group R|(0)b Group V|(0)B Group Rh(0)B Group Vh(0)B

Filtek™  P60
Non-overlapped Group S|(no)b Group Wi(no)b Group Sh(NO)B Group Wh(NO)B

Overlapped Group S|(0)B Group W|(0)B Group Sh(0)B Group Wh(0)B

Filtek’’̂ '̂  Suprem e 
XT

Non-overlapped Group T|(no)b Group X|(nq)b Group Th(NO)B Group Xh(NO)B

Overlapped Group T|,o)b Group X|(0)B Group Th(0)B Group Xh(0)B
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The Vickers indentation procedure outlined above was repeated on the bottom surface 

with the 13mm tip diam eter and grouped, namely ZlOO™ (Group Qh(NO)B and Group 

Q h(O )B ),  Filtek™ Z250 (Group Rh(NO)B and Group R h (O)b ) ,  Filtek™ P60 (Group S h (n o )b  

and Group Sh(O)B) and Filtek™ Supreme XT (Group Th(NO)B and Group Th(O)B)- With an 

8mm tip diam eter the data was also grouped for each o f  the RBC materials, namely 

ZlOO™ (Group Uh(NO)B and Group Uh(O)B), Filtek™ Z250 (Group Vh(NO)B and Group 

Vh(O)B), Filtek™ P60 (Group Wh(NO)B and Group Wh(O)B) and Filtek™ Supreme XT 

(Group Xh(NO)B and Group Xh(O)B) (Table 3.7).

3.5 Statistical analysis

3.5.1 Three-point flexure strength data

M ultiple comparisons o f  the group means for the three-point flexure strength data for 

each RBC (ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT), irradiated 

with varying tip diam eters (13, 11, 8 and 25mm for the QTH and 13 and 8mm for the 

LED) and LCU irradiances in standard and boosted modes were made utilising a one-way 

ANOVA and Tukey’s m ultiple range tests at a significance level o f  P<0.05. In addition, 

multiple comparisons o f  the means for the grouped three-point flexure strength data for 

the 8mm ‘Turbo’ and 8mm conventional tip diam eters irradiated in standard and boosted 

mode, for each o f  the RBCs, were made using a one-way ANOV A and T ukey’s multiple 

range test at a significance level o f  P<0.05.
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3.5.2 Reliability of the flexure strength data

Weibull analyses were employed to assess the reliability o f  the three-point flexure 

strength data by evaluating the strength distribution in mathematical terms. Weibull 

(1951) derived an equation which described a distribution o f  strength data in order to 

assess the probability with which failure occurs within a material at a given level o f  

applied load. The Weibull equation assumes that the most critical flaw in a specimen is 

responsible for failure and therefore the Weibull distribution is based on the concept o f  

the failure o f  the weakest link (Weibull, 1951). The basic form o f  the Weibull distribution

IS

= \ -  exp
( \ m

CT - a
- V u

ob Equation 3.4

where a is the applied stress at failure (MPa), cr„, Oo and m are all constants. The threshold 

stress (cTu) in MPa is the stress at which the failure probability approaches zero and Davis 

(1973) and Stanley et al. (1973) demonstrated that for brittle materials can be assumed 

to be zero since there is always a finite probability that a critical flaw may be present in 

the material under investigation before it is stressed. Oo is normally referred to as the 

normalising or scaling constant and V  is the specimen volume. As the sample size and 

specimen volume o f  each RBC material tested in the current investigation remained 

constant throughout the flexure strength testing, the volume term, V  can be ignored. 

Trustrum and Jayatilaka (1979) gave physical meaning to the Weibull modulus (w) as 

characterising the ‘brittleness' o f  a material since m describes the flaw size distribution 

and therefore the resultant scatter and associated reliability o f  the flexure strength data
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(Zeng et al., 1996). A closer grouping o f  the flexure strength data is manifested as a 

higher value o f  m. /*/ is the probability o f  failure, which varies from zero to one

P,= Equation 3.5
,7V’ +1,

where N* was the total number o f  specimens and n was the ranking number o f  the 

specimen when the flexure strength o f  the specimen were ranked in ascending order. 

Consequently, Equation 3.4 can be reduced to the form

/

P ^ = \ - P ,  = 1 - 1 -  exp
a

Equation 3.6

The flexure strength data was graphically displayed on a Weibull plot by further 

simplifying Equation 3.6 using natural logarithms to the form y=mx+c (Equation 3.7)

In In = /wln(cr)-/77ln((To) Equation 3.7

Ps was the probability o f  survival (since Ps = / - / ’/), rn was the gradient o f  the graph 

calculated by superimposing a regression line along the specimen data points and the y- 

axis intercepted the x-axis at -wln(<To) and Ritter et al. (1981) identified that the number 

o f  nominally identical specimens used in the calculation o f  the m  for brittle materials 

determines the accuracy o f  the Weibull analysis. The standard deviation o f  the Weibull 

modulus was calculated and derived from statistical theory (Trustrum and Jayatilaka. 

1979) to be a function o f  the sample size (K)

YYl
Standard deviation (w) = —== Equation 3.8.

Vtv
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Statistically significant differences in the Weibull modulus between groups were 

considered to be significant when the 95% confidence intervals did not overlap (Fleming, 

1998).

3.5.3 Three-point flexure modulus data

Multiple comparisons o f  the group means for the three-point flexure modulus data for 

each RBC (ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT), irradiated 

with varying tip diameters (13, 11 , 8  and 25mm for the QTH and 13 and 8mm for the 

LED) and LCU irradiances in standard and boosted modes were made utilising a one-way 

ANOVA and Tukey’s multiple range tests at a significance level o f  P<0.05. In addition, 

multiple comparisons o f  the means for the grouped three-point flexure modulus data for 

the 8mm ‘Turbo’ and 8mm conventional tip diameters irradiated in standard and boosted 

mode, for each o f  the RBCs, were made using a one-way ANOVA and Tukey’s multiple 

range test at a significance level o f  P<0.05.

3.5.4 Vickers hardness data

The analysis o f  the Vickers hardness data was dependent on the fact that the design was 

intrinsically unbalanced in respect o f  site (actual location o f  the measurement) and region 

(non-overlapped and overlapped), the numbers o f  these categories being determined by 

the tip diameter size. Therefore for the QTH LCU, with the 8 mm tip diameter there were 

live non-overlapped and four overlapped regions, the 11mm tip diameter there were four
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non-overlapped and three overlapped regions, the 13mm tip diam eter there were three 

non-overlapped and two overlapped regions and the 25mm tip there were no overlapped 

regions. For the LED LCUs, with the 8mm tip diam eter there were five non-overlapped 

and four overlapped regions and the 13mm tip diam eter there were three non-overlapped 

and two overlapped regions. A progressive pooling o f the design was therefore used to 

reduce the dimensionality o f  the problem by eliminating non-significant classificatory 

variables.

A two-way ANOVA design using site x region as the independent variables were 

checked to ensure that no site effect emerged within each RBC for both top and bottom 

surfaces. A three-way ANOVA were performed on each RBC using tip diam eter (13, 11, 

8 and 25mm), surface (top and bottom) and region (non-overlapped and overlapped) as 

the independent variables.
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CHAPTER 4 Results

4.1 IS04049: The influence of LCU tip diameter

The efficacy o f the overlapping irradiation regime was investigated by m odifying the 

specimen manufacture protocol in ISO 4049: 2000 to exacerbate the potential for 

uncontrolled initiation on polymerisation and decrease the hom ogeneity o f

polymerisation along the length o f  the specimen.

QTH Irradiance

When an assessment o f  the irradiance o f the QTH LCU w'as measured seven consecutive 

times with tip diameters o f 13, 11,8 and 25mm using the radiometer, irradiances o f  640 ± 

18mW/cm" in standard mode and 790 ± ISmW/cm^ in boosted mode were recorded. In 

addition, when an 8mm ‘Turbo’ tip diam eter w'as used in standard and boosted modes the 

irradiances were 880 ± 18 and 1040 ± 28mW/cm^, respectively.

4.1.1 Three-point flexure strength

4.1.1.1 Standard mode

When the 13mm LCU tip diam eter was employed the mean three-point flexure strength 

and associated standard deviation for ZIOO™ (Group As) were 93 ± 14MPa w'ith a range 

o f  three-point flexure strengths varying from 74 to 121 MPa. When Filtek™ Z250,
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Filtek™ P60 and Filtek™ Supreme XT were tested follow'ing irradiation with the 13mm 

tip diameter, the mean three-point flexure strengths and associated standard deviations 

were 156 ± 15MPa (Group Bs), 162 ± 16MPa (Group Cs), 140 ± lOMPa (Group Ds), 

respectively. The range o f  the three-point flexure strengths for Filtek™ Z250, Filtek™ 

P60 and Filtek™ Supreme XT varied from a low o f  128MPa to a high o f  ISOMPa for 

Group Bs specimens, from 126 to 184MPa for Group Cs specimens and from a minimum 

o f  108MPa to a maximum o f  157MPa for Group Ds specimens (Table 4.1).

Employing the overlapping irradiation regime with an 11mm tip diameter resulted in a 

range o f  the three-point flexure strengths for ZlOO™ (Group Es) from 79 to l22MPa, 

Filtek™ Z250 (Group Fs) from a minimum of  133MPa to a maximum o f  1 SOMPa, 

Filtek™ P60 (Group Gs) from 125 to 185MPa and Filtek™ Supreme XT (Group Hs) from 

a low o f  125MPa to a high o f  185MPa. The mean three-point flexure strengths and 

associated standard deviations for the four RBC materials investigated, namely ZlOO™, 

Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT were 99 ± 14MPa, 151 ± 14MPa, 

1 5 4 ± 1 6 M P a a n d  141 ± lOMPa, respectively (Table 4.1).

With an 8mm tip diameter the range o f  the three-point flexure strengths varied for 

Z100™ from a minimum o f  78MPa to a maximum o f  131 MPa (Group Is), Filtek™ Z250 

from 141 to 189MPa (Group Js), Filtek™ P60 from a minimum o f  l27M Pa to a 

maximum o f  186MPa (Group Ks) and Filtek™ Supreme XT from a lowest recorded 

strength o f  120MPa to a highest recorded strength o f  158MPa (Group Lj), respectively. 

The mean three-point flexure strengths and associated standard deviations were 103 ±
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Table 4.1: The range and mean three-point flexure strengths (associated standard deviations) for the RBC specimens 
irradiated using a QTH LCU with 8, 11, 13 and 25 mm tip diameters using the QTH LCU in standard and boosted 
modes.

RBC Property M ode Tip Diam eter
8mm 11mm 13mm 25mm

ZlOO™

Three-point flexure strength (M Pa)
Standard

101(16) 9 9 (1 4 ) 9 3 (1 4 ) 104 (15)

Range o f  strengths (M Pa) 78-131 79-122 74-121 76-135

Three-point tlexure strength (M Pa)
Boosted

101 (16) 93 (15) 9 5 (1 4 ) 105 (16)

Range o f  strengths (M Pa) 76-130 75-122 75-119 79-141

Filtek™ Z250

Three-point flexure strength (M Pa)
Standard

164(16) 152(14) 156 (15) 157(15)

Range o f  strengths (M Pa) 141-189 133-180 128-180 122-179

Three-point flexure strength (M Pa)
Boosted

154(15) 153 (14) 1 56(15) 156(15)

Range o f  strengths (M Pa) 137-190 124-184 126-182 123-176

Flltek™ P60

Three-point flexure strength (M Pa)
Standard

165(16) 154(16) 162 (16) 165 (17)

Range o f  strengths (M Pa) 127-186 125-185 126-184 128-184

Three-point flexure strength (M Pa)
Boosted

1 6 4 (1 6 ) 161 (16) 1 64(15) 154(13)

Range o f  strengths (M Pa) 136-189 128-184 124-186 129-172

Filtek™  
Suprem e XT

Three-point flexure strength (M Pa)
Standard

14 0 (1 0 ) 141 (10) 140 (10) 133 (12)

Range o f  strengths (M Pa) 120-158 124-158 108-157 115-154

Three-point flexure strength (M Pa)
Boosted

142 (9) 141 (12) 140(12) 133 (9)

Range o f  strengths (M Pa) 129-158 120-155 123-157 105-145
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l5MPa (Group Is), 164 ± l6M Pa (Group J s ) ,  165 ± l6M Pa (Group Ks) and 140 ± lOMPa 

(Group Ls) (Table 4.1). The mean three-point flexure strengths and associated standard 

deviations for a ‘one-hit’ irradiation for ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ 

Supreme XT were 104 ± 15MPa (Group Ms), 157 ± 15MPa (Group Ns), 165 ± 17MPa 

(Group Os) and 133 ± 12Pa (Group Ps), respectively. The range o f  three-point flexure 

strengths varied for ZlOO™ from a minimum o f  76MPa to a maximum o f  135MPa, 

Fiitek™ Z250 from 128 to ISOMPa, Filtek™ P60 from a low o f  128MPa to a high o f  

184MPa and Filtek™ Supreme XT from a minimum recorded value o f  115MPa to a 

maximum recorded value o f  155MPa (Table 4.1).

4.1.1.1.1 Statistical analysis: Standard mode: tip diameter

Multiple comparisons o f  the group means for the three-point flexure strength data for 

each RBC (ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT), irradiated 

with varying tip diameters (13, 11,8 and 25mm, respectively) at 640 ± 18mW/cm', were 

made utilising a one-way ANOVA and Tukey’s multiple range tests at a significance 

level o f  P<0.05. No significant differences in the group means o f  the three-point flexure 

strengths were identified for ZlOO™ when irradiated with the varying tip diameters (13, 

11, 8 and 25mm) utilising the one-way ANOVA (F value=1.944; P=0.130). When the 

group means o f  the three-point flexure strengths for Filtek™ Z250 were analysed no 

significant differences in the one-way ANOVA (F value=2.302; P=0.840) were evident 

with varj'ing tip diameters. The group means o f  the three-point flexure strengths with 

varying tip diameters highlighted no significant differences for Filtek™ P60 and Filtek™
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Supreme XT utilising the one-way ANOVA (F value=l .924; P= 0 .133 and F value=2.582; 

P=0.600, respectively).

4.1.1.2 Boosted mode

With a 13mm tip diameter the mean three-point flexure strengths and associated standard 

deviations for Z 100™ (Group Ab) were 95 + 14MPa, Filtek™ Z250 (Group Bb) were 156 

± 15MPa, Filtek™ P60 (Group Cb) were 164 ± 15MPa and Filtek™ Supreme XT (Group 

Db) were 140 ± 12MPa. The range o f  three-point flexure strengths varied from a low o f  

78MPa to a high o f  131MPa for Group Ab specimens, from a minimum o f  M lM P a to a 

maximum o f  189MPa for Group Bb specimens, from 127 to 186MPa for Group Cb 

specimens and from a low o f  120MPa to a high o f  158MPa for Group Db specimens, 

respectively.

For the 11mm tip diameter required four overlapping irradiations on the top surface. The 

mean three-point flexure strength and associated standard deviations for ZlOO™ (Group 

Eb) were 93 ± 15MPa, Filtek™ Z250 (Group Fb) were 153 + 14MPa, Filtek™ P60 (Group 

Gb) were 161 ± 16MPa and Filtek™ Supreme XT (Group Fib) were 141 ± 12MPa. The 

range o f  three-point flexure strengths varied from a low o f  75MPa to a high o f  119MPa 

for Group Eb specimens, from 126 to 182MPa for Group Fb specimens, from a minimum 

o f  124MPa to a maximum o f  186MPa for Group Gb specimens and from 123 to 157MPa 

for Group Hb specimens.
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When the 8mm tip diameter was used the mean three-point flexure strengths and 

associated standard deviations for ZlOO™ (Group Ih) were 101 ± 16MPa. for Filtek™ 

Z250 (Group Jb) were 154 ± 15MPa, for Filtek™ P60 (Group Kb) were 164 ± 16MPa and 

for Filtek™ Supreme XT (Group Lb) were 142 ± 9MPa. The range o f  three-point flexure 

strengths varied from a maximum o f  76MPa to a minimum o f  130MPa for Group lb 

specimens, from 137M Pa to 190M Pa for Group Jb specimens, a low o f  136MPa to a high 

o f  189MPa for Group Kb specimens and from 129 to 158MPa for Group Lb specimens, 

respectively.

The *one-hit' irradiation resulted in three-point flexure strengths from a low o f  79MPa to 

a high o f  141 MPa for ZlOO™ (Group Mb), from 123 to 176MPa for Filtek™ Z250 

(Group Nb), from a minimum o f  129MPa to a maximum o f  172MPa for Filtek™ P60 

(Group Ob) and from 105 to 145MPa for Filtek™ Supreme XT (Group Pb). The mean 

three-point flexure strength and associated standard deviation were 105 ± 16MPa for 

Group Mb specimens, 156 ± 15MPa for Group Nb specimens, 154 ± 13MPa for Group Ob 

specimens and 133 ± 9MPa for Group Pb specimens, respectively.

4.1.1.2.1 Statistical analysis: Boosted mode: tip diameter

A one-way ANOVA and Tukey’s multiple range test at a significance level o f  P<0.05 

were used to make multiple comparisons o f  the group means for the three-point flexure 

strength data for each o f  the RBC materials investigated (ZlOO™, Filtek™ Z250, Filtek™ 

P60 and Filtek™ Supreme XT) with tip diameters o f  13, 11, 8 and 25mm using the
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Optilux 501 LCU operating at an irradiance o f  790 ±  18mW /cm“. For ZlOO™, no 

significant differences in the group means o f  the three-point flexure strengths were 

identified when irradiated with tip diameters o f  13mm (Group A b ) ,  11mm (Group Eb),  

8mm (Group lb) and 25mm (Group Mb) utilising the one-w'ay A N O V A  (F value=2.422; 

P=0.720). Analysis o f  the group means o f  the three-point flexure strengths for Filtek™  

Z250 follow ing irradiation with tip diameters o f  13mm (Group Bb), 1 1mm (Group Fb), 

8mm (Group Jb) and 25mm (Group Nb) resulted in no significant differences in the one

way A N O V A  (F value=0.217; P=0.884). Filtek™ P60 rectangular bar-shaped specim ens 

irradiated with a tip diameters o f  13mm (Group C b ) ,  11mm (Group G b ) ,  8mm (Group Kb)  

and 25mm (Group Ob) identified no significant differences in the group means o f  the 

three-point flexure strengths when utilising the one-way A N O V A  (F value= 1.884; 

P = 0 .139). Analysis following irradiation o f  the Filtek™ Supreme XT specim ens with tip 

diameters o f  13mm (Group Db), 11 mm (Group Hb), 8mm (Group Lb) and 25mm (Group 

Pb) revealed no significant differences in the group means o f  the three-point flexure 

strengths with the one-way A NO V A  (F value=2.976; P=0.370).

4.1.1.3 Grouped data (standard and boosted mode)

Multiple com parisons o f  the group means for the three-point flexure strength data for the 

tip diameters, irradiated in standard and boosted modes, for each o f  the RBCs 

investigated, were made using a one-w ay A N O V A  and Tukey’s multiple range test at a 

significance level o f  P<0.05. Analysis o f  the grouped means o f  the three-point flexure 

strength data for ZlOO™ revealed no significant differences with the one-way A N O V A
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(F value=2.503; P=0.066). Analysis o f  the group means o f  the three-point flexure 

strength data for Filtek™ Z250 resulted in no significant differences in the one-way 

ANOVA (F value= 1.426; P=0.242). For Filtek™ P60, no significant differences in the 

group means o f  the three-point flexure strength data were identified utilising the one-way 

ANOVA (F value=2.546; P=0.062). Filtek™ Supreme XT also showed that analysis o f 

the group means o f  the three-point flexure strength data identified no significant 

differences when utilising the one-way ANOVA (F value=0.745; P=0.529).

4.1.2 Reliability of fracture strength data

4.1.2.1 Standard mode

Weibull analyses o f  the three-point flexure strength data were performed on the groups o f 

20 rectangular bar-shaped specimens for each o f  the RBC m aterials investigated. The 

Weibull moduli and associated standard deviations for ZlOO™ specimens irradiated with 

tip diameters o f  13mm (Group As), 11mm (Group Es), 8mm (Group U) or 25mm (Group 

Ms) were 7.2 ± 1.6, 7.6 ± 1.7, 7.1 ± 1.6 and 7.5 ± 1.7, respectively. The 95%  confidence 

intervals o f  the W eibull moduli varied from a minimum o f  6.2 to a maximum o f  8.2 for 

Group As specimens, from 6.5 to 8.6 for Group Es specimens, from a minimum o f  6.1 to a 

maximum o f  8.0 for Group Is specimens and from a lowest value o f  6.9 to a highest o f  8.1 

for Group Ms specimens. There was no significant difference in the Weibull moduli o f  

the three-point flexure strength data for ZlOO™ as the 95%  confidence intervals 

overlapped (Table 4.2). The Weibull analysis for Filtek™ Z250 specimens produced
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Weibull moduli and associated standard deviations with tip diameters o f  13mm (Group 

Bs) o f  10.9 ± 2.4, 11mm (Group Fs) o f  10.9 ± 2.4, 8mm (Group J^) o f  10.4 ± 2.3 and 

25mm (Group Ns) o f  10.9 ± 2.4. The associated 95% confidence intervals ranged from a 

minimum of  10.0 to a maximum o f  11.8 for Group Bj specimens, from 8.6 to 13.2 for 

Group F, specimens, from a low o f  8.7 to a high o f  12.0 for Group Jg specimens and from 

a minimum o f  10.4 to a maximum o f  11.4 for Group Ns specimens. The Weibull moduli 

o f  Filtek™ Z250 (Group Bs, Group Fs, Group Js, Group Ns) were considered to be non

significant since the 95% confidence intervals overlapped (Table 4.2). The Weibull 

moduli and associated standard deviations for the series o f  Filtek™ P60 specimens 

irradiated using tip diameters o f  13, 11, 8 and 25mm were 10.7 ± 2.4 for Group Cs 

specimens, 10.6 ± 2.4 for Group Gs specimens, 10.7 ± 2.4 for Group Ks specimens and 

9.6 ± 2.1 for Group Os specimens, respectively. The regression analysis o f  the three-point 

flexure strength data resulted in 95% confidence intervals which ranged from a low o f  9.6 

to a high o f  11.9 (Group Cs), from 9.5 to 11.6 (Group Gj), from a minimum o f  9.9 to a 

maximum o f  11.4 (Group Kj) and from a minimum o f  8.5 to a maximum o f  10.7 (Group 

Os). The 95% confidence intervals o f  Filtek™ P60 specimens overlapped and therefore 

the Weibull moduli were considered to be non-significant ( Table 4.2). The Weibull 

analysis o f  the three-point flexure strength data o f  Filtek™ Supreme XT produced 

Weibull moduli and associated standard deviations for the groups irradiated with tip 

diameters o f  13mm (Group Ds) o f  13.0 ± 2.9, 11mm (Group Hs) o f  14.1 ± 3.2, 8mm 

(Group Ls) o f  14.2 ± 3.2 and 25mm (Group Pj) o f  11.9 ± 2.7. The 95% confidence 

intervals varied from a low o f  10.3 to a high o f  15.7 for Group Ds specimens, from a 

minimum o f  12.2 to a maximum o f  16.0 for Group Hs specimens, from 12.9 to 15.6 for
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Table 4.2: The Weibull moduli and 95% confidence intervals for the RBC specimens irradiated using a QTH LCU with 
8 ,11 , 13 and 25 mm tip diameters using the QTH LCU in standard and boosted modes.

RBC Property Mode Tip Diameter
8mm 11mm 13mm 25mm

ZlOO™

W eibull modulus
Standard

7.1 (1.6) 7.6 (1.7) 7.2 (1.6) 7.5 (1.7)

95%  Confidence Intervals 6.1-8.0 6.5-S.6 6.2-8.2 6.9-8.1

W eibull modulus
Boosted

6.5 (1.5) 6.3 (1.4) 6.7 (1.5) 7.1 (1.6)

95%  Confidence Intervals 5.8-7.2 5.0-7.6 5.7-7.S 6.3-7.S

Filtek™ Z250

Weibull modulus
Standard

10.4 (2.3) 10.9 (2.4) 10.9 (2.4) 10.9 (2.4)

95%  Confidence Intervals 8.7-12.0 8.6-13.2 10.0-11.8 10.4-11.4

W eibull modulus
Boosted

10.5 (2.4) 11.2 (2.7) 10.6 (2.4) 10.9 (2.4)

95%  Confidence Intervals 8.0-13.0 10.0-12.5 9.8-11.3 10.2-11.5

FiltekTM P60

W eibull modulus
Standard

10.7(2.4) 10.6(2.4) 10.7 (2.4) 9.6 (2.1)

95%  Confidence Intervals 9.9-11.4 9.5-11.6 9.6-11.9 8.5-10.7

W eibull modulus
Boosted

10.8(2.4) 10.3 (2.3) 10.7 (2.4) 11.9 (2.7)

95%  Confidence Intervals 9.3-12.3 9.3-11.2 9.6-11.9 10.8-13.1

Filtek^*  ̂
Supreme XT

W eibull modulus
Standard

14.2 (3.2) 14.1 (3.2) 13.0 (2.9) 11.9 (2.7)

95%  Confidence Intervals 12.9-15.6 12.2-16.0 10.3-15.7 10.5-13.3

W eibull modulus
Boosted

15.8(3.5) 12(2.7) 11.6 (2.6) 13.6 (3.0)

95%  Confidence Intervals 13.2-18.3 10.4-13.6 9.6-13.6 10.1-17.2



Group Ls specimens and from a low o f  10.5 to a high o f  13.3 for Group Ps specimens. 

Since the confidence intervals o f  Filtek™ Supreme XT specimen groups, (Group Ds, 

Group Hs, Group Ls, Group Ps) overlapped the Weibull moduli were considered to be not 

significant (Table 4.2).

4.1.2.2 Boosted mode

The three-point flexure strength data for each o f  the RBC materials investigated were also 

subjected to Weibull analyses. The irradiation o f  ZlOO™ specimens using tip diameters 

13, 11,8 and 25mm resulted in Weibull moduli and associated standard deviations o f  6.7 

± 1.5 for Group Ab specimens, 6.3 ± 1.4 for Group Eb specimens, 6.5 ± 1.5 for Group Ib 

specimens and 7.1 ± 1.6 Group Mb specimens, respectively (Table 4.2). The 95% 

confidence intervals calculated from regression analysis o f  the three-point flexure 

strength data ranged for Group Ab specimens from a minimum o f  5.7 to a maximum of  

7.8, for Group Eb specimens from 5.0 to 7.6, for Group Ib specimens from a low o f  5.8 to 

a high o f  7.2 and for Group Mb specimens from a minimum recorded value o f  6.3 to a 

maximum recorded value o f  7.8. As the 95% confidence intervals o f  the three-point 

flexure strength data o f  the ZlOO™ specimens overlapped, each associated Weibull 

moduli were therefore not significantly different. Filtek™ Z250 specimens resulted in 

Weibull moduli and associated standard deviations o f  10.6 ± 2.4, 11.2 ± 2.7, 10.5 ± 2.4 

and 10.9 ± 2.4 for Group Bb, Group Fb, Group Jb and Group Nb specimens, respectively 

(Table 4.2). The 95% confidence intervals ranged from a low o f  9.8 to a high o f  11.3 for 

Group Bb specimens, from 10.0 to 12.5 for Group Jb specimens, from a minimum o f  8.0
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to a maximum o f  13.0 for Group Jb specimens and from 10.2 to 11.5 for Group Nb 

specimens. The associated Weibull moduli o f  Filtek™ Z250 specimens were considered 

to be non-significant since the 95% confidence intervals overlapped for the groups 

investigated, namely Group Bb, Group Fb, Group Jb and Group Nb. The Weibull analysis 

o f  Filtek™ P60 specimens resulted in Weibull moduli and associated standard deviations 

for Group Cb, Group Gb, Group Kb and Group Ob specimens o f  10.7 ± 2.4, 10.3 ± 2.3, 

10.8 ± 2.4 and 11.9 ± 2.7, respectively (Table 4.2). The lower and upper 95% confidence 

intervals ranged for Group Cb specimens from 9.6 to 11.9, for Group Gb specimens from 

a minimum of  9.3 to a maximum o f  11.2, for Group Kb specimens from 9.3 to 12.3 and 

for Group Ob specimens from a low o f  10.8 to a high o f  13.1. The associated Weibull 

moduli o f  the three-point flexure strength data for Filtek™ P60 specimens were 

considered to be non-significant since the 95% confidence intervals overlapped. The 

irradiation o f  Filtek™ Supreme XT specimens produced Weibull moduli and associated 

standard deviations for Group Db o f  11.6 ± 2.6, Group Hb o f  12.0 ± 2.7, Group Lb o f  15.8 

± 3.5 and Group Pb o f  13.6 ± 3.0 (Table 4.2). The associated 95% confidence intervals 

were reported to ranged from a minimum of  9.6 to a maximum of  13.6 for Group Db 

specimens, from 10.4 to 13.6 for Group Hb specimens, from a low o f  13.2 to a high o f  

18.3 for Group Lb specimens and from a minimum recorded value o f  10.1 to a maximum 

recorded value o f  17.2 for Group Pb specimens. The 95% confidence intervals o f  the 

Weibull moduli for Filtek™ Supreme XT specimens groups, namely Group Db, Group 

Hb, Group Lb, Group Pb overlapped indicating no significant differences.
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4.1.3 Three-point flexure modulus testing

4.1.3.1 Standard mode

When employing the 13mm tip diameter the mean three-point flexure moduli and 

associated standard deviations for ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ 

Supreme XT were 14.4 ± 1.6GPa for Group As specimens, 10.8 ± O.SGPa for Group Bs 

specimens, 12.4 ± l.SGPa for Group Cs specimens and 9.6 ± O.SGPa for Group Ds 

specimens, respectively. The range o f  the three-point flexure moduli varied for ZlOO™ 

from a minimum o f  12GPa to a maximum o f  18GPa (Group Is), for Filtek™ Z250 from 

10 to 12GPa (Group Js), for Filtek™ P60 from a minimum o f  8GPa to a maximum o f  

14GPa (Group Ks) and for Filtek™ Supreme XT from a lowest recorded flexure modulus 

o f  9GPa to a highest flexure modulus o f  1 IGPa (Group Ls), respectively (Table 4.3).

When ZlOO™ (Group Es), Filtek™ Z250 (Group Fs), Filtek™ P60 (Group Gs) and 

Filtek™ Supreme XT (Group Hs) were irradiated with an 11mm tip diameter the mean 

three-point flexure moduli and associated standard deviations were 14.8 ± 1.6GPa. 11.0 ± 

I .OGPa, 11.2 ± 0.9GPa, 10.2 ± 0.9GPa, respectively. The range o f  the three-point flexure 

moduli varied from a low o f  1 IGPa to a high o f  l8GPa for group Es specimens, from a 

minimum of  9GPa to a maximum o f  13GPa for Group Fs specimens, from 9 to 13GPa for 

group Gs specimens and from a minimum o f  9GPa to a maximum o f  12GPa for group Hs 

specimens, respectively (Table 4.3).
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Table 4.3: The range and mean three-point flexure moduli (associated standard deviations) for the RBC specimens 
irradiated using a QTH LCU with 8, 11, 13 and 25 mm tip diameters using the QTH LCU in standard and boosted 
modes.

RBC Property Mode Tip Diameter
8mm 11mm 13mm 25mm

ZlOÔ *̂

Three-point flexure modulus (GPa)
Standard

13.6(1.7) 14.8(1.6) 14.4(1.6) 14.9(1.5)

Range o f  moduli (GPa) 9-16 11-18 12-18 13-20

Three-point flexure modulus (GPa)
Boosted

14.3 (1.5) 14.7(1.5) 14.2(1.0) 13.6(1.3)

Range o f  moduli (GPa) 12-19 12-18 13-16 10-17

Filtek™ Z250

Three-point flexure modulus (GPa)
Standard

11.4(1.3) 11.0(1.0) 10.8 (0.8) 10.8 (1.4)

Range o f  moduli (GPa) 9-13 9-13 10-12 7-13

Three-point flexure modulus (GPa)
Boosted

11.9(0.8) 11.4 (0.6) 11.4(1.1) 10.9 (1.7)

Range o f  moduli (GPa) 10-13 10-13 10-14 7-13

Filtek™ P60

Three-point flexure modulus (GPa)
Standard

12.2(1.0) 11.2(0.9) 12.4 (1.5) 12.2(0.9)

Range o f  moduli (GPa) 11-15 9-13 8-14 11-15

Three-point flexure modulus (GPa)
Boosted

12.0(0.9) 11.6(1.0) 11.5 (1.2) 11.5 (1.3)

Range o f  moduli (GPa) 10-13 10-14 10-14 9-13

FiltekT^M
Supreme XT

Three-point flexure modulus (GPa)
Standard

10.0 (0.8) 10.2 (0.9) 9.6 (0.8) 9.5 (1.1)

Range o f  moduli (GPa) 8-11 9-12 9-11 7-11

Three-point flexure modulus (GPa)
Boosted

10.3 (0.7) 9.7 (0.6) 9.5 (1.0) 9.6 (0.9)

Range o f  moduli (GPa) 8-11 8-11 8-11 8-11



The 8mm tip d iam eter resulted in three-point flexure moduli for ZlOO^'^ (Group As) 

varying from 9 to 16GPa, Filtek™ Z250 (Group Bs) from a m inim um  o f  9G P a  to a 

m axim um  o f  l3G Pa. Filtek™ P60 (Group Cj) from 11 to l5 G P a  and Filtek™ Supreme 

XT (Group Ds) from a low o f  8GPa to a high o f  1 IGPa. The m ean three-point flexure 

moduli and associated standard deviations for Z l 00™ (Group Is) were 13.6 ±  1,7GPa. for 

Filtek™ Z 250 (Group Jj) were 1 1.4 ±  l .SG Pa, for Filtek™ P60 (Group Kg) were 12.2 ±  

1 .OGPa and for Filtek™ Suprem e XT (Group Ls) were 10.0 ±  0.8GPa, respectively (Table 

4.3).

With the custom m ade fibre optic light guide the range o f  three-point flexure moduli 

varied for ZlOO™ (Group Ms) from a m in im um  o f  l3 G P a  to a m axim um  o f  20GPa, 

Filtek™ Z250 (Group Ns) from 7 to 13GPa, Filtek™ P60 (Group Os) from a low o f  

I IG Pa to a  high o f  l5 G P a  and Filtek™ Suprem e X T  (G ro u p  Ps) from a m in im um  

recorded value o f  7G Pa to a m axim um  recorded value o f  I IGPa. The m ean three-point 

flexure moduli and associated standard deviations for the RBC materials ZlOO™ (Group 

Ms) were 14.9 ± l.5G Pa, for Filtek™ Z250 (Group Ns) were 10.8 ± 1.4GPa, for Filtek™ 

P60 (Group Os) were 12.2 ± 0.9GPa and for Filtek™ Suprem e XT (Group Ps) w ere  9.5 ±  

I . IG P a .  respectively (Table 4.3).

4.1.3.1.1 Statistical analysis: Standard mode: tip diameter

For each o f  the RBC materials multiple com parisons o f  the group means for the three- 

point flexure modulus data were made utilising a one-way A N O V A  and T u k ey ’s multiple
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range tests at a significance level o f  P<0.05 irradiated at 640 ± l8mW/cm* (standard 

mode) with varying tip diameters o f  13, 11,8 and 25mm. When the group means o f  the 

three-point flexure modulus data for ZiOO™ were analysed no significant differences in 

the one-way ANOVA (F value=2.885; P=0.041) were evident. On irradiation o f  Filtek™ 

Z250 with varying tip diameters (13, 11, 8 and 25) the group means o f  the three-point 

flexure modulus data identified no significant differences utilising the one-way ANOVA 

(F value=1.098; P=0.355). In addition, no significant differences in the group means o f  

the three-point flexure modulus data were identified for Filtek™ P60 when utilising the 

one-way ANOVA (F value=5.427; P=0.200). Similarly, when the group means o f  the 

three-point flexure modulus data for Filtek™ Supreme XT were analysed no significant 

differences in t he one-way ANOVA (F value=2.486; P=0.067) regardless o f  the tip 

diameter (13, 11,8 and 25mm).

4.1.3.2 Boosted mode

The mean three-point flexure moduli and associated standard deviations for the RBC 

materials investigated with the 13mm tip diameter were 14.2 ± l.OGPa for Group Ah 

specimens, 11.4 ± 1.1 GPa for Group Bb specimens, 11.5 ± 1.2GPa for Group Cb 

specimens and 9.5 ± l.OGPa for Group Db specimens, respectively. The range o f  three- 

point flexure modulus data varied from a minimum o f  13GPa to a maximum o f  16GPa 

for Group Ab specimens, from 10 to 14GPa for Group Bb specimens, from a low o f  

lOGPa to a high o f  14GPa for Group Cb specimens and from 8 to 1 IGPa for Group Db 

specimens, respectively (Table 4.3).

69



When the 11mm tip diameter was employed the range o f  three-point flexure moduli for 

the four RBC materials varied from a low o f  12GPa to a high o f  I8GPa for Group Et, 

specimens, from a minimum o f  lOGPa to a maximum o f  13GPa for Group F(, specimens, 

from 10 to 14GPa for Group Gb specimens and from a low o f  8GPa to a high o f  1 IGPa 

for Group Hb specimens, respectively. The mean three-point flexure moduli and 

associated standard deviation for ZlOO™ (Group Eb) were 14.7 ± 1.5GPa, Filtek™ Z250 

(Group Fb) were 11.4 ± 0.6GPa, Filtek™ P60 (Group Gb) were 11.6 ± l.OGPa and 

Filtek™ Supreme XT (Group Hb) were 9.7 ± 0.6GPa, respectively (Table 4.3).

With the 8mm tip diameter the mean three-point flexure moduli and associated standard 

deviation for ZlOO™ (Group Ib) were 14.3 ± l.5GPa, Filtek™ Z250 (Group Jb) were 11.9 

± O.SGPa. Filtek™ P60 (Group Kb) were 12.0 ± 0.9GPa and Filtek™ Supreme XT (Group 

Lb) were 10.3 ± 0.7GPa. The range o f  three-point flexure moduli varied from a low o f  

12GPa to a high o f  19GPa for Group Ib specimens, from 10 to 13GPa for Group Jb 

specimens, from a minimum o f  lOGPa to a maximum o f  13GPa for Group Jb specimens 

and from 8 to 1 IGPa for Group Lb specimens, respectively (Table 4.3).

The‘one-hit’ irradiation o f  the entire specimen resulted in a range o f  three-point flexure 

modulus data varying from a low o f  lOGPa to a high o f  17GPa for ZlOO™ (Group Mb), 

from 7 to 13GPa for Filtek™ Z250 (Group Nb), from a minimum o f  9GPa to a maximum 

o f  l3GPa for Filtek™ P60 (Group Ob) and from 8 to 1 IGPa for Filtek™ Supreme XT 

(Group Pb) (Table 4.3). The mean three-point flexure moduli and associated standard 

deviations were 13.6 ± 1.3GPa for Group Mb specimens, 10.9 ± 1.7GPa for Group Nb
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specimens, 11.5 ± 1.3GPa for Group Ob specimens, and 9.6 ± 0.9GPa for Group Pb 

specimens, respectively.

4.1.3.2.1 Statistical analysis: Boosted mode: tip diameter

A one-way ANOVA and Tukey’s multiple range tests at a significance level o f  P<0.05 

was used to make multiple comparisons o f  the group means for the three-point flexure 

modulus data for each o f  the RBC materials irradiated in boosted mode at an irradiance o f  

790 ± 18mW/cm' with varying tip diameters o f  13, 11 , 8  and 25mm. Analysis o f  the 

group means o f  the three-point flexure modulus data for ZlOO™ following irradiation 

with varying tip diameters (13, 11,8 and 25mm showed no significant differences in the 

one-way ANOVA (F value=2.148; P=0.101). The group means o f  the three-point flexure 

modulus data for Filtek™ Z250 indicated no significant differences when irradiated with 

tip diameters o f  13, 11,8 and 25mm by employing the one-way ANOVA (F value=2.919; 

P=0.085). Irradiation o f  Filtek™ P60 with varying tip diameters (13, 11, 8 and 25mm) 

identified no significant differences in the group means o f  the three-point flexure 

modulus data when using the one-way ANOVA (F value=0.909; P=0.441). No significant 

differences o f  the group means o f  the three-point flexure modulus d ata for Filtek™ 

Supreme XT were evident when irradiated with the tip diameters o f  13, 11, 8  and 25mm 

when using the one-way ANOVA (F value=2.668; P=0.054).
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4.1.3.3 Grouped data (standard and boosted mode)

M ultiple comparisons o f  the grouped means for the three-point flexure modulus data for 

the tip diam eters investigated, irradiated in standard and boosted mode, for each o f  the 

RBC materials, were made using a one-way ANOVA and T ukey’s multiple range test at a 

significance level o f P<0.05. Analysis o f  the grouped means o f the three-point flexure 

modulus data for ZlOO™ revealed no significant differences with the one-way ANOVA 

(F value=2.355; P=0.260). Analysis o f  the group means o f  the three-point flexure 

modulus data for Filtek™ Z250 resulted in no significant differences in the one-way 

ANOVA (F value=2.120; P=0.450). For Filtek™ P60, no significant differences in the 

group means o f  the three-point flexure modulus data were identified utilising the one-way 

ANOVA (F value=2.283; P=0.310). Filtek™ Supreme XT showed that analysis o f  the 

group means o f  the three-point flexure modulus data identified no significant differences 

when utilising the one-way ANOVA (F value=2.212; P=0.360).

4.1.4 Vickers hardness testing

Vickers hardness measurem ents were made to investigate the influence o f  the 

overlapping irradiation regime on rectangular bar-shaped specimens with uncontrolled 

initiation on polymerisation (Mehl et al., 1997; Manhart et al., 2000), non- 

homogeneously cured specimens (Ferracane et al., 2003) and inconsistent polymerisation 

along the length o f  the bar-shaped specimen (Palin et al., 2003, 2005) since certain areas 

would receive tw'ice the irradiance (overlapped) than the adjacent region (non

overlapped).
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Standard mode

4.1.4.1.1 Top

When the top surface was irradiated with a 13mm tip diam eter the mean Vickers hardness 

and associated standard deviations o f  the non-overlapped region o f  ZlOO™, Filtek™ 

Z250, Filtek™ P60 and Filtek™ Supreme XT were 101.6 ± 1.9, 80.7 ± 0.8, 85.2 ± 1.4 and

72.1 ± 1.6, respectively. For the overlapped region, the mean Vickers hardness and 

associated standard deviations for ZlOO™ were 102.0 ± 1.2, Filtek™ Z250 were 80.7 ± 

0.9, Filtek™ P60 were 84.5 ± 1.0 and Filtek™ Supreme XT were 70.9 ± 1.8. (Table 4.4)

Following irradiation with an 11mm tip diam eter the mean Vickers hardness and 

associated standard deviations o f  the non-overlapped region for ZlOO™, Filtek™ Z250, 

Filtek™ P60 and Filtek™ Supreme XT were 101.3 + 4.1, 80.8 ± 1.0, 85.8 ± 1.9 and 71.1 

± 1.2, respectively. For the overlapped region the mean Vickers hardness and associated 

standard deviations were 101.4 ± 3.2 (ZlOO™), 80.6 ± 0.8 (Filtek™  Z250), 85.9 ± 1.8 

(Filtek™  P60) and 71.1 ± 1.6 (Filtek™ Supreme XT), respectively (Table 4.4).

Irradiation with the 8mm tip diam eter resulted in the mean Vickers hardness and 

associated standard deviations o f  the non-overlapped region o f  100.1 ± 2.3 for ZlOO™, 

79.8 ± 1.1 for Filtek™ Z250, 84.7 ± 0.8 for Filtek™ P60 specimens and 71.1 ± 2.5 for 

Filtek™ Supreme XT. For the overlapped region on the top surface the mean Vickers 

hardness and associated standard deviations for ZlOO™ were 100.1 ± 1.4, Filtek™ Z250
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were 79.8 ±1 . 1 ,  Filtek™ P60 were 84.8 ± 0.9 and Filtek™ Supreme XT were 71.1 ± 2.4 

(Table 4.4).

When the custom made fibre optic light guide was employed to irradiate the RBCs, the 

mean Vickers hardness and associated standard deviations o f  the non-overlapped region 

for the RBC materials ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT 

were 99.2 ± 5, 79.5 ± 4.2, 85.3 ± 2.8 and 70.5 ± 2.5, respectively (Table 4.4).

4.1.4.1.2 Bottom

For the non-overlapped region on the bottom surface the mean Vickers hardness and 

associated standard deviations following irradiation with a 13mm tip diam eter were 97.9 

± 2.1 for Z 100™, 79.8 ± 1.9 for Filtek™ Z250, 80.1 + 1.3 for Filtek™ P60 and 68.8 ± 1.5 

for Filtek™ Supreme XT. The mean Vickers hardness and associated standard deviations 

o f  the overlapped region were 97.5 ± 3.7 (ZlOO™), 79.1 ± 2.1 (Filtek™ Z250), 79.7 ± 3.7 

(Filtek™ P60) and 69.0 ± 3.6 (Filtek™ Supreme XT), respectively (Table 4.4).

The mean Vickers hardness and associated standard deviations o f  the non-overlapped 

region when irradiated with the 11 mm tip diam eter for ZlOO™, Filtek™ Z250, Filtek™ 

P60 and Filtek™ Supreme XT were 98.4 ± 3.0, 79.1 ± 1.9, 84.7 ± 1.8 and 68.0 ± 6.2, 

respectively. For the overlapped region the mean Vickers hardness and associated 

standard deviations for ZlOO™ were 97.6 ± 1.8, Filtek™ Z250 were 79.4 ± 1.7, Filtek™ 

P60 were 83.7 ± 1.9 and Filtek™ Supreme XT were 67.0 ± 3.5 (Table 4.4).
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Table 4.4: The non-overlapped and overlapped Vickers hardness data for the top and bottom surfaces for each RBC 
material when irradiated with the 13, 11, 8 and 25mm tip diameters using the QTH LCU in standard mode.

RBC Surface Region
Tip diameter

13mm 11mm 8mm 25mm

ZlOO™

Top
Non-overlapped 101.6± 1.9 101.3 ±4.1 100.1 ± 2 .3 99.2 ± 5

Overlapped 102.0 ± 1.2 101 .4±3 .2 100.1 ± 1.4

Bottom
Non-overlapped 97 .9 1 2 .1 98.4 ± 3 .0 98.6 ±2.1 95.1 ± 1.8

Overlapped 97.5 ± 3 .7 97.6 ± 1.8 99.0 ±2.1

Filtek™ Z250

Top
Non-overlapped 80.7 ± 0 .8 80.8 ± 1.0 7 9 .8 ±  1.1 79.5 ± 4 .2

Overlapped 80.7 ± 0 .9 80.6 ± 0 .8 79.8 ± 1.1

Bottom
Non-overlapped 79.8 ± 1.9 79.1 ± 1.9 78.8 ± 1.6 78.4 ± 1.4

Overlapped 79.1 ±2.1 79.4 ± 1.7 78.3 ± 1.4

Filtek™ P60

Top
Non-overlapped 85.2 ± 1.4 85.8 ± 1.9 84.7 ± 0 .8 85.3 ± 2 .8

Overlapped 84.5 ± 1.0 85.9 ± 1.8 84.8 ± 0 .9

Bottom
Non-overlapped 80.1 ± 1.3 84.7 ± 1.8 82.6 ± 1.8 82.5 ± 3 .8

Overlapped 79.7 ± 3 .7 83.7 ± 1.9 82.4 ± 2 .0

Filtek^^ 
Supreme XT

Top
Non-overlapped 72.1 ± 1.6 71.1 ± 1.2 71.1 ± 2 .5 70.5 ±2 .5

Overlapped 70.9 ± 1.8 71.1 ± 1.6 71.1 ± 2 .4

Bottom
Non-overlapped 68.8 ± 1.5 68.0 ± 6 .2 69.6 ± 2 .6 66.7 ± 3 .0

Overlapped 69.0 ± 3 .6 67.0 ± 3 .5 69.6 ± 2 .2



The mean Vickers hardness and associated standard deviations o f  the non-overlapped 

region following irradiation with the 8mm tip diam eter were 98.6 ± 2.1 for ZlOO™, 78.8 

+ 1.6 for Filtek™ Z250, 82.6 ± 1.8 for Filtek™ P60 and 69.6 ± 2.6 for Filtek™ Supreme 

XT, respectively. For the overlapped region the mean Vickers hardness and associated 

standard deviations for ZlOO™ were 99.0 ± 2 .1 , Filtek™ Z250 were 78.3 ± 1.4, Filtek™ 

P60 were 82.4 ± 2.0 and Filtek™ Supreme XT were 69.6 ± 2.2 (Table 4.4).

When the ‘one-hit’ irradiation was employed the non-overlapped region resulted in the 

mean Vickers hardness and associated standard deviation for ZlOO™ were 95.1 ± 1.8, 

Filtek™ Z250 were 78.4 + 1.4, Filtek™ P60 were 82.5 ± 3.8 and Filtek™ Supreme XT 

were 66.7 ± 3.0 (Table 4.4).

4.1.4.1.3 Statistical analysis: Standard mode: tip diameter

A two-way ANOVA design using site x region as the independent variables were then 

checked to ensure that no site effect emerged within each RBC and for both top and 

bottom surfaces. No significant differences in the Vickers hardness data were observed. 

Following the progressive pooling o f  the Vickers hardness data site variations were 

eliminated from the analysis. A three-way ANOVA were performed on each RBC using 

tip diameter (13, 11, 8 and 25mm), surface (top and bottom) and region (non-overlapped 

and overlapped) as the independent variables. For ZlOO™ the three-way ANOVA 

highlighted no significant differences with the effect o f  region (P=0.837), however, the 

effect o f tip diam eter (P<0.0001) and surface (P<0.0001) highlighted significant
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differences. In addition, no significant differences were highlighted for the effect o f 

region for Filtek™ Z250 (P=0.386), Filtek™ P60 (P=0.154) and Filtek™  Supreme XT 

(P=0.388). Flowever, the effect o f  tip diam eter for Filtek™ Z250, Filtek™ P6 0 and 

Filtek™ Supreme XT indicated significant differences (P<0.0001). Significant 

differences were also evident with the effect o f  surface for Filtek™ Z250 (P<0.0001), 

Filtek™ P60 (P<0.0001) and Filtek™ Supreme XT (P<0.005).

4.1.4.2 Boosted mode

4.1.4.2.1 Top

The mean Vickers hardness and associated standard deviations o f  the non-overlapped 

region on the top surface with a 13mm tip diam eter for the four RBC m aterials 

investigated, namely ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT were

103.1 ± 2.0, 80.1 ± 2.9, 80.0 ±1.1 and 98.4 ± 1.8, respectively. For the overlapped region 

on the top surface the mean Vickers hardness and associated standard deviations for 

ZlOO™ were 103.0 ± 1.6, Filtek™ Z250 were 81.4 ± 2.1, Filtek™ P60 were 80.2 ± 0.9 

and Filtek™ Supreme XT were 68.7 ± 1.4 (Table 4.5).

For the four RBC materials, namely ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ 

Supreme XT following irradiation with the 11mm tip diam eter, the mean Vickers 

hardness and associated standard deviations o f  the non-overlapped region on the top 

surface were 103.7 ± 3.0, 80.3 ± 0.9, 79.9 ± 2.2 and 69.1 ± 1.3, respectively. For the
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overlapped region on the top surface the mean Vickers hardness and associated standard 

deviations for ZlOO™ were 103.6 ± 3.2, Filtek™ Z250 were 80.2 ± 0 . 1 ,  Filtek™ P60 

were 81.5 ± 2.6 and Filtek™ Supreme XT were 68.7 ± 1.2 (Table 4.5).

The mean Vickers hardness and associated standard deviations when irradiated with an 

8mm tip diam eter was employed o f  the non-overlapped region on the top surface for the 

RBC materials investigated, namely ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ 

Supreme XT were 103.6 ± 2.6, 80.0 ± 3.1, 80.2 ± 1.7 and 69.5 ± 1.3, respectively. For the 

overlapped region on the top surface the mean Vickers hardness and associated standard 

deviations for the RBC materials ZlOO™ were 103.4 ± 2.8, Filtek™ Z250 were 80.7 ± 

2.0, Filtek™ P60 were 80.4 ± 1.2 and Fihek™ Supreme XT were 69.3 ± 1.4 (Table 4.5).

For the non-overlapped region on the top surface when employing the ‘one h it’ 

irradiation the mean Vickers hardness and associated standard deviation for the RBC 

materials investigated, namely ZlOO™ were 103.0 + 3.7, Filtek™ Z250 were 81.3 ± 2.9, 

Filtek™ P60 were 81.4 ± 2.6 and Filtek™ Supreme XT were 69.3 ±1.1.

4.1.4.2.2 Bottom

The mean Vickers hardness and associated standard deviations o f  the non-overlapped 

region on the bottom surface for the four RBC materials investigated, namely ZlOO™, 

Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT following irradiation with a 13mm 

tip diameter were 96.4 ± 1.5, 73.5 ± 1.7, 73.9 ± 0.8 and 59.3 ± 3.2, respectively. On the
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bottom surface for the overlapped region, the mean Vici<.ers hardness and associated 

standard deviations were 96.5 ± 1.7, 73.3 ± 1.7, 73.1 ± 1.1 and 58.5 ±  2.9, respectively 

(Table 4.5).

Following irradiation with an I I mm tip diam eter the mean Vickers hardness and 

associated standard deviations o f  the non-overlapped region on the bottom surface for 

ZlOO™, Filtek™ Z250, Filtek™ P60 and for Filtek™ Supreme XT were 96.8 ± 2.6, 74.7 

± 1.3, 73.8 ± 2.1 and 62.1 ± 1.9, respectively when irradiated with an 8mm tip diameter. 

On the bottom surface for the overlapped region the mean Vickers hardness and 

associated standard deviations were 96.2 ± 2.5 (ZlOO™), 74.7 ± 1.2 (Filtek™ Z250), 74.0 

± 2 .1 (Filtek™  P60) and 62.5 ± 1.5 (Filtek™ Supreme XT), respectively (Table 4.5).

For the non-overlapped region on the bottom surface the mean Vickers hardness and 

associated standard deviations were 96.7 ± 2.9 for ZlOO™, 74.9 ± 2.1 for Filtek™ Z250, 

74.0 ± 0.7 for Filtek™ P60 and 63.7 ± 1.5 for Filtek™ Supreme XT, respectively. The 

mean Vickers hardness and associated standard deviations o f  the overlapped region on 

the bottom surface for the RBC materials investigated, namely ZlOO™ were 96.0 ± 1.4, 

Filtek™ Z250 were 74.9 ± 1.4, Filtek™ P60 were 74.0 ± 0.5 and Filtek™ Supreme XT 

were 63.5 ± 1.2 (Table 4.5).

The mean Vickers hardness and associated standard deviations o f  the non-overlapped 

region on the bottom surface for the RBC materials investigated, namely ZlOO™, 

Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT were 96.2 ± 2.3, 72.2 ± 3.0, 75.5 ±



Table 4.5: The non-overlapped and overlapped Vickers hardness data for the top and bottom surfaces for each RBC 
material when irradiated with the 13, 11, 8 and 25mm ‘Turbo’ tip diameters using the QTH LCU in boosted mode.

RBC Surface Region
Tip diameter

13mm 11mm 8mm 25mm

ZlOO^^

Top
Non-overlapped 103.1 ± 2 .0 103.7 ± 3 .0 103.6 ± 2 .6 103.0 ± 3 .7

Overlapped 103.0 ± 1.6 103.6 ± 3 .2 103.4 ± 2 .8

Bottom
Non-overlapped 96.4 ± 1.5 96.8 ± 2 .6 96.7 ± 2 .9 96.2 ±2 .3

Overlapped 96.5 ± 1.7 96.2 ± 2 .5 96.0 ± 1.4

Filtek™ Z250

Top
Non-overlapped 80.1 ± 2 .9 80.3 ± 0 .9 80.0 ±3.1 81.3 ± 2 .9

Overlapped 81 .4±2 .1 80.2 ±0.1 80.7 ± 2 .0

Bottom
Non-overlapped 73.5 ± 1.7 74.7 ± 1.3 74.9 ±2.1 72.2 ± 3 .0

Overlapped 73.3 ± 1.7 74.7 ± 1.2 74.9 ± 1.4

Filtek^^* P60

Top
Non-overlapped 80.0 ± 1.1 79.9 ± 2 .2 80.2 ± 1.7 81.4 ± 2 .6

Overlapped 80.2 ± 0.9 8 1 .5 ± 2 .6 80.4 ± 1.2

Bottom
Non-overlapped 73.9 ± 0 .8 73.8 ±2.1 74.0 ± 0 .7 75.5 ± 2 .2

Overlapped 73.1 ± 1.1 74.0 ±2.1 74.0 ± 0 .5

Filtek™ 
Supreme XT

Top
Non-overlapped 68.4 ± 1.8 69.1 ± 1.3 69.5 ± 1.3 69.3 ± 1.1

Overlapped 68.7 ± 1.4 68.7 ± 1.2 69.3 ± 1.4

Bottom
Non-overlapped 59.3 ± 3 .2 62.1 ± 1.9 63.7 ± 1.5 63.2 ± 3 .2

Overlapped 58.5 ± 2 .9 62.5 ± 1.5 63.5 ± 1.2
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2.2 and 63.2 ± 3.2, respectively following irradiation with a custom made fibre optic light 

guide (Table 4.5).

4.1.4.2.3 Statistical analysis: Boosted: tip diameter

A two-way ANOVA (site x region) within each RBC and for both top and bottom 

surfaces was undertaken. No significant differences in the Vickers hardness data were 

evident for site therefore the Vickers hardness data was pooled and site eliminated from 

the analysis. A three-way ANOVA (tip diam eter x surface x region) was performed on 

each RBC. For ZlOO™ the three-way ANOVA highlighted no significant differences 

with the effect o f  region (P=0.478) and tip diam eter (P=0.733), however, the effect o f 

surface highlighted a significant difference (P<0.0001). Additionally, no significant 

differences were highlighted for the effect o f  region for Filtek™ Z250 (P=0.478), Filtek™ 

P60 (P=0.286) and Filtek™ Supreme XT (P=0.560). However, the effect o f  tip diameter 

and surface for Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT indicated 

significant differences (P<0.0001).

4.2 IS04049: The influence of LED LCU tip diameter

When evaluating RBC materials using ISO 4049 (ISO 4049: 2000) it is essential that 

there is standardisation and reproducibility o f  the testing m ethodologies between test 

centres since the type o f  LCU is not stated.
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LED irradiance

When the irradiance o f  the Eiipar™ Freelight LED LCD was measured seven consecutive 

times using the radiometer with tip diameters o f  13 and 8mm, irradiances o f  i 51 ± 18 and 

246 ± 15mW/cm', respectively were identified. When assessing the irradiance o f  the 

Elipar™ Freelight 2 LED LCD seven consecutive times using the radiometer with tip 

diameters o f  13 and 8mm identified irradiances o f  769 ± 65mW/cm and 1160 ± 

60mW/cm‘ .

4.2.1 Three-point flexure strength

4.2.1.1 Elipar™ Freelight

With a 13mm tip diameter the range o f  the three-point flexure strengths varied for 

ZlOO™ from a minimum o f  77MPa to a maximum o f  138MPa (Group Qi), for Filtek™ 

Z250 from 129 to 177MPa (Group R|), for Filtek™ P60 from a minimum of  117MPa to a 

maximum o f  173MPa (Group S|) and for Filtek™ Supreme XT from a strength o f  

119MPa to a strength o f  159MPa (Group Ti). The mean three-point flexure strengths and 

associated standard deviations were 101 ± 15MPa (Group Qi), 147 ± 15MPa (Group R|), 

146 ± 16MPa (Group S|) and 132 ± lOMPa (Group T|), respectively (Table 4.6).
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Table 4.6: The range and mean three-point flexure strengths (associated standard 
deviations) for the RBC specimens irradiated with the Elipar™ Freelight and Elipar™ 
Freelight 2 LED LCUs using tip diameters of 8 and 13mm.

RBC Property
Elipar™ Freelight Elijjar™ Freelight 2

8mm 13mm 8mm 13mm

ZlOO™

Three-point flexure 
strength (MPa) 100(15) 104 (18) 101 (15) 104(15)

Range o f  strengths 
(MPa)

77-129 77-138 74-136 77-125

Filtek™ Z250

Three-point flexure 
strength (MPa) 146(15) 158 (15) 147 (15) 160(15)

Ranee o f  strengths 
(MPa) 112-173 129-177 118-177 138-183

FilteRTM P60

Three-point flexure 
strength (MPa) 157(16) 149(15) 146(16) 151 (15)

Range o f  strengths 
(MPa)

125-190 117-173 124-179 124-179

Filtek *̂" 
Supreme XT

Three-point flexure 
strength (MPa) 135(9) 133 (9) 133 (10) 141(10)

Range o f  strengths 
(MPa) 123-153 119-159 113-141 118-154

The mean three-point flexure strength and associated standard deviations when irradiated 

with an 8mm tip diameter for ZlOO™ (Group Ui) was 100 ± 15MPa. Filtek™ Z250 

(Group V|) was 146 ± 15MPa, Filtek™ P60 (Group W|) was 157 ± 16MPa and Fihek™ 

Supreme XT (Group Xi) was 135 ± 9MPa. The range o f  three-point flexure strengths for 

the four RBC materials investigated varied from a low o f  77MPa to a high o f  129MPa for 

Group U| specimens, from a minimum o f  1 l2M Pa to a maximum o f  1731VlPa for Group 

V| specimens, from 125 to 190MPa for Group W| specimens and from a low o f  123MPa 

to a high o f  153MPa for Group X| specimens, respectively (Table 4.6).
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4.2.1.1.1 Statistical analysis

No significant differences in the group means o f  the three-point flexure strength data 

were identified for ZlOO™ when irradiated with tip diameters o f  13 and 8mm with the 

Elipar™ Freelight LED LCU utilising the one-way ANOVA (F value=0.368; P=0.776). 

When the group means o f  the three-point flexure strength data for Filtek™ Z250 were 

analysed following irradiation no significant differences in the one-way ANOVA (F 

value=5.063; P=0.053) were evident. For the groups o f  20 rectangular bar-shaped 

specimens o f  Filtek™ P60 the group means o f  the three-point flexure strength data 

highlighted no significant differences when utilising the one-way ANOVA (F 

value=2.067; P=0.112). Similarly when the group means o f  the three-point flexure 

strength data for Filtek™ Supreme XT were analysed no significant differences in the 

one-way ANOVA (F value=2.871; P=0.062) were identified in the current study.

4.2.1.2 Elipar™ Freelight 2

The mean three-point flexure strengths and associated standard deviations following 

irradiation with 13mm tip diameter for the RBCs, namely ZlOO™, Filtek™ Z250, 

Filtek™ P60 and Filtek™ Supreme XT were 104 ± M M Pa (Group Qh), 160 ± 15MPa 

(Group Rh), 151 ± 15MPa (Group Sh) and 141 ± lOMPa (Group Th), respectively. The 

range o f  three-point flexure strengths varied for ZlOO™ from a minimum o f  77M Pa to a 

maximum o f  125MPa. for Filtek™ Z250 from 138 to 183MPa, for Filtek™ P60 from a
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low o f  124MPa to a high o f  l79M Pa and for Filtek™ Supreme XT from a minimum 

recorded value o f  118MPa to a maximum recorded value o f  154MPa (Table 4.6).

Irradiation with an 8mm tip diam eter resulted in a range o f  three-point flexure strengths 

varying from a low o f  74MPa to a high o f  136MPa for ZlOO™ (Group Uh), from 118 to 

177MPa for Filtek™ Z250 (Group Vh), from a minimum o f  I24M Pa to a maximum o f  

179MPa for Filtek™ P60 (Group Wh) and from 113M Pato 141 MPa for Filtek™ Supreme 

XT (Group Xh). The mean three-point flexure strength and associated standard deviation 

were 101 ± 15MPa for Group Uh specimens, 147 ± 15MPa for Group Vh specim ens, 146 

± 16MPa for Group Wh specimens and 133 ± lOMPa for Group Xh specim ens (Table 

4.6).

4.2.1.2.1 Statistical analysis

For ZlOO'’’'  ̂ no significant differences in the group means o f  the three-point flexure 

strength data were identified when irradiated with the Elipar™ Freelight 2 LED LCU 

with tip diam eters o f  13 and 8mm utilising the one-way ANOVA (F value=0.368; 

P=0.776). Analysis o f  the group means o f  the three-point flexure strength data for 

Filtek™ Z250 resulted in no significant differences in the one-way ANOVA (F 

value=5.063; P=0.053). The manufacture o f  Filtek™ P60 rectangular bar-shaped 

specim ens showed that analysis o f  the group means o f  the three-point flexure strength 

data identified no significant differences when utilising the one-way ANOVA (F 

value=2.067; P = 0 .112). Analysis following irradiation o f  Filtek™ Supreme XT also
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revealed no significant differences in the group means o f  the three-point flexure strength 

data with the one-way ANOVA (F value=2.871; P=0.062).

4.2.2 Reliability o f fracture strength data

4.2.2.1 Elipar'*̂ '̂  Freelight

The Weibull moduli and associated standard deviations for the series o f  ZlOO™ 

specimens when irradiated using tip diameters o f  13 and 8mm were 6.9 ± 2.2 for Group 

Q i specimens and 7.2 ± 2.1 for Group U i  specimens, respectively (Table 4.7). The 

regression analysis o f  the three-point flexure strength data resulted in 95% confidence 

intervals ranging from a low o f  6.0 to a high o f  7.8 (Group Qi) and from a minimum o f

6.1 to a maximum o f  8.2 (Group Ui), respectively. The 95% confidence intervals o f  the 

ZlOO™ specimens irradiated with tip diameters o f  13 and 8mm overlapped and the 

Weibull moduli w'ere therefore considered to be non-significant. Tip diameters o f  13 and 

8mm used to irradiate Filtek™ Z250 specimens resulted in Weibull moduli and 

associated standard deviations o f  10.1 ±2 . 1  for Group Qi specimens and 9.7 ± 1.2 for 

Group U| specimens, respectively with the lower and upper 95% confidence intervals 

varying for Group Qi and for Group Ui specimens from a minimum o f  9.2 to a maximum 

o f  11.0 and from a low of 7.1 to a high o f  12.2, respectively (Table 4.7). The 95% 

confidence intervals o f  the Weibull moduli for Filtek™ Z250 specimens irradiated using 

13 and 8mm tip diameters overlapped indicating no significant differences. The Weibull 

analysis for the series o f  Filtek™ P60 specimens produced Weibull moduli and associated
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standard deviations using tip diameters o f  13mm (Group Qi) o f  10.5 ± 1.7 and 8mm 

(Group U|) o f  9.9 ± 1.4, respectively (Table 4.7). The 95% confidence intervals varied 

from a low o f  9.4 to a high o f  11.7 for Group Qi specimens and from 8.9 to 10.9 for 

Group U| specimens, respectively. Since the 95% confidence intervals o f  Filtek™ P60 

specimen groups investigated, namely Group Qi and Group U| overlapped, the Weibull 

moduli were considered to be non significant. The irradiation o f  Filtek™ Supreme XT 

specimens produced Weibull moduli and associated standard deviations using tip 

diameters o f  13mm (Group Qi) o f  14.7 ± 2.1 and 8mm (Group U|) o f  13.0 + 1.3, 

respectively (Table 4.7). The 95% confidence intervals calculated from regression 

analysis o f  the three-point flexure strength data ranged for Group Qi specimens from 11.7 

to 17.6 and for Group U| specimens from a minimum value o f  10.2 to a maximum value 

o f  15.9, respectively. As the 95% confidence intervals o f  the three-point flexure strength 

data o f  the Filtek™ Supreme XT specimen irradiated using 13 and 8mm tip diameter 

overlapped, each associated Weibull moduli were not considered to be significantly 

different.

4.2.2.2 Elipar™ Freelight 2

ZlOO™ resulted in Weibull moduli and associated standard deviations with tip diameters 

o f  13mm (Group Qh) o f  7.5 ± 1.1 and 8mm (Group Uh) o f  5.4 ± 2 .1 ,  respectively (Table 

4.7). The 95% confidence intervals varied from a minimum o f  6.9 to a maximum o f  8.2 

for Group Qh specimens and from o f  4.7 to o f  6.0 for Group Uh specimens. The 

associated Weibull moduli o f  ZlOO™ specimen groups, namely Group Qh and Group Uh
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were considered to be non-signitlcant since the 95%  confidence intervals overlapped. The 

irradiation o f  Filtek™ Z250 specimens with tip diameters 13 and 8mm resulted in 

Weibull moduli and associated standard deviations o f  11.3 ± 1.0 for Group Qh specimens 

and 10.3 ± 2.0 for Group Uh specimens, respectively (Table 4.7). The 95% confidence 

intervals ranged from a low o f  9.3 to a high o f  13.2 (Group Q h) and from 9.0 to 11.6 

(Group U h), respectively. The associated Weibull moduli o f  the three-point flexure 

strength data for Filtek™ Z250 specimens irradiated with tip diameters 13 and 8mm were 

considered to be non-significant as the 95% confidence intervals overlapped. The 

resultant Weibull moduli and associated standard deviations for the specimens fabricated 

from Filtek™ P60 when irradiated using tip diameters o f  13mm (Group Q h), and 8mm 

(Group Uh) were 10.9 ± 1.9 and 10.2 ± 1.1, respectively (Table 4.7). Filtek™ P60 was 

reported with the associated 95% confidence intervals ranging from 9.9 to 11.8 for Group 

Qh specimens and from a minimum recorded value o f  9.3 to a maximum recorded value 

o f  11.1 for Group Uh specimens. The Weibull moduli o f  the three-point flexure strength 

data o f  the specimens fabricated from the RBC material Filtek^*^ P60 and irradiated using 

tip diameters o f  13 and 8mm were considered to be non-significant since the 95% 

confidence intervals overlapped. Tip diameters o f  13 and 8mm used to irradiate Filtek™ 

Supreme XT specimens resulted in Weibull moduli and associated standard deviations o f  

14.6 ± 2.3 for Group Qh specimens and 15.1 ± 1.6 for Group Uh specimens, respectively 

with the associated 95% confidence intervals ranging from a minimum o f  13.0 to a 

maximum of  16.1 for Group Qh specimens and from 12.8 to 17.5 for Group Uh specimens 

(Table 4.7). The Weibull moduli o f  Filtek™ Supreme XT specimen groups, namely
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Group Qh and Group Uh, were considered to be non-significant as the 95%  confidence 

intervals overlapped.

Table 4.7: The Weibull moduli and 95% confidence intervals for the RBC specimens 
irradiated with the Elipar^”̂ Freelight and Elipar'*''̂  Freelight 2 LED LCUs using tip 
diameters of 8 and 13mm.

RBC Property
Elipar™ Freelight Elipar™ Freelight 2

8mm 13mm 8mm 13mm

ZIOÔ M
Weibull m odulus 7.2 (2.1) 6.9 (2.2) 5.4 (2.1) 7 .5 (1 .1 )

95%  Confidence Intervals 6.1-8.2 6.0-7.8 4.7-6.0 6.9-S.2

Filtek^^ Z250
Weibull m odulus 9.7-1.2 10.1 (2.1) 10.3 (2.0) 11.3 (1.0)

95%  Confidence Intervals 7.1-12.2 9.2-11.0 9.0-11.6 9.3-13.2

Filtek™ P60
Weibull m odulus 9.9 (1.4) 10.5 (1.7) 10 .2 (1 .1 ) 10 .9 (1 .9 )

95%  Confidence Intervals 8.9-10.9 9.4-11.7 9.3-11.1 9.9-11.8

Filtek™ 
Supreme XT

Weibull m odulus 13 .0(1 .3) 14 .7 (2 .1 ) 15.1 (1.6) 14.6 (2.3)

95%  Confidence Intervals 10.2-15.9 11.7-17.6 12.8-17.5 13.0-16.1

4.2.3 Three-point flexure modulus testing

4.2.3.1 Elipar^“ Freelight

The m ean three-point flexure moduli and associated standard deviations following 

irradiation with a 13mm tip diam eter for ZlOO™ (Group Qi) were 13.8 ±  1.1 GPa, for 

Filtek™ Z 250 (G roup R|) were 10.3 ±  1.2GPa, for Filtek™ P60 (Group Si) were 10.6 ± 

0.6GPa and for Filtek™ Suprem e X T  (Group Ti) were 8.2 ± I.OGPa. The range o f  the
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three-point flexure moduli varied from a low o f  l2GPa to a iiigh o f  16GPa for Group Qi 

specimens, from a minimum o f  8GPa to a maximum o f  13GPa for Group R| specimens, 

from 10 to 12GPa for group S| specimens and from a minimum o f  6GPa to a maximum o f  

lOGPa for group Ti specimens, respectively (Table 4.8).

Table 4.8: The range and mean three-point flexure moduli (associated standard 
deviations) for the RBC specimens irradiated with the Elipar™ Freelight and Elipar™ 
Freelight 2 LED LCUs using tip diameters o f 8 and 13mm.

RBC Property
Elipar™ Freelight Elipar™ Freelight 2

8mm 13mm 8mm 13mm

ZlOO™

Three-point flexure 
modulus (GPa)

13.2(1.2) 13.8 (1.1) 13.1 (1.1) 13.8 (1.2)

Range o f  moduli (GPa) 11-15 12-16 11-15 12-17

Filtek™ Z250

Three-point flexure 
modulus (GPa)

10.6(0.6) 10.3 (1.2) 10.9(1.4) 10.7 (1.0)

Range o f  moduli (GPa) 10-12 8-13 9-15 9-12

Filtek^^  ̂P60

Three-point flexure 
modulus (GPa)

11.0(1.7) 10.6(0.6) 11.3 (1.4) 10.9(0.6)

Range o f  moduli (GPa) 9-16 10-12 7-14 10-13

Filtek™ 
Supreme XT

Three-point flexure 
modulus (GPa)

8.5 (0.6) 8.2 (1.0) 8.7 (0.7) 8.7 (0.3)

Range o f  moduli (GPa) 7-10 6-10 7-10 8-9

The mean three-point flexure moduli and associated standard deviations when irradiated 

with an 8mm tip diameter for Z 100™ (Group U|) were 13.2 ± 1.2GPa, for Filtek™ Z250 

(Group V|) were 10.6 ± 0.6GPa, for Filtek™ P60 (Group W|) were 11.0 ± 1.7GPaand for 

Filtek™ Supreme XT (Group X]) were 8.5 ± 0.6GPa. For the four RBC materials 

investigated, the range o f  the three-point flexure moduli varied from a minimum o f  

l l GP a  to a maximum of  15GPa (Group U|), from 10 to 12GPa (Group Vi), from a
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minimum of'9GPa to a maximum o f  16GPa (Group W|) and from 7GPa to lOGPa (Group 

X|), respectively (Table 4.8).

4.2.3.1.1 Statistical analysis

For each RBC a one-way ANOVA and Tukey’s multiple range tests at a significance 

level o f  P<0.05 were used to make multiple comparisons o f  the group means o f  the three- 

point flexure modulus data. The Elipar™ Freelight was used with tip diameters o f  13 and 

8mm. When the group means o f  the three-point flexure modulus data for ZlOO™ were 

analysed with tip diameters o f  13mm (Group Qi), and 8mm (Group U|) no significant 

differences in the one-way ANOVA (F value=2.460; P=0.969) were evident. The groups 

o f  20 rectangular bar-shaped specimens o f  Filtek™ Z250 irradiated with tip diameters o f  

13mm (Group R|) and 8mm (Group V|) resulted in no significant differences in the group 

means o f  the three-point flexure modulus data when analysed utilising the one-way 

ANOVA (F value=0.985; P=0.404). No significant differences in the group means o f  the 

three-point flexure modulus data were identified for Filtek™ P60 when irradiated with tip 

diameters o f  13mm (Group S|) and 8mm (Group W|) when utilising the one-way 

ANOVA (F value=1.276; P=0.289). Similarly when the group means o f  the three-point 

flexure modulus data for Filtek™ Supreme XT w'ere analysed following irradiation with 

tip diameters o f  13mm (Group T|) and 8mm (Group X|) no significant differences in the 

one-way ANOVA (F value= 1.830; P=0.I49) were identified.
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4.2.3.2 Elipar™ Freelight 2

Following irradiation with a 13mm tip diameter the range o f  three-point flexure moduli 

for the four R B C  materials varied from a low o f  12GPa to a high o f  17GPa for Group Qh 

specimens, from a minimum o f  9GPa to a maximum o f  12GPa for Group Rh specimens, 

from 10 to 13GPa for Group Sh specimens and from a low o f  8GPa to a high o f  9GPa for 

Group Th specimens, respectively. The mean three-point flexure moduli and associated 

standard deviations for ZlOO™ (Group Qh) were 13.8 ± 1.2GPa, Filtek™ Z250 (Group 

Rh) were 10.7 ± l.OGPa, Filtek™ P60 (Group Sh) were 10.9 ± 0.6GPa and Filtek™ 

Supreme XT (Group Th) were 8.7 ± 0.3GPa.

Employing the overlapping irradiation regime using an 8mm tip diameter, the mean 

three-point flexure moduli and associated standard deviations for ZlOO™ (Group Uh) 

were 13.1 ± l .IG P a , Filtek™ Z250 (Group Vh) were 10.9 ± 1.4GPa, Filtek™ P60 (Group 

Wh) were I I .3 ± 1.4GPa and Filtek™ Supreme XT (Group Xh) were 8.7 ± 0.7GPa. The 

range o f  three-point flexure moduli varied from a low o f  I IGPa to a high o f  15GPa for 

Group Uh specimens, from 9 to 15GPa for Group Vh specimens, from a minimum o f  

7GPa to a maximum o f  14GPa for Group Wh specimens and from 7 to lOGPa for Group 

Xh specimens, respectively.
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4.2.3.2.1 Statistical analysis

Statistical analysis following irradiation o f the ZlOO™ specimens with tip diameters of 

13mm (Group Qh) and 8mm (Group Uh) revealed no significant differences in the group 

means o f the three-point flexure modulus data with the one-way ANOVA (F 

value=2.460; P=0.069). Analysis o f the group means o f the three-point flexure modulus 

data for Filtek™ Z250 following irradiation with tip diameters o f 13mm (Group Rh) and 

8mm (Group Vh) also resulted in no significant differences in the one-way ANOVA (F 

value=0.985; P=0.404). For Filtek™ P60, no significant differences in the group means o f 

the three-point flexure modulus data were identified following irradiation with tip 

diameters o f 13mm (Group Sh) and 8mm (Group Wh) utilising the one-way ANOVA (F 

value=l.276; P=0.289). Filtek™ Supreme XT rectangular bar-shaped specimens 

irradiated with tip diameters o f 13mm (Group Th) and 8mm (Group Xh) highlighted no 

significant differences in grouped means o f the three-point flexure modulus data when 

utilising the one-way ANOVA (F value=1.830; P=0.149).

4.2.4 Vickers hardness testing

The influence o f tip diameter when employing the overlapping regime to irradiate 

rectangular bar-shaped specimens was investigated using Vickers hardness 

measurements.
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4.2.4.1 Elipar™ Freelight

4.2.4.1.1 Top

Irradiation from the top surface o f  the specimen using the 13mm tip diam eter resulted in 

the mean Vickers hardness and associated standard deviations for the non-overlapped 

region o f  103.2 ± 1.5 for ZlOO™, 74.7 ± 2.1 for Filtek™ Z250, 78.3 ± 4.2 for Filtek™ 

P60 and 67.6 ± 1.8 for Filtek™ Supreme XT. For the overlapped region the mean Vickers 

hardness and associated standard deviations were 103.7 ± 1.8 (ZlOO™), 74.9 ± 1.7 

(Filtek™ Z250), 78.0 ± 2.2 (Filtek™ P60) and 67.4 ± 1.8 (Filtek™ Supreme XT) (Table 

4.9).

The mean Vickers hardness and associated standard deviations for the non-overlapped 

region on the top surface irradiated with an 8mm tip diam eter were 104.0 ± 2.6 for 

ZlOO™, 75.1 ± 2.9 for Filtek™ Z250, 78.5 ± 1.9 for Filtek™ P60 and 66.1 ± 1.8 for 

Filtek™ Supreme XT. The mean Vickers hardness and associated standard deviations for 

the overlapped region for ZlOO™ were 103.5 ± 2.4, Filtek™ Z250 were 74.0 ± 2.4, 

Filtek™ P60 were 79.4 ± 2.8 and Filtek™ Supreme XT were 67.1 ± 1.8 (Table 4.9).
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Table 4.9: The non-overlapped and overlapped Vickers hardness data for the top surface 
for each RBC material when irradiated with the 13 and 8mm tip diameters using the LED 
LCUs.

RBC LEDLCU
Elipar™ Freelight Elipar™ Freelight 2

13mm 8mm 13mm 8mm

ZlOO^^
Non-overlapped 103.2± 1.5 104.0 ± 2 .6 103.1 ±2.1 103.7 ± 2 .3

Overlapped 103.7± 1.8 103.5 ± 2 .4 103.3 ± 2 .3 105.2 ± 2 .3

Filtek™ Z250
Non-overlapped 74.7 ±2.1 75.1 ± 2 .9 75.0 ± 1.9 75.5 ±3.1

Overlapped 74.9 ± 1.7 74.0 ± 2 .4 75.2 ± 2 .2 77.2 ± 2 .2

Filtek™ P60
Non-overlapped 78.3 ± 4 .2 78.5 ± 1.9 77.8 ± 2 .6 79.6 ± 2 .5

Overlapped 78.0 ± 2 .2 79.4 ± 2 .8 78.2 + 2.1 79.8 ± 2 .5

Filtek™ 
Supreme XT

Non-overlapped 67.6 ± 1.8 66.1 ± 1.8 68.2 ± 2 .9 67.8 ± 2 .8

Overlapped 67.4 ± 1.8 67.1 ± 1.8 67.6 ± 1.9 67.8 ± 1.6

4.2.4.1.2 Bottom

Following irradiation with a 13mm tip diameter the mean Vickers hardness and 

associated standard deviations for the non-overlapped region on the bottom surface were 

83.3 ± 2.3 for Z 100™, 58.6 ± 2.4 for Filtek™ Z250, 63.1 ± 3.6 for Filtek™ P60 and 45.1 

±  2.7 for Filtek™ Supreme XT. The mean Vickers hardness and associated standard 

deviation for the overlapped region on the bottom surface were 81.7 ± 2.3 for ZlOO™,
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60.6 ± 1.7 for Filtek™ Z250, 64.1 ± 2.8 for Filtek™ P60 and 46.9 ± 2.5 for Filtek™ 

Supreme XT (Table 4.10)

Table 4.10: The non-overlapped and overlapped Vickers hardness data for the bottom 
surfaces for each RBC material when irradiated with the 13 and 8mm tip diameters using 
the LED LCUs.

RBC LED LCU
Elipar™ Freelight Elipar™ Freelight 2

13mm 8mm 13mm 8mm

ZlOO™
Non-overlapped 8 3 .3 + 2 .3 83.2 ± 2 .0 99.0 ± 2 .9 101 .2± 2 .9

Overlapped 81.7 + 2.3 82.6 ± 2 .5 99.4 ± 2 .4 102.4 ± 2 .7

Filtek™ Z250
Non-overlapped 58.6 ± 2 .4 6 1 .8 ± 2 .4 74.5 ±2.1 74.5 ±2.1

Overlapped 60.6 ± 1.7 63.4 ± 2 .0 74.8 ± 2 .3 74.3 ± 1.1

Filtek™ P60
Non-overlapped 63.1 ± 3 .6 64.5 ± 2 .6 74.5 ± 2 .2 76.1 ± 2 .2

Overlapped 64.1 ± 2 .8 64.5 ± 2 .6 73.2 ± 2 .6 76.2 ± 2 .3

Filtek™ 
Supreme XT

Non-overlapped 45.1 ± 2 .7 46.9 ± 2 .7 59.1 ±3.1 65.7 ± 2 .6

Overlapped 46.9 ± 2 .5 44.6 ± 2.5 59.0 ± 2 .3 66.0 ± 2 .0

The mean Vickers hardness and associated standard deviations for the non-overlapped 

region on the bottom surface following irradiation with the 8mm Hght tip diameter were 

83.2 ± 2.0 (ZlOO™), 61.8 ± 2.4 (Filtek™ Z250), 64.5 ± 2.6 (Filtek™ P60) and 46.9 ± 2.7 

(Filtek™ Supreme XT). For the overlapped region the mean Vickers hardness and
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associated standard deviations were 82.6 ± 2.5 for ZlOO™, 63.4 ± 2.0 for Filtek™ Z250, 

64.5 ± 2.6 for Filtek™ P60 and 44.6 ± 2.5 for Filtek™ Supreme XT (Table 4.10)

4.2.4.13  Statistical analysis: Elipar™ Freelight

A two-way ANOVA design using site x region as the independent variables were 

undertaken to ensure that no site effect emerged within each RBC and for both top and 

bottom surfaces. No significant differences in the Vickers hardness data were observed. 

Following the progressive pooling o f  the Vickers hardness data site variations were 

elim inated from the analysis. The three-way ANOVA (tip diam eter x surface x region) 

highlighted no significant differences with the effect o f  region for ZlOO™ (P=0.141), 

Filtek™ Z250 (P=0.I36), Filtek™ P60 (P=0.402) and Filtek™ Supreme XT (P=0.924) 

and tip diam eter for ZI GO™ (P=0.364), Filtek™ P60 (P=0.078) and Filtek™ Supreme XT 

(P = 0 .118), however, a significant effect was indicated for Filtek™ Z250 (P=0.002). The 

effect o f  surface highlighted a significant difference (P<0.0001) for ZlOO™ (P<0.0001), 

Filtek™ Z250 (P<0.0001), Filtek™ P60 (P<0.0001) and Filtek™ Supreme XT 

(P<0.0001).
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4.2.4.2 Elipar™ Freelight 2

4.2.4.2.1 Top

When the top surface was irradiated with a 13mm tip diam eter the mean Vickers hardness 

and associated standard deviations for the non-overlapped region were 103.1 ± 2 . 1  for 

ZlOO™, 75.0 ± 1.9 for Filtek™ Z250, 77.8 ± 2.6 for Filtek™ P60 and 68.2 ± 2.9 for 

Filtek™ Supreme XT. For the overlapped region the mean Vickers hardness and 

associated standard deviations were 103.3 ± 2.3 (ZIOO™), 75.2 ± 2.2 (Filtek™  Z250),

78.2 ± 2.1 (Filtek™ P60) and 67.6 ± 1.9 (Filtek™  Supreme XT), respectively (Table 4.9).

Following irradiation with an 8mm tip diam eter resulted in mean Vickers hardness and 

associated standard deviations for the non-overlapped region o f  103.7 ± 2.3 for ZIOO™, 

75.5 ± 3.1 for Filtek™ Z250, 79.6 ± 2.5 for Filtek™ P60 and 67.8 ± 2.8 for Filtek™ 

Supreme XT. For the overlapped region the mean Vickers hardness and associated 

standard deviations were 105.2 ± 2.3 (ZIOO™), 77.2 ± 2.2 (Filtek™ Z250), 79.8 ± 2.5 

(Filtek™ P60) and 67.8 ± 1.6 (Filtek™ Supreme XT) (Table 4.9).

4.2.4.2.2 Bottom

The mean Vickers hardness and associated standard deviations following irradiation with 

the 13mm tip diam eter for the non-overlapped region on the bottom surface were 99.0 ±

2.9 for ZIOO™, 74.5 ± 2.1 for Filtek™ Z250, 74.5 ± 2.2 for Filtek™ P60 and 59.1 ± 3.1
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for Filtek™ Supreme XT. The mean Vickers hardness and associated standard deviation 

for the overlapped region for ZlOO™ were 99.4 ± 2.4, Fihek™  Z250 were 74.8 ± 2.3, 

Filtek™ P60 were 73.2 ± 2.6 and Filtek™ Supreme XT were 59.0 ± 2.3 (Table 4.10).

The mean Vickers hardness and associated standard deviations for the non-overlapped 

region on the bottom surface following irradiation with the 8mm tip diam eter were 101.2 

± 2.9 (ZlOO™), 74.5 ± 2.1 (Filtek™ Z250), 76.1 ± 2.2 (Filtek™ P60), and 65.7 ± 2.6 

(Filtek™  Supreme XT). The mean Vickers hardness and associated standard deviations 

for the overlapped region for ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme 

XT were 102.4 ± 2.7, 74.3 ±1 . 1 ,  76.2 ± 2.3 and 66.0 ± 2.0, respectively (Table 4.10).

4.2.4.2.3 Statistical analysis: Elipar™ Freelight 2

A two-way ANOVA (site x region) were undertaken to ensure that no site effect emerged 

within each RBC for both the top and bottom surfaces. No significant differences in the 

Vickers hardness data were evident for site therefore the Vickers hardness data was 

pooled and site eliminated from the analysis. A three-way ANOVA (tip diam eter x 

surface x region) was performed on each RBC. The three-way ANOVAs highlighted no 

significant differences with the effect o f  region for ZlOO™ (P=0.095), Filtek™ Z250 

(P=0.978), Filtek™ P60 (P=0.690) and Filtek™ Supreme XT (P=0.685). However, a 

significant difference was identified for the effect o f tip diam eter (P<0.0001) and surface 

(P<0.0001) for all RBC materials.
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4.3 IS04049: The influence of QTH LCU irradiance

The three-point flexural properties have been reported to be influenced by the operating 

irradiance and the overlapping irradiation protocol during specim en manufacture in 

accordance with ISO 4049.

4.3.1 Three-point flexure strength

4.3.1.1 QTH

4.3.1.1.1 Standard mode

When the 8mm ‘Turbo’ tip diam eter was used to irradiate the RBCs, the range o f three- 

point flexure strengths varied for ZlOO™ from a low o f 69M Pa to a high o f  130MPa 

(Group 1st), Filtek™ Z250 from 124 to l83M Pa (Group Jst), Filtek™ P60 from a 

minimum o f  128MPa to a maximum o f  187MPa (Group Kst) and Filtek™ Supreme XT 

from a lowest value o f  130MPa to a highest value o f  l67M Pa (Group Lst), respectively. 

The mean three-point flexure strengths and associated standard deviations for ZlOO™, 

Filtek™ Z250, Filtek™ P60, Filtek™ Supreme XT were 104 ± l4M Pa, 157 ± 16MPa, 

164 ± 16MPa and 140 ± lOMPa, respectively (Table 4. II).
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Table 4.11: The range and mean three-point flexure strength (associated standard 
deviations) for the RBC specimens irradiated using a QTH LCU in standard and boosted 
modes with the 8mm 'Turbo’ tip diameter.

RBC Property
8mm ‘Turbo’

Standard Boosted

ZlOO™
Three-point flexure strength (MPa) 104 (14) 107(15)

Range o f  strengths (M Pa) 69-130 87-134

Filtek''^ Z250
Three-point flexure strength (MPa) 157 (16) 156(16)

Range o f  strengths (M Pa) 124-183 131-182

Filtek™ P60
Three-point flexure strength (MPa) 164 (16) 153 (14)

Range o f  strengths (M Pa) 128-187 128-178

Filtek™ 
Supreme XT

Three-point flexure strength (MPa) 140 (10) 137(11)

Range o f  strengths (M Pa) 130-167 112-159

4.3.1.1.1.1 Statistical analysis

A one-way ANOVA and Tukey’s multiple range tests at a significance level o f  P<0.05 

was used to make m ultiple com parisons o f  the group means for the three-point flexure 

strength data for the RBC m aterials irradiated at irradiances o f  640 ± 18 and 880 ± 

ISmW/cm^ with the 8mm and 8mm ‘T urbo’ LCU tip diam eters, respectively. No 

significant differences in the group m eans o f  the three-point flexure strength data were 

identified for ZlOO™ utilising the one-way ANOVA (F value=0.721; P=0.543). The 

group means o f  the three-point flexure strength data for Filtek^*^ Z250 also showed no 

significant differences in the one-way ANOV A (F value=l .529; P=0.214). When Filtek™ 

P60 was irradiated with tip diam eters o f  8mm (Group Ks) or 8mm ‘Turbo’ (Group KsO 

the group means o f  the three-point flexure strength data highlighted no significant
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differences utilising the one-way ANOVA (F value=3.713; P=0.150). Similarly, analysis 

o f  the group means o f  the three-point flexure strength data for Filtek™ Supreme XT 

indicated no significant differences in the one-way ANOVA (F value=0.699; P=0.555).

4.3.1.1.2 Boosted mode

The mean three-point flexure strengths and associated standard deviations following 

irradiation with the 8mm ‘Turbo’ tip diameter for ZlOO™ (Group Ibt) were 107 ± 15MPa, 

Filtek™ Z250 (Group JbO were 156 ± 16MPa, Filtek™ P60 (Group Kbt) were 153 ± 

14MPa and Filtek™ Supreme XT (Group LbO were 137 ± 1 IMPa. The range o f  three- 

point flexure strengths varied from a low o f  87MPa to a high o f  134MPa (Group i b t ) ,  

from 131 to 182MPa (Group Jm). from a minimum of  128MPa to a maximum o f  178MPa 

(Group K b t )  and from a low o f  112MPa to a high o f  159MPa (Group L b t ) ,  respectively 

(Table 4.11).

4.3.1.1.2.1 Statistical analysis

For each o f  the four RBC materials investigated (ZlOO™, Filtek™ Z250, Filtek™ P60 

and Filtek™ Supreme XT) multiple comparisons o f  the group means for the three-point 

flexure strength data were made with a one-way ANOVA and Tukey’s multiple range 

tests at a significance level o f  P<0.05 at irradiances o f  790 ± !8mW /cm‘ and 1040 ± 

28mW/cm^ using tip diameters o f  8mm and 8mm ‘Turbo’, respectively. No significant 

differences in the group means o f  the three-point flexure strengths were identified when

102



em ploying the one-way ANOVA for ZlOO™ (F value=0.721; P=0.543), Filtek™ Z250 (F 

value= 1.529; P=0.214), Filtek™ P60 (F value=3.713; P=0.150) and Filtek™ Supreme XT 

(F value=0.699; P=0.555).

4.3.2 Reliability of the fracture strength data

4.3.2.1 Standard mode

The three-point flexure strength data was subjected to W eibull analyses for each o f  the 

groups o f  20 rectangular bar-shaped specim ens fabricated from the RBC materials 

ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT with the 8mm ‘Turbo’ tip 

diam eter. The irradiation o f  the specim en groups, namely Group Ut, Group Jst, Group Kst 

and Group Lst resulted in Weibull moduli and associated standard deviations o f  6.5 ± 1.5, 

10.7 ± 2.4, 10.4 ± 2.3 and 16.4 ± 3.6, respectively (Table 4.12). The 95%  confidence 

intervals varied from a low o f  5.8 to a high o f  7.2 (Group 1st), from a m inimum o f  10.0 to 

a maximum o f  11.3 (Group Jst), from 9.7 to 11.1 (Group Kst) and from a low o f  14.2 to a 

high o f  17.9 (Group Lst). Since the 95%  confidence intervals for Group Is and Group 1st, 

G roup Js and Group Jst, Group Kj and Group Kst and Group Ls and Group Lst overlapped, 

each associated Weibull moduli were considered not to be significantly different.
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Table 4.12: The Weibull moduli and 95% confidence intervals for the RBC specimens 
irradiated using a QTH LCU in standard and boosted modes with the 8mm ‘Turbo’ tip 
diameter.

RBC Property
8mm ‘Turbo’

Standard Boosted

ZlOO™
Weibull m odulus 13.2 (1.2) 14.1 (1.1)

95%  Confidence Intervals 11-16 12-17

Filtek^^ Z250
Weibull m odulus 11.3 (0.9) 11.6 (0.7)

95%  Confidence Intervals 10.0-12 10-13

Filtek^M P60
Weibull m odulus 12 .7(1 .3) 12.8 (1.1)

95%  Confidence Intervals 10-16 10-15

Filtek̂ ^M 
Supreme XT

Weibull m odulus 10.3 (0.7) 9.9 (1.0)

95%  Confidence Intervals 5-12 9-12

4.3.2.2 Boosted mode

Irradiation with an 8m m  ‘T u rb o ’ tip d iam eter produced Weibull moduli and associated 

standard deviations for ZlOO™ o f  7.5 ±  1.7 for Group Ibt specimens, for Filtek™ Z250  o f  

10.6 ±  2.4 for G roup  Jbt specimens, for Filtek™ P60 o f  11.8 ±  2.6 for Group Kbt 

specimens and for Filtek™ Suprem e XT o f  15.0 ±  3.4 for Group Lbi specimens, 

respectively (Table 4.12). The investigated RBC materials at the 95%  confidence 

intervals calculated from regression analysis varied from  a low o f  6.2 to a high o f  8.8 

(Group Ibt), from 9.4 to 11.8 (Group Jbt), from a m in im um  o f  10.6 to a m axim um  o f  13.0 

(Group Kbt) and from 12.5 to 17.5 (G roup Lbt). W hen the Weibull moduli o f  the three- 

point flexure strength data for Group Ib and Group Ibt, G roup Jb and G roup Jbt, G roup Kb
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and Group Kbi and Group Lb and Group L t̂ specimens were examined, no significant 

differences were indicated as the 95% confidence intervals overlapped.

4.3.3 Three-point flexure modulus

4.3.3.1 Standard mode

When using the 8mm ‘Turbo’ tip diameter the mean three-point flexure moduli and 

associated standard deviations for ZIOO™ (Group Ut) were 13.2 ± l.2GPa, Filtek™ Z250 

(Group Jst) were 11.3 ± 0.9GPa, Filtek™ P60 (Group KsO were 12.7 ± 1.3GPa and 

Filtek™ Supreme XT (Group Lst) were 10.3 ± 0.7GPa. The range o f  three-point flexure 

moduli varied from a low o f  1 IGPa to a high o f  16GPa (Group 1st), from 10 to 12GPa 

(Group Jst), from a minimum o f  lOGPa to a maximum o f  16GPa (Group Kst) and from a 

low o f  5GPa to a high o f  12GPa (Group Lst), respectively (Table 4.13).

4.3.3.1.1 Statistical analysis

Multiple comparisons o f  the group means for the three-point flexure modulus data were 

made utilising a one-way ANOVA and Tukey’s multiple range tests at a significance 

level o f  P<0.05 for the RBCs investigated (ZIOO™, Filtek™ Z250, Filtek™ P60 and

Filtek™ Supreme XT) with tip diameters o f  8mm and 8mm ‘Turbo’ at irradiances o f  640

2± 18mW/cm and 880 ± 18mW/cm“ in standard mode, respectively. No significant 

differences in the group means o f  the three-point flexure strengths were identified when
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employing the one-way ANOVA for ZlOO^’̂  (F value=2.503; P=0.066), Filtek™ Z250 (F 

value=1.426; P=0.242), Filtek™ P60 (F value=2.546; P=0.062) and Filtek™ Supreme XT 

(F value=0.745; P=0.529)

Table 4.13: The range and mean three-point flexure moduli (associated standard 
deviations) for the RBC specimens irradiated using a QTH LCD in standard and boosted 
modes with the 8mm ‘Turbo’ tip diameter.

RBC Property
8mm ‘Turbo’

Standard Boosted

ZlOO^^
Three-point flexure modulus (GPa) 6.5 (1.5) 7.5 (1.7)

Range o f  moduli (GPa) 5.8-7.2 6.2-8.8

Filtek™ Z250
Three-point flexure modulus (GPa) 10.7(2.4) 10.6 (2.4)

Range o f  moduli (GPa) 10.0-11.3 9.4-11.8

Filtek™ P60
Three-point flexure modulus (GPa) 10.4 (2.3) 11.8(2.6)

Range o f  moduli (GPa) 9.7-11.1 10.6-13.0

Filtek™ 
Supreme XT

Three-point flexure modulus (GPa) 16.1 (3.6) 15.0 (3.4)

Range o f  moduli (GPa) 14.2-17.9 12.5-17.5

4.3.3.2 Boosted mode

The range o f  three-point flexure moduli with the 8mm ‘Turbo’ tip diameter varied for 

ZlOO™ from a low o f  12GPa to a high o f  17GPa (Group Ibt), Filtek™ Z250 from 10 to 

13GPa (Group Jm), Filtek™ P60 from a minimum o f  lOGPa to a maximum o f  15GPa 

(Group Kht) and Filtek™ Supreme XT from a lowest value o f  9GPa to a highest value o f  

12GPa (Group Lbt). The mean three-point flexure moduli and associated standard 

deviations for the RBC materials investigated were 14.1 ± 1.1 GPa for Group lbt
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specimens, 11.6 ± 0.7GPa for Group Jbt specimens, 12.8 ± 1.1 GPa for Group Kbi 

specimens and 9.9 ± l.OGPa for Group L^t specimens, respectively (Table 4.13).

4.3.3.2.1 Statistical analysis

For each o f the RBCs investigated (ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ 

Supreme XT), a one-way AN O VA and Tukey’s multiple range tests at a significance

level o f P<0.05 was used to make multiple comparisons o f the group means for the three-

2 2point flexure modulus data at irradiances o f 790 ± 18mW/cm and 1040 ± 28mW/cm 

with an 8mm and 8mm ‘Turbo’ tip  diameters, respectively. When ZlOO™ was irradiated 

the group means o f the three-point flexure modulus data identified no significant 

differences when utilising the one-way ANO VA (F value=2.503; P=0.066). Similarly 

analysis o f the group means o f the three-point flexure modulus data for Filtek™ Z250 

indicated no significant differences in the one-way ANO VA (F value=1.426; P=0.242). 

No significant differences in the group means o f the three-point flexure modulus data 

were identified for Filtek™ P60, when utilising the one-way AN O VA (F value=0.2.546; 

P=0.062). The group means o f the three-point flexure modulus data for Filtek™ Supreme 

XT when analysed also highlighted no significant differences in the one-way ANO VA (F 

value=0.745; P=0.529).
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4.3.4 Vickers hardness testing

Vickers hardness measurements were made to investigate the influence o f  the operating 

output intensity during specimen manufacture when using the modified ISO 4049 

overlapping irradiation regime.

4.3.4.1 Standard mode

4.3.4.1.1 Top

When using the 8mm ‘Turbo’ tip diam eter to irradiate the RBCs, the mean Vickers 

hardness and associated standard deviations o f  the non-overlapped region on the top 

surface o f  ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT were 99.7 ± 

2.6, 80.9 ± 1.7, 84.1 ± 1.3 and 71.5 ± 1.0, respectively. For the overlapped region the 

mean Vickers hardness and associated standard deviation for ZlOO™ was 100.8 ± 2.2, 

Filtek™ Z250 was 79.9 ± 2.4, Filtek™ P60 was 84.8 ± 1.5 and Filtek™ Supreme XT was

71.2 ± 1.4 (Table 4.14).

4.3.4.1.2 Bottom

For the RBC materials investigated the mean Vickers hardness and associated standard 

deviations o f  the non-overlapped region on the bottom surface when irradiated with the 

8mm ‘Turbo’ tip diam eter were 97.9 ± 2.8, 77.9 ± 2.8, 82.3 ± 2.4 and 70.8 ± 2.2 for
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ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT, respectively. The mean 

Vickers hardness and associated standard deviations for the RBC materials investigated, 

namely ZlOO™ was 98.3 ± 2.8, Filtek™ Z250 was 78.7 ± 2.8, Filtek™ P60 was 81.8 ± 

3.5 and Filtek™ Supreme XT was 70.6 + 2.7 (Table 4.14).

Table 4.14: The non-overlapped and overlapped Vickers hardness data for the top and 
bottom surfaces for each RBC material when irradiated with the 8mm ‘Turbo’ tip 
diameter using the QTH LCD in standard and boosted modes.

RBC Surface Region
8mm ‘Turbo’

Standard Boosted

ZlOO™

Top
Non-overlapped 99.7 ± 2 .6 102.6 ± 2 .9

Overlapped 100.8 + 2.2 103.6 ± 1.3

Bottom
Non-overlapped 97.9 ± 2 .8 96.8 ± 2 .7

Overlapped 98.3 ± 2 .8 97.8 ± 1.6

Filtek™ Z250

Top
Non-overlapped 80.9 ± 1.7 79.8 ± 4 .4

Overlapped 79.9 ± 2.4 79.8 ± 4 .6

Bottom
Non-overlapped 77.9 ± 2 .8 73.8 ± 1.4

Overlapped 78.7 ± 2 .8 73.4 ± 1.4

Filtek™ P60

Top
Non-overlapped 84.1 ± 1.3 80.0 ± 4 .3

Overlapped 84.8 ± 1.5 80.3 ±4.1

Bottom
Non-overlapped 82.3 ± 2 .4 73.8 ± 1.5

Overlapped 8 1 .8 ± 3 .5 74.0 ± 1.7

Filtek™ 
Supreme XT

Top
Non-overlapped 7 1 .5 ±  1.0 69.3 ± 1.3

Overlapped 7 1 .2 ±  1.4 69.0 ± 1.6

Bottom
Non-overlapped 70.8 ± 2 .2 62.8 ± 1.3

Overlapped 70.6 ± 2 .7 62.6 ± 0 .9

109



4.3.4.1.3 Statistical analysis: standard mode: iiradiance

Analysis o f  site x region was carried out using a two-way ANOVA within each RBC for 

both the top and bottom surfaces. No significant differences in the Vickers hardness data 

were evident for site therefore the Vickers hardness data was pooled and site eliminated 

from the analysis. The three-way ANOVA (irradiance x surface x region) highlighted no 

significant differences with the effect o f  region for ZlOO™ (P = 0 .161), Filtek™ Z250 

(P=0.444), Filtek™ P60 (P=0.975) and Filtek™ Supreme XT (P=0.714) and irradiance 

for ZlOO™ (P=0.347), Filtek™ Z250 (P=0.522), Filtek™ P60 (P=0.147) and Filtek™ 

Supreme XT (P=0.300). However, the effect o f  surface highlighted a significant 

difference for all RBCs investigated (P<0.0001).

4.3.4.2 Boosted mode

4.3.4.2.1 Top

For the RBC materials, ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT, 

the mean Vickers hardness and associated standard deviations o f  the non-overlapped 

region on the top surface when irradiated with the 8mm ‘Turbo’ tip diam eter were 102.6 

± 2.9, 79.8 ± 4.4, 80.0 ± 4.3 and 69.3 ± 1.3, respectively. The mean Vickers hardness and 

associated standard deviations for the overlapped region o f  ZlOO™ were 103.6 ± 1.3, 

Filtek™ Z250 were 79.8 ± 4.6, Filtek™ P60 were 80.3 ± 4.1 and Filtek™ Supreme XT 

were 69.0 ± 1.6 (Table 4.14).
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4.3.4.2.2 Bottom

The mean Vickers hardness and associated standard deviations o f  the non-overlapped 

region on the bottom surface irradiated with the 8mm ‘Turbo’ tip diam eter were 96.8 ± 

2.7, 73.8 ± 1.4, 73.8 ± 1.5 and 62.8 ± 1.3, respectively. For the overlapped region the 

mean Vickers hardness and associated standard deviation for ZlOO™ were 97.8 ± 1.6, 

Filtek™ Z250 were 73.4 ± 1.4, Filtek™ P60 were 74.0 ± 1.7 and Filtek™ Supreme XT 

were 62.6 ± 0.9 (Table 4.14).

4.3.4.2.3 Statistical analysis; boosted mode: irradiance

For each RBC material and both top and bottom surfaces a two-way ANOVA (site x 

region) was conducted. Since no effect o f  site was evident the Vickers hardness data was 

pooled and site eliminated from the analysis. A three-way ANOVA (irradiance x surface 

X region) undertaken highlighted no significant differences with the effect o f  region for 

ZlOO™ (P=0.405), Filtek™ Z250 (P=0.776), Filtek™ P60 (P=0.573) and Filtek™ 

Supreme XT (P=0.266) and irradiance for ZlOO™ (P=0.426) and Filtek™ P60 (P=0.608). 

However, a significant effect for irradiance was indicated for Filtek™ Z250 (P=0.016) 

and Filtek™ Supreme XT (P=0.001). In addition, the effect o f  surface for Filtek™ Z250 

(P<0.0001), Filtek™ P60 (P<0.0001) and Filtek™ Supreme XT (P<0.0001) indicated 

significant differences.
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4.4 IS04049: The influence of LED LCU irradiance

4.4.1 Three-point flexure strength

4.4.1.1 Statistical analysis Elipar™ Freelight

No significant differences in the group means o f the three-point flexure strength data was 

identified when irradiated at 151 ± 18 and 246 ± 15mW/cm^ (tip diam eters o f 13 and 

8mm, respectively) with the Elipar™ Freelight LED LCU utilising the one-way ANOVA 

for Z 100™ (F value=0.368; P=0.776), Filtek™ Z250 (F value=5.063; P=0.053), Filtek™ 

P60 (F value=2.067; P=0.112) and Filtek™ Supreme XT (F value=2.871; P=0.062).

4.4.1.2 Statistical analysis: Elipar™ Freelight 2

When the RBCs examined were irradiated at irradiances o f  769 ± 65 and 1160 ± 

60mW/cm" (tip diameters o f  13 and 8mm, respectively) with the Elipar™ Freelight 2 

LED LCU, no significant differences in the group means o f the three-point flexure 

strength data was identified utilising the one-way ANOVA for ZlOO™ (F value=0.368; 

P=0.776), Filtek™ Z250 (F value=5.063; P=0.053), Filtek™ P60 (F value=2.067; 

P= 0 .112) and Filtek™ Supreme XT (F value=2.871; P=0.062).
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4.4.2 Three-point flexure modulus

4.4.2.1 Statistical analysis: Elipar™ Freelight

No significant differences in the group means o f  the three-point flexure moduli were 

identified when irradiated at 151 ± 18 and 246 ± 15mW/cm^ (tip diam eters o f  13 and 

8mm, respectively) with the Elipar™ Freehght LED LCU utilising the one-way ANOVA 

forZlOO™  (Group Q, and Group U,) (F value=2.460; P=0.069), Filtek™ Z250 (Group R| 

and Group V|) (F value=0.985; P=0.404), Filtek™ P60 (Group S| and Group Wi) (F 

va!ue=1.276; P=0.289) and Filtek™ Supreme XT (Group T| and Group X|) (F 

value= 1.830; P=0.149).

4.4.2.2 Statistical analysis: Elipar™ Freelight 2

When the RBCs materials investigated were irradiated at 769 ± 65 and I I 60 ± 

60m W /cm‘ (with tip diameters o f 13 and 8mm, respectively) with the Elipar™ Freelight 2 

LED LCU, no significant differences in the group means o f  the three-point flexure 

moduli were identified utilising the one-way ANOVA for ZlOO™ (F value=2.460; 

P=0.069), Filtek™ Z250 (F value=0.985; P=0.404), Filtek™ P60 (F value= 1.276; 

P=0.289) and Filtek™ Supreme XT (F value=1.830; P = 0 .149).
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4.4.3 Vickers hardness

4.4.3.1 Statistical analysis: Elipar™ Freelight

For each RBC material and both top and bottom surfaces a two-way ANOVA (site x 

region) was conducted. No significant differences in the Vickers hardness data were 

evident for site therefore the Vickers hardness data was pooled and site eliminated from 

the analysis. The three-way ANOVA (irradiance x surface x region) highlighted no 

significant differences with the effect o f  region for ZlOO™ (P=0.268), Filtek™ Z250 

(P=0.939), Filtek™ P60 (P=0.368) and Filtek™ Supreme XT (P=0.346) and irradiance 

for ZlOO™ (P=0.347), Filtek™ Z250 (P=0.522), Filtek™ P60 (P=0.147) and Filtek™ 

Supreme XT (P=0.300). However, the effect o f  surface highlighted a significant 

difference (P<0.0001).

4.4.3.2 Statistical analysis: Elipar™ Freelight 2: irradiance

Analysis o f  site x region was carried out using a two-way ANOVA within each RBC and 

for both top and bottom surfaces. Since no effect o f  site was evident the Vickers hardness 

data was pooled and site eliminated from the analysis. A three-w ay ANOVA (irradiance 

X surface x region) undertaken highlighted no significant differences with the effect o f  

region for ZlOO™ (P=0.749), Filtek™ Z250 (P=0.179), Filtek™ P60 (P=0.908) and 

Filtek™ Supreme XT (P=0.274). In addition, significant effects o f  irradiance were 

indicated for ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT (P<0.0001)
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and the effect o f surface for ZlOO’’̂ '̂ , Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme 

XT also indicated significant differences (P<0.0001).
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CHAPTER 5 Discussion

5.1 QTH

5.1.1 Irradiance

When an 8mm ‘Turbo’ tip diam eter was used in standard and boosted modes the 

irradiances were increased compared with when a conventional 8mm tip diam eter was 

employed. The light guides themselves consist o f  fused hexagonal fibres which run from 

the adit (the LCU side) to the exit (the LCU tip). The adit diam eter o f  the 8mm ‘Turbo’ 

tip diam eter was 12.1mm compared with an adit diam eter o f  7.4mm for the conventional 

8mm tip diameter. The adit diam eter o f  the latter being modified with a metal sleeve to 

limit the irradiance going into the hexagonal fibres o f  the LCU light guides. The similar 

diameters o f the 8mm ‘Turbo’ and 8mm conventional exit windows, means in short, that 

the broader adit diameter o f  the 8mm ‘Turbo’ tip will capture and therefore emit more 

irradiance at the proximal portion o f  the light cone generated. This results in the 

associated increase in irradiance with the 8mm ‘Turbo’ tip diam eter compared with the 

conventional 8mm tip diameter identified in the current study. The increase in irradiance 

in boosted compared with standard mode is a result o f  the manufactures increasing the 

current available to the LCU power source with the associated increase in irradiance 

reported in Section 4.1.
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5.1.2 Tip diam eter

The assessment o f  the irradiance o f the QTH LCU with tip diam eters o f  13, 11 , 8  and 

25mm identified consistent results in standard and boosted modes. Exam ination o f  the 13, 

11 and 8mm light tip guides with an optical m icroscope (M easuring m icroscope MM-40, 

Nikon, Japan) revealed a 14mm adit diameter. The hexagonal fibres run from the adit to 

the exit window, however, to control the level o f  irradiance captured and therefore 

emitted at the proximal portion o f  the light cone generated, the effective adit diam eter 

was modified with a metal sleeve together with a m odification o f  the dim ensions o f  the 

hexagonal fibres o f  the LCU light guides.

In reality the 13, 11 and 8mm adit diam eters were 12.1. 10.3 and 7.4mm. In addition, the 

variation in the fibre spacing and fibre diam eter at the adit o f  the 13mm tip diam eter were 

26.8 and 184)im, respectively compared with 36.9 and 278)am and 14.3 and 119)jm, 

respectively for 11 and 8mm tip diameters, respectively. Additionally, the fibre spacing 

and fibre diam eter at the exit o f  the 13mm tip diam eter were 26.7 and 191 )im, 

respectively compared with 34.5 and 280|am for the 11mm tip diam eter, respectively and 

15.0 and 115fj,m for the 8mm tip diameter, respectively. Larger tip diam eters would be 

expected to result in a reduction in the irradiance compared with the sm aller tip diameters 

(Leonard et al., 1999, Liberman et al., 1990). However, the sim ilar irradiances 

demonstrated with the 13, 11, and 8mm tip diameters were achieved by the manufacturer 

by controlling the am ount o f  light entering the adit side o f  the LCU tips together with 

m odifying the num ber and dimensions o f  the hexagonal fibres in the LCU tips. Therefore,
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all the tip diam eters used with the QTH LCU were just as effective in the irradiances they 

generated.

5.2 LED

5.2.1 Irradiance

When the irradiance o f the two LED LCUs investigated were measured w'ith the same tip 

diam eter different irradiances were identified. The idea that LED LCUs would replace 

QTH LCUs and become commonplace in dental surgeries worldwide within 10 years was 

boldly proposed in a letter to the British Dental Journal in 1995 by Mills (1995) depite 

the fact that the technology was not yet available. The transform ation o f  the idea to 

reality did not come about by accident with many technological challenges having to be 

overcome. The low powered blue LEDs available in 1995 were based on silicon carbide 

technology with an output o f  7 |iW  per LED available (M ills et al., 1999). The problem 

was overcome in part with the development o f  an LED based on gallium-nitride 

technology with over 400 times more output power (3mW  per LED) (Nakam ura et al., 

1995) such that by 2002 prototype LED LCUs with irradiances similar to QTH LCUs (in 

excess o f  500m W /cm ‘) were developed. The performance o f  these prototype LED LCUs 

is well reported in the dental literature and polymerised RBCs with reported inferior 

depth o f  cure (penetrometer assem bly) (Harrington and W ilson, 1993; Uhl et al., 2003), 

similar depth o f  cure (Barol hardness) (M ills et al., 2002), sim ilar compressive fracture 

strengths (Mills et al., 2002) and Knoop hardness values (Uhl et al., 2003). The variously
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reported data was a com bination o f  the rapid development from 27 blue LEDs to in 

excess o f  63 LEDs per LCU resulting in an associated increase in irradiance with the 

further developm ent o f  LED LCUs, the irradiation conditions namely, the exposure time 

and distance (Bennett and Watts, 2004), and the tip diam eter o f  the light guide (Nitta, 

2005). The technological advancem ents that occurred from the time the Elipar™ 

Freelight (a first generation) LED LCU was marketed consisting o f  19 separate LEDs 

grouped in the head o f  the LCU, to the launch o f  the Elipar™ Freelight 2 consisting o f  a 

single more powerful LED resulted in the increase irradiance for the Elipar™ Freelight 2 

em ploying a 13mm tip diam eter (151 ± 18 to 769 ± 65mW/cm^, respectively) or an 8mm 

tip diam eter (246 ± 15 to 1160 ± 60m W /cm ‘, respectively).

5.2.2 Tip diam eter

The m anufacturer’s claimed irradiance for the Elipar™ Freelight (240mW /cm^) and the 

Elipar™ Freelight 2 (1040mW /cm^) LED LCUs appears to refer to the irradiance whilst 

em ploying the 8mm LCU tip diam eter. The light guides them selves consist o f  fused 

hexagonal fibres which run from the adit (the LCU side) to the exit (the LCU tip) with 

tapers that are negative for the 8mm and positive for the 13mm tip diameters. The ratio 

between the outputs o f  the tip diam eters are 1.63 for the Elipar™ Freelight and 1.51 for 

the Elipar™ Freelight 2. These values can be compared with the ratios o f the LCU tip exit 

diam eters (1.63) and the LCU tip exit areas (2.64). The fibre spacing and fibre diam eter 

are 9.7 and 210)am, respectively are sim ilar for the 8 and 13mm tip diam eters at the adit 

end. However variations in fibre spacing and fibre diam eter were evident when the exit
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ends were compared for the 8mm negative taper (13.5 and 167|im, respectively) and the 

13mm positive taper (17.0 and 216\xm, respectively) tip diameters. This suggests that the 

complexities o f the attenuation arising from negative fibre taper (roughly, as the square o f 

the diam eter ratio) (Duke, 2001) are such as to preclude simple predictions o f  irradiance. 

Even so, variations in irradiance across the LED tip exit window, with a central peak 

value, have been reported (Nitta, 2005), and the pattern also depends on the distance from 

the end o f  the fibres (Corcionali et al., 2008) as the optical behaviour is complicated. In 

short, narrower tip diameters at the exit window are prone to emit more irradiance 

(Corcionali et al., 2008) and illuminance (Nitta, 2005) at a distance o f  5mm from the exit 

w indow to the RBC material resulting in the associated increase in irradiance with the 

8mm tip diameter compared with the 13mm tip diameter.

5.3 Characterisation techniques: Mechanical properties

5.3.1 180 4049:2000

For the range o f testing m ethodologies employed to assess RBC performance and stated 

in ISO 4049 (The International Standard for Dentistry - polymer-based filling, restorative 

and luting materials (ISO 4049, 2000)) it is imperative that there is standardisation and 

reproducibility o f the testing methodologies between test centres when evaluating RBCs 

using the ISO 4049 (ISO 4049, 2000) so that any material tested under ISO 4049 

conditions should produce consistent test results.
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The three-point flexure properties o f  RBC materials determined using the protocol set out 

in ISO 4049 (ISO 4049, 2000) involves the fabrication o f  rectangular bar-shaped 

specim ens with length, width and height dim ensions o f  25 x 2 x 2mm, respectively. As 

the length o f  the rectangular-bar exceeds the LCU tip diameter, an overlapping light 

irradiation procedure is required. The efficiency o f  the overlapping irradiation regime has 

been questioned by a number o f  authors in the dental literature recently in terms o f  

uncontrolled initiation on polymerisation (Mehl et al., 1997; M anhart et al., 2000), non- 

homogeneously cured specimens (Ferracane et al., 2003) and inconsistent polymerisation 

along the length o f  the bar-shaped specim en (Palin et al., 2003, 2005). Alternative 

irradiation m ethodologies including oven-LCUs (Peutzfeldt and Asmussen, 2000; 

Ferracane et al., 2003; Palin et al., 2005), the use o f  a scanning motion with a handheld- 

LCU along the length o f  the bar-shaped specimen (Mehl et al., 1997; M anhart et al., 

2000) or em ploying a custom made fibre optic light guide enabling a ‘one-hit’ irradiation 

o f  the entire specimen (M usanje et al., 2001) have been advocated to control initiation on 

polymerisation and produce hom ogeneous specim ens and consistent polymerisation 

along the length o f  the specimen.

5.3.2 LCU tip diameter

Mehl et al. (1997) and M anhart et al. (2000) advocated em ploying three LCDs placed 

along-side one another with no gaps between the LCU tip diam eters to irradiate the three- 

point rectangular bar-shaped specimens in an effort to prevent uncontrolled initiation on 

polymerisation by avoiding the effect o f  light scattering. However, Mehl et al. (1997) and
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Manhart et al. (2000) did not investigate the overlapping irradiation regim e against their 

technique o f  em ploying three LCUs placed along-side one another and therefore it was 

not possible to assess whether their technique was beneficial in preventing uncontrolled 

initiation on polymerisation by avoiding the effects o f  light scattering. Ferrancane et al. 

(2003) also expressed concern that the overlapping irradiation regim e would influence the 

hom ogeneity  o f  the irradiated specimen. Ferracane et al. (2003) com pared  nine RBC 

materials irradiated using a Triad 11 (Caulk/D ensply , Milford, DE, USA) oven-L C U  with 

a QTH LCU and ‘overall ' the authors identified ‘practically equ iva len t’ three-point 

flexure properties w hen either the oven- or Q T H  LCUs were employed. Ferrancane et al. 

(2003) suggested the two irradiation methods were ‘in terchangeable’ for m ost R BC s and 

advocated using the oven-LCU  due to the time saving during specim en m anufacture 

allowing for the sim ultaneous polymerisation o f  multiple specimens. Palin et al. (2003) 

suggested that the overlapping irradiation regim e stipulated in ISO 4049 may result in 

inconsistent polymerisation a long the length o f  the three-point flexure rectangular bar

shaped specim en thereby producing a different defect population to that expected for a 

‘one-h it’ irradiation. These suggestions were further em phasised by Palin et al. (2005) 

when the three-point flexure strength data from an overlapping irradiation regim e with a 

handheld Q TH  LCU was com pared with a single exposure Visio-Beta (3M  ESPE, 

Seefeld, G erm any) oven-LCU . A lthough equivalent three-point flexure strengths were 

achieved, the authors highlighted a significant reduction in the reliability o f  the three- 

point flexure strength data when an overlapping irradiation regime was employed.
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Palin et al. (2005) proposed that residual tensile stresses were created by the overlapping 

irradiation regime and therefore a non-hom ogenous polym erisation stress distribution 

existed along the length o f  the bar-shaped specim ens which was m anifested as a 

reduction in the reliability o f  the flexure strength data, nam ely the Weibull modulus. A 

range o f  light tip diam eters are currently available to dental practitioners ranging from 8 

to 13mm. Consequently, the 8, 11 and 13mm tip diam eters would require nine, seven and 

five overlapping irradiations on each side o f  the specim en to adequately polymerise the 

25mm length o f  the ISO bar-shaped specim ens according to the standard protocol. In the 

current study, to exacerbate the potential for uncontrolled initiation on polymerisation 

and decrease the homogeneity o f  polymerisation along the length o f  the specimen, the 

exit window was moved by three-quarters (not half) the diam eter along the specimen so 

that some areas received twice the irradiation o f  adjacent areas. Additionally, to further 

exacerbate the potential for a non-hom ogenous polym erisation stress distribution along 

the length o f the specimens, irradiation was from the top surface only resulting in five, 

four and three overlapping irradiations with the 8, 11 and 13mm tip diameters, 

respectively. Accordingly, decreasing the LCD tip diam eter (from 13 to 11 and 8mm) 

would be expected to progressively decrease the efficiency o f  the polymerisation process 

along the length o f  the RBC specim ens compared with a ‘one-hit’ irradiation (25mm tip 

diameter). This would be expected to be manifested as a reduction in the reliability o f  the 

three-point flexure strength data if  the theory proposed by Palin et al. (2005) regarding 

residual tensile stress generation were to hold true.
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H ow ever, w hen the reU abihty o f  the th ree-point flexure strength data w as analysed for 

the four R B C s tested , no change in the re liability  o f  the three-poin t flexure strength data 

was evident w hen irradiated  using tip d iam eters o f  13, 1 1 , 8  and 25m m  w ith the QTH 

LCU at the tw o irradiances investigated (T able 4 .2). in addition, sim ilar W eibull m oduli 

and associated 95%  confidence intervals w ere achieved  fo llow ing irradiation w ith the 

LED LCDs regard less o f  the tip  d iam eter (8 o r 13mm) em ployed (T able 4.7). it is 

therefore ev ident that the previously  theory proposed by Palin et al. (2003, 2005) w as not 

entirely  correct. I f  the central region o f  the bar-shaped specim en is irradiated and the gel- 

point reached, the setting  stresses are accom m odated  by the adjacent resin-ends w hich are 

only partia lly-irrad iated  by light scattering (M ehl et al., 1997; M anhart et al., 2000). Palin 

et al. (2005) postu lated  that w hen the partially  irradiated  end regions are irradiated that 

the associated post-gel shrinkage stresses place the  central region under tensile stress. If  

the proposed theory  w as correct then increasing the num ber o f  overlapping  irradiations 

(decreasing the light tip d iam eter) w ould be expected  to progressively  decrease the 

hom ogeneity  o f  the irradiated  bar-shaped specim ens resu lting  in an increased irradiation 

variability. T he irrad ia tion  variab ility  w ould be expected to result in a reduction  in the 

reliability  o f  the th ree-po in t flexure strength  data, m anifested as non-overlapping 

associated 95%  confidence intervals, w hich did not occur in the current study for the 

Q TH  (Table 4 .2) or LED  (T able 4 .7) LCUs.

In addition, Palin et al. (2003) suggested the strength  data generated  using the 

overlapping regim e w as partia lly  dependent on the relative shrinkage constrain ts. In the 

study by Palin et al. (2003) only one m aterial w as used (Filtek™  Z 250), how ever, in the
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current study four methacrylate RBCs with markedly varying shrinkage characteristics 

were employed and no shrinkage constraint effect was observed.

Additionally, no effect due to overlapping, which corresponds to a doubling o f  the 

irradiation time at such sites, on Vickers hardness was detected. It can be concluded that 

the recommended irradiation times, per spot, effectively put the material on the ‘plateau’ 

o f  the response surface, and it is expected then not to show any further change on 

prolonged irradiation (Musanje and Darvell, 2003). Even so, it should be noted that there 

is unavoidably much scatter occurring within the material such as, firstly, to make the 

distinction between regions unsharp and, secondly, make any such effect ( if  one did exist) 

at the lower surface even less obvious: the effectively irradiated area must be larger than 

the tip diameter. While this does not provide such a strong test o f  doubled exposure time 

as m ight be desired, it provides strong confirmation that there is no detriment to the 

specim ens from overlapping irradiation sites, on the assum ption that ‘fu ll’ irradiation is 

desired, and confidence both that the modified ISO 4049 irradiation m ethodology is 

sound thereby im plying the ISO 4049 irradiation methodology is also sound. As a result 

from a clinical point o f view, extra irradiation is sensible should doubt about the 

adequacy o f  the exposure arise for any reason. Incidentally, variation in irradiance across 

the exit window can be expected to be o f  relatively little significance, given the scatter 

that occurs. An overall value is therefore probably adequate for characterisation, greater 

detail being pointless.
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There was, however, a highly-significant difference between the top and bottom surfaces 

indicating that attenuation over the depth o f  the specimen was enough to lead to 

‘incom plete’ polymerisation on the bottom, taking note o f  the failure to detect a 

difference between non-overlapped and overlapped regions on the top surface, where it 

would be most expected to show. The constant, presumably ‘saturated’ result for the top 

surface contrasts m arkedly with the bottom surface, noting that saturation was not 

attained even at the highest irradiance for that thickness (2mm), i.e. at the bottom o f  the 

recommended maximum increment. It is apparent that the plateau value cannot be 

expected at the bottom o f  such an increment, even allow'ing for the multiple exposures 

that occurred from scatter unless the top surface irradiance is appreciably increased. 

W hether longer exposure will compensate, as might be expected, but this does indicate 

that the ISO protocol, with bottom surface irradiation, could achieve greater uniformity. 

In any case, the recommended maximum increment thickness, for the recom mended 

exposure, is excessive, and more realistic values, as discussed elsewhere (M usanje and 

Darvell, 2006) are necessary, noting that inadequate depth o f  full cure com prom ises the 

restoration but that this is not detectable clinically.

5.3.2.1 Summarj': tip diameter

The efficiency o f the overlapping irradiation regime in ISO 4049 has been questioned by 

a number o f  authors in the dental literature recently (M ehl et al., 1997; Ferrancane et al., 

2003; Palin et al., 2003, 2005). The authors postulated that alternative irradiation 

methodologies including oven-LCUs (Peutzfeldt and Asm ussen, 2000; Ferracane et al.,
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2003, 2005), the use o f  a scanning m otion with a handheld-LCU along the length o f  the 

bar-shaped specimen (Mehl et al., 1997; M anhart et al., 2000) or em ploying a custom 

made fibre optic light guide enabling a ‘one-hit’ irradiation o f  the entire specimen 

(M usanje et al., 2001) would control initiation on polym erisation and produce 

hom ogeneous specimens and consistent polym erisation along the length o f  the specimen. 

The objective o f  the current study was to investigate light irradiation variables (tip 

diam eter, irradiance, irradiation protocol and LCD) on the flexural strength, flexural 

modulus and Vickers hardness o f  four RBCs. The hypothesis tested was that the flexural 

strength, flexural modulus and the Vickers hardness for the RBCs would be similar 

regardless o f  the irradiation variables and the internal control for the investigations was 

the 25mm custom made fibre optic light guide.

In the current study the irradiation protocol in ISO 4049 was modified to exacerbate the 

potential for uncontrolled initiation on polymerisation and decrease the hom ogeneity o f 

polymerisation along the length o f  the specim en postulated previously. The efficacy o f  

the modified overlapping irradiation regime was upheld for the conditions tested (tip 

diameter, irradiance, irradiation protocol, LCU). N o m anifestations o f  uncontrolled 

initiation on polymerisation, decreased hom ogeneity and consistency o f  polymerisation 

along the length o f  the specimen for four methacrylate RBCs were evident. It is suggested 

that while novel irradiation techniques such as oven-LCUs (Peutzfeldt and Asmussen, 

2000; Ferracane et al., 2003; Palin et al., 2005), the use o f  a scanning m otion with a 

handheld-LCU along the length o f  the bar-shaped specim en (Mehl et al., 1997; M anhart 

et al., 2000) or employing a custom made fibre optic light guide enabling a ‘one-hit’
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irradiation o f  the entire specimen (M usanje et al., 2001) do not provide for controlled 

initiation on polym erisation  or produce more hom ogeneous specim ens with consistent 

polym erisation along the length o f  the specimen.

5.3.3 Light energy density

In general, w hen  assessing the flexure properties o f  RBCs, researchers routinely quote 

flexure strength, flexure m odulus and Vickers hardness values determ ined following the 

delivery o f  a specific irradiance for a predeterm ined time period (M ehl et al., 1997; 

Unterbrink and M uessner, 1995; Miyazaki et al., 1996; A sm ussen and, Peutzfeldt, 2004) 

while few authors quote the energy density delivered at the specific irradiance (Ferracane 

et al., 2003; Palin et al., 2005; Calherios et al., 2006). The conventional wisdom 

regarding the total energy delivered, nam ely the energy density (J/cm^), is calculated 

from the irradiation tim e (t) with a LCU o f  a specific irradiance (1). However, the 

irradiation o f  a photo-sensitised RBC results primarily (and inefficiently) in the formation 

o f  an excited state photo-sensitiser molecule w hich  after several (inefficient) steps, 

including diffusion to react with the am ine initiator, m ay result in the formation o f  a free 

radical which can initiate a polymerisation chain reaction. Both the photo-sensitiser and 

the am ine m ust be present at low concentrations for reasons o f  colour, strength and 

stiffness, but this m akes the rate o f  free radical production low, and thus the rate o f  

initiation (Y oshida and Greener, 1994; Venhoven et al., 1996). However, the mobility o f  

the am ine free radical species m eans that mutual annihilation can dom inate chain 

initiation i f  the concentration rises too high, and likew'ise the termination o f  live chains.
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Mutual reaction o f  live chains is o f  low probability because o f  their relatively low 

diffusibility, with polymerisation relying on the higher mobility o f  m onom er to perm it the 

reaction to proceed, rem embering that continuation o f  the polymerisation occurs long 

after irradiation has ceased for this very reason: light only initiates the first stage o f  the 

process (M usanje and Darvell, 2006). Hence, too great a rate o f  amine radical production 

is counterproductive, leading to loss o f  polymerisation initiating radicals and the 

term ination o f existing chains (Venhoven et al., 1996) which is expected to adversely 

influence strength, stiffness and hardness (Ferracane and Greener, 1986).

There is a second factor. The CQ (or other photo-sensitiser) must first be excited from the 

ground state, CQ®, to the so-called excited singlet state, CQ* (by the absorption o f  one 

quantum o f  light) before it can be converted to the active form, the triplet state, C Q '. This 

is essentially a random and low probability event, but the rate o f  which is proportional to 

the concentration o f  CQ*. The rate o f  formation o f  radicals is proportional to both the 

concentration o f  C Q ' and the amine. The rate o f  formation o f CQ* depends on the 

concentration o f  CQ° and the irradiance, but total CQ = CQ° + CQ* + CQ^ (ignoring for 

the moment the consumption o f  the CQ by the process o f  radical production). Thus, since 

the rate o f  formation o f  CQ* is proportional to CQ® at a given irradiance, this becomes 

less efficient as the irradiance is raised. Indeed, it leads to an exponentially asymptotic 

approach to saturation (in the absence o f  any consumption) such that it is only at 

(relatively) low irradiances that an approach to a simple proportionality between the 

concentration o f  CQ* (and thus the rate o f  production o f  CQ^) can be made. Thus,
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fundamentally, no such system can show  proportionality in any respect to irradiance, 

although it does, in the limit, approximate this at low irradiance.

It must be noted, how ever, that the CQ supply is limited, and this is indeed consum ed by 

the process o f  radical production. That is, for a constant irradiation, the rate o f  production 

o f  radicals m ust fall, and eventually  cease, w hereupon further irradiation can have no 

further effect (T irtha et al., 1982). It follows then that adding in the effect o f  the mutual 

annihilation o f  radicals, when deterioration in mechanical properties must ensue, leads to 

the conclusion that reciprocity is an impossibility except as the limiting behaviour at low 

irradiance and low C Q and am ine concentrations, that is, doubling irradiance is not 

equivalent to doub ling  exposure time. The question o f  importance, nevertheless, is at 

what m agnitude o f  irradiance does this reciprocity failure becom e o f  practical 

importance. Effectively, as this is a trade-off  between the rates o f  polymerisation reaction 

initiation and annihilation o f  radicals, the expectation is o f  a peak in the value o f  the 

mechanical property  o f  interest as a function o f  irradiance. This is not the case but an 

approach to the p lateau value with respect to time is evident, as shown in the results o f  

Musanje and Darvell (2003).

There is, in any case, a m axim um  value for the strength, stiffness and hardness that m ay 

be attained for any material, nom inally  corresponding to com plete conversion o f  all 

m onom er double bonds to network-contributorj ' single bonds. In practice, this is not 

attainable as vitrification effectively brings reactions to a halt through inhibition o f  

diffusion. The m axim um  conversion o f  double bonds is typically between about 40 and
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70% in hand. Thus there is an asymptotic approach to the maximum attainable values o f 

such mechanical properties (at a given tem perature). Further irradiation, whether by 

increasing irradiance or exposure time, cannot change this. This point is demonstrated 

clearly in the study by Peutzfeldt and Asm ussen (2000) where the authors investigated 

the effects o f  post-irradiation methods on the mechanical properties including three-point 

flexure strength for two RBC materials one o f  which was ZlOO™ which was used in the 

current study. Following initial irradiation with an 8mm tip diam eter at an irradiance o f  

480mW /cm the authors employed post-irradiation techniques ranging from 10 minutes 

in a Triad II (Caulk/Densply, Milford, DE, USA) oven-LCU to a conventional heat oven 

(Heraeus, Hanau, Germany). While the degree o f  conversion for ZlOO™ was increased 

with post-irradiation, this was not reflected in the three-point flexure strengths achieved 

which would appear to preclude post-irradiation as an effective means o f  improving the 

mechanical properties o f  ZlOO™.

In line with the conventional wisdom regarding energy densities, energy densities ranging 

from 12.8 to 41.6J/cm^ were employed in the current study with the results indicating no 

significant differences between the three-point flexure strengths o f  the four RBCs 

investigated. The differences in the three-point flexure strength data reported in the dental 

literature for the RBCs investigated in the current study varied from 79-184M Pa for 

ZlOO™ MP Restorative (Peutzfeld and Asmussen, 2000; Cesar et al., 2001; Yap et al., 

2002; Adabo et al., 2003; Palin et al., 2003; Beun et al., 2007), 92-245M Pa for Filtek™ 

Z250 (Ferracane et al., 2003; Mitra et al., 2003; Palin et al., 2003; Yap et al., 2003; Palin 

et al., 2005; Calherios et al., 2006), 138-170MPa for Filtek™ P60 (Adabo et al., 2003;
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Ferracane et ai., 2003) and 1 I3-l53M Pa for Filtek™ Supreme XT (M itra et al., 2003; 

Beun et al., 2007). The three-point flexure m odulus data reported in the dental literature 

varied from 5.8-17GPa for ZlOO™ MP Restorative (Unterbrink and M uessner, 1995; 

Miyazaki et al., 1996; Choi et al., 2000; Peutzefeldt and Asmussen, 2000; Stahl et al., 

2000; Asmussen and Peutzefeldt, 2004; Beun et al., 2007), 8.4-14GPa for Filtek™ Z250 

(M usanje et al., 2004; W alker et al., 2005; Calheiros et al., 2006), 10-18GPa for Filtek™ 

P60 (Papadogiannis et al., 2008) with little published data available for Filtek™ Supreme 

XT (Beun et al., 2007; Papadogiannis et al., 2008).

The variously reported three-point flexure properties were reported to be indicative o f  the 

degree o f  conversion (Ferracane et al., 2003; Calherios et al., 2006), irradiance (Miyazaki 

et al., 1996; Calherios et al., 2006), type o f mould (Peutzfeld and Asmussen, 2000; Palin 

et al., 2003; Beun et al., 2007) and light source (Ferracane et al., 2003; Palin et al., 2003; 

Palin et al., 2005) employed although different operators would be expected to 

manipulate the m aterials differently as well. Examination o f  the three-point flexure 

strength and three-point flexure modulus data in the dental literature following evaluation 

o f  the total energy density delivered for these studies suggests no significant differences 

for ZlOO™ at energy densities o f  12J/cm^ delivered for 30s at 400mW/cm^, 60s at 

200mW/cm^ or 120s at lOOmW/cm^ (Miyazaki et al., 1996). In addition, Asmussen and 

Peutzfeldt (2004) identified no significant differences in the three-point flexure strength 

and three-point flexure modulus data when ZlOO™ was irradiated at energy densities o f 

15.5-23 J/cm ‘ , using either a single or two-step light irradiation regime. Palin et al. 

(2005) identified no significant differences in the three-point flexure strength data for
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Filtek™ Z250 for an equivalent energy density o f  14J/cm" from a handheld- and oven- 

LCUs. Ferracane et al. (2003) identified ‘practically equivalent’ three-point flexure 

strength and three-point flexure modulus data using a handheld- and oven-LCU for 

approxim ate energy densities o f  24 and 8.8J/cm^, respectively for a range o f  RBCs. 

Interestingly, Utterbrink and M uessner (1995) identified a significant reduction in the 

three-point flexure strength and three-point flexure modulus data for ZlOO™ irradiated 

for energy densities o f  18 and lOJ/cm^, respectively. Calheiros et al. (2006) investigated 

the three-point flexure strength and three-point flexure modulus o f Filtek™ Z250 

irradiated for energy densities o f  6, 12, 24 and 36J/cm^. The authors identified no 

significant differences in the three-point flexure modulus data for Filtek™ Z250 but a 

significant reduction in the flexure strength when irradiated at energy densities o f  6 and 

12J/cm ' compared with 24 and 36J/cm^.

In line with the discussion o f  the flexure properties, that reciprocity between irradiance 

and tim e does not hold, the Vickers hardness results can be explained. The non

significant differences in the non-overlapped and overlapped regions on the top and 

bottom surfaces are self-explanatory based on the irradiance exceeding the influence o f 

shade, monomeric reactivity, refractive index mismatch, light scattering and absorption 

(Shortall et al., 2008). However, the current study employed specimens o f  a 2mm depth 

and higher irradiance has been shown to result in an increased Vickers hardness on the 

bottom surface resulting in the significant Vickers hardness differences encountered in 

the current study between the top and bottom surfaces.
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Inadequate po lym erisation  o f  RBC m aterials can result in reduced th ree-poin t flexural 

properties but in the curren t study reducing the irradiance from  1040 to 240m  W/cm" had 

no significant im pact on the flexure properties. H ow ever, variations w ere evident when 

the V ickers hardness data follow ing irradiation  using the Q TH  LCU in standard or 

boosted m ode w ere exam ined as a result o f  the increased irradiance. A dditionally , 

variations w ere evident w hen the LED V ickers hardness data  fo llow ing irradiation w ith 8 

and 13mm LCU tip d iam eters w ere exam ined as a result o f  the increased irradiance due 

to the negative and positive taper o f  the light guides, respectively. A bottom  to top 

hardness value o f  8 0 -9 0 %  has previously  been suggested as an ind icator for the 

m inim um  depth o f  cure to be acceptable (S keeters et al., 1983; Johnston et al., 1985; 

Yearn. 1985). H ow ever, th is value has been the subject o f  considerable controversy  

am ongst dental m aterial scientists and clin icians alike in term s o f  the clinical significance 

o f  a bottom  to top hardness value o f  8 0 -9 0 % . P revious studies have reported that 

reducing the depth o f  cure o f  RBC m aterials is m anifested  as a decrease in the surface 

hardness (C ook, 1980; B aharav et al., 1988; R ueggeberg  et al., 1994; Price et al., 2002). 

For reduced exposure periods the concentration o f  unexcited CQ  m olecules decreases 

w ith d istance from  the irradiation source w ithin the RBC specim ens fo llow ing the 

cessation o f  light irradiation. W ith increasing specim en th ickness, few er photons are able 

to reach the CQ  m olecules w ithin the resin and as a resu lt few er m olecules are activated 

and raised to the ‘trip le ’ (excited) state. Therefore at reduced light exposure periods, the 

quantity  o f  C Q  m olecules at the low er surface o f  the specim en in the trip let state that are 

able to co llide with an am ine will be reduced and as a result are incapable o f  producing 

free radicals to initiate polym erisation. T hus, an increase in irradiance for a constant
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irradiation time would be expected to result in an increase in the Vickers hardness o f  the 

bottom and top surfaces (Pilo and Cardash, 1992). These studies further em phasise that 

there is an asymptotic approach to the maximum attainable values o f  three-point flexure 

strength and three-point flexure modulus data (at a given tem perature) and further 

emphasise that the relationship between the development o f  mechanical properties with 

energy density, namely irradiance and tim e is not linear (M usanje and Darvell, 2003; 

Asmussen and Peutzfeld, 2005).

5.3.3.1 Summary: irradiance

The Vickers hardness data indicated that for each LCU and tip diam eter utilised there was 

no significant difference between the non-overlapped and overlapped regions on the top 

surface. However, there were significant differences highlighted between the non

overlapped and overlapped regions on the bottom surface (compared with the 

corresponding region on the top surface) at the range o f  intensities investigate with the 

LCU tip diameters employed. However, the differences in Vickers hardness data with 

varying irradiances did not influence the flexural properties o f  each o f the RBC materials 

investigated. These results from the current investigation further emphasise that the 

relationship between the developm ent o f  three-point flexure properties and Vickers 

hardness with energy density, namely irradiance and time is not linear (M usanje and 

Darvell, 2003; Asm ussen and Peutzfeld, 2005). In addition, the current study provides 

confidence both that the ISO method is sound and that, clinically, extra irradiation is 

sensible should doubt about the adequacy o f  the exposure arise for any reason.
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5.3.4 RBC material

The polymerisation process for light activated R BCs involves a com plex  series o f  

interactions which can be influenced by the resin photo-activation system (Cook, 1982), 

the LCU spectral distribution (Pradhan et al., 2002; Obici et al., 2005) and the energy 

density (J/cm“) (Peutzfeld and A sm ussen, 2005). In the current study, R B C s from the 

same manufacturer were chosen to ensure the same photo-activation system was 

employed, namely C Q  and the LCUs used produced specific irradiances (1) for specific 

irradiation times (t) to provide discrete energy densities. Differences between materials 

require no elaboration as the effects o f  formulation have been discussed at length 

elsewhere in the literature. The R BCs (Filtek™ Z250, Filtek™ P60 and Filtek™ Suprem e 

XT) were chosen as the same monom eric  constituents were present with similar filler 

loadings (although different packing fraction designs) w'as to insure that the effects being 

measured were mostly related to the variables o f  light curing (tip diameter, irradiance, 

irradiation protocol, LCU ) and not to the com positions o f  the RBCs. As expected 

increasing filler content resulted in im proved three-point flexure strength and flexure 

m odulus data for Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme X T given the 

m onom eric constituents. ZlOO™ despite the higher filler volum e (66%), the increased 

T E G D M A  concentration in the m onom eric  constituents resulted in decreased flexural 

strength and increased brittleness (elastic m odulus) com pared with Filtek™ Z250, 

Filtek™ P60 and Filtek™ Suprem e XT. Similarly, as the indentation hardness is 

dependent upon the monom eric constituents involved in polymerisation, filler particle 

size, shape and volume, type and density o f  cross linking and degree o f  conversion
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(M usanje and Darvell, 2006) the Vickers hardness resuhs reported are therefore material 

specific.

5.3.5 Implications for further research

Within the limitations o f  the experim ent (specimen thickness, RBC  shade, pho to

activation system, irradiances chosen, LCU ) tip diameter, irradiance and irradiation 

protocol had no influence on three-point flexural strength and m odulus  data although 

there are som e clinical implications which are further addressed in Part II o f  the current 

study.
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PART II

THE INFLUENCE OF IRRADIATION DISTANCE ON RESIN-BASED 

COMPOSITE PERFORMANCE



CHAPTER 6 Introduction

In Part I o f  the current study the RBCs were irradiated directly from the top surface to a 

maximum depth o f  2mm. CHnically, the influence o f  shade, monomeric reactivity, 

refractive index mismatch, light scattering and absorption all have an impact on the 

irradiance available to the RBC (Shortall et al., 2008). The clinical recom mendation most 

commonly quoted involves holding the LCD tip 1mm from the top surface o f  the RBC 

(Sw'artz et al., 1983; Pires et al., 1993; Kanca, 1995) as irradiance decreases with 

distance. However, close proximity is not always possible, particularly in the case o f  

class II restorations where interproximal boxes exceed 7mm in depth, since the placement 

o f  the gingival increment has a negative correlation between irradiance delivered and the 

depth o f  the cavity, (Sakaguchi and Berge, 1998). A hhough clear matrix bands and 

wedges have been developed to enable irradiance to access previously inaccessible areas, 

other factors such as reflectance o f  the dentine and enamel are more difficult to assess. 

The range o f  RBC placement variables highlighted leads to a significant reduction in 

irradiance delivered to the RBC which may have implications for strength and modulus 

developm ent when irradiated with the LCUs employed in the current study. In addition, 

the problem is further compounded for QTH LCUs where clinical studies (Barghi et al., 

1994; Martin et al., 1998; Pilo et al., 1999; El-M owafy et al., 2005) have shown that 

dental practitioners do not maintain their LCUs to produce the optimum irradiance with 

33% o f  QTH LCUs found to be operating at an irradiance o f  less than 200mW/cm^. 

Therefore the implications o f  RBC placement variables (particularly in the case o f  the
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placement o f the gingival increment in class I! restorations) and irradiance degradation of 

QTH LCUs was further investigated.

Dental RBCs have disadvantages namely, marginal leakage due to polymerisation 

shrinkage (Eick and Welch, 1986; Walls et al., 1988; Davidson and Feilzer, 1997; Chen 

et al., 2001; Ferracane, 2008) and inadequate wear resistance under high masticatory 

loading in large restorations (Lutz et al., 1984; Mair et al., 1990; Suzuki and Leinfelder, 

1993; Hu et al., 1999) which limit their application for clinical use. Polymerisation 

shrinkage is complex in terms o f how the contraction stresses are measured (Bowen, 

1967; Feilzer et al., 1987; Bouschlicher et al., 1997; Condon and Ferracane, 1998, Watts 

et al., 2003; Sakaguchi et al., 2004; Lee et al., 2007; Ferracane, 2008) and are outside the 

scope o f the current study. However, the clinical performance o f the RBC materials 

investigated has been extended for the implications o f RBC placement variables and 

irradiance degradation o f QTH LCUs to include in-vitro wear simulation. The testing 

methodology rapidly allows RBC assessment prior to the placement in the mouth and a 

variety o f machines including the Materials Testing and Simulation (MTS) artificial oral 

environment (DeLong and Douglas, 1983), the Academisch Centrum for Tandheelkunde 

Amsterdam (ACTA) wear machine (De Gee et al., 1986), the University o f Alabama 

wear machine (Leinfelder et al., 1989) and the Oregon Health Science University 

(OHSU) oral wear simulator (Condon and Ferracane, 1996) have been used previously.
«

In the current study the in-vitro wear resistance was investigated using the OHSU oral 

wear simulator. Unfortunately, the three-point flexure specimens were not compatible 

with the wear chambers of the oral wear simulator and disc-shaped specimens (12mm
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diam eter) were required. Therefore the in-vitro wear simulation data was compared with 

bi-axial flexure strength results to provide further information on the irradiance effects on 

mechanical property development.

6.1 Aims and Objectives

The objective o f  Part II o f  the current study was to investigate the RBC placement 

variables (principally irradiation distance) which may have implications for strength and 

modulus developm ent when irradiated with the LCUs employed in the current study. In 

addition, the influence o f  QTH LCU irradiation distance on bi-axial flexure strength and 

short- and long-term in-vitro wear resistance o f  the four RBCs were also assessed. The 

hypothesis tested was that the flexural strength and short- and long-term in-vitro  wear 

resistance would be dependent on the irradiation distance and therefore the irradiance 

delivered.
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CHAPTER 7 Materials and Methods

The RBC materials tested in the Part II o f  the current study were ZlOO™, Filtek™ Z250, 

Filtek™ P60 and Filtek™ Supreme XT and were manufactured by 3M ESPE Dental 

Products Division, St. Paul, MN, USA. Details o f  the formulation o f  the RBCs are 

provided in Table 3.1. The QTH LCU used to irradiate the RBCs was an Optilux 501 

used in conjunction with an 8mm tip diameter in standard mode. The LED LCUs 

employed were the Elipar™ Freelight and the Elipar™ Freelight 2 which were irradiated 

with an 8mm tip diameter for testing the flexure properties and with a 13mm tip diameter 

for bi-axial strength and in-vitro wear resistance. Details o f  the LCUs are provided in 

Section 3 .1.2.

7.1 Three-point flexure properties

During the placement o f  the gingival increment in class II restorations, the LCU tip is 

often positioned at varying distances from the RBC resulting in irradiance variation 

during clinical placement. To investigate irradiance variation on the flexure properties o f  

RBCs, the modified ISO 4049 specimen manufacture protocol (outlined in Section 3.2) 

was employed by placing the tip diameter at varying distances (0, 7 and 15mm) from the 

top surface o f  the RBCs examined prior to irradiation.
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7.1.1 QTH irradiance variation

The irradiance o f  the QTH LCU was m easured seven consecutive tim es using a 

radiom eter incorporated within the Optilux 501 QTH LCU with an 8mm tip diam eter 

when placed in contact with the radiom eter (at a distance o f  0mm) and at distances o f  7, 

and 15mm from the radiometer. In addition, the irradiance was m easured seven 

consecutive times at distances o f  0, 3, 5, 7, 9, 11, 13 and 15mm for bi-axial flexure and 

in-vitro wear determination using a 13mm tip diameter.

7.1.2 LED irradiance variation

The irradiance o f  the Elipar™ Freelight and the Elipar™ Freelight 2 LED LCDs were 

also measured consecutively seven times using the radiom eter incorporated within the 

QTH LCU when employed with tip diameters o f  8mm at distances o f  0, 7 and 15mm.

7.1.3 Specimen preparation

Prior to the irradiation protocol being implemented, acrylic spacers had to be prepared to 

the required distances from which the three-point flexure specim ens were to be irradiated, 

namely 7 and 15mm. A two part cold-setting acrylic resin (Varidur, Beuhler, Lake Bluff, 

IL, USA) was mixed according to the manufacturers instructions and poured into a 

stainless steel mould (30.0 ± 0.1 mm height and 20.0 ± 0.1 mm diam eter) which had an 8.0 

± 0.1mm stainless steel plunger placed centrally. The acrylic resin was allowed to set for 

30mins after which time the stainless steel plunger was removed. A diam ond saw
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(Beulher, Lake Bluff, IL, USA) with w ater as a lubricant was used to cut the acrylic 

spacers to the approxim ate lengths required. The acrylic spacers were then ground with 

P I 200 Silicaon Carbide (SiC) abrasive paper on a Beta grinder-polisher m achine 

(Beulher, Lake Biuff, IL, USA ) at a force o f  20N with w ater as a lubricant to the exact 

thicknesses required.

Tw enty  rectangular bar-shaped specimens (25.0 ± 0 .1m m  length, 2.0 ±  0 .1m m  width and 

2.0 ±  0.1mm thickness) o f  each RBC material were fabricated using the knife-edged split 

a lum inium  mould in accordance with the modified ISO overlapping irradiation protocol 

as outlined in Section 3.2. The exit w indow  was moved by three-quarters (not half) the 

d iam eter along the specimen so that certain areas received twice the irradiation o f  

adjacent areas. Each specimen was irradiated by placing the LCU tip d iam eter in contact 

with the acetate strip until the entire length o f  the specim en was irradiated (at a distance 

o f  0mm). The procedure was then repeated with the aid o f  the acrylic spacer which 

enabled alignment o f  the LCU at distances o f  7 and 15mm.

7.1.3.1 QTH LCU

W hen the QTH LCU was em ployed with the 8mm tip d iam eter five overlapping 

irradiations were required. Irradiation when in contact with the acetate strip on the top 

surface o f  the RBC (at a distance o f  0m m ) resulted in groups o f  20 specimens for ZlOO™ 

(G roup  A q) , Filtek™ Z250 (Group B q), Filtek™ P60 (G roup C q) and Filtek™ Suprem e 

X T (G roup D q). Additionally specimens were irradiated at a distance o f  7mm from the
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top surface o f  each specimen resulted in groups for ZlOO™ (Group Eq), Filtei<™ Z250 

(Group Fq), Fiitek™ P60 (Group G q) and Filtek™ Supreme XT (Group Hq). A distance 

o f  15mm from the top surface o f  each RBC specimen resulted in groups o f  20 specimens 

for ZlOO™ (Group 1q), Fihek™ Z250 (Group Jq), Filtek™ P60 (Group K q) and Filtek™ 

Supreme XT (Group Lq) (Table 7.1).

Table 7.1: The specimen groups for each RBC material irradiated in contact with 
the top surface (at a distance of 0mm) and at distances of 7 and 15mm from the top 
surface when employing the 8mm tip diameter with the QTH LCD.

RBC
Irradiation Distance

0mm 7mm 15mm

ZlOO™ Group Aq Group E q Group 1q

Filtek™ Z250 Group B q Group Fq Group Jq

Filtek™ P6G Group C q Group G q Group K q

Filtek™ Supreme 
XT

Group D q Group H q Group Lq

7.1.3.2 LED LCU

7.1.3.2.1 Elipar™ Freelight (i)

Five overlapping irradiations with the 8mm tip diameter were required to irradiate the 

RBC materials at distances o f  0, 7 and 15mm from the top surface resulting in specimen 

groups for Z 100™ (Group A|, Group E| and Group li, respectively), Filtek™ Z250 (Group
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B|, Group Fi and Group J|, respectively), Filtek™ P60 (Group C | , Group G| and Group K|, 

respectively) and Filtek™ Supreme XT (Group D| , Group Hi and Group L|, respectively) 

(Table 7.2).

Table 7.2: The specimen groups for each RBC material irradiated in contact with  
the top surface (at a distance o f 0mm) and at distances o f 7 and 15mm from the top 
surface when employing the 8mm tip diameter with the Elipar™ Freelight LCU.

RBC
Irradiation Distance

0mm 7mm 15mm

ZlOO™ Group A| Group E| Group li

Filtek™ Z250 Group B| Group F| Group J|

Filtek™ P60 Group C| Group Gi Group K|

Filtek™ Supreme 
XT

Group Di Group H| Group Li

7.1.3.2.2 Elipar™ Freelight 2 (h)

Similarly when employing the 8mm LCU tip diameter with the Elipar™ Freelight 2 to 

irradiate the RBC materials investigated from the top surface at distances o f  0, 7 and 

15mm, specimen groups for ZlOO™ (Group Ah, Group Eh and Group Ih, respectively), 

Filtek™ Z250 (Group Bh, Group Fh and Group Jh, respectively), Filtek™ P60 (Group C h , 

Group Gh and Group Kh, respectively) and Filtek™ Supreme XT (Group Dh , Group Hh 

and Group Lh, respectively) were prepared (Table 7.3).
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Table 7.3: The specimen groups for each RBC material irradiated in contact with 
the top surface (at a distance of 0mm) and at distances o f 7 and 15mm from the top 
surface when employing the 8mm tip diameter with the Elipar™ Freelight 2 LCU.

RBC
Irradiation Distance

0mm 7mm 15mm

ZlOO™ Group Ah Group Eh Group Ih

Fiitek™ Z250 Group Bh Group Fh Group Jh

Filtek™ P60 Group Ch Group Gh Group Kh

Filtek™ Supreme 
XT

Group Dh Group Hh Group Lh

Following irradiation the cellulose acetate strip was discarded, the mould dism antled, the 

specimen removed and checked for surface imperfections. Specimens with defects were 

eliminated and the remaining specimens stored in a light-proof container containing 50ml 

o f  deionised water and placed in a climate controlled chamber maintained at 37 ± 1°C at 

55% relative humidity for 24h prior to testing and analysis.

7.1.4 Three-point flexure testing

The rectangular bar-shaped specimens with the irradiated side upperm ost were centrally 

loaded with a 0.3mm width knife-edge indenter across a support span o f  20mm at a 

crosshead speed o f  Imm /m in and the maximum load to fracture was recorded (Section 

3.3). The three-point flexure strength was calculated using Equation 3.1 (ISO 4049, 2000)
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and the three-point flexure modulus was determined using Equation 3.2 (ISO 4049: 

2000).

7.1.4.1 Statistical analysis

Analysis o f  the group means for the three-point flexure strength and flexure modulus data 

for each RBC (ZlOO™, Filtek™ Z250, Filtek™ P60 and Fiitek™ Supreme XT) irradiated 

at distances o f  0, 7 and 15mm from the top surface o f  the specimen using the QTH or 

LED LCUs were made utilising a one-way ANOVA and Tukey’s multiple range tests at a 

significance level o f  P<0.05. The initial analysis carried out involved three one-way 

ANOVAs. The first one-way ANOVA was in terms o f  RBC material, for each LCU at 

each irradiated distance. The second one-way ANOVA was in terms o f  LCU employed, 

for each RBC material and irradiated distance. The final one-way ANOVA was in terms 

o f  the irradiation distance for each RBC material and LCU employed.

7.2 Bi-axial flexure properties

Dental RBCs have disadvantages namely, marginal leakage due to polymerisation 

shrinkage (Hick and Welch. 1986; Walls et al., 1988; Davidson and Feilzer, 1997; Chen 

et al., 2001; Ferracane, 2008) and inadequate wear resistance under high masticatory 

loading in large restorations (Lutz et al., 1984; M air et al., 1990; Suzuki and Leinfelder, 

1993; Hu et al., 1999). Clinical studies have shown that 27%  o f  214 QTH LCUs surveyed 

in Australia (Martin et al., 1998), 33% o f  130 QTH LCUs in Israel (Pilo et al., 1999),
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30% o f 209 QTH LCUs in Texas (Barghi et al., 1994) and 4.2% of 214 QTH LCUs in 

Toronto had an irradiance o f less than 200m W/cm' (El-Mowafy et al., 2005) highlighting 

that many dental practitioners do not maintain their LCUs to produce the optimum 

irradiance. The influence of QTH LCD irradiation distance on bi-axial flexure strength 

and short- and long-term in-vitro wear resistance o f the four RBCs were assessed.

7.2.1 Specimen preparation

Prior to preparation and irradiation of the disc-shaped RBC specimens for bi-axial flexure 

strength testing and short- and long-term in-vitro wear resistance determination, acrylic 

spacers (similar to those prepared for the three-point flexure specimens (Section 7.1.3)) 

were made. The two part cold-setting acrylic resin was poured into a stainless steel mould 

(30.0 ± 0.1mm height and 20.0 ± 0.1mm diameter), with a 13.0 ± 0.1mm stainless steel 

plunger placed centrally. The acrylic resin was allowed to set, the stainless steel plunger 

was removed and a diamond saw (with water as a lubricant) was used to cut the acrylic 

spacers to the approximate lengths required. The acrylic spacers were ground at a force o f 

20N with water as a lubricant with P I200 SiC abrasive paper to the exact thicknesses (3, 

5, 7, 9, II, 13 and 15mm) required.

Disc-shaped specimens were prepared by using the acrylic spacers placed at distances o f 

0, 3, 5, 7, 9, II , 13 and 15mm from the top surface o f the four RBCs investigated. The 

uncured RBC paste was packed into an acrylic mould (12.0 ± 0.1mm diameter and 2.0 ± 

0.1 mm thickness). The mould was placed on an aluminium base plate and the uncured
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resin was placed into the mould with the top surface covered with a cellulose acetate 

strip. A glass microscope slide and a load o f  1kg was applied for 20s to ensure consistent 

and reproducible packing o f  the disc-shaped specimens. The load and microscope slide 

were removed and the specimen irradiated at ambient room temperature (23 ± 1 °C) for 

the manufacturers recommended exposure times (40s for o f  ZlOO™ and 20s for Filtek™ 

Z250, Filtek™ P60 and Filtek™ Supreme XT).

Irradiation o f  the RBC specimens with the 13mm tip diameter placed in contact with the 

top surface (at a distance o f  0 mm) required one irradiation to ensure the entire area o f  

each specimen o f  ZlOO™ (Group Ao), Filtek™ Z250 (Group Bq), Filtek™ P60 (Group Co) 

and Filtek™ Supreme XT (Group Do) was irradiated, in addition further specimen groups 

were prepared and irradiated from varying distances from the top surface o f  the RBCs at 

3, 5, 7, 9, 11, 13 and 15mm resulting in specimen groups for ZlOO™ (Group A 3 , Group 

A 5 , Group A 7 , Group A 9 , Group A n , Group A ) 3  and Group A 1 5 , respectively), Filtek™ 

Z250 (Group B3 , Group 8 5 , Group B 7 , Group Bg, Group B n , Group B13 and Group B15, 

respectively), Filtek™ P60 (Group C 3 , Group C 5 , Group C 7 , Group C 9 , Group C n ,  Group 

C i 3 and Group C 1 5 , respectively) and Filtek™ Supreme XT (Group D 3 , Group D 5 , Group 

Dy, Group D9, Group D n , Group D13 and Group D15, respectively) (Table 7.4).

7.2.2 Bi-axial flexural strength

The bi-axial flexure strength was determined by imposing a central load using a 3mm ball 

indenter on a 1 0 mm diameter ring support at a crosshead speed o f  Imm/min with the
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irradiated side uppermost on the groups o f 20 disc-shaped specimens. To assist in 

uniform loading o f the ball indenter on the specimen surface, a thin sheet o f rubber was 

placed between the sample and the ring support. The samples were loaded using a 

universal testing machine (Model 5565, Instron Ltd., High Wycombe, UK) and flexure 

strengths were calculated from Equation 7.1 (Timoshenko and Woinowsky-Krieger, 

1959)

^ i n a x  1 2
_P

) 0.485 X In
( a^

+ 0.52 + 0.48 Equation 7.1

where CTmax is the maximum flexure stress, P the measured load at fracture, h the 

specimen thickness, v the Poisson’s ratio for the material (0.225) (Ban and Anusavice, 

1990) and a the radius o f  the ring support (5mm).

7.2.2.1 Statistical analysis

A one-way (irradiated distance) ANOVA and Tukey’s multiple range tests at a 

significance level o f P<0.05 was initially performed. A two-way (irradiated distance x 

RBC material) ANOVA and Tukey’s multiple range test at a significance level o f P<0.05 

were then undertaken on the group means o f the bi-axial flexure strength data when 

irradiated at distances o f 0, 3, 5, 7, 9, 11, 13 and 15mm from the top surface o f  the RBC 

specimens.
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Table 7.4: The specim en groups for each RBC material irradiated in contact with the top surface (at a distance of 0mm) 
and at distances o f 3, 5, 7, 9, 11, 13 and 15mm from the top surface when employing the 13mm tip diam eter with the 
QTH LCU.

RBC
Irradiation Distance

0mm 3mm 5mm 7mm 9mm 11mm 13mm 15mm

ZIOQTM Group Ao Group A3 Group As Group Av Group Ag Group All Group A|3 Group A i5

Filtek™ Z250 Group Bo Group 83 Group 85 Group 87 Group 89 Group Bii Group B|3 Group B i5

Filtek™ P60 Group Co Group C3 Group C5 Group C7 Group C7 Group Cii Group C|3 Group C l5

Filtek^*  ̂Supreme 
XT

Group Do Group D3 Group D5 Group D7 Group Dg Group D| 1 Group D i3 Group D i5
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7.3 In-vitro wear testing

For in-vitro wear testing determ ination four specim ens for each RBC w ere  irradiated at a 

distance o f  0m m  (ZlOO™ (G roup  Awo), Filtek™ Z 250 (G roup B wq), Fiitei<™ P60 (Group 

Cwo) and Filtek™ Suprem e X T (Group D wq)) or at distances o f  3, 5, 7, 9, 11, 13 and 

15mm from the top surface o f  the RBCs. Following irradiation o f  the resultant groups 

(ZlOO™: G roup A w 3 , Group Aws, G roup Aw?, G roup Awg, G roup A w n ,  G roup  A w ^  

and G roup A w i 5 , respectively, Filtek™ Z250: G roup BW3 , G roup  Bws, G roup  Bw?, 

G roup Bwg, Group B w n ,  G roup  B w n  and G roup  Bwis, respectively, Filtek™ P60: Group 

C w 3 , Group C w 5 , G roup Cw?, G roup CW9 , Group C w n ,  G roup C w i 3 and G roup  C w i 5 , 

respectively and Filtek™ Suprem e XT: G roup DW3 , Group Dws, G roup Dw?, G roup Dwg, 

Group D w ii,  Group D w n  and G roup  Dwis, respectively) the cellulose acetate strips were 

discarded, the specim ens removed from the mould, checked for surface im perfections and 

stored in a light-proof container (containing 50ml o f  deionised water) in a climate 

controlled cham ber at 37 ±  1°C at 55%  relative humidity  for 23h prior to testing and 

analysis (Table 7.5).

Twenty-three hours after wet s torage the d isc-shaped RBC specim ens were mounted in a 

tw o part cold-setting acrylic resin to produce cylinders (25.0 ±  0 .1m m  d iam eter and 10.0 

±  0 .1m m  height) com patible with the cham bers o f  the wear testing apparatus. Prior to 

m ix ing  the acrylic resin the specim ens were centrally located at the centre  o f  individual 

cylindrical m ounting cups (Metset Cups, Beuhler, Lake Bluff, IL, USA). The acrylic 

resin was mixed, using a m ixing ratio o f  2 g o f  pow der to 1 ml o f  liquid in accordance with
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the manufacturers instructions for 30s, and the plastic mass poured into the cylindrical 

mounting cups containing the specimens. The mounted specimens were removed from 

the cylindrical mounting cups 45mins after the commencement o f mixing. The mounted 

specimens were wet ground using water as the lubricant on a Beta grinder-polisher with 

P600 SiC abrasive paper at a force o f ION per specimen for 30s and at a force o f ION per 

specimen for 30s on P I200 SiC abrasive paper to provide a reproducible surface 

roughness conductive to wear testing (Condon and Ferracane, 1996).

The 24h in-vitro wear was assessed for each RBC group investigated using the OHSU 

four chamber oral wear simulator (Condon and Ferracane, 1996). The wear regime 

utilises steatite antagonists to simultaneously produce abrasion and attrition wear in the 

form o f a tear drop wear facet in the presence o f a food-like slurry. Abrasion wear is 

caused by the sliding action o f one surface over another and attrition wear is caused by 

direct static forces acting between opposing surfaces (Mair et al., 1996; Mortensen, 

2007). The wear regime imposed by the OHSU oral wear simulator brings the steatite 

antagonist into direct contact with the specimen to impart a 20N sliding abrasion force 

along a 7mm linear path (Condon and Ferracane, 1996, 1997a,b). A direct static 90N 

force was applied at the end o f the 7mm path for each specimen to simulate attrition wear 

(Condon and Ferracane, 1996, 1997a,b). At the end o f  each wear cycle the steatite 

antagonist is raised and returns to the start o f  the 7mm path and the wear regime repeats 

at a frequency o f I Hz.
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Table 7.5: The specimen groups for each RBC material irradiated in contact with the top surface (at a distance of 0mm) and at 
distances o f 3, 5, 7, 9, 11, 13 and ISmm from the top surface when employing the 13mm tip diameter with the QTH LCU.

RBC
Irradiation Distance

0mm 3mm 5mm 7mm 9mm 11mm 13mm 15mm

ZlOO™ Group Awo Group A w3 Group Aws Group Aw7 Group Awg Group Aw 11 Group Aw i3 Group Aw 15

Filtek™ Z250 Group Bwo Group Bw3 Group Bws Group Bw7 Group Bwg Group Bwii Group Bw i3 Group Bw i5

Filtek™ P60 Group Cwo Group Cw3 Group Cw5 Group Cw7 Group Cw7 Group Cwii Group Cwi3 Group Cwi5

Filtek™ Supreme 
XT Group Dwo Group Dw3 Group Dw5 Group Dw7 Group Dw9 Group Dwii Group Dw i3 Group Dw i5



Steatite spheres o f  10.0 ± 0.1mm diam eter have wear characteristics sim ilar to enamel 

when opposing dental restorative materials (W assell et al., 1994; Condon and Ferracane, 

1997a, 2003). Prior to the commencement o f  wear testing the steatite antagonists (placed 

atop o f nylon screws) were positioned into the OHSU oral wear sim ulator and the height 

adjusted using a custom made jig  to ensure the antagonist was 1mm above the disc 

shaped RBC specim en to be tested. Each o f  the four specimens to be tested were secured 

into individual wear chambers o f  the wear simulator and a food-like slurry, (l.Og o f  

ground poppy seeds (Holland & Barrett, Burton-upon-Trent, UK), 0.5g o f  PMMA beads 

(Special Tray, Dentsply DeTrey, Kanstanz, Germany) and 5ml o f  distilled water), was 

added to each cham ber prior to testing. The wear rates produced with the slurry mixture 

for various dental restorative materials were identified to be comparable with clinical 

studies (Lutz et al., 1984; De Gee, 1986). Fragmentation o f  the poppy seeds was achieved 

by grinding in a ceramic pestle and mortar for 100 strokes.

7.3.1 Short-term in-vitro wear resistance

Four specimens o f  each RBC material investigated and irradiated at distances o f  0, 3, 5, 

7, 9, 11, 13 and 15mm from the LCU tip diam eter were subjected to 50,000 wear cycles 

at a frequency o f  IH z which was equivalent to 6 months wear in the oral environm ent 

(Condon and Ferracane, 1996). The tear drop wear facet produced (Figure 7.1) on the 

surface o f  each specimen was analysed using a non-contact optical profllom eter (Talysurf 

CLl 2000, Taylor-Hobson Precision, Leicester, UK) with a 3mm range chromatic length 

aberration gauge with a resolution o f  0.1 f^m (z-direction) scanning at 2mm/s.
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Longitudinal traces were taken at 4 |im  intervals (x-direction) across the wear facet with a 

measurement recorded at 40|im intervals (y-direction) generating a three dimensional 

(3D) profile using the TalyMap analysis software package (Talysurf CLI 2000, Taylor- 

Hobson Precision, Leicester, UK). The mean total volumetric wear and mean maximum 

wear depth measurements were determined using the non-wom areas around the wear 

facet as a reference (Dowling and Fleming, 2007).

Alpha = 252 ' Beta = 8‘

Figure 7.1: A three-dimensional representation of the total wear facet for the 7mm 
sliding path produced from the wear regime employed using the OHSU oral wear 
simulator.

73.1.1 Statistical analysis

The raw data for the short-term in-vitro wear resistance were analysed using one- 

(irradiated distance) and two-way (irradiated distance x RBC material) ANOVAs and 

Tukey’s multiple range tests at a significance level o f P<0.05 o f the mean total
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volumetric wear data and mean maximum wear depth when irradiated at distances o f 0, 3, 

5, 7, 9, 11, 13 and 15mm from the top surface o f the RBC specimens.

7.3.2 Long-term in-vitro wear resistance

Four specimens o f each RBC material investigated and irradiated at distances o f 0, 7 and 

15mm from the LCU tip diameter were subjected to extended wear regimes. Following 

analysis o f the wear facets after 50,000 wear cycles at 1 Hz using the non-contact optical 

profllometer, the samples were aligned into the individual wear chambers and a fresh 

food-like slurry was added. A further 100,000 wear cycles at IHz were performed and 

analysis o f the wear facets (after 150,000 wear cycles) was performed using the non- 

contact optical profllometer prior to realignment o f the samples into the individual wear 

chambers. A fresh food-like slurry was added. An additional 150,000 wear cycles at IHz 

were performed and analysis o f the wear facets (after 300,000 wear cycles) with the 

profllometer was undertaken prior to realignment o f the samples into the individual wear 

chambers with a fresh food-like slurry. A final 200,000 wear cycles at IHz were 

performed and the final analysis o f the wear facets (after 500,000 wear cycles) with the 

profilometer was undertaken.

7.3.2.1 Statistical analysis

The long-term in-vitro wear resistance data was analysed using one- (irradiated distance) 

and two-way (irradiated distance x RBC material) ANOVAs and Tukey’s multiple range
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tests (P<0.05) o f the mean total volumetric wear data and mean maximum wear depth 

when irradiated at distances o f 0, 7 and 15mm from the top surface o f the RBC 

specimens.
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CHATER 8 Results

8.1 The influence o f  irradiation distance

The influence o f  irradiation distance was investigated by m odifying the specimen 

manufacture protocol in ISO 4049 by placing the LCU tip diam eter at varying distances 

from the RBC top surfaces to reflect the output intensities routinely encountered 

clinically when placing the gingival increment o f  a large m esio-occlusal-distal (MOD) 

restoration.

8.1.1 QTH LCU irradiance variation

The irradiance o f  the Optilux 501 QTH LCU was 650 ± I4mW /cm^ when in contact with 

the radiom eter (at a distance o f  0mm), 350 ± 8mW/cm^ at a distance o f  7mm from the 

radiom eter and 150 ± 8mW/cm" when positioned 15mm from the radiom eter when 

em ploying an 8mm tip diameter.

8.1.2 LED LCU irradiance variation

When em ploying an 8mm tip diam eter, the irradiance o f  the Elipar™ Freelight LED LCU 

was 246 ± 8mW/cm^ in contact with the radiometer, 186 ± 14mW/cm^ at 7mm from the 

radiom eter and less than lOOmW/cm^ when 15mm from the radiom eter. The irradiance o f  

the Elipar™ Freelight 2 LED LCU was 1160 ± 8mW/cm^ at a distance o f  0mm, 469 ±
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8m W /cm ' when placed 7mm and 129 ± 14mW/cm^ when positioned 15mm from the 

radiometer.

8.2 Three-point flexure strength

8.2.1 Optilux 501 QTH LCU

When the 8mm LCU tip diam eter was employed to irradiate the RBCs, in contact with 

the top surface (at a distance o f  0mm), the range o f  the three-point flexure strengths 

varied for ZlOO™ from a minimum o f  67M Pa to a maximum o f  137MPa (Group A q ), 

Filtek™ Z250 from 132 to 196MPa (Group B q), Filtek™ P60 from a minimum o f  

1 ISM Pa to a maximum o f  209M Pa (Group C q) and Filtek™ Supreme XT from a lowest 

recorded strength o f  lOSMPa to a highest recorded strength o f  169MPa (Group D q), 

respectively. The mean three-point flexure strengths and associated standard deviations 

were 111 ± 1 SMPa (Group A q), 151 ± 17M Pa (Group B q), 155 ± 22M Pa (Group C q) and 

139 ± 15MPa (Group D q) (Table 8.1).

The mean three-point flexure strengths and associated standard deviations when 

irradiated at a distance o f  7mm from the top surface o f  ZlOO™, Filtek™ Z250, Filtek™ 

P60 and Filtek™ Supreme XT were 96 ± 17MPa (Group Eq), 132 ± 14MPa (Group Fq), 

138 ± 20M Pa (Group G q) and 129 ± lOPa (Group H q) , respectively. The range o f  three- 

point flexure strengths varied for ZlOO™ from a minimum o f  69M Pa to a maximum o f  

124MPa, Filtek™ Z250 from 111 to 152MPa, Filtek™ P60 from a low o f  112MPa to a
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high o f  165MPa and Filtek™ Suprem e XT from a m inim um  recorded value o f  lOSM Pa to 

a m axim um  value o f  l4 3 M P a  (Table 8.1).

Table 8.1: The range and mean three-point flexure strengths (associated standard 
deviations) for the RBC specimens irradiated in contact with the top surface (at a 
distance of 0mm) and at distances of 7 and 15mm using the QTH LCU.

RBC Property Irradiation Distance
0mm 7mm 15mm

ZlOO™
Three-point flexure strength (M Pa) i l l  (18) 9 6 (1 7 ) 83 (19)

Range o f  strengths (M Pa) 67-137 69-124 47-125

Filtek™ Z250
Three-point flexure strength (M Pa) 151(17) 132 (14) 124 (25)

Range o f  strengths (M Pa) 132-196 111-152 74-159

Filtek™ P60
Three-point flexure strength (M Pa) 155 (22) 138 (20) 1 2 7 (1 1 )

Range o f  strengths (M Pa) 118-209 112-165 109-146

Filtek™ 
Supreme XT

Three-point flexure strength (M Pa) 139(15) 129 (1 0 ) 111(8)

R ange o f  strengths (M Pa) 105-169 105-143 98-123

When irradiated at 15mm from the top surface o f  the RBCs, the three-point flexure 

strengths varied from  a low o f  4 7 M P a to a high o f  125MPa for ZlOO™ (G roup 1 q ), from 

74 to 159M Pa for Filtek™ Z 250  (Group Jq) ,  from a m inim um  o f  109MPa to a m axim um  

o f  146M Pa for Filtek™ P60 (G roup K q ) and from 98 to 123M Pa for Filtek™ Suprem e 

X T  (Group L q ) . The m ean three-point flexure strengths and associated standard 

deviations were 83 ±  19M Pa for Group 1q  specimens, 124 ±  25M P a for G roup  Jq 

specim ens, 127 ± 11 M Pa for Group K q specim ens and 111 ±  8M Pa for G roup Lq 

specim ens, respectively (Table 8.1).
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8.2.2 Elipar™  Freelight LED LCU

When the RBC materials were irradiated with the 8mm tip diameter in contact with the 

top surface the range o f  the three-point flexure strengths varied for ZlOO™ from a 

minimum of  SSMPa to a maximum of  156MPa (Group Ai), Filtek™ Z250 from 130 to 

178MPa (Group B|), Filtek™ P60 from a minimum o f  119MPa to a maximum o f  181 MPa 

(Group C|) and Filtek™ Supreme XT from a lowest recorded strength o f  lOOMPa to a 

highest recorded strength o f  156MPa (Group D|), respectively. The mean three-point 

flexure strengths and associated standard deviations were 125 ± 20MPa (Group Ai), 154 

± 13MPa (Group Bi), 147 ± 15MPa (Group C|) and 128 ± ISMPa (Group D|) (Table 8.2).

Table 8.2: The range and mean three-point flexure strengths (associated standard 
deviations) for the RBC specimens irradiated in contact and at distances of 7 and 
15mm from the top surface of the specimens using the Elipar™ Freelight LCU.

RBC Property
Irradiation Distance

0mm 7mm 15mm

ZlOO™
Three-point flexure strength (MPa) 125(20) 97 (23) 91 (13)

Range o f  strengths (MPa) 88-156 58-138 63-115

Filtek™ Z250
Three-point flexure strength (MPa) 154(13) 140(16) 109(11)

Range o f  strengths (MPa) 130-178 109-163 92-129

Filtek™ P60
Three-point flexure strength (MPa) 147(15) 129(10) 111 (10)

Range o f  strengths (MPa) 119-181 110-153 87-127

Filtek™ 
Supreme XT

Three-point flexure strength (MPa) 128(18) 83 (10) 53(11)

Range o f  strengths (MPa) 100-156 63-101 41-78
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Em ploying the m odified ISO 4049 overlapping irradiation regime at 7mm from the top 

surface resulted in a range o f  the three-point flexure strengths for ZlOO™ (Group Ei) o f 

58 to 138MPa, Filtek™ Z250 (Group Fi) from a minimum o f  109MPa to a m aximum  o f 

163MPa, Filtek™ P60 (Group G|) from 110 to 153MPa and Filtek™ Supreme XT (Group 

H|) from a low o f  63M Pa to a high o f  lO lM Pa. The mean three-point flexure strengths 

and associated standard deviations for ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ 

Supreme XT were 97 ± 23M Pa, 140 ± 16MPa, 129 ± lOMPa and 83 ± lOMPa, 

respectively (Table 8.2).

Irradiation at a distance o f 15mm from the top surface o f  the RBC specim ens resulted in 

three-point flexure strengths that varied from a low o f  63M Pa to a high o f  115MPa for 

ZlOO™ (Group li), from 92 to 129MPa for Filtek™ Z250 (Group J|), from a m inimum  o f 

87M Pa to a maximum o f  l27M Pa for Filtek™ P60 (Group K|) and from 41 to 78M Pa for 

Filtek™ Supreme XT (Group L|). The mean three-point flexure strengths and associated 

standard deviations were 91 ± 13MPa for Group 1| specimens, 109 ± 1 IM Pa for Group Ji 

specim ens, 111 ± lOMPa for Group K| specimens and 53 ± l I M P a  for Group L| 

specim ens, respectively (Table 8.2).

8.2.3 Elipar™ Freelight 2 LED LCU

The mean three-point flexure strength and associated standard deviations for ZlOO™ 

(Group Ah) were 121 ± 26M Pa, for Filtek™ Z250 (Group Bh) were 146 ± 14MPa, for 

Filtek™ P60 (Group Ch) were 159 ± 14MPa and for Filtek™ Supreme XT (Group Dh)
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were 137 ± 14MPa when irradiated at a distance o f  0mm. The range o f  three-point 

flexure strengths varied from a low o f  80MPa to a high o f  166MPa for Group Ah 

specimens, from 116 to 172MPa for Group Bh specimens, from a minimum o f  113MPa to 

a maximum o f  !79MPa for Group Ch specimens and from 103 to 153MPa for Group Dh 

specimens (Table 8.3).

Table 8.3: The range and mean three-point flexure strengths (associated standard 
deviations) for the RBC specimens irradiated in contact and at distances of 7 and 
15mm from the top surface using the Elipar™ Freelight 2 LCU.

RBC Property Irradiation Distance
0mm 7mm 15mm

ZlOO™
Three-point flexure strength (MPa) 121(26) 103 (27) 95 (24)

Range o f  strengths (MPa) 80-166 62-143 53-143

Filtek™ Z250
Three-point flexure strength (MPa) 146 (14) 136(15) 128 (10)

Range o f  strengths (MPa) 116-172 102-171 106-145

Filtek™ P60
Three-point flexure strength (MPa) 159(14) 149(18) 137(17)

Range o f  strengths (MPa) 113-179 116-181 107-179

Filtek™ 
Supreme XT

Three-point flexure strength (MPa) 137(14) 126(10) 117(11)

Range o f  strengths (MPa) 103-153 107-147 99-137

At a distance o f  7mm the mean three-point flexure strengths and associated standard 

deviations for ZlOO™ (Group E h) were 103 ± 27MPa, Filtek™ Z250 (Group Fh) were 136 

± 15MPa, Filtek™ P60 (Group Gh) were 149 ± ISMPa and Filtek™ Supreme XT (Group 

Hh) were 126 ± lOMPa. The range o f  three-point flexure strengths varied from a 

minimum o f  62MPa to a maximum o f  143MPa for Group Eh specimens, 102MPa to
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171 MPa for Group Fh specim ens, a low o f  1 l6M Pa to a high o f  181 M Pa for Group Gh 

specimens and 107 to 147MPa for Group Hh specimens, respectively (Table 8.3).

Irradiating the RBC specim ens at a distance o f  15mm resulted in three-point flexure 

strengths varying from a low o f  53M Pa to a high o f  143MPa for ZlOO™ (Group Ih), 106 

to 145MPa for Filtek™ Z250 (Group J h ) ,  a minimum o f  107MPa to a maximum o f 

179MPa for Filtek™ P60 (Group Kh) and 99 to I37M Pa for Filtek™ Supreme XT (Group 

Lh). The mean three-point flexure strengths and associated standard deviations were 95 ± 

24M Pa for Group Ih specim ens, 128 ± lOMPa for Group Jh specim ens, 137 ± 17MPa for 

Group Kh specimens and 117 ± 1 IM Pa for Group Lh specimens, respectively (Table 8.3).

8.2.4 Statistical analysis

The data was checked for a normal distribution and an analysis o f  the group means for 

the three-point flexure strength data for each RBC (ZlOO™, Filtek™ Z250, Filtek™ P60 

and Filtek™ Supreme XT) irradiated at distances o f  0, 7 and 15mm from the top surface 

o f  the specimen (with an 8mm tip diam eter) were made utilising a one-w ay ANOVAs 

and T ukey’s m ultiple range test at a significance level o f  P<0.05. The initial analysis 

carried out involved three one-way ANOVAs.

In terms o f RBC m aterial, the one-way ANOVA for each LCU (QTH or LED) at the 

irradiated distances (0, 7 and 15mm) highlighted no significant differences in the group 

means o f  the three-point flexure strengths between Filtek™ Z250 and Filtek™ P60 (all P
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values were greater than 0.10) regardless o f  the LCU employed at the irradiation 

distances investigated.

in terms o f  LCU (QTH and LED), for each RBC material, at the irradiated distances (0, 7 

and 15mm), the one-way ANOVA highlighted no significant differences in the group 

means o f  the three-point flexure strengths when irradiated at a distance o f  0mm from the 

top surface o f  Z 100™ (F=2.377; P=0.102), Filtek™ Z250 (F=1.510; P=0.230), Filtek™ 

P60 (F=2.736; P=0.073) and Filtek™ Supreme XT (F=2.826; P=0.068). In addition, no 

significant differences in the group means o f  the three-point flexure strengths were 

evident when irradiated at a distance o f  7mm from the top surface o f  Z 100™ (F=0.586; 

P=0.560) and Filtek™ Z250 (F=1.252; P=0.294) and when irradiated at a distance o f  

15mm from the top surface ofZlOO™  (F=1.927; P=0.155).

In terms o f  irradiation distances (0, 7 and 15mm), for each RBC material and LCU (QTH 

or LED), the one-way ANOVA highlighted no significant differences in the group means 

o f  the three-point flexure strengths with the QTH LCU em ployed at 7 and 15mm from the 

top surface o f  Z 100™ (P=0.086), Filtek™ Z250 (P=0.410) and Filtek™ P60 (P=0.143). 

Similarly, no significant differences in the group means o f  the three-point flexure 

strengths were highlighted when the Elipar™ Freelight LCU was employed at 7 and 

15mm from the top surface o f  ZlOO™ (P=0.517) and the Elipar™ Freelight 2 LCU was 

employed at 7 and 15mm from the top surface o f  ZlOO™ (P=0.596), Filtek™ Z250 

(P=0.145) and Filtek™ P60 (P=0.071). Interestingly, significant differences were 

highlighted for Filtek™ Supreme XT at the irradiated distances investigated (0, 7 and
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15mm) when em ploying an 8mm tip diam eter in conjunction with the Optilux 501 QTH 

(F=29.501; P<0.0001), Elipar™ Freelight (F=161.505; P<0.0001) and Elipar™ Freelight 

2(F=14.988; P<0.0001) LCUs.

8.3 Three-point flexure modulus

8.3.1 Optilux 501 QTH LCU

Irradiating the RBC specim ens in contact with the top surface resulted in three-point 

flexure moduli for ZlOO™ (Group A q) varying from 9 to 16GPa, Filtek™ Z250 (Group 

B q) from a minimum o f  9GPa to a maximum o f  14GPa, Filtek™ P60 (Group C q) from 10 

to 16GPa and Filtek™ Supreme XT (Group D q) from a low o f  9GPa to a high o f  l3G Pa. 

The mean three-point flexure moduli and associated standard deviations for ZlOO™ 

(Group A q) were 13.5 ± 1.5GPa, Filtek™ Z250 (Group B q) were 11.3 ± l.2G Pa, Filtek™ 

P60 (Group C q) were 12.4 ± 1.2GPa and Filtek™ Supreme XT (Group D q) were 11.1 ±

1.1 GPa, respectively (Table 8.4).

When ZlOO™ (Group E q) , Filtek™ Z250 (Group Fq ), Filtek™ P60 (Group G q) and 

Filtek™ Supreme XT (Group H q) were irradiated 7mm from the top surface o f the RBCs 

the mean three-point flexure moduli and associated standard deviations were 12.4 ±

1.4GPa, 9.9 ± 1.6GPa, 10.6 ± 1 .OGPa, 9.1 ± 0.8GPa, respectively. The range o f the three- 

point flexure moduli varied from a low o f  11 GPa to a high o f  15GPa for Group Eq 

specimens, from a minimum o f  6GPa to a maximum o f  13GPa for Group Fq specimens,
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from 9 to 13GPa for Group G q specimens and from a minimum o f  7GPa to a maximum 

o f  1 IGPa for Group Hq specimens, respectively (Table 8.4).

When irradiated at 15mm the range o f  three-point flexure moduli varied from a low o f  

6GPa to a high o f  14GPa for Group Iq  specimens, from a minimum o f  6GPa to a 

maximum o f  l2GPa for Group J q specimens, from 9 to 16GPa for Group K q specimens 

and from a low o f  7GPa to a high o f  lOGPa for Group L q specimens, respectively. The 

mean three-point flexure moduli and associated standard deviations for ZlOO™ (Group 

Iq ) were 10.9 ± 2.7GPa, Filtek™ Z250 (Group J q ) were 9.6 ± 1.9GPa, Filtek™ P60 

(Group K q ) were 10.7 ± 2.1GPa and Filtek™ Supreme XT (Group L q ) were 8.9 ± 

1.1 GPa, respectively (Table 8.4).

Table 8.4: The range and mean three-point flexure moduli (associated standard 
deviations) for the RBC specim ens irradiated at a distance o f 0, 7 and 15mm from  
the top surface o f the specimens using the QTH LCU.

RBC Property
Irradiation Distance

0mm 7mm 15mm

ZlOO™
Three-point flexure modulus (GPa) 13.5 (1.5) 12.4(1.4) 10.9 (2.7)

Range o f  moduli (GPa) 9-16 11-15 6-14

Filtek™ Z250
Three-point flexure modulus (GPa) 11.3 (1.2) 9.9 (1.6) 9.6 (1.9)

Range o f  moduli (GPa) 9-14 6-13 6-12

Filtek™ P60
Three-point flexure modulus (GPa) 12.4(1.2) 10.6(1.0) 10.7(2.1)

Range o f  moduli (GPa) 10-16 9-13 9-16

Filtek™  
Suprem e XT

Three-point flexure modulus (GPa) 11.1 (1.1) 9.1 (0.8) 8 .9(1.1)

Range o f  moduli (GPa) 9-13 7-11 7-10

168



8.3.2 Elipar Freelight LED LCU

When using the 8mm tip diam eter to irradiate the RBC specim ens in contact with the top 

surface, the mean three-point flexure moduli and associated standard deviations for 

ZlOO™ (Group A|) were 14.2 ± 1.4GPa, Filtek™ Z250 (Group B,) were 12.5 ± 1.2GPa, 

Filtek™ P60 (Group C|) were 13.3 ± 1.4GPa and Filtek™ Supreme XT (Group Di) were 

11.7 ± 1.1 GPa. The range o f  three-point flexure moduli varied from a low o f  12GPa to a 

high o f  16GPa for Group A| specimens, from 10 to 15GPa for Group B| specim ens, from 

a minimum o f  1 IGPa to a maximum o f  16GPa for Group C| specimens and from 10 to 

13GPa for Group D| specim ens, respectively (Table 8.5).

Irradiating the RBCs at a distance o f  7mm resulted in a range o f  three-point flexure 

moduli data varying from a low o f  lOGPa to a high o f  14GPa for ZlOO™ (Group E|), 

from 7 to 13GPa for Filtek™ Z250 (Group F|), from a minimum o f  9GPa to a maximum 

o f  13GPa for Filtek™ P60 (Group G|) and from 7 to 1 IG Pa for Filtek™ Supreme XT 

(Group H|). The mean three-point flexure moduli and associated standard deviations were 

12.2 ± l.OGPa for Group E| specimens, 10.5 ± 1.2GPa for Group F| specim ens, 10.5 ± 

1.1 GPa for Group Gi specimens, and 8.6 ± l.3G Pa for Group Hi specim ens, respectively 

(Table 8.5).
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Table 8.5: The range and mean three-point flexure moduli (associated standard  
deviations) for the RBC specim ens irradiated in contact and at distances o f 7 and 
15mm from the top surface o f the specim ens using the Elipar^"^ Freelight LCU.

RBC Property
Irradiation Distance

0mm 7mm 15mm

ZlOO™
Three-point flexure modulus (GPa) 14.2(1.4) 12.2(1.0) 11.9(1.3)

Range o f  moduli (GPa) 12-16 10-14 10-14

Filtek^^ Z250
Three-point flexure modulus (GPa) 12.5 (1.2) 10.5 (1.2) 10.7(0.8)

Range o f  moduli (GPa) 10-15 7-13 9-12

Filtek^M P60
Three-point flexure modulus (GPa) 13.3(1.4) 10.5(1.1) 10.7(1.4)

Range o f  moduli (GPa) 11-16 9-13 9-13

Filtek™  
Suprem e XT

Three-point flexure modulus (GPa) 11.7(1.1) 8.6 (1.3) 8.1 (0.6)

Range o f  moduli (GPa) 10-13 7-11 8-9

When ZlOO™ (Group I,), Filtek™ Z250 (Group Ji), Filtek™ P60 (Group K,) and Filtek™ 

Supreme XT (Group L|) were irradiated from a distance o f  15mm from the top surface o f  

the RBC specimens the mean three-point flexure moduli and associated standard 

deviations were 11.9 ± 1.3GPa, 10.7 ± O.SGPa, 10.7 ± 1.4GPa, 8.1 ± 0.6GPa, 

respectively. The range o f  the three-point flexure moduli varied from a low o f  lOGPa to a 

high o f  14GPa for Group 1| specimens, from a minimum o f  9GPa to a maximum o f  

12GPa for Group J| specimens, from 9 to 13GPa for Group K| specimens and from a 

minimum of  8GPa to a maximum o f  9GPa for Group L| specimens, respectively (Table 

8.5).
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8.3.3 Elipar Freelight 2 LED LCU

The mean three-point flexure moduli and associated standard deviations for the RBC 

specim ens irradiated in contact were 14.6 ± l.SG Pa for Group Ah specim ens, 12.4 ± 

1.6GPa for Group Bh specim ens, 12.1 ± 1.9GPa for Group Ch specim ens and 1 1.3 ± 

l.OGPa for Group Dh specim ens, respectively. The range o f  three-point flexure moduli 

varied from a minimum o f  12GPa to a maximum o f  18GPa for Group Ah specim ens, 

from 10 to 16GPa for Group Bh specimens, from a low o f  lOGPa to a high o f  15GPa for 

Group Ch specimens and from 8 to 13GPa for Group Dh specimens, respectively (Table 

8 .6).

RBCs specimens irradiated 7mm from the top surface resulted in a range o f  three-point 

flexure moduli for ZlOO™ (Group Eh) varying from a minimum o f  12GPa to a maximum 

o f  15GPa, Filtek™ Z250 (Group Fh) from 8 to 13GPa, Filtek™ P60 (G roup Gh) from a 

low o f  7GPa to a high o f  1 IG Pa and Filtek™ Supreme XT (Group Hh) from a minimum 

recorded value o f  7GPa to a maximum recorded value o f  lOGPa. The mean three-point 

flexure moduli and associated standard deviations for ZlOO™ (Group Eh) were 13.0 ± 

0.8GPa, Filtek™ Z250 (Group Fh) were 10.1 ± l.SGPa, Filtek™ P60 (Group Gh) were 

10.5 ± l.OGPa and Filtek™ Supreme XT (Group Hh) were 8.5 ± 0.7GPa, respectively 

(Table 8.6).
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Table 8.6: The range and mean three-point flexure moduli (associated standard 
deviations) for the RBC specim ens irradiated at distances o f 0, 7 and 15mm from  
the top surface using the Elipar™ Freelight 2 LCU.

RBC Property
Irradiation Distance

0mm 7 m m 15mm

ZlOO™
Three-point flexure modulus (GPa) 15(2) 13(1) 11 (1)

Range o f  moduli (GPa) 12-18 12-15 9-12

Filtek™ Z250
Three-point flexure modulus (GPa) 12(2) 10(2) 10(1)

Range o f  moduli (GPa) 10-16 8-13 8-12

Filtek™ P60
Three-point flexure modulus (GPa) 12(2) 11 (1) 10(1)

Range o f  moduli (GPa) 10-15 7-11 8-12

Filtek™  
Suprem e XT

Three-point flexure modulus (GPa) 11 (1) 9( 1) 9( 1 )

Range of moduli (GPa) 8-13 7-10 8-9

Employing the 8mm tip diameter 15mm from the top surface o f  the RBC specimens 

resulted in the mean three-point flexure moduli and associated standard deviations for 

ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT o f  10.5 ± 0.7GPa for 

Group Ih specimens, 10.1 ± 1.3GPa for Group Jh specimens, 9.7 + 1.1 GPa for Group K.h 

specimens and 8.5 ± O.SGPa for Group Lh specimens, respectively. The range o f  the 

three-point flexure moduli varied for ZlOO™ from a minimum o f  9GPa to a maximum o f  

12GPa (Group lh), Filtek™ Z250 from 8 to 12GPa (Group Jh), Filtek™ P60 from a 

minimum o f  8GPa to a maximum o f  12GPa (Group Kh) and Filtek™ Supreme XT from a 

lowest recorded flexure modulus o f  8GPa to a highest flexure modulus o f  9GPa (Group 

Lh), respectively (Table 8.6).
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8.3.4 Statistical analysis

Three one-way ANOVAs and Tukey’s multiple range tests at a significance level o f  

P<0.05 were used to make m ultiple comparisons o f  the group means for the three-point 

flexure modulus data in terms o f  the RBC material, LCU employed (QTH and LED) and 

irradiated distance (0, 7 and 15mm) when an 8mm LCU tip diam eter was employed.

In terms o f  RBC material, the one-way ANOVA o f  the group means o f  the three-point 

flexure moduli identified no significant differences between Filtek™ Z250 and Filtek™ 

P60 when irradiated using the QTH LCU at distances o f  7 or 15mm and the Elipar 

Freelight or Elipar Freelight 2 LCUs at distances o f  0, 7 or 15mm (all P values were 

greater than 0.24). No significant differences in the group means o f  the three-point 

flexure moduli were highlighted for ZlOO™ when compared with Filtek™ Z250 

(P=0.192) and Filtek™ P60 (P=0.992) when irradiated using the QTH LCU at a 15mm. 

Similarly, no significant difference in the group means o f  the three-point flexure moduli 

were evident for ZlOO™ when compared with Filtek™ P60 (P=0.104) irradiated at a 

distance o f  0mm with the Elipar Freelight LCU and at 15mm with the Elipar Freelight 2 

LCU (P=0.659). In addition, no significant differences in the group m eans o f  the three- 

point flexure moduli were identified for Filtek™ Supreme XT when compared with 

Filtek™ Z250 irradiated with the QTH LCU at distances o f  0mm (P=0.969), 7mm 

(P= 0 .157) and 15mm (P=0.694) and the Elipar Freelight 2 LCU at 0mm (P = 0 .117).
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The one-w ay A N O V A  for the LCU em ployed highlighted significant differences in the 

m ean three-point flexure moduli for Filtek™ Z250  when irradiated at a distance o f  0mm 

using the QTH  com pared with the Elipar Freelight (P=0.021) and the Elipar Freelight 2 

(P=0.048) LC U s and at 15mm using the QTH com pared  with the Elipar Freelight LCU 

(P=0.037). N o significant differences were highlighted in the m ean three-point flexure 

moduli following irradiation with the Q TH , Elipar Freelight or Elipar Freelight 2 LCUs at 

distances o f  0m m  for ZlOO™ (P=0.102), Filtek™ P60 (P=0.073) and Filtek™ Supreme 

X T (P=0.073), 7m m  for ZlOO™ (P=0.102), Filtek™ Z 250 (P=0.230), Filtek™ P60 

(P=0.073) and Filtek™ Suprem e X T (P=0.073) or at 15mm for ZlOO™ (P=0.230), 

Filtek™ P60 (P=0.073) and Filtek™ Suprem e X T  (P=0.073).

The one-w ay A N O V A  for the irradiated distance revealed no significant differences in 

the mean three-point flexure moduli for irradiated distance o f  7 and 15mm for each RBC 

material and each LCU em ployed  (all P values were greater than 0.60) with the exception 

o f  ZlOO™ w hen irradiated at 7 and 15mm with the Elipar Freelight 2 LCU (P<0.0001). 

Significant differences in the grouped m eans o f  the three-point flexure moduli were also 

highlighted at distances o f  0 and 7m m  and 0 and 15mm for all the RBC materials 

investigated with each LCU em ployed  (P<0.0001) with the exception o f  ZlOO™ 

irradiated at distances ofO  and 7m m  using the Q T H  LCU (P = 0 .149).
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8.4 Bi-axiai flexure strength

8.4.1 QTH LCU irradiance variation

The irradiance o f  the Optilux 501 QTH LCU was 650 ± 14mW/cm“ when in contact with 

the radiom eter (at a distance o f  0mm) em ploying a 13mm tip diameter. Increasing the 

irradiation distance to 3, 5, 7, 9, I I ,  13 and 15 mm resulted in irradiances o f  530 ± 8, 420 

± 14, 350 ± 8, 270 ± 8, 230 ± 14, 190 ± 8 and 150 ± 8mW/cm^ when em ploying a 13mm 

tip diameter.

8.4.2 Bi-axial flexure strength

The mean bi-axial flexure strengths and associated standard deviations o f  the RBC 

specim ens irradiated with a 13mm tip diam eter in contact with the top surface and at 

irradiation distances o f  3, 5, 7, 9, 11, 13 and 15 mm are highlighted in Table 8.7.

8.4.3 Statistical analysis

Analysis o f the group means o f  the bi-axial flexure strength data was conducted using 

one- (irradiated distance) and two-way (irradiated distance x RBC material) ANOVAs 

and Tukey’s m ultiple range tests at a significance level o f  P<0.05 when irradiated at 

distances o f  0, 3, 5, 7, 9, 11, 13 and 15mm from the top surface o f  the RBC specimens. 

When the one-way ANOVAs for each RBC material were investigated, no significant
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Table 8.7: The range and mean bi-axial flexure strengths (associated standard deviations) for the RBC specimens irradiated in 
contact with the top surface (at a distance of 0mm) and at distances of 3, 5, 7, 9, 11, 13 and 15mm from the top surface o f the 
specimens using the QTH LCU.

RBC Property
Irradiation Distance

0mm 3mm 5mm 7mm 9mm 11mm 13mm 15mm

ZlOO™

Bi-axial flexure 
strength (MPa) 161(27) 163(27) 158(16) 154(16) 156(19) 146 (23) 145(20) 145 (29)

Range o f  strengths 
(MPa) 109-161 107-201 120-188 124-203 111-209 117-190 115-210 91-229

Filtek™ Z250

Bi-axial flexure 
strength (MPa) 165 (30) 164(14) 153(16) 154(16) 162(25) 154 (21) 154(18) 153(16)

Range o f  strengths 
(MPa) 60-205 125-204 120-206 109-195 83-195 90-201 114-203 122-190

Filtek™ P60

Bi-axial flexure 
strength (MPa) 164(14) 157(15) 153 (18) 153 (15) 156(18) 151 (16) 150(20) 149 (20)

Range o f  strengths 
(MPa) 127-183 117-179 123-183 121-185 123-181 119-187 125-181 104-181

Filtek™  
Supreme XT

Bi-axial flexure 
strength (MPa) 143 (24) 143 (17) 142(17) 137(17) 141 (21) 131 (19) 130 (23) 130(14)

Range o f  strengths 
(MPa) 96-185 112-166 93-176 91-172 100-178 97-185 99-169 102-149
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differences in the group means o f the bi-axial flexure strengths were identified with 

irradiated distance for ZlOO™ (P=0.145), Filtek™ Z250 (P=0.194), Filtek™ P60 

(P=0.087) and Filtek™ Supreme XT (P=0.162). The two-way ANOVA identified a 

significant difference in the group means o f the bi-axial flexure strengths for irradiated 

distance (P<0.0001) with the Tukey’s multiple range test revealing significant differences 

in the group means o f the bi-axial flexure strengths identified for irradiated distances of 

11,13 and 15mm compared with 0mm (all P values were less than 0.0001) and 3mm (all 

P values were less than 0.0001). A significant difference in the group means o f the bi

axial flexure strengths were also highlighted for Filtek™ Supreme XT (P<0.0001) when 

the Tukey’s multiple range test were analysed and compared with ZlOO™ (P<0.0001), 

Filtek™ Z250 (P<0.0001) and Filtek™ P60 (P<0.0001).

8.5 In-vitro wear testing

The 24h in-vitro wear was assessed for each RBC group investigated using the OHSU 

four chamber oral wear simulator (Condon and Ferracane, 1996).

8.5.1 Short-term in-vitro wear resistance

In 1996 the developers o f the OHSU oral wear simulator reported that both abrasion and 

attrition wear produced by the action o f an enamel antagonist could be quantified 

(Condon and Ferracane, 1996). However the reproducibility o f average wear depth results 

between different test centers was limited and a comparison o f the mean wear depth
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m easurem ents for abrasive w ear (2 0 N ) and attrition w ear (7 0 -9 0 N ) identified  d ifferences  

o f  33-56%  and 31-78% , resp ectively  for three R B C  m aterials (H ein tze, 2 0 0 6 ). A s a result 

m ean total volum etric w'ear and m ean m axim um  wear depth o f  the tear drop wear facet 

and not the individual regions (abrasion and attrition) w ere used for data reporting.

8.5.1.1 M ean total volum etric w ear

Irradiation o f  the RBC  sp ecim en s in direct contact resulted in m ean total volum etric wear  

and associated standard deviations o f  0 .03  ±  0 .0 Imm^ for ZlOO™ (Group Awq), 0 .05  ±  

O.Olmm^ for Filtek™  Z 250  (G roup Bwo), 0 .0 8  ±  O.OImm^ for Filtek™  P60 (Group Cwq) 

and 0 .0 6  ±  0.02mm^ for Filtek™  Suprem e X T  (G roup D wq), respectively . The range o f  

the m ean total volum etric w ear for Filtek™  ZlOO, Filtek™  Z 250 , Filtek™  P60 and 

Filtek™  Suprem e X T  varied from  a low  o f  0.02m m ^ to a high o f  0.04m m ^ for Group Awq 

sp ecim en s, from 0 .0 4  to 0.07m m ^ for G roup Bwq specim ens from a m inim um  o f  

0.09m m ^ to a m axim um  o f  O.I3mm^ for Group Cwq specim ens and from a lo w  o f  

0.04m m ^ to a high o f  0.06m m ^ for Group Dwo

W hen the RBC m aterials w ere irradiated from  a d istance o f  3m m  the m ean total 

volum etric wear and associated  standard d eviations for ZlOO™ (G roup AW 3 ), Filtek™  

Z 2 5 0  (G roup BW3 ), Filtek™  P60 (G roup BW3 ) and Filtek™  Suprem e X T  (G roup BW3 ) 

w ere 0 .02  ±  0.01 m m \ 0 .07  ±  O.Olmm^, 0 .0 9  ±  0.04m m ^ and 0 .05  ±  0.03m m ^, 

resp ectively . The range o f  m ean total volum etric w ear for ZlOO™ (Group AW 3 ) varied  

from  a m inim um  o f  0.02m m ^ to a m axim um  o f  0.03m m ^, for Filtek™  Z 250  (Group BW3 )
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from 0.06 to 0.07mm^, for Filtek™ P60 (Group CW3 ) from a low o f  0.09mm^ to a high o f  

0.1 Imm^ and for Filtek™ Suprem e X T (G roup DW3 ) from a m inim um  recorded value o f

•J T

0 .0 2 m m  to a m axim um  value o f  0.08mm .

The mean total volumetric w ear and associated standard deviations irradiated from a 

distance o f  5m m  were 0.05 ± 0.02mm^ for ZlOO™ (G roup Aws), 0.05 ± 0.02mm^ for 

Filtek™ Z 250 (G roup  Bws), 0.06 ±  0.04mm^ for Filtek™ P60 (Group Cws) and 0.06 ±  

0.03mm^ for Filtek™ Supreme X T  (Group Dws). The range o f  the m ean total volumetric 

wear varied for G roup  Aws from 0.03 to 0 .08m m , for Group Bws from a m inim um  o f  

0 .03m m  to a m axim um  o f  0 .08m m , for G roup Cws from 0.02 to 0 .1 1mm and for Group 

D w 5  from a low o f  0.03mm to a high o f  0 .09m m .

Specim ens irradiated at a distance o f  7mm from the top surface resulted in the m ean  total 

volumetric w ear and associated standard deviations for ZlOO™ (G roup Aw?), Filtek™ 

Z 250 (Group Bwv), Filtek™ P60 (G roup Cw?) and Filtek™ Suprem e X T (G roup Dw?) o f  

0.03 ±  O.Olmm^, 0.05 ±  O.Olmm^, 0.05 ± O.OOmm^ and 0.04 ±  0.02mm^, respectively. 

The range o f  the m ean total volum etric w ear varied from a m axim um  o f  0.02mm^ to a

3 3 3m inim um  o f  0 .04m m  for G roup Awy specimens, from 0.04m m  to 0 .07m m  for Group 

Bwy specimens, a low  o f  0.05mm^ to a high o f  0.06mm^ for G roup Cw? specim ens and 

from 0.03 to 0.06mm^ for Group Dwy specimens, respectively.

The RBC  specim ens irradiated from a distance o f  9m m  resulted in m ean total volumetric 

w ear for ZlOO™ (G roup  Awg) varying from 0.03 to 0 .0 6 m m \  for Filtek™ Z 250 (Group
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Bwg) from  a m inim um  o f  0.02m m ^ to a m axim um  o f  0 .0 6 m m \ for Filtek™  P60 (Group  

Cwg) from 0 .0 4  to 0.1 Omm^ and for Filtek™  Suprem e X T  (Group Dwy) from a low  o f  

0 .0 Imm^ to a high o f  0.04m m ^. The m ean total volum etric w ear and associated  standard 

deviation s w ere 0 .0 4  ±  0 .0  Imm^ for Group Awg, 0 .0 4  ±  0.02m m ^ for Group Bwg, 0 .0 7  ±  

0.03mm'^ for Group Dwg and 0 .03  ±  0.02m m ^ for Group Dwg.

The m ean total volum etric w ear and associated  standard dev ia tion s o f  the R B C s  

irradiated 1 1mm from the top surface w ere 0 .0 4  ±  0.02m m ^ for ZlOO™ (Group A w n ),  

0 .0 4  ±  0 .0 Imm^ for Filtek™  Z 250  (G roup B w n ), 0 .0 6  ±  O.OSmm^ for Filtek™  P60  

(G roup C w ii)  and 0 .05  ±  0.02mm^ for Filtek™  Suprem e X T  (G roup D w n ). The range o f  

the m ean total volum etric w ear varied from  a low  o f  0.02m m ^ to a high o f  0.06m m ^ for 

Group A w ii specim ens, from 0.03  to 0.06m m ^ for Group B w n  specim ens from a 

m inim um  o f  0.03m m ^ to a m axim um  o f  0.1 Omm^ for Group C w n  sp ecim en s and from a 

low  o f  0.04mm^ to a high o f  0.04m m ^ for G roup D w ] | .

W hen the RBC m aterials w ere irradiated from  a d istance o f  13m m  from  the top surface  

the m ean total volum etric wear and associated  standard deviations w ere 0 .0 4  ±  0.02mm^  

for ZlOO™ (G roup A w ij) , 0 .0 6  ±  O.Olmm^ for Filtek™  Z 2 5 0  (G roup B w ^ ), 0 .05  ±  

0.02m m ^ for Filtek™  P60 (G roup C w ^ ) and 0 .02  ±  O.OOmm^ for Filtek™  Suprem e X T  

(G roup D w i3 ). The range o f  m ean total volum etric w ear for Group A w n  varied from  a

3 3 3m inim um  o f  0 .02m m  to a m axim um  o f  0 .10m m  , for Group B w i3 from  0.05  to 0 .07m m  , 

for G roup C w i3 from a low  o f  0.03m m ^ to a high o f  O.OSmm^ and for Group D w ^  from  a 

m m im um  recorded value o f  0 .02m m  to a m axim um  value o f  0 .06m m  .
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Table 8.8: The mean total volumetric wear and mean maximum wear depth (associated standard deviations) at 50,000 wear 
cycles for the RBC specimens irradiated in contact with the top surface (at a distance of 0mm) and at distances of 3, 5, 7, 9, 11, 13 
and 15mm from the top surface of the specimens using the QTH LCU.

RBC Property
Irradiation Distance

0mm 3mm 5mm 7mm 9mm 11mm 13mm 15mm

ZlOO™

Mean total volumetric 
wear (mm^)

0.03
(0.01)

0.02
(0.01)

0.05
(0.02)

0.03
(0.01)

0.04
(0.01)

0.04
(0.02)

0.04
(0.02)

0.03
(0.01)

Mean maximum wear 
depth (mm)

0.05
(0.01)

0.04
(0.01)

0.06
(0.02)

0.05
(0.00)

0.05
(0.02)

0.05
(0.01)

0.05
(0.01)

0.06
(0.02)

Filtek™ Z250

Mean total volumetric 
wear (mm^)

0.05
(0.01)

0.07
(0.01)

0.05
(0.02)

0.05
(0.01)

0.04
(0.02)

0.04
(0.01)

0.06
(0.01)

0.07
(0.01)

Mean maximum wear 
depth (mm)

0.06
(0.01)

0.06
(0.01)

0.06
(0.02)

0.07
(0.01)

0.07
(0.02)

0.07
(0.00)

0.06
(0.01)

0.07
(0.02)

Filtek™ P60

Mean total volumetric 
wear (mm^)

0.08
(0.01)

0.09
(0.04)

0.06
(0.04)

0.05
(0.00)

0.07
(0.03)

0.06
(0.03)

0.05
(0.02)

0.09
(0.03)

Mean maximum wear 
depth (mm)

0.08
(0.01)

0.09
(0.00)

0.06
(0.02)

0.07
(0.01)

0.07
(0.03)

0.06
(0.02)

0.06
(0.02)

0.04
(0.01)

Filtek™  
Supreme XT

Mean total volumetric 
wear (mm^)

0.06
(0.02)

0.05
(0.03)

0.06
(0.03)

0.04
(0.02)

0.03
(0.02)

0.05
(0.02)

0.02
(0.00)

0.04
(0.02)

Mean maximum wear 
depth (mm)

0.07
(0.04)

0.06
(0.01)

0.07
(0.02)

0.06
(0.01)

0.07
(0.02)

0.05
(0.01)

0.05
(0.01)

0.05
(0.01)



The m ean total volum etric wear and associated  standard d eviations o f  the R BC s 

irradiated 15mm from  the top surface for ZlOO™ (G roup A w is), Filtek™  Z 250  (Group  

B w is), Filtek™  P60 (G roup C w is) and Filtek™  Suprem e X T  (G roup D w is) w ere 0 .03  ±  

O .Olm m ^ 0.07.1 ±  0 .0 1 m m \ 0 .0 9  ±  0.03m m ^ and 0 .0 4  ±  0.02m m ^, respectively . The the 

m ean total volum etric w ear for Group A w is  ranged from  0.01 to 0.04m m ^, for Group  

B w i5 from a m inim um  o f  0.06m m ^ to a m axim um  o f  O.OSmm^, for Group C w i5 from  

0 .0 6  to 0 .1 8mm^ and for Group D w i5 from a low' o f  0.02m m ^ to a high o f  0 .07m m ^

8.5.1.2 Mean maximum wear depth

The m ean m axim um  w ear depth and associated  standard deviations o f  the RBC  

sp ecim en s irradiated at d istances o f  0 , 3, 5, 7, 9, 11, 13 and 15mm are a lso  recorded in 

T able 8.8

8.5.1.3 Statistical analysis

The m ean total volum etric w ear data w as analysed using  on e- (irradiated distance) and 

tw o -w a y  (irradiated distance x RBC m aterial) A N O V A s and T u k ey ’s m ultip le range tests 

at a sign ifican ce level o f  P <0.05  w hen irradiated at d istances o f  0, 3 , 5, 7, 9 , 11, 13 and 

15m m  from  the top surface o f  the R BC  specim ens.

The on e-w ay  A N O V A  o f  the group m eans o f  the total volum etric W'ear for ZlOO™  

(P = 0 .3 9 4 ), Filtek™  Z 2 5 0  (P = 0 .0 7 6 ), Filtek™  P 60 (P = 0 .2 7 9 ) and Filtek™  Suprem e X T
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(P=0.504) identified no significant differences in mean total volumetric wear for each 

RBC material at the irradiated distances investigated. The two-way ANOVA identified 

no significant effect for irradiated distance (P=0.317), however, a significant effect was 

highlighted for RBC material (P<0.0001). The Tukey’s m ultiple range tests revealed 

significant differences for the group means o f  the total volumetric wear o f  ZlOO™ 

compared with Filtek™ Z250 (P=0.003) and Filtek™ P60 (P<0.0001). In addition, the 

Tukey’s multiple range tests revealed significant differences for the group means o f  the 

total volumetric wear o f  Filtek™ P60 compared with ZlOO™ (P<0.0001), Filtek™ Z250 

(P=0.033) and Filtek™ Supreme XT (P<0.0001).

One- and two-way ANOVAs, at a significance level o f  P<0.05, were used to analyse the 

group means o f  the m aximum  wear depth data in terms o f  irradiated distance and 

irradiated distance x RBC material, respectively (P>0.05). When the one-way ANOVA 

was performed no significant differences in group means o f  the maximum wear depth 

data were identified with irradiated distance for ZlOO™ (P=0.079), Filtek™ Z250 

(P=0.816), Filtek™ P60 (P=0.059) and Filtek™ Supreme XT (P=0.462). The two-way 

ANOVA o f  the group m eans o f  the maximum wear depth data with irradiated distance x 

material identified no significant effect for irradiated distance (P=0.207), however, a 

significant effect was evident for RBC material (P<0.0001). The T ukey’s multiple range 

tests revealed a significant differences for the group means o f  the maximum wear depth 

data o f  ZlOO™ compared with Filtek™ Z250 (P -0 .007) and Filtek™ P60 (P<0.0001) and 

also for Filtek™ P60 compared with Filtek™ Supreme XT (P=0.007).
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8.5.2 Long-term in-vitro wear resistance

8.5.2.1 In-vitro wear resistance at 150,000 cycles

The RBC materials irradiated at a distance o f  0mm resulted in mean total volumetric 

wear and associated standard deviations o f  0.05 ± 0.02mm^ for ZlOO™ (Group Awq), 

0.09 ± 0.03mm^ for Filtek™ Z250 (Group Bwo), 0.10 ± O.OImm^ for Filtek™ P60 (Group 

Cwo) and 0.07 ± 0.02mm^ for Filtek™ Supreme XT (Group Dwo), respectively following 

150,000 wear cycles (Figure 8.1). Mean maximum wear depth and associated standard 

deviations o f  0.09 + 10.03mm for ZIOO™, 0.09 ± 0.01mm for Filtek™ Z250, 0.10 ± 

0.01mm for Filtek™ P60 and 0.08 ± 0.01mm for Filtek™ Supreme XT (Group Dwo), 

respectively were also recorded (Figure 8.2). The range o f  the mean total volumetric wear 

and the mean maximum wear depths are reported in Table 8.9.

WTien irradiated at a distance o f  7mm the mean total volumetric wear and associated 

standard deviations following 150,000 wear cycles for ZlOO™ (Group Awv) were 0.09 ± 

0 .02m m \ Filtek™ Z250 (Group Bwy) were 0.11 ± 0.04mm^, Filtek™ P60 (Group Cw?) 

were 0.13 ± 0.02mm^ and Filtek™ Supreme XT (Group Dw?) were 0 .1 1 ± 0.04mm^. The 

mean maximum wear depth and associated standard deviations were 0.12 ± 0.03mm for 

Group Awy, 0.08 ± 0.02mm Group Bw?, 0.11 ± 0.03mm for Group Cwy and 0.08 ± 

0.02mm for Group Dw?, respectively. The range o f the mean total volumetric wear and 

mean m aximum  wear depths are reported in Table 8.9.
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Table 8.9: The mean total volumetric wear and mean maximum wear depths 
(associated standard deviations) following 150,000 wear cycles for the RBC 
specimens irradiated at a distance of 0, 7 and 15mm.

RBC Property
Irradiation Distance

Omm 7mm 15mm

ZlOO™

M ean total vo lum etric 
w ear (mm^)

0.05 (0.02) 0 .09(0 .02) 0 .1 2 (0 .0 3 )

M ean m axim um  w ear 
depth (m m )

0.09 (0.03) 0.12 (0.03) 0.12 (0.02)

Filtek™ Z250

M ean total vo lum etric  
w ear (mm^)

0.09 (0.03) 0.11 (0.04) 0.20 (0.06)

M ean m axim um  w ear 
depth (m m )

0.09 (0.01) 0.08 (0.02) 0 .09 (0.03)

Filtek™ P60

M ean total vo lum etric 
w ear (mm^)

0 .1 0 (0 .0 1 ) 0.13 (0.02) 0 .1 7 (0 .0 2 )

M ean m axim um  w ear 
depth  (m m )

0 .1 0 (0 .0 1 ) 0.11 (0.03) 0 .1 2 (0 .0 4 )

Filtek™ 
Supreme XT

M ean total vo lum etric 
w ear (mm^)

0.07 (0.02) 0.11 (0.04) 0.13 (0.04)

M ean m axim um  w ear 
depth  (m m )

0.08 (0.01) 0.08 (0.02) 0 .1 0 (0 .0 2 )

Follow ing 150,000 w ear cycles the R B C s irradiated  from  a d istance o f  15mm resu lted  in 

m ean total vo lum etric w ear and associa ted  standard  dev ia tions o f  0.12 ± 0.03mm ^ for 

Z1 GO™ (G roup A w is), 0.20 ±  0.06m m ^ fo r Filtek™  Z 250 (G roup B w is), 0 .17 ±  0.02m m ^ 

for Filtek™  P60 (G roup C w is) and 0.13 ±  0.04m m ^ for Filtek™  Suprem e X T (G roup 

D w |5) (F igure 8.1). The m ean m axim um  w ear depth  and associa ted  standard  deviations 

for G roup A w is w ere 0.12 ±  0 .02m m , G roup B w is w ere 0 .09  ±  0 .03m m , G roup C w is 

were 0.12 ± 0.04m m  and G roup D w is w ere 0.10 ± 0 .02m m  (F igure 8.2). T he range o f  the 

m ean total vo lum etric w ear and m ean m axim um  w ear dep ths are reported  in Table 8.9.
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8.S.2.2 In-vitro wear resistance at 300,000 cycles

When RBC  specimens were irradiated in contact with the top surface the mean total 

volumetric wear and associated standard deviations for ZlOO™ (Group Awq), Filtek™ 

Z250 (Group Bwq), Filtek™ P60 (Group Cwq) and Filtek™ Supreme XT (Group Dwo) 

were 0.09 ± 0 .03m m \ 0.14 ± 0.02mm^, 0.14 ± 0.02mm^ and 0.12 ± 0 .03m m \ 

respectively following 300,000 wear cycles (Figure 8.1). The mean maximum wear depth 

and associated standard deviations for ZlOO™ (Group Awq), Filtek™ Z250 (Group Bwq), 

Filtek™ P60 (Group Cwq) and Filtek™ Supreme XT (Group D wo) were 0.11 ± 0.04mm, 

0.12 ± 0.00m m, 0.15 ± 0.03mm and 0.11 ± 0.01mm, respectively (Figure 8.2). The range 

o f  the mean total volumetric wear and mean maximum wear depths are reported in Table 

8 . 10 .

Following 300,000 wear cycles the mean total volumetric wear and associated standard 

deviations when irradiated at a distance o f  7mm were 0.12 ± 0.02mm^ for ZlOO™ (Group 

Aw?), 0.16 ± 0.04mm^ for Filtek™ Z250 (Group Bw?), 0.15 ± 0.02mm^ for Filtek™ P60 

(G roup Cwy) and 0.19 ± 0.06mm^ for Filtek™ Supreme XT (Group Dw?). The mean 

maximum  wear depth and associated standard deviations o f  0.13 ± 0.03mm for Group 

Awy, 0.11 ± 0.04mm for Group Bwy, 0.16 ± 0.01mm for Group Cwy and 0.12 ± 0.02mm 

for Group Dwy.The range o f the mean total volumetric wear and mean maximum wear 

depths are reported in Table 8.10.
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Table 8.10: The mean total volumetric wear and mean maximum wear depth 
(associated standard deviations) following 300,000 wear cycles wear cycles for the 
RBC specimens irradiated at a distance of 0, 7 and 15mm.

RBC Property
Irradiation Distance

0mm 7mm 15mm

ZIOO™

Mean total volumetric 
wear (mm^)

0.09 (0.03) 0 .12(0 .02) 0.22 (0.05)

Mean maximum wear 
depth (mm)

0.11 (0.04) 0.13 (0.03) 0 .16(0 .04)

Filtek™ Z250

Mean total volumetric 
wear (mm^)

0.14 (0.02) 0 .16(0 .04) 0.28 (0.06)

Mean maximum wear 
depth (mm) 012(0 .00 ) 0.11 (0.04) 0.13 (0.04)

Filtek™ P60

Mean total volumetric 
wear (mm^)

0.14 (0.02) 0 .15(0 .02) 0.18 (0.02)

Mean maximum wear 
depth (mm)

015 (0.03) 016(0 .01 ) 0.22 (0.07)

Filtek™ 
Supreme XT

Mean total volumetric 
wear (mm^)

0.12 (0.03) 0 .19(0 .06) 0.21 (0.03)

Mean maximum wear 
depth (mm) 0.11 (0.01) 0 .12(0 .02) 0 .12(0 .03)

Irradiation at a distance o f  15mm from RBC specimen resulted in the mean total 

volumetric wear and associated standard deviations for ZIOO™, Filtek™ Z250, Filtek™ 

P60 and Filtek™ Supreme XT o f  0.22 ± O.OSmm^, 0.28 ± 0.1 Omm^, 0.18 ± 0.02mm^ and 

0.21 ± 0.03mm^, respectively following 3000,000 wear cycles (Figure 8.1). The mean 

maximum wear depth and associated standard deviations were 0.16 ± 0.04mm for Z 100™ 

(Group Awis), 0.13 ± 0.04mm for Filtek™ Z250 (Group Bwis), 0.22 ± 0.07mm for 

Filtek™ P60 (Group Cwis) specim ens and 0.12 ± 0.03mm for Filtek™ Supreme XT 

(Group Dwis) (Figure 8.2). The range o f  the mean total volumetric wear and mean 

maximum wear depths are reported in Table 8.10.
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Figure 8.1: The mean total volumetric wear at 50,000, 150,000, 300,000 and 500,000 
wear cycles for ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT 
irradiated at distances of 0, 7 and 15mm using a QTH handheld LCU at irradiances 
of 650 ± 14, 350 ± 8, and 150 ± 8mW/cm^, respectively.

□ 650mW/cm2 ■  350mW/cm2 O 150mW/cm2

0.60

0.50

¥ 0.40

0.30

0.20

0.00
O

O oo o

Filtek Supreme XTFiltek P60ZlOO

Number o f  wear cycles

S.5.2.3 In-vitro wear resistance at 500,000 cycles

Following 500,000 wear cycles the mean total volumetric wear and associated standard 

deviations when irradiated at a distance o f 0mm for ZlOO™ (Group A wq) were 0.16 ± 

0.05mm^, Filtek™ Z250 (Group Bwq) were 0.26 ± 0.06mm^, Filtek™ P60 (Group Cwq) 

were 0.23 ± 0.04mm^ and Filtek™ Supreme XT (Group D wq) were 0.23 + 0.04mm^. The 

mean maximum wear depth and associated standard deviations for ZlOO™, Filtek™ 

Z250, Filtek™ P60 and Filtek™ Supreme XT were 0.16 ± 0.03mm, 0.14 ± 0.01mm, 0.19
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± 0.04mm and 0.14 ± 0.03mm, respectively (Figure 8.2). The range o f  the mean total 

volumetric w ear and mean m aximum  wear depths are reported in Table 8.11.

Figure 8.2: The mean maximum wear depth at 50,000, 150,000, 300,000 and 500,000 
wear cycles for ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT 
irradiated at distances of 0, 7 and 15mm using a QTH handheld LCU at irradiances 
of 650 ± 14, 350 ± 8, and 150 ± 8mW/cm^, respectively

□ 650mW/cm2 ■  350mW/cm2 □ 150mW/cm2
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The mean total volumetric wear and associated standard deviations following 500,000 

wear cycles and irradiaion at a distance o f  7mm were 0.21 ± 0.07mm^ for Group Awy, 

0.27 ± 0.07mm^ for Group Bwy, 0.28 ± 0.04mm^ for Group Cw? specim ens and 0.28 ± 

0.1 Omm^ for Group Dwy (Figure 8.1). The mean maximum w ear depth and associated 

standard deviations were 0.17 ± 0.06mm for ZlOO™ (Group Awy), 0.14 ± 0.02mm for 

Filtek™ Z250 (Group Bwv), 0.22 + 0.06mm for Filtek™ P60 (Group C^w )̂ and 0.14 ±
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0.03mm for Filtek™ Supreme XT (Group Dwy), respectively. The range o f  the mean total 

volumetric wear and mean maximum wear depths are reported in Table 8.11.

Irradiating the RBC materials at a distance o f  15mm before in-vitro wear testing for 

500,000 wear cycles resulted in mean total volumetric wear and associated standard 

deviations for Z 100™ (Group Awis) o f  0.43 ± 0 .13mm^, for Filtek™ Z250 (Group Bwis) 

o f  0.43 ± 0 .06m m \ for Filtek™ P60 (Group Cwis) o f  0.44 ± 0.03mm^ and for Filtek™ 

Supreme XT (Group Dwis) o f  0.38 ± 0.1 Imm^ (Figure 8.1). The mean maximum wear 

depth and associated standard deviations were 0.23 ± 0.06mm, 0.18 ± 0.01mm, 0.28 ± 

0.06mm and 0.15 ± 0.02mm for ZlOO™, Filtek™ Z250, Filtek™ P60 and Filtek™ 

Supreme XT, respectively (Figure 8.2). The range o f  the mean total volumetric wear and 

mean maximum wear depths are reported in Table 8.11.
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Table 8.11: The mean total volumetric wear and mean maximum wear depth 
(associated standard deviations) at 500,000 wear cycles wear cycles for the RBC 
specimens irradiated at a distance of 0, 7 and 15mm

RBC Property
Irradiation Distance

0mm 7mm 15mm

ZlOO™

Mean total volumetric 
wear (mm^)

0 .16(0 .05) 0.21 (0.07) 0.43 (0.13)

Mean maximum wear 
depth (mm) 0.16(0.03) 0 .17 (0 .06 ) 0.23 (0.06)

Filtek™ Z250

Mean total volumetric 
wear (mm^)

0.26 (0.06) 0.27 (0.07) 0.43 (0.43)

Mean maximum wear 
depth (mm)

0.14(0.01) 0 .14 (0 .02 ) 0.18 (0.01)

Filtek™ P60

Mean total volumetric 
wear (mm )

0.23 (0.04) 0.28 (0.04) 0.44 (0.03)

Mean maximum wear 
depth (mm)

0.19(0.04) 0.22 (0.06) 0.28 (0.06)

Filtek™ 
Supreme XT

Mean total volumetric 
wear (mm^) 0.23 (0.04) 0.28 (0.10) 0.38 (0.11)

Mean maximum wear 
depth (mm) 0.14(0.03) 0 .14 (0 .03 ) 0.15 (0.02)

8.S.2.4 Statistical analysis

For the long-term wear resistance two- (irradiated distance x num ber o f wear cycles) and 

three-way (irradiated distance x RBC material x num ber o f  wear cycles) ANOVAs and 

Tukey’s multiple range tests were undertaken at a significance level o f  P<0.05 for 

analysis o f  the mean total volumetric wear following 150,000, 300,000 and 500,000 wear 

cycles when irradiated at distances o f  0, 7 and 15mm from the top surface o f  the RBC 

specimens.
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The two-way ANOVA o f  the group means o f  the total volumetric wear identified a 

significant effect o f  irradiated distance (P<0.001) and number o f  wear cycles (P<0.001) 

forZIOO™, Filtek™ Z250, Filtek™ P60, and Filtek™ Supreme XT. The T ukey’s multiple 

range tests analysis revealed no significant differences for the group means o f the total 

volumetric wear when compared with irradiated distances o f  7 and 15mm for each 

investigated RBC material (all P values were greater than 0.1). The three-way ANOVA 

(irradiated distance x RBC material x num ber o f  wear cycles) identified a significant 

interactions for the group means o f  the total volumetric wear with irradiated distance 

(P<0.0001), RBC material (P<0.0001) and num ber o f  wear cycles (P<0.0001).

Two- (irradiated distance x number o f  wear cycles) and three-way (irradiated distance x 

RBC material x num ber o f  wear cycles) ANOVAs and Tukey’s multiple range tests at a 

significance level o f  P<0.05 were considered for the RBC materials for analysis o f  the 

mean m aximum  wear depth at 150,000, 300,000 and 500,000 wear cycles when irradiated 

at distances o f  0, 7 and 15mm.

The two-way ANOVA o f the group means o f  the maximum wear depth highlighted a 

significant effect o f  number o f  wear cycles (P<0.0001), however, no significant effect o f 

irradiated distance for Filtek™ Z250 (P=0.083), Filtek™ P60 (P=0.055) and Filtek™ 

Supreme XT (P=0.996) was indicated for the group means o f  the maximum wear depths. 

The three-way ANOVA (irradiated distance x RBC material x number o f  wear cycles) 

undertaken identified a significant effect for irradiated distance (P<0.000l), RBC
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material (P<0.0001) and number o f wear cycles (P<0.0001) in the group means o f the 

maximum wear depths reported in the current study.
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CH APTER 9 Discussion

9.1 LCU irradiance degradation

Increasing the LCU exit window distance from the RBC top surface resuhs in a reduction 

in the irradiance (Corcionali et al., 2008) at the proximal portion o f the light cone 

generated from the exit window to the RBC material. Darvell (2002) highlighted that as a 

result o f  beam spreading, the irradiance reaching the RBC material top surface falls 

rapidly as the exit window is moved away from the RBC. This phenomenon o f  irradiance 

degradation with distance from the LCU has also previously been reported in the dental 

literature (Pires et al 1993; Sakaguchi and Berge, 1998) which corresponds well with the 

irradiance degradation with irradiation distance for the LCUs identified in the current 

study. While the irradiance reaching the top surface o f the RBC is decreased the 

phenomenon is further exacerbated when, light transmission characteristics o f  the RBC 

depending upon the influence o f  shade, monomeric reactivity, refractive index mismatch, 

light scattering and absorption (Sakaguchi and Berge, 1998; Shortall et al., 2008) are 

taken into consideration.

9.2 Three-point flexure properties

In the three-point flexure testing methodology rectangular bar-shaped specimens o f  brittle 

m aterials are subjected to three-point flexure loading, where a pure state o f  tension 

(Berenbaum and Brodie, 1959) is placed on one side o f  the specimen (not the irradiated
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side). A major disadvantage o f  the three-point flexure testing m ethodology is that the 

stress in the loaded section is not uniform (W illiam s and Smith, 1971) varying from zero 

at the neutral plane to a maximum compressive stress at the irradiated surface (for 

specim ens tested in the current study) to a maximum tensile stress on the non-irradiated 

surface. This non-uniform stress distribution accentuates the influence o f surface flaws on 

the measured strength (Ruidnick et al., 1963) such that the test results are in excess o f  the 

true tensile strength o f  the material in question (W right, 1955; Ruidnick et al., 1963; 

Earnshaw and Smith, 1966).

Strength is not an intrinsic material property (Darvell, 1990; Kelly, 1995) as the 

dimensions o f the rectangular bar-shaped specimens influences the load to failure and 

therefore the mean three-point flexure strength (Darvell, 1990; Ashby and Jones, 1998). 

In theory, the larger the specimen volume the greater the likelihood o f  introducing crack 

initiating defects and therefore one would expect a lower mean compressive fracture 

strength (Ashby and Jones, 1998). However, it is clear from the information available in 

the dental literature that differences in the three-point flexure strengths are routinely 

achieved for RBC specimens with sim ilar dimensions. For the RBCs investigated the 

three-point flexure strengths varied from 79-184M Pa for ZlOO™ MP Restorative 

(Peutzfeld and Asmussen, 2000; Cesar et al., 2001; Yap et al., 2002; Adabo et al., 2003; 

Palin et al., 2003; Beun et al., 2007), 92-245M Pa for Filtek™ Z250 (Ferracane et al., 

2003; M itra et al., 2003; Palin et al., 2003; Yap et al., 2003; Palin et al., 2005; Calherios 

et al., 2006), 138-170MPa for Filtek™ P60 (Adabo et al., 2003; Ferracane et al., 2003) 

and 113-153MPa for Filtek™ Supreme XT (M itra et al., 2003; Beun et al., 2007). The
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variously reported three-point flexure properties were reported to be indicative o f  the 

degree o f  conversion (Ferracane et al., 2003; Calherios et al., 2006), irradiance (Miyazaki 

et al., 1996; Calherios et al., 2006), type o f  mould (Peutzfeld and Asmussen, 2000; Palin 

et al., 2003; Beun et al., 2007) and light source (Ferracane et al., 2003; Palin et al., 2003, 

2005) employed, although different operators would be expected to manipulate the 

materials differently as well.

It is known that the elastic modulus which is calculated from the ratio o f  stress to strain in 

the elastic range o f  the RBC offers a further insight into material performance, as the 

elastic modulus is an intrinsic material property independent o f  specimen dimensions. 

Additionally, the elastic modulus can be linked directly to the bonding between atoms 

(Askeland and Phule, 2005) and therefore is not sensitive to microstructure or crack 

initiating defects in the same w'ay as three-point flexure strength (Kelly, 1995). WTiilst 

one might expect consistency in the three-point flexure modulus data reported in the 

dental literature for RBC specimens o f  similar dimensions, this was unfortunately not the 

case. For the RBCs investigated the three-point flexure modulus data varied from 5.8- 

17GPa for ZlOO™ MP Restorative (Unterbrink and M uessner, 1995; Miyazaki et al., 

1996; Choi et al., 2000; Peutzefeldt and Asmussen, 2000; Stahl et al., 2000; Asmussen 

and Peutzefeldt, 2004; Beun et al., 2007), 8.4-14GPa for Filtek™ Z250 (M usanje et al., 

2004; Walker et al., 2006; Calheiros et al., 2006), 10-18GPa for Filtek™ P60 

(Papadogiannis et al., 2008) with little published data available for Filtek™ Supreme XT 

(Beun et al., 2007; Papadogiannis et al., 2008). The degree o f  conversion (Ferracane et 

al., 2003; Calherios et al., 2006), irradiance (Miyazaki et al., 1996; Calherios et al., 2006)
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and type o f  mould (Peutzfeld and Asmussen, 2000; Beun et al., 2007) and light source 

(Ferracane et al., 2003) employed, during specimen manufacture all contribute to the 

variations in the three-point flexure moduli reported.

9.2.1 Irradiation distance

In the current study the type o f  mould was consistent as was the irradiation time (as 

specified for each RBC material) such that the only variable was the irradiance for each 

LCU assessed. For the four dimethacrylate RBC materials increasing the irradiation 

distance from 0 to 15mm resulted in significant differences in the group means o f  the 

three-point flexure strengths and the three-point flexure moduli when irradiated with each 

LCU. Additionally, increasing the irradiation distance from 0 to 7mm also resulted in 

significant differences in the group means o f  the three-point flexure strengths and the 

three-point flexure moduli when irradiated with all LCDs investigated with the exception 

o f  the three-point flexure modulus for ZlOO™ when irradiated at distances o f  0 to 7mm 

with the Optilux 501 QTH LCU.

In the current study, the measured irradiance decreased with irradiation distance (0, 7 and 

15mm) from 650 ± 14mW/cm^ to 350 ± 8mW/cm^ and 150 ± 8mW /cm“ for the QTH 

LCU, from 246 ± 8mW/cm^ to 186 ± 14mW/cm^ and less than lOOmW/cm^ for the 

Elipar™ Freelight LED LCU and 1160 ±  8mW/cm^ to 469 ± 8mW/cm^ and 129 ± 

14mW /cm‘ for the Elipar™ Freelight 2 LED LCU. This phenomenon o f  irradiance 

decreasing with distance from the LCU was previously reported in the dental literature
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(Pires et al 1993; Sakaguchi and Berge, 1998). In RBC materials, irradiation forms an 

excited state photo-sensitiser which has to react with the amine initiator and may then 

result in a free radical being formed (inefficiently) since the photo-sensitiser and the 

amine are present at low concentrations. This makes the rate o f  free radical production 

and therefore the rate o f  initiation for the process low. in current study, the process is 

compounded further by the m agnitude o f  the irradiance w'here reciprocity failure became 

o f  practical importance for the three-point flexure properties. Therefore the deviation 

from the predicted approach to the plateau value (for a constant irradiation time) as 

described by Musanje and Darvell (2003) occurred at irradiation distances between 0 and 

7mm for the RBCs investigated although the irradiation distance may have been 

considerably lower than the 7mm since the depth o f  cure is reduced with increasing 

distance.

The maximum three-point flexure properties (strength and modulus) that may be attained 

for the RBCs investigated would be expected to correspond to between 40 and 70% 

conversion o f  double bonds (at a given temperature). In view o f  the absorption by the 

photo-sensitiser (the irradiance is reduced as it travels through the 2mm bar-shaped 

specimens) according to Beer-Lamberts law, in combination with light scattering by the 

high volume o f  filler particles the resultant attainment o f  the three-point flexure 

properties is compromised. This was the case in the current study at irradiation distances 

between 0 and 7mm manifested as a reduction in the three-point flexure properties which 

was further compounded on comparing the flexure properties when irradiated at a 

distance o f  15mm. It is suggested that the non-significant difference in three-point flexure
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moduli for ZlOO™ when irradiated at distances o f  0 to 7mm with the Optilux 501 QTH 

LCU may have been a result o f  the different monomeric form ulation compared with the 

other RBCs investigated for the absorption spectrum generated by the Optilux 501 QTH 

LCU.

Since the deviation from the maximum three-point flexure properties (strength and 

modulus) from the predicted approach to the plateau value (for a constant irradiation 

time) as described by M usanje and Darvell (2003) occurred at irradiation distances 

between 0 and 7mm it is not surprising that increasing the irradiation distance to 15mm 

would further compound the deviation from the maximum three-point flexure properties 

although variations from 7 to 15mm were in general non-significant.

9.2.2 RBC material

Generally, in terms o f RBC material, the one-way ANOVA for each LCU at 0, 7 and 

15mm irradiated distances no significant differences in the group means o f  the three- 

point flexure properties were highlighted between Filtek™ Z250 and Filtek™ P60. The 

methacrylate RBCs (Filtek™ Z250 and Filtek™ P60) contain exactly the same 

m onomeric resin constituents and filler loadings (60 and 61vol.% , respectively (Table 

3.1)) such that it would be expected that both materials would perform in a similar 

m anner when tested in three-point flexure. Whilst one may expect Filtek™ Supreme XT, 

which contains exactly the same monomeric resin constituents and a similar filler loading 

(59.5vol% ), to behave in the same m anner to Filtek™ Z250 and Filtek™ P60, the nano-
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filler technology in the Filtek™ Supreme X T m ust play a role in d isrupting the light 

attenuation trough the material. This is further emphasised in the three-point flexure 

strength data  for Filtek™ Suprem e XT where significant differences between group 

m eans were identified for all LCU s irradiated for all distances. Com parison  o f  the three- 

point flexure strength data with then recom m endations in ISO 4049 are interesting. The 

standard suggests that i f  three o f  five three-point flexure specimens fail to reach the 

80M Pa specified limit the RBC is deemed to ‘have failed absolu tely’. In the current study 

Filtek™ Suprem e X T  would have failed to meet the ISO criteria i f  irradiated with the 

Elipar™ Freelight LED  ECU at irradiation distances o f  7 and 15mm which may have 

clinical implications w'ith respect to the flexure strength, modulus, marginal integrity and 

wear resistance w hen using Filtek™ Suprem e XT.

9.3 Reliability o f the flexure strength data

The distribution o f  flexure strengths o f  quasi-brittle RBC materials can be m ore properly 

described by Weibull statistics rather than mean fracture strengths determ ined from a 

Gaussian strength distribution. In the three-point flexure strength data  for irradiation 

distances in excess o f  0mm (namely 7 and 15mm) the data are normally distributed and is 

perfectly well described using mean and standard deviation. The graphical display o f  the 

quality o f  the fit to a Weibull distribution was not at all convincing. In the USA the use o f  

the Weibull M odulus to predict brittleness would be considered contentious since it is 

really a com bination o f  the characteristic value and the Weibull m odulus which will 

indicate the chances o f  finding a specimen which fractures at low strength. Therefore
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given the reduced depth o f  cure at the bottom surfaces o f  the RBC specimens irradiated at 

distances o f  7 and 15mm the most appropriate statistical method was identified to be 

adequately described using mean and standard deviation.

9.4 Bi-axial flexure strength

An alternative testing methodology to the three-point flexure test is the bi-axial flexure 

strength test (Giovan & Sines, 1979; Ban & Anusavice, 1990; Ban et al., 1992) where a 

disc-shaped specim en is centrally loaded so that the maximum tensile stresses occurs at 

the centre o f  the specimen and decreases rapidly with increased radial distance from the 

centre o f  the disc (Ban et al., 1992). This technique eliminates spurious edge failures, 

offers controllable specimen geometry, sample preparation is simple and the disc-shaped 

specim ens have a surface to volume ratio more closely related to that o f  actual 

restorations than conventional three-point flexure specimens (Piddock et al., 1987). Ritter 

et al. (1980) and Shetty et al. (1980) showed in their literature reviews o f  bi-axia! flexure 

strength testing that several variations o f  test method exist including the ring-on-ring, 

piston-on-three-ball and ball-on-ring tests. In the ring-on-ring test a plate shaped 

specim en is supported by a ring and loaded with a sm aller coaxial ring. However, Ritter 

et al. (1980) identified a stress concentration under the loading ring using finite element 

analysis modeling techniques so that if  fracture initiates in this region then the fracture 

stress as well as the area and volume subjected to the maximum stress are significantly 

less than that assumed by theoretical considerations. In the piston-on-three-ball flexure 

test, developed by Kirstein & W oolley (1967), a plate shaped specimen is peripherally
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supported  by three equi-spaced balls and centrally  loaded w ith a flat piston. W hile the 

piston-on-three-ball test allow s for the fracture o f  slightly  w arped specim ens the stress 

under the flat piston is non-uniform  and difficult to m odel so that the calculation o f  the 

flexure stress is uncertain (D e W ith & W agem ans, 1989). In the ball-on-ring  bi-axial 

flexure strength test (Shetty et al., 1980) a plate shaped specim en is supported  on a ring 

and loaded centrally  w ith a ball. B ecause m inim al friction exists betw'een the test 

specim en and jig  during  loading the ball-on-ring  or shell test w as advocated  by D e W ith 

& W agem ans (1989) as being the m ost reliable bi-axial flexure strength  test m ethod. This 

suggests that because o f  the elim ination  o f  friction clinically  relevant strengths are 

obtained with greater clinical significance o f  the results.

Further advantages o f  the d isc-shaped specim ens are that they can be irradiated in a ‘one- 

h it’ irradiation and as a result specim en m anufacture tim e is m arkedly  reduced as is the 

volum e o f  RBC m aterials required for sam ple preparation. The deviation  o f  the m axim um  

bi-axial flexure strengths occurred at irradiation distances from  1 1 m m  com pared w ith the 

7mm identified  for the three-point flexure properties. T he variation in distance from  7 to 

11 mm is indicative o f  the testing m ethodology as d ifferen t stress d istribu tions are placed 

on the three-point and bi-axial flexure test specim ens. It is suggested that the less 

irradiated bottom  surface, from  w hich the crack in itiates, does not provide a sensitive 

enough fracture m echanism  to enable an accurate represen ta tion  o f  the true tensile 

strength o f  the RBC m aterials tested. This is reinforced by the results o f  the one-w ay 

A N O V A  indicating  no significant d ifferences in the bi-axial flexure strengths betw'een 

the irradiation distances investigated. H ow ever, significant d ifferences in the group

202



means o f the bi-axial flexure strengths were highlighted by the two-way ANOVA for 

Filtek™ Supreme XT (P<0.0001) when the Tukey’s multiple range test were analysed 

and compared with ZlOO™ (P<0.0001), Filtek™ Z250 (P<O.OOOI) and Filtek™ P60 

(P<0.0001). It is again suggested that the nano-flller technology in the Filtek™ Supreme 

XT must play a role in disrupting the light attenuation through the material manifested as 

a significant difference in the group means o f the bi-axial flexure strengths.

9.5 In-vivo wear resistance

Mair et al. (1996) described wear is a tribological process that due to the interaction o f 

opposing surfaces results in the loss o f material from the softer o f the two mating 

surfaces. Mair et al. (1996) further suggested that in the oral environment the wear o f 

dental restoratives can result from a variety o f mechanical interactions including 

abrasion, attrition, adhesion, fatigue and erosion or indeed a combination o f two or more 

o f these interactions. The assessment o f the wear o f restorations in-vivo was initially 

conducted through either direct observation o f the restoration at regular patient visits 

(Cvar and Ryge, 1971) or by the indirect analysis o f tooth replicas o f the restorations, 

proposed by Leinfelder et al. in 1986. The Cvar and Ryge technique was adopted as the 

United States Public Health Service (USPHS) technique in 1980 (Ryge, 1980). Two or 

more independent clinical observers directly evaluated the wear o f restorations after 

regular time intervals and rated them as either clinically ideal (Alpha), clinically 

acceptable (Bravo) or clinically unacceptable (Charlie) as defined by specific criteria 

(Ryge, 1980). One o f the major drawbacks of the USPHS technique was that clinical
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observers were subjective in their assessment and often disagreed over ratings such that 

restorations were rated as Bravo at one visit and Alpha at a later revisit (Taylor et al., 

1989) when wear would be expected to increase with time. In addition, further problems 

included the difficulty in achieving continuity o f  clinical observers for subsequent patient 

visits, notwithstanding patient attendance, expense and compliance issues. The 

quantitative indirect assessment o f dental restorative wear, namely the technique reported 

by Leinfelder et al. (1986), compared stone cast replicas o f teeth containing restorations 

to six standard casts which corresponded to specific wear depths. The requirement o f the 

Leinfelder technique was for both positive and negative impressions o f the restored teeth 

to be taken. However, a major shortcoming was that both dental impression materials and 

dental stone materials were susceptible to varying dimensional instability on setting, 

thereby impeding the dimensional precision o f  the replicas and as a result, clinical 

confidence in the wear data. The imprecision o f  both the direct (USPHS) and indirect 

(Leinfelder technique) in-vivo method ologies, routinely employed to assess the wear 

resistance of restorative materials, meant the dental profession had to pursue alternative 

technologies to assess the in-vivo wear o f dental structures. The potential o f  computerised 

three-dimensional (3D) mapping techniques such as the Michigan computer graphic 

technique (McDowell et al., 1988) and 3D profilometry techniques (Conry et al., 1992) 

were championed as revolutionary methodologies which could produce consistent in-vivo 

wear measurements for dental restoratives when placed in the oral environment.

Over the last 30 years there were numerous attempts to develop in-vitro wear simulators, 

namely devices that would mimic the masticatory processes that occur in the oral
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environment, which could provide an initial screening for the use o f  potential restorative 

materials (Forss et al., 1991). The advantage o f such an in-vitro wear simulator would be 

realised most effectively in the assessment o f the wear resistance, o f potential dental 

materials designed for use in occlusal restorations, prior to placement in the mouth which 

would avert the need for expensive and time consuming clinical trials on substandard 

materials. A variety o f in-vitro wear simulators were developed including the Materials 

Testing and Simulation (MTS) artificial oral environment (DeLong and Douglas, 1983), 

the Academisch Centrum for Tandheelkunde Amsterdam (ACTA) wear machine (De Gee 

et al., 1986), the University o f Alabama wear machine (Leinfelder et al., 1989) and the 

Oregon Health Science University (OHSU) oral wear simulator (Condon and Ferracane, 

1996). Internationally there is no recognised standard for the in-vitro wear assessment o f 

dental restoratives which is more than likely a result o f the difficulties involved in 

simulating the complex wear behaviour routinely encountered in the oral environment. 

As a result, currently there is no single in-vitro wear simulator that can simulate clinical 

wear in the oral environment as the in-vitro wear machines (MTS, ACTA, University o f 

Alabama and OHSU) simulate one or two o f the individual wear mechanisms outlined by 

Mair et al. (1996). Therefore there is considerable difficulty in correlating in-vitro and in- 

vivo wear study measurements in the dental literature.

The OHSU four chamber oral wear simulator (Condon and Ferracane, 1996) used in the 

current study utilises steatite antagonists (10.0 ± 0.1mm diameter), which have wear 

characteristics similar to enamel when opposing dental restorative materials (Wassell et 

al., 1994; Condon and Ferracane, 2002), to simultaneously produce abrasion and attrition
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wear in the form o f  a tear drop wear facet (Figure 7.1) in the presence o f  a food-like 

slurry. Abrasion wear was described by M air et al. (1996) as being caused by the sliding 

action o f  one surface over another and attrition wear by direct static forces acting 

between opposing surfaces (M ortensen, 2007). The w'ear regime imposed by the OHSU 

oral wear simulator brings the steatite antagonist into direct contact with the specimen in 

the presence o f a food-like slurry to impart a 20N sliding abrasion force along a 7mm 

linear path (Condon and Ferracane, 1996, 1997a,b). A direct static 90N force is also 

applied at the end o f  the 7mm path for each specimen to simulate attrition wear (Condon 

and Ferracane, 1996, 1997a, and 1997b). At the end o f  each wear cycle the steatite 

antagonist is raised and returns to the start o f  the 7mm path and the wear regime is 

repeated at a frequency o f  IHz. The food-like slurry mixture consisting o f  I.Og o f  poppy 

seeds ground for 100 strokes in a ceramic pestle and mortar, 0.5g o f  PM M A beads (50- 

100(am diameter) and 5ml o f distilled water has been reported (Lutz et al., 1984; De Gee, 

1986) to produce wear rates for a range o f  dental restorative m aterials that are 

comparable with clinical studies.

Traditionally, the in-vitro w'ear resistance o f  dental restoratives, namely dental amalgam 

(Condon and Ferracane, 1996) and RBCs (Condon and Ferracane, 1996, 1997a,b), tested 

in the OHSU were quantified in terms o f  the mean wear depths due to abrasion and 

attrition. The tear drop wear facets were analysed using a diamond-tipped profilom eter by 

making ten equally spaced traces perpendicular to the wear facet length. According to the 

authors, following “profilometric and visual exam ination” o f  the wear traces, the abrasion 

region was determined to be 40-60%  o f the wear facet trace and the attrition region was
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80-90% of the wear facet trace based on the average wear depth measurements (Condon 

and Ferracane, 1996). However, examination o f the dental literature on the OHSU 

(Heintze, 2006) highlighted that mean wear depths measured in the abrasion and attrition 

regions differed by 33-56% and 31-78%, respectively when RBCs (Heliomolar, Herculite 

and ZlOO™) were tested using the same protocol (20 N abrasion force and 70-90 N 

attrition force in the presence o f a food-like slurry) (Condon and Ferracane, 2002; 

Sorensen and Pham, 2002; Seghi et al., 2002). A recent study (Dowling and Fleming, 

2007) employed the OHSU, using the same protocol (20 N abrasion force and 90 N 

attrition force in the presence o f the food-like slurry) to assess glass-ionomer restoratives 

and suggested further difficulties with using mean wear depths due to abrasion and 

attrition to report the in-vitro wear resistance. The authors used a non-contact optical 

profiiometer (Talysurf CLl 2000, Taylor-Hobson Precision, Leicester, UK) with a 3mm 

range chromatic length aberration gauge with a resolution o f 0.1 |am (z-direction) 

scanning at 2mm/s such that longitudinal traces were taken at 4fam intervals (x-direction) 

across the wear facet with a measurement recorded at 40fim intervals (y-direction) 

compared with the 0.7mm intervals (y-direction) used by Condon and Ferracane (1996). 

Dow'ling and Fleming (2007) identified variations o f 0.22 and 0.19mm in the wear depth 

measured over the abrasion and attrition regions o f the wear facet, respectively 

emphasising that the abrasion and attrition regions were not uniform which coincides 

with the previously reported differences o f 33-56% and 31-78%, respectively for RBCs 

using the same protocol. Unfortunately, no detail o f the resolution o f  the profiiometer in 

the y-direction was not reported in the previous studies (Condon and Ferracane, 2002; 

Sorensen and Pham, 2002; Seghi et al., 2002). More recently, studies employing the
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OHSU (Turssi et al., 2006, Correr et a!., 2006) have performed up to 125 perpendicular 

traces across the wear facet (using a resolution in the x- and y-direction o f  50 and SOfim, 

respectively) to determine the wear depth measurements over the abrasion and attrition 

regions o f  the wear facet. Given the improvements in the scanning resolution, accuracy, 

precision and speed o f  profilometric scanning devices, since the OHSU was first 

employed, it is understandable that the num ber o f  traces utilised to analyse the wear 

depths m easured over the abrasion and attrition regions o f  the wear facets has increased. 

However, the study by Dowling and Fleming (2007) has highlighted that a minimum o f  

100 traces (y-axis spacing o f  40|^m) for maximum wear depths measured are required to 

provide an accurate and precise representation o f  in-vitro wear resistance.

Interestingly, more recently when questioning the “need for in-vitro wear simulating 

devices” Ferracane concluded wear testing data reporting (depth, area or volume) needed 

to be standardised (Ferracane, 2006). The calculation o f  material removed due to the 

interaction o f  contacting surfaces was suggested by Archard in 1953 to be more 

accurately described in terms o f  volume loss (Archard, 1953). A rchard’s wear equation 

calculated wear as the volume V  (mm^) per unit sliding distance L (mm) which was 

dependant upon the dimensionless wear coefficient k, the applied load P  (N) and the radii 

o f  the contacting asperities a (mm) as shown in Equation 9.1

Wear = — = —  Equation 9.1.
L 3a

DeLong et al. (1985) evaluated the in-vitro  wear o f  dental amalgam in the MTS by 

m easuring the volume o f material removed and suggested wear volume as being an 

“ indirect measure o f  w e a r’ and a measure o f  the work done to remove material, implying
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that the wear volume was a material property independent o f  occlusal factors (DeLong, 

2006). This was demonstrated by the variation in tooth wear in-silu in young adults over 

a 2-year period (Pintado et al., 1997). As a result, DeLong (2006) suggested that the 

determination o f the mean total volumetric wear o f the facet was a more accurate 

parameter for evaluating material loss due to wear. Therefore, the authors of the current 

study whilst reporting mean wear depth measurements have also focused on the 

maximum wear volume as an appropriate wear quantity. A recent review (DeLong, 2006) 

also appeared to be more concerned with the confidence in the accuracy and precision o f 

results presented, therefore, the results presented are in terms o f the resolution in the ,x-, 

y- and z-directions for the in-vitro wear simulation. In addition, the technique of data 

reporting employed to quantify the wear facets in the current study quantify both the 

mean maximum wear depth measurements and total wear volumes o f the tear drop wear 

facets rather than the individual abrasion and attrition regions in accordance w'ith the 

views o f Ferracane (2006).

9.5.1 Short-term in-vitro wear resistance

In the current study, the wear data analysed for the four RBCs tested at 50,000 cycles (at 

scanning resolutions in the x-, y- and z-directions o f 4, 40 and 0.1)j,m, respectively) 

demonstrated that reducing QTH LCU irradiance resulted in no significant difference in 

the mean total volumetric wear and mean maximum wear depth. The constant mean total 

volumetric wear and mean maximum wear depths (Table 8.8) showed clearly that the top 

surface o f the RBCs was adequately cured within the range o f intensities employed,
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presumably due to the maximum conversion o f  C=C double bonds to C-C single bonds 

for the top surface. In the dental literature, Halverson et al. (2002) showed that even with 

low irradiances (200mW /cm“) and short exposure times (10s), nearly maximum 

conversion could be achieved at the irradiated top surface to achieve 90%  o f  the 

maximum conversion. Therefore, it is not surprising that no significant differences were 

evident in mean total volumetric wear and mean maximum wear depth following 

irradiation at distances o f  0 to 15mm from the top surface o f  the RBCs (irradiances o f 

650 ± 14 to 150 ± SmW/cm"). The question o f  importance, nevertheless, is at what 

m agnitude o f  irradiance does this reciprocity failure become o f  practical importance 

again here for the short-term in-vitro wear resistance. The expectation may be for a peak 

in the value for the short-term in-vitro wear resistance as a function o f  irradiance, but an 

approach to the plateau value was identified, as shown in the mechanical property results 

o f  Musanje and Darvell (2003).

9.5.2 Long-term in-vitro wear resistance

The two-way ANOVA o f  the long-term in-vitro wear resistance (irradiation distance x 

num ber o f  wear cycles) highlighted significant interactions for the mean total volumetric 

wear for each RBC material (all P values were less than 0.026) but not the mean 

maximum wear depth for ZlOO™ (P=0.400), Filtek™ Z250 (P=0.746) and Filtek™ 

Supreme XT (P=0.737). The increased number o f  ploughing actions o f  the antagonist on 

the RBC results in increased friction which would be expected to play a major role in the 

wear process (Palin et al., 2005). Increasing the num ber o f  wear cycles results in a
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significant increase in tiie mean total volumetric wear observed over time which is 

exacerbated with increasing QTH LCU irradiance distances. Interestingly the mean 

maximum wear depth observed with increasing number o f wear cycles was manifested as 

a non-significant increase in the mean maximum wear depth observed for all materials 

with the exception o f Filtek™ P60 over time with varying QTH LCU irradiance 

distances. It is suggested that in line with the findings of Archard (1953) and DeLong et 

al. (1985) that the determination o f the mean total volumetric wear was a more accurate 

parameter for evaluating material loss due to wear since difficulties with the mean 

maximum wear depth measurements for data reporting are routinely encountered in the 

dental literature (Heintze, 2006; DeLong, 2006). The differences identified between RBC 

materials require little elaboration as the effects o f monomeric resin formulation have 

been discussed extensively in the dental literature.

A further disadvantage to using the wear depth measurement would be when trying to 

correlate in-vivo and in-vitro studies. In the oral environment the opposing teeth do not 

wear linearly with time. As teeth wear against each other, dynamic changes occur in the 

occlusal parameters, namely the centric contacts move, the orientation o f the teeth in 

relation to each other changes and the areas o f  contact increase. Therefore it is possible 

that wear may cease in one location and move to another location leading to the problem 

o f try'ing to quantify the in-vivo wear. Volumes are additive, however, for depth or area 

measurements the problem may be complicated by overlapping wear regions (DeLong, 

2006). It is suggested that this result further emphasises the arguments for the 

employment o f volume (DeLong, 2006) and for standardised data reporting (Ferracane,
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2006), for evaluating material loss due to wear following in-vitro wear simulation o f  

RBCs.

Previously in the dental literature when long-term wear studies with increasing number o f 

cycles were considered the slurry was often not changed for the duration o f  the 

experiment (Hu et al., 2002; Barkmeier et al., 2008) so that the abrasiveness o f  the slurry 

increased with removal o f  RBC filler particles which exacerbated the wear phenomenon. 

In the current study, the wear m edia was changed to prevent this phenomenon occurring 

to more accurately reflect the clinical situation. In addition, the degree o f  conversion 

within an RBC material is reduced depending upon the influence o f  shade, monomeric 

reactivity, refractive index mismatch, light scattering and absorption (Shortall et al., 

2008). Reducing the LCU output intensity has the effect o f  further reducing the degree o f  

conversion at varying depths from the LCU such that it becomes easier to remove 

material following an increased num ber o f  cycles. As a result, the proposed hypothesis 

that exacerbated wear rates would be evident following long-term wear with RBCs 

irradiated under non-optimised conditions was accepted.

9.5.3 RBC material

In general no significant differences occurred between the methacrylate RBCs (Filtek™ 

Z250, Filtek™ P60 and Filtek™ Supreme XT) which contained similar m onomeric resin 

constituents and filler loadings and ZlOO™ despite the higher filler volume and elastic 

modulus o f  the more brittle ZIOO™ RBC (M usanje and Darvell, 2006). This is in
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agreem ent w ith the volum e loss data from  Palin et al. (2005) w ho determ ined  sim ilar 

frictional coefficien ts, w ear coefficien ts and volum e loss for the m onom eric  resin  

constituen ts investigated resu lting  in sim ilar fraction o f  friction results. T herefore it 

would appear that im proved w ear perform ance suggested  for nano-filled  R B C s (Filtek™  

Suprem e X T) w hich w ere proposed to be less prone to filler p lucking  due to their 

irregular shape com pared w ith the hybrid R BC s (ZlOO™, Filtek™  Z 250 and Filtek™  

P60) m ay not be entirely  correct (M itra et al., 2003).
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CH APTER 10 Conclusions

W hen an 8mm ‘T u rb o ’ tip d iam eter was used in standard and boosted modes the 

irradiances were increased com pared with when a conventional 8mm tip d iam eter was 

em ployed. The broader adit d iam eter o f  the 8m m  ‘T u rb o ’ tip will capture and therefore 

emit more irradiance at the proximal portion o f  the light cone generated when com pared 

with the narrower adit d iam eter o f  the conventional 8m m  tip diameter. The increase in 

irradiance in boosted com pared with standard mode is a result o f  the m anufacturers 

increasing the current available to the LCD pow er source with the associated increase in 

irradiance reported in Section 4.1. Similarly, the 13, 11 and 8mm light guides consist o f  a 

14mm adit diameter which is attached to the LCD. To control the level o f  irradiance 

captured and therefore emitted at the proximal portion o f  the light cone generated, the 

effective adit d iam eter was modified with a metal sleeve together with a modification o f  

the d im ensions o f  the hexagonal fibres o f  the LCD light guides such that in reality the 13, 

11 and 8m m  adit diameters were 12.1. 10.3 and 7.4mm. In addition, the variation in the 

fibre spacing and fibre d iam eter at the adit and exit o f  the tip diameters were different. It 

is suggested that the similar irradiances dem onstrated with the 13, 11, and 8m m  tip 

diam eters were achieved by the m anufacturers through controlling the am ount o f  light 

entering the adit side o f  the LCU tips together with modifying the num ber and 

dim ensions o f  the hexagonal fibres in the LCU tips. Therefore, all the tip diam eters used 

with the Q T H  LCU were just  as effective in the irradiances they generated.
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The technological advancem ents that occurred from the time the Elipar™ Freelight LED 

LCU was marketed, to the launch o f  the Elipar™ Freelight 2 resulted in the increase 

irradiance for the Elipar™ Freelight 2 employing either an 8 or 13mm tip diameter. The 

m anufacturer’s claimed irradiance for the Elipar™ Freelight (240mW /cm^) and the 

Elipar™ Freelight 2 ( 1040mW/cm^) LED LCDs appears to refer to the irradiance whilst 

em ploying the 8mm LCU tip diameter. The light guides them selves consist o f  fused 

hexagonal fibres which run from the adit (the LCU side) to the exit (the LCU tip) with 

tapers that are negative for the 8mm and positive for the 13mm tip diameters. Although 

the fibre spacing and fibre diam eter were similar for the 8 and 13mm tip diam eters at the 

adit end, variations in fibre spacing and fibre diam eter were evident when the exit ends 

were compared for the 8mm negative taper and the 13mm positive taper tip diameters. In 

short, narrower tip diameters at the exit w indow are prone to emit more irradiance and 

illuminance at the proximal portion o f  the light cone.

The efficiency o f  the overlapping irradiation regime has been questioned by a number o f  

authors in the dental literature recently in terms o f  uncontrolled initiation on 

polymerisation, non-homogeneously cured specimens and inconsistent polymerisation 

along the length o f  the bar-shaped specimen. Accordingly, decreasing the LCU tip 

diam eter (from 13 to 11 and 8mm) would be expected to progressively decrease the 

efficiency o f  the polymerisation process along the length o f the RBC specimens 

compared with a ‘one-hit’ irradiation (25mm tip diameter). This would be expected to be 

m anifested as a reduction in the reliability o f  the three-point flexure strength data if the 

theory proposed by Palin et al. (2005) regarding residual tensile stress generation were to
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hold true. However, when the reliability o f  the three-point flexure strength data was 

analysed for the four RBCs tested, no change in the reliability o f  the three-point flexure 

strength data was evident when irradiated using tip  diameters o f  13, 11 , 8  and 25m m  with 

the QTH LCU at the two irradiances investigated (Table 4.2). In addition, similar Weibull 

moduli and associated 95%  confidence intervals were achieved following irradiation with 

the LED LCUs regardless o f  the tip d iam eter (8 or 13mm) em ployed  (Table 4.7). It is 

therefore evident that the previously theory proposed by Palin et al. (2003, 2005) was not 

entirely correct.

Additionally, no effect due to overlapping, which corresponds to a doubling o f  the 

irradiation time at such sites, on Vickers hardness was detected. It can be concluded that 

the recom m ended irradiation times, per spot, effectively put the material on the ‘p la teau’ 

o f  the response surface, and it is expected then not to show any further change on 

prolonged irradiation (M usanje and Darvell, 2003). Even so, it should be noted that there 

is unavoidably much scatter occurring within the material such as, firstly, to m ake the 

distinction between regions unsharp and, secondly, make any such effect ( i f  one did exist) 

at the low er surface even less obvious: the effectively irradiated area must be larger than 

the tip diameter. While this does not provide such a strong test o f  doubled exposure time 

as might be desired, it provides strong confirmation that there is no detriment to the 

specim ens from overlapping irradiation sites, on the assum ption that ‘full’ irradiation is 

desired, and confidence both that the modified ISO 4049 irradiation methodology is 

sound thereby implying the ISO 4049 irradiation m ethodology is also sound. The Vickers 

hardness data indicated that for each LCU and tip d iam eter utilised there was no
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significant difference between the non-overlapped and overlapped regions on the top 

surface. However, there were significant differences highlighted between the non

overlapped and overlapped regions on the bottom surface (com pared with the 

corresponding region on the top surface) at the range o f  intensities investigate with the 

LCU tip diam eters employed. However, the differences in Vickers hardness data with 

varying irradiances did not influence the flexural properties o f  each o f  the RBC materials 

investigated. These results from the current investigation further em phasise that the 

relationship between the developm ent o f  three-point flexure properties and Vickers 

hardness with energy density, namely irradiance and time is not linear. In addition, the 

current study provides confidence both that the ISO method is sound and that, clinically, 

extra irradiation is sensible should doubt about the adequacy o f  the exposure arise for any 

reason.

Increasing the LCU exit window distance from the RBC top surface results in a reduction 

in the irradiance at the proximal portion o f  the light cone generated from the exit window 

to the RBC material. While the irradiance reaching the top surface o f  the RBC is 

decreased the phenom enon is further exacerbated when, light transm ission characteristics 

o f  the RBC depending upon the influence o f  shade, monomeric reactivity, refractive 

index mismatch, light scattering and absorption are taken into consideration. The 

maximum flexure properties (strength and modulus) that may be attained for the RBCs 

investigated would be expected to correspond to between 40 and 70% conversion o f  

double bonds (at a given tem perature). In view o f  the absorption by the photo-sensitiser 

(the irradiance is reduced as it travels trough the 2mm bar-shaped specim ens) according
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to Beer-Lamberts law, in combination with light scattering by the high volume o f  filler 

particles the resultant attainment o f the flexure properties was compromised with 

irradiation distance.

For the short-term in-vitro wear resistance, the constant mean total volumetric wear and 

mean maximum wear depths (Table 8.8) showed clearly that the top surface o f  the RBCs 

was adequately cured w'ithin the range o f  intensities employed, presumably due to the 

maximum conversion o f  C=C double bonds to C-C single bonds for the top surface. 

Therefore, it is not surprising that no significant differences were evident in mean total 

volumetric wear and mean maximum wear depth following irradiation at distances o f  0 to 

15mm from the top surface o f  the RBCs (irradiances o f  650 ± 14 to 150 ± 8mW/cm ). 

For the long-term in-vitro wear, the increased num ber o f  ploughing actions o f  the 

antagonist on the RBC results in increased friction which would be expected to play a 

m ajor role in the wear process. Increasing the number o f  wear cycles results in a 

significant increase in the mean total volumetric wear observed over tim e which is 

exacerbated with increasing QTH LCU irradiance distances. Interestingly the mean 

maximum wear depth observed with increasing number o f  wear cycles was manifested as 

a non-significant increase in the mean maximum wear depth observed for all materials 

(with the exception o f  Filtek™ P60) over time with varying QTH LCU irradiance 

distances. It is suggested that the determination o f the mean total volumetric wear was a 

more accurate param eter for evaluating material loss due to wear since difficulties with 

the mean maximum wear depth measurements for data reporting are routinely 

encountered in the dental literature.
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CHAPTER 11 Recommendations for further work

Existing data

The objective in the current study was to investigate the efficiency o f  the overlapping 

irradiation regime by modifying the specim en manufacture protocol in ISO 4049 using 

QTH and LED LCUs. The exit w indow o f  the LCU was moved by three-quarters (not 

haiO the diam eter along the specim en so that some areas received twice the irradiation o f  

adjacent areas, thereby exacerbating the potential for uncontrolled initiation on 

polymerisation and potentially decreasing the homogeneity o f  polymerisation along the 

length o f  the specimen. In addition, specimens were irradiated from the top surface only 

to further exacerbate the phenom ena investigated. Analysis o f  the existing data was 

undertaken for the QTH and LED LCUs however, no comparisons were carried out 

between the two LCU irradiation technologies. It is suggested that further multiple 

comparisons o f  the two irradiation technologies could be undertaken which would 

provide additional information on the differences in the reliability o f  the fracture strength 

associated with the fabrication o f  three-point flexure bar-shaped specimens.

The ISO 4049 for dental polymer-based restorative materials stipulate that RBCs used in 

occlusal surfaces should have a three-point flexure strength value in excess o f  80 MPa. 

The standard suggests that i f  three o f  five three-point flexure specim ens fail to reach the 

80M Pa specified limit the RBC is deemed to ‘have failed absolutely’. In the current study 

Filtek™ Supreme XT failed to meet the three-point flexure strength ISO criteria. 

Examination o f  the existing data in term s o f  the order they were m anufactured and tested
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could highlight the failure o f  the RBC to meet the ISO three-point flexure strength 

criteria. However, Filtek™ Supreme XT has been used clinically in dental practice for in 

excess o f  5 years with few complications reported suggesting that the ISO 4049 strength 

criteria test is flawed in terms o f  the number o f specimens required for the test and the 

reliance on a mean value o f  80 MPa.

An indication o f  the influence o f  increasing the num ber o f  wear cycles for each RBC 

investigated may be highlighted by exploration o f  the correlation between the num ber o f 

wear cycles and the mean total volumetric wear and mean maximum wear depths. The 

plots would highlight if  a linear relationship was followed and if  there was a common 

trend between RBC materials with the different resin constituents and filler volumes.

Further work on existing data

The influence o f  irradiance on the four RBC materials investigated was assessed in the 

current study in term s o f  the mean total volumetric wear and the mean maximum wear 

depth. The data from the profilometric traces could be further examined by evaluating the 

influence o f irradiance on the RBC surface with increasing depth by investigating the 

surface roughness when employing the steatite antagonist. Such data could provide 

further information on the influence that irradiance has in terms o f  the resin chemistry 

and filler technology with increasing depth.

The in-vitro  wear resistance o f  RBCs tested in the OHSU were quantified in terms o f  the 

mean wear depths due to abrasion and attrition (Condon and Ferracane, 1996, I997a,b).
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The tear drop wear facets were analysed using a diamond-tipped profilometer by making 

ten equally spaced traces perpendicular to the wear facet length. The current study 

identified variations in the wear depth measured over the abrasion and attrition regions o f 

the wear facet, respectively emphasising that the abrasion and attrition regions were not 

uniform when using a non-contact optical profilometer making approximately 200 traces. 

It was therefore proposed that further investigations o f the profilometric data would 

provide additional information o f the wear data measured over the abrasion and attrition 

regions o f the wear facets thus enabling a comparison between 10 and 200 traces o f the 

existing data using the Talysurf analysis software.

Future work

Each o f the four RBC specimens were tested in the OHSU wear simulator with a food

like slurry added to each chamber consisting o f l.Og o f ground poppy seeds, 0.5g o f 

PMMA beads and 5ml o f distilled water. Further studies could include an evaluation o f 

the wear volumes and wear depths o f the investigated RBCs by using various 

ethanol/water mixtures added to the poppy seeds and PMMA beads. Investigations with 

different solvent concentrations would provide a more detailed insight into the wear 

behaviour at various irradiances under harsher oral environments which could preclude 

the use o f extended wear testing regimes.

Whilst the current study advocates wear volume, which was reported as being an 

“indirect measure o f wear” and a measure o f the work done to remove material, when 

employed to quantify in-vitro wear then the picture is clouded by the wear regime chosen.
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In line witii the developers o f  the O H SU  the current study em ployed  the sam e testing 

protocol (20 N abrasion force and 90 N attrition force in the presence o f  a food-like 

slurry), it is suggested that im provem ents in the know ledge o f  the w ear process for both 

abrasion and attrition would best be achieved by exam ining  the w ear m echanism s in 

isolation rather than together. Therefore it is proposed that applying variable attrition or 

abrasion loads would be more helpful to understanding the fundamental w ear processes 

that occur in the oral environment.
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Objectiue; Investigation of halogen light irradiation variables (tip diameter, irradiance, 
irradiation protocol) on flexural strength and m odulus of four m ethacrylate resin-based 
composites (RBCs).
Methods. Rectangular bar-shaped specimens (25 mm x 2 mm x 2 mm; n = 20 per group) of 
four RBCs were irradiated at varying irradiances (640 and 790 mW/cm^; standard and 
boosted mode) with different tip diam eters (8, 11, 13 and 25 mm) and for the 8 mm Turbo 
light tip diam eter at irradiances of 880 and 1040 mW/cm^ (standard and boosted mode). 
Following irradiation the specim ens were stored in a light-proof container for 24 h at 
37 ± 1 C and tested in three-point flexure. One-way analyses of variance were made at 
P = 0.05, guided as necessary by Tukey's correction in multiple partial analyses, in addition 
to a Weibull analysis.
Results: The m ean three-point flexure strengths, Weibull moduli and flexure moduli of the 
four RBC materials, irradiated with varying irradiances, tip diam eters and irradiation 
protocols highlighted no significant differences although the values were m aterial specific. 
Similarly the 8 mm conventional and Turbo tip diam eter resulted in no significant differ
ences for varying irradiances and irradiation protocols.
Conclusion: Within the lim itations of the experiment halogen tip diameter, irradiance and 
irradiation protocol have no influence on three-point flexural strength and modulus data. 
The efficacy of the overlapping irradiation regime was upheld for the conditions tested.

I 2008 Elsevier Ltd. All rights reserved.

1. Introduction

D ental resin -based  com posites (RBCs) consist of a high- 
s tren g th  particu la te  inorganic filler bonded to a low er streng th  
organic polym er resin  m atrix  utilising  a silane coupling agent. 
M ost RBCs available to d en ta l p ractitioners are based  on 
m ethacry late  chem istry  and  polym erisation  is achieved, using 
visible light o f a specified w avelength  (450-470 nm ), com 
m only  by activation of th e  c am p h o roqu inone-am ine  initiator- 
activato r sy s tem .’ Following irradiation , a proportion  of the

C=C double bonds of th e  m ethacry late  m o n o m er resin  are 
polym erised to C-C single bonds and form  polym er chains 
w ith  an associated  closer packing of th e  m olecules.^ During 
polym erisation  a gelation po in t is reached  w here  th e  resin 
m atrix  changes from  a viscous-plastic  to a rigid-elastic phase.^ 
The gel-point w as defined as the  m o m en t a t w hich th e  viscous 
flow of th e  RBC “can no longer keep up  w ith  th e  curing 
con trac tio n ’’.̂  As a result, bulk con traction  or polym erisation  
shrinkage induces shrinkage stress  w ith in  RBCs, th e  m agn i
tude  being d ep en d en t upon th e  n a tu re  of the  polym eric m atrix
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material,^ the filler load,'' the viscous-elastic properties of 
the RBC  ̂and the in-uiuo cavity configuration.^’̂  Clinically, the 
shrinkage stress on polymerisation may compromise the 
quality of the bond at the tooth-restoration interface® and 
possibly lead to bacterial m icro-leakage^”  and ultimately 
pulpal inflammation or necrosis and secondary caries.^

The range of testing methodologies employed to assess 
RBC performance and stated in ISO 4049 (The International 
Standard for Dentistry—polymer-based filling, restorative and 
luting materials'^) include depth of cure, w ater sorption and 
w ater solubility and three-point flexure strength. It is 
imperative that there is standardisation and reproducibility 
of the testing methodologies between test centres when 
evaluating RBCs using the ISO 4049 standard'^ so that any 
material tested under ISO 4049 standard conditions should 
produce consistent test results. However, the differences in 
the three-point flexure strength data reported in the dental 
literature for the RBCs investigated in the current study varied 
from 79 to 184 MPa for ZlOO™ MP Restorative (3 M ESPE, St 
Paul, MN, USA),’^*® 92-245 MPa for Filtek™ Z250 (3 M ESPE, St 
Paul, MN, U S A ) , 138-170 MPa for Filtek™ P60 (3 M ESPE, 
St Paul, MN, USA)̂ ® *® and 113-153 MPa for Filtek™ Supreme 
XT (3 M ESPE, St Paul, MN, USA).'®’̂  ̂The variously reported 
three-point flexure strength data was reported to be indicative 
of the degree of c o n v e rs io n ,ir ra d ia n c e ,^ * '^ ^  type of 
mould'^’'®’̂  ̂ and light source’  ̂’®'̂ ° employed although dif
ferent operators would be expected to m anipulate the 
materials differently as well. In addition, the polymerisation 
process for light activated RBCs involves a complex series of 
interactions which can be influenced by the resin photo
activation system,^® the light curing unit (LCU) spectral 
distribution^^-^® and the energy density (J/cm^).^^ In the 
current study, RBCs from the sam e m anufacturer were chosen 
to ensure the sam e photo-activation system was employed, 
namely cam phorquinone and the QTH LCU used produced two 
specific irradiances (I) for specific irradiation times (t) to 
provide two discrete energy densities.

The three-point flexure strength of RBC materials deter
mined using the protocol set out in ISO 4049^^ involves the 
fabrication of rectangular bar-shaped specimens w ith length, 
w idth and height dim ensions of 25 mm x 2 mm x 2 mm, 
respectively. As the length of the rectangular-bar exceeds 
the LCU light tip diameter, an overlapping light curing 
procedure is required. The exit window of the LCU light tip 
is placed at the centre of the specimen, irradiated for the 
recom m ended exposure time which can vary depending upon 
the composition of the RBC. The exit window is then moved by 
half the diam eter of the exit window along the specimen and 
the adjacent area irradiated, with the procedure repeated until 
the entire length of the specimen is irradiated on both the top 
and bottom  surfaces.’  ̂ The efficiency of the overlapping 
irradiation regime has been questioned by a number of 
authors in the dental literature recently in term s of uncon
trolled initiation on polym erisation," non-homogeneously 
cured specim ens’  ̂and inconsistent polymerisation along the 
length of the bar-shaped s p e c im e n .“  A range of light tip 
diam eters are currently available to dental practitioners 
ranging from 8 to 13 mm diameters. Consequently 8, 11 and 
13 mm light tip diam eters require nine, seven and five 
overlapping irradiations on each side to adequately polymer

ise the 25 mm length of the ISO bar-shaped specimens 
according to the protocol. Alternative irradiation m ethodol
ogies including oven-LCUs,’  ̂'®’̂ ° the use of a scanning motion 
with a handheld-LCU along the length of the bar-shaped 
specim en” -̂ ® or employing a custom made fibre optic light 
guide enabling a ‘one-hit’ irradiation of the entire specimen^’ 
have been advocated to control initiation on polymerisation 
and produce homogeneous specimens and consistent poly
merisation along the length of the specimen. Mehl et al.”  and 
M anhart et al.^° advocated employing three LCUs placed 
alongside one another with no gaps betw een the LCU curing 
tips to irradiate the three-point rectangular bar-shaped 
specimens to prevent uncontrolled initiation on polym erisa
tion. However, Mehl et al.”  and M anhart et al,^° did not 
investigate the overlapping irradiation regime against their 
technique of employing the three LCUs. Ferracane et al.'® also 
expressed concern that the overlapping irradiation regime 
would influence the homogeneity of the irradiated specimen. 
Ferracane et al.’® compared a Triad II (Caulk/Densply, Milford, 
DE, USA) oven-LCU with a QTH LCU and identified 'practically 
equivalent’ three-point flexure strength and flexure modulus 
data w hen either LCU was employed. Palin et al.’  ̂suggested 
that the overlapping irradiation regime stipulated in ISO 4049 
may result in inconsistent polymerisation along the length of 
the three-point flexure rectangular bar-shaped specimen 
thereby producing a different defect population to that 
expected for a ‘one-hit’ irradiation. These suggestions were 
further emphasised by Palin et al.^° w hen the three-point 
flexure strength data from an overlapping irradiation regime 
with a handheld-LCU was compared with a single exposure 
Visio-Beta (3 M ESPE, Seefeld, Germany) oven-LCU. Although 
equivalent three-point flexure strength data was achieved, the 
authors highlighted a significant reduction in the reliability of 
the three-point flexure strength data when an overlapping 
irradiation regime was employed. In addition, the survival 
probability distributions of Palin et al.^° highlighted a bi-modal 
defect distribution namely an asymmetry, for the handheld- 
LCU compared with specimens irradiated using the oven-LCU.

In the current study to exacerbate the potential for 
uncontrolled initiation on polymerisation and decrease the 
homogeneity of polymerisation along the length of the 
specimen, the exit window was moved by three-quarters 
(not half) the diam eter along the specimen so tha t some areas 
received twice the irradiation of adjacent areas and irradiation 
was from the top surface only. The objective was to investigate 
halogen light irradiation variables (tip diam eter, irradiance, 
irradiation protocol) on flexural strength and modulus of four 
RBCs. The hypothesis tested was that the flexural strength and 
flexural moduli for the RBCs would be similar regardless of the 
halogen light curing variables.

2. Materials and methods

The RBC materials tested in the current study (Table 1) were 
ZlOO™ MP Restorative, Filtek™ Z250, Filtek''''^ P60 and 
Filtek™ Supreme XT. Twenty rectangular bar-shaped speci
mens (25 mm length, 2 mm width and 2 m m  thickness) were 
fabricated using a knife-edged split alum inium mould 
(aluminium alloy 6061) designed to minim ise the stresses
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RBC ty p e

T y p e

F ille r 

P a r tic le  s iz e  (p.m) V o lu m e  {%)

R es in

ZlOO™ (shade A3: ba tch  20050211) Zirconia and  silica 0.01-0.35 66 Bis-GMA and  TEGDMA
Filtek™  Z250 (shade A3: ba tch  20050210) Zirconia and  silica 0.01-0.35 60 Bis-GMA, UDMA, 

Bis-EMA and  TEGDMA
Filtek™  P60 (shade A3: ba tch  20050329) Zirconia and silica 0.01-0.35 61 Bis-GMA. UDMA. 

Bis-EMA and  TEGDMA
F i l t e k S u p r e m e  XT (shade A3B: ba tch  20050106) Zirconia 0.6-1.4 59.5 Bis-GMA. UDMA, 

Bis-EMA and TEGDMA

M anufac tu re rs  deta ils  available as of 3 M ESPE Technical Specifications {w w w .m m m .co m /P ro d u ct/b u sin ess-u n its /e sp e-d en ta l.h tm l) accessed 
22 April 2008.

g en era ted  on th e  specinnens upon retrieval following irrad ia 
tion.^® In addition , the  sp lit-m ould  allowed th e  flash of excess 
m ate ria l to be  easily rem oved and th e  diverging end walls 
allow ed easy  flow of the  m ateria l and m axim ised the  
expulsion  of air.^° A co n stan t excess of u ncured  resin was 
p laced in to  th e  m ould, covered w ith a cellulose ace ta te  strip  
and  a glass m icroscope slide and  a load of 1 kg w as applied for 
20 s to  en su re  co n sisten t and reproducible packing of the 
specim ens. The load and m icroscope slide w ere rem oved and 
the  spec im en  w as irrad iated  using  a quartz  tu n g sten  halogen 
(QTH) h an d h e ld  LCU at am bien t room  tem pera tu re  (23 ± 1 C) 
in e ith e r a s tan d ard  or boosted  m ode (Table 2). Prior to the  
fabrication  of each  of the  24 specim en  groups (4 RBCs x 3 tip 
d iam ete rs  x 2 irradiances) of 20 specim ens, th e  ou tp u t w as 
m easu red  (n = 7) a t the  cen tre  of the  exit w indow  using  a 
rad io m ete r incorporated  in th e  LCU for each tip d iam ete r in 
s ta n d a rd  and  boosted  m ode. The entire  length  of each 
sp ec im en  w as irrad iated  by m odifying th e  ISO 4049 specim en 
m an u fac tu re  protocol'^ by m oving th e  exit w indow  by a three- 
q u a rte rs  (not half) the  d iam eter along the  specim en so th a t 
a reas received tw ice the  irrad iation  of adjacent areas using  8, 
11 an d  13 m m  LCU tip  d iam eters, by placing the tip of th e  light 
guide in d irec t co n tac t w ith th e  ace ta te  strip. Eight groups 
w ere  irrad ia ted  using  the  8 m m  Turbo light curing tip  d iam eter 
w ith  irrad iances in s tan d ard  m ode and boosted  m ode

(Table 2). A fu rth er eight specim en groups w ere p repared 
using  a custom  m ade fibre optic light guide, a 10 m m  circular 
collection port w ith th e  fibre optics w ith in  th e  bundle  
random ly  arranged  to form  the exit window,^® enabling 
illum ination  of th e  en tire  specim en  in 'o n e-h it ' in  s tandard  
and boosted  m ode (Table 2). Following polym erisation  the  
cellulose ace ta te  strip  w as discarded, th e  m ould d ism an tled  
and the  specim en rem oved and checked for surface im perfec
tions. The specim ens w ere then  sto red  in a light-proof 
con ta iner and placed in a w a ter-b a th  m ain ta ined  at 
37 ± 1 C for 24 h prior to testing.

The rectangu lar b ar-shaped  specim ens w ith the cured  side 
u pperm ost w ere cen trally  loaded using  a universal testing  
m achine (Model 5565, Instron  Ltd., High W ycom be, Berks, 
England) w ith  a su p p o rt sp an  of 20 m m  a t a c rosshead  speed  of 
1 m m /m in  using  a 2 kN load cell w ith a relative uncerta in ty  of 
m easu rem en t of ±0.23%. The m ax im um  load to fracture  w as 
recorded and  th e  th ree -p o in t flexure stren g th  calculated  using 
th e  following equation '^:

w here  a„ax w as th e  m ax im um  flexure stress, P the m easu red  
load a t fracture, L th e  su p p o rt span  d istance, b the  w id th  and d

Table 2 -  Details of the irradiances and energy densities employed for the varying tip diameters when using the QTH 
handheld LCU (Optilux 501, Kerr Mfg. Co., Orange, CA, USA)

Tip d iam ete r (mm)

11 13 25 8T 8 11 13 25 8T

ZlOO^*^
Irrad iance  (m W /cm ^ 
Energy density  0/cm^)

Filtek™  Z250 
Irrad iance  (mW /cm^) 
Energy d ensity  (J/cm^)

Filtek"^^ P60 
Irrad iance  (mW /cm^) 
Energy density  (J/cm^)

Filtek™  Suprem e XT 
Irrad iance  (mW /cm^) 
Energy density  (J/cm* )̂

640 ± 18 
25.6

640 I  18 
12.8

640 ± 18 
12.8

640 ± 18 
12.8

880 ± 18 
35.2

880 ± 18 
17.6

880 ± 18 
17.6

880 ± 18 
17.6

790 ± 18 
31.6

790 i  18 
15.8

790 ± 18 
15.8

790 ± 18 
15.8

1040 ±  28 
41.6

1040 ± 28 
20.8

1040 ± 28 
20.8

1040 ± 28 
20.8



Table 3 -  The m ean  th ree-poin t flexure strengths and associated standard  deviations (in parenthesis), th e  range of three-poin t flexure strengths, associated Weibull 
moduli and  associated standard  deviations (in parenthesis), 95% confidence intervals and m ean three-poin t flexure m oduli and  associated standard  deviations in 
paren thesis  for the  RBC specim ens irradiated using a QTH LCU w ith 8 ,1 1 ,1 3  and 25 m m  LCU tip d iam eters at standard  (S) and  boosted (B) irradiances of 640 and  790 mW/ 
cm^, respectively (individual group m eans connected by the sam e case letter are  not significantly different for Tukey’s test com parisons at P < 0.05)

O u tp u t in ten sity  (mW/cm^)

640 790

8 m m 11 m m 13 m m 25 m m 8 m m 11 m m 13 m m 25 m m

ZlOO™
T hree-po in t flexure stren g th  (MPa) 103 (15)* 99 (14)" 93 (14)’ 104 (15)* 101 (16)* 93 (15)“ 95 (14)* 105 (16)*
Range of th ree -po in t flexure streng ths (MPa) 78-131 79-122 74-121 76-135 76-130 75-122 75-119 79-141
W eibull m odulus 7.1 (1.6) 7.6 (1.7) 7.2 (1.6) 7.5 (1,7) 6.5 (1.5) 6 3 (1 4) 6 7(1.5) 7.1 (16)
95% confidence intervals 6 1-8.0 6.5-8 6 6 .2-82 6 9-8 .1 5,&-7.2 5.0-7.6 5.7-7 8 6.3-7.8
T hree-poin t flexure m odulus (GPa) 13 6 (1 7)^ 14 8 (1 6)" 14 4 (1 6)^’ 14 9 (1 5)*’ 14 3 (1 5)̂ * 14 7 (1,5)‘’ 14.2 (1.0)*̂ 13 6 (1.3)'

Filtek™  Z2S0
T hree-po in t flexure stren g th  (MPa) 164 (16)'' 151 (14)‘ 156 (15)‘ 157 (15)‘ 154 (15)‘ 153 (14)‘ 156 (15)‘ 156 (15)‘
Range of th ree -po in t flexure s treng ths  (MPa) 141-189 133-180 128-180 122-179 137-190 124-184 126-182 123-176
W eibull m odulus 10 4 (2.3) 10.9 (2 4) 10,9(2,4) 10,9 (2 4) 10 5 (2.4) 11,2 (2 7) 10.6 (2 4) 10 9 (2.4)
95% confidence intervals 8.7-12.0 8 6-13,2 10.&-11 8 10 4-11.4 8.0-13,0 10.0-12.5 9.8-11.3 10.2-11.5
T hree-po in t flexure m odulus (GPa) 114(1,3)'* 11.0 (l.O)*̂ 10.8 (0 8)“ 10.8 {1,4)“' 11,9 (0.8)'’ 114 (0.6)“ 114 (1.1)“ 10.9(1.7)‘

Filtek™  P60
T hree-poin t flexure stren g th  (MPa) 165 (16)' 154 (16)* 162 (16)'' 165 (17)' 164 (16)' 161 (16)' 164 (15)' 154 (13)'
Range of ih ree-poin t flexure stren g th s  (MPa) 127-186 125-185 126-184 128-184 136-189 128-184 124-186 129-172
W eibull m odulus 10.7 (2.4) 10 6 (2.4) 10.7 (2 4) 9.6 (2.1) 10.8 (2.4) 10.3 (2,3) 10,7 (2,4) 11.9 (2.7)
95% confidence intervals 9.9-11.4 9.5-11 6 9.6-11.9 8.5-10.7 93-12.3 9.3-11.2 9.6-11.9 10.8-13.1
T hree-po in t flexure m odulus (GPa) 12,2 (1.0)'® 11,2 (0.9)' 12.4 (1 5)« 12.2 (0.9)'* 12.0(0 9)'P 11.6 (l.O)'B 11.5 (1.2)'e 11.5 (1,3)‘

Filtek™  Suprem e XT
T hree-po in t flexure s tren g th  (MPa) 140 (10)*' 141 (10)^ 140 (10)^ 133 (12)” 142 (9)^ 141 (12)” 140 (12)*’ 133 (9)'’
Range of th ree -po in t flexure streng ths (MPa) 120-158 124-158 108-157 115-154 129-158 120-155 123-157 105-145
W eibull m odulus 14.2 (3.2) 14 1 (3.2) 13.0 (2.9) 11.9 (2.7) 15.8 (3.5) 12 (2.7) 11.6 (2.6) 13.6 (3.0)
95% confidence intervals 12.9-15.6 12 2-16.0 10.3-15.7 10.5-13.3 13.2-183 10,4-13,6 9 6-13 6 10.1-17.2
T hree-poin t flexure m odulus (GPa) 10.0 (0.8)' 10.2 (0.9)' 9,6 (0 8)‘ 9 5(1,1)* 10.3 (0.7)' 9,7 (0 6)‘ 9.5 (1.0)' 9.6 (0.9)'
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the  th ick n ess of th e  specim ens m easu red  using  a digital 
m ic ro m eter accurate  to 10 (im (Mitutoyo, Kawasaki, Japan).

The th ree -p o in t flexure m odulus w as de term ined  using  the 
follow ing equation:

I a d ;  4bd^ (2 )

w here  E w as the  flexure m odulus, L th e  support span  distance, 
b the  w id th  and d  the  th ickness of th e  specim en and  (AP/AD) 
th e  g rad ien t o f th e  steep est linear portion  of the  load-deflec- 
tion  curve.

O ne-w ay analyses of variance (ANOVA), w ere m ade in 
softw are  (Sigm aplot 11, Systat Software, R ichm ond, CA, USA) 
usm g a critical significance level of P = 0.05, guided as 
necessa ry  by T ukey’s correction in m ultiple partial analyses. 
T he th ree -p o in t flexure s treng th  data  w as ranked  in ascending 
o rder an d  W eibull analysis perform ed. The W eibull d istribu 
tion  can be  show n  as^^

Pf - 1 exp (3 )

SIN)

-S(U)
I N S )  1,?(.S) .......... ; ^ ( S )

- lU I i )  l . i (H )  25(r()

c

O.l

0 0
50 1 5 ( 10

I l iiv c -p o in l n c M irc  s trc iiy ih  (.V ll'a)

Fig. 1 -  The survival probability distributions of three-point 
flexure strengths for Z lO O ^ sp ecim en s irradiated using a 
QTH LCU w ith  8, 11, 13 and 25 m m  LCU tip diam eters at 
standard (S) and boosted (B) irradiances o f 640 and  
790 mW/cm^, respectively highlighting a sim ilar  
sym m etry indicative o f a single distribution of defects 
regardless o f the irradiation protocol and irradiance 
em ployed during fabrication.

w here  a  w as the  fracture  stress, Pf the  probability of failure, m 
th e  W eibull m odulus and (T q  the  norm alising  c o n stan t—calcu 
la ted  at 63.21% probabihty of failure. For each  specim en  group 
th e  95% confidence lim its of the  W eibull m odulus w ere cal
cu lated  an d  considered to be significant w hen  they  did not 
overlap.

3. Result

3.1. The influence o f irradiation tip diameter

T he m ean  th ree-po in t flexure s treng ths of th e  rectangular b a r
sh aped  RBC specim ens utilised, irradiated w ith the  8, 11 and 
13 m m  LCU tip d iam eters and ‘o n e-h it’ irradiation in standard  
and  boosted  m odes, show ed no significant differences betw een 
LCU tip d iam eters a t the  95% significance level, a lthough the 
m ean  th ree -p o in t flexure streng ths w ere m aterial specific 
(Table 3). In addition, the  survival probability distributions for 
th e  th ree-po in t flexure streng th  data  of the  four RBC m aterials 
investigated  possessed  a sim ilar sym m etry  indicative of a single 
d istribu tion  of defects regardless o f the  irradiation protocol and 
o u tp u t in tensity  em ployed during fabrication (Fig. 1). The 
associated  W eibull m oduli of the  th ree-po in t flexure streng th  
d a ta  in b o th  s tan d ard  and boosted m odes show ed no significant 
differences (as th e  95% confidence intervals of th e  W eibull 
m oduli overlapped) betw een the  RBC specim ens irradiated  with 
th e  different LCU tip d iam eters and 'one-h it’ inad ia tion  
although  th e  W eibull m odulus again w as m aterial specific.

W hen  th e  m ean  th ree-po in t flexure m oduli for th e  32 
groups of 20 rectangular bar-shaped  RBC specim ens were 
an alysed  a t th e  95% significance level, no significant differ
en ces  be tw een  LCU tip  d iam eters w ere identified for 31 of the 
32 groups a lthough  the  m ean  flexure m oduli w ere m aterial 
specific (Table 3). The only exception  w as w ith Filtek™  P60 
w h e n  irrad iated  a t 640 mW /cm^ w ith  the  11 or 13 m m  LCU tip 
d iam e te r (P = 0.13).

3.2. The influence o f irradiance

Irradiation  o f th e  RBC rectangu lar bar-sh ap ed  specim ens w ith 
th e  8 m m  conventional and 8 m m  Turbo LCU tip d iam eters in 
s tan d ard  m ode or boosted  m ode resu lted  in no significant 
differences in m ean  th ree -p o in t flexure stren g th s (Table 4) for 
th e  eight specim en  groups of each m ateria l at the  95% 
significance level. The survival probability  d istribu tions for 
th e  th ree -p o in t flexure s treng th  da ta  possessed  a sim ilar 
sym m etry  w hich  w as indicative of a single d istribu tion  of 
defects regardless o f o u tp u t in tensity  em ployed during  
fabrication for the  four RBC m ateria ls investigated  (Fig. 2). 
In addition, th e  95% confidence in tervals of th e  W eibull m oduli 
overlapped so th a t th e  reliability of th e  fracture  stren g th  da ta  
resu lted  in no significant differences be tw een  specim ens 
irrad iated  w ith  d ifferent light in tensities for th e  individual RBC 
m ateria ls investigated.

Analysis o f th e  m ean  th ree -p o in t flexure m oduli of th e  RBC 
rectangular bar-sh ap ed  specim ens irrad ia ted  w ith  the  8 m m  
conventional and  8 m m  Turbo LCU tip d iam eters in s tandard  
m ode or boosted  m ode at the  95% significance level also 
show ed no significant differences b etw een  light in tensities on 
th e  flexure m odulus of each individual m ateria l (Table 4).

4. Discussion

In the  c u rren t study  d ifferences be tw een  m ateria ls requ ires no 
elaboration  as th e  effects o f form ulation  have been d iscussed  
a t length  e lsew here  in th e  literature. The reason  RBCs from  the 
sam e m an u factu re r w ere chosen  w as to ensu re  th e  sam e 
photo-activation  system  w as em ployed. The RBCs (Filtek™ 
Z250, Filtek™  P60 and Filtek™  Suprem e XT) w ere chosen  as 
th e  sam e m onom eric  co n stitu en ts  w ere p re sen t w ith sim ilar 
filler loadings (although different packing fraction designs) 
w as to insure  th a t th e  effects being m easu red  w ere m ostly



648 J O U R N A L  o r  D t N T I S T R Y  3 6  ( ? 0 0 8 )  6 4 3  6 5 0

Table 4 -  The mean three-point flexure strengths and associated standard deviations in parenthesis, the range of three- 
point flexure strengths, associated Weibull moduli and associated standard deviations in parenthesis, 95% confidence 
intervals and mean three-point flexure moduli and associated standard deviations in parenthesis for specimens 
irradiated at with a conventional 8 mm LCU tip diameter at standard and boosted irradiances of 640 and 790 mW/cm^, 
respectively and an 8 mm Turbo LCU tip diameter at standard and boosted irradiances of 880 and 1040mW/cm^, 
respectively (individual group means connected by the sam e case letter are not significantly different for Tukey’s test 
comparisons at P < 0.05)

Output intensity 
(mW/cm^)

ZlOÔ Filtek™ Z2S0

640 880 790 1040 640 880 790

T hree -po in t flexure 
s tren g th  (MPa) 

Range of th ree -p o in t 
flexure stren g th s  
(MPa)

W eibull m odulus 
95% confidence 

in te rva ls  
T h ree-po in t flexure 

m o du lus  (GPa)

Output intensity 
(mW/cm^)

101 (16)’ 

78-131

7.1 (1.6) 
6 . 1- 8.0

13.6 (1.7)’’

104 (14)' 

69-130

6.5 (1.5) 
5.8-7.2

101 (16)' 

76-130

6.7 (1.5) 
5.7-7.8

13.2 (1.2)'" 14.3 (1.5)"

Filtek ™ P60

107 (15)' 

87-134

7.5 (1.7) 
6.2-S .8

14.1 (1.1)"

164 (le)** 

141-189

10.4 (2.3) 
8.7-12.0

157 {16)'‘ 

124-183

10.7 (2.4) 
10.0-11.3

154 (15)'‘ 

137-190

10.5 (2.4) 
8.0-13.0

11.4 (l.S)"" 11.3 (0.9)"’ 11.9 (0.8)"

F iltek '''“  S u p r e m e  XT

640 880 790 1040 640 880 790

1040

156 (16)'' 

131-182

10.6 (2.4) 
9.4-11.8

11.6 (0.7)’"

1040

T hree -po in t flexure 
s tre n g th  (MPa) 

Range of th ree -p o in t 
flexure 

s tre n g th s  (MPa) 
W eibull m odulus 
95% confidence 

in te rva ls  
T h ree-po in t flexure 

m o d u lu s  (GPa)

165 (16)" 

127-186

10.7 (2.4) 
9.9-11.4

164 (16)" 

128-187

10.4 (2.3) 
9.7-11.1

164 (16)" 

136-189

10.8 (2.4) 
9.3-12.3

151 (14)" 

128-178

11.8  ( 2 .6 ) 

10.6-13.0

140 (10)° 

120-158

14.2 (3.2) 
12.9-15.6

140 (9)° 

124-157

16.1 (3.6) 
14.2-17.9

12.2 (1.0)’’ 12.7 (1.3)P 12.0 (0.9)P 12.8 (1.1)'’ 10.0 (0.8)’’ 10.3 (0.7)'’

142 {9) °  137 (11)'’

129-158 112-159

15.8 (3.5) 15.0 (3.4)
13.2-18.3 12.5-17.5

10.3 (0.7)'’ 9.9 (l.O)*!

related to the variables of halogen light irradiation (tip diameter, 
irradiance, irradiation protocol) and not to the compositions of 
the RBCs. As expected increasing filler content resulted in 
improved three-point flexure strength and modulus data for

f  0 .?

0  2 - 

0  I -

!) 1 0 0  i5 ( i  ; o , )  2=-i> :>(«)
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Fig. 2 -  The survival probability distributions of three-point 
flexure strengths for ZlOO™ specim ens irradiated at with 
a conventional 8 mm LCU tip diameter at standard (S) and 
boosted (B) output intensities of 640 and 790 mW/cm^, 
respectively and an 8 mm Turbo LCU tip diameter at 
standard (S) and boosted (B) irradiances of 880 and 
1040 mW/cm^, respectively. The survival probability 
distributions highlighting a similar symmetry indicative 
of a single distribution of defects regardless of the 
irradiance employed for an 8 mm LCU tip diameter during 
fabrication.

Filtek™ Z250, Filtek™ P60 and Filtek™ Supreme XT given the 
monomeric constituents. ZlOO™ despite the higher filler 
volume (66%), the increased TEGDMA concentration in the 
monomeric constituents result in decreased strength and 
increased brittleness (elastic modulus) compared with Filtek’’“  
Z250, Filtek™ P60 and Filtek™ Supreme XT.’^

4.1. LCU tip diameter

The efficacy of the overlapping irradiation regime has been 
questioned by a num ber of authors in the dental literature 
r e c e n t l y . P a l i n  et al.^° proposed that residual tensile 
stresses were created by the overlapping irradiation regime 
and therefore a non-homogenous polymerisation stress 
distribution existed along the length of the bar-shaped 
specimens manifested as a reduction in the Weibull modulus 
and the bi-modal defect distribution. Accordingly, decreasing 
the LCU tip diam eter (from 13 to 11 mm and 8 mm) would be 
expected to progressively decrease the efficiency of the 
polymerisation process along the length of the RBC specimens 
compared w ith a 'one-hit’ irradiation, manifested as a 
reduction in the reliability of the three-point flexure strength. 
However, when the three-point flexure strength data was 
analysed for the four RBCs tested at the irradiances investi
gated, no change in the reliability of the three-point flexure 
strength data was evident. It is therefore evident that the 
previously theory proposed by Palin et al.'^'^° was not entirely 
correct. If the central region of the bar-shaped specimen is

\
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irrad ia ted  and the ge l-po int reached, the setting stresses are 
accommodated by the adjacent resin-ends w h ich  are only 
p a rtia lly  irrad iated by ligh t scattering. Palin et al. 
postulated that w hen the pa rtia lly  irrad ia ted end regions 
are irrad ia ted tha t the associated post-gel shrinkage stresses 
place the central region under tensile stress. I f  the proposed 
theory  was correct then increasing the num ber o f overlapping 
irrad ia tions  (decreasing the ligh t tip  diameter) w ou ld  be 
expected to progressively decrease the hom ogeneity o f the 
irrad ia ted  bar-shaped specimens resu lting  in  an increased 
cu ring  variabihty. The irrad ia tion  va riab ility  w ou ld  be m an
ifested as a reduction in  the re lia b ility  o f the th ree-point 
flexure  strength data in  add ition  to an exacerbation o f the bi- 
m oda l defect d is tribu tion  w h ich  d id  not occur in  the survival 
p robab ility  d is tribu tions in  the current study (Fig 1). In 
add ition , Pahn et a l.'^  suggested the strength data generated 
us ing  the overlapping regime was pa rtia lly  dependent on the 
re lative  shrinkage constraints. In the study by Palin et a l.* ' 
o n ly  one m ateria l was used (Filtek™  Z250), however, in  the 
cu rren t study four m ethacrylate RBCs w ith  m arked ly varying 
shrinkage characteristics were employed and no shrinkage 
cons tra in t effect was observed in the re lia b ility  o f the three- 
p o in t flexure strength data.

4.2. Light energy density

The conventional w isdom  regarding the to ta l energy de liv 
ered, nam ely the energy density (J/cm^), is calculated from  the 
irra d ia tio n  tim e (t) w ith  a LCU o f a specific irrad iance (I). In 
general, when assessing the flexure properties o f RBCs, 
researchers rou tine ly  quote flexure strength and flexure 
m odu lus values determ ined fo llow ing  the delivery o f a specific 
irrad iance  for a predeterm ined tim e  period” ’^"''” '^'' w h ile  few 
authors quote the energy density delivered at the specific 
i r r a d i a n c e . I n  line  w ith  the conventional w isdom  regard
ing  energy densities, energy densities ranging from  12.8 to 
41.6 J/cm^ were employed in the curren t study w ith  the results 
in d ica tin g  no sign ificant differences between the th ree-po in t 
flexure  strengths and th ree-po in t flexure m odu li o f the four 
RBCs investigated. Exam ination o f the th ree -po in t flexure 
s treng th  and th ree -po in t flexure m odulus data in  the dental 
lite ra tu re  identified  no sign ificant differences fo r a range o f 
RBCs irrad ia ted  at energy densities o f 19-27 J/cm^,*’ 12 J/cm^ 
(delivered for 30 s at 400 mW /cm^, 60 s at 200 m W /cm ^ or 120 s 
at 100 mW/cm^),^^ 15.5-23 J/cm^ using either a single or tw o- 
step lig h t irrad ia tion  regime^'* or 24 and 8.8 J/cm^ from  a 
handhe ld - and oven-LCUs, respectively.’ ® These results 
com bined w ith  those from  the curren t investiga tion fu rth e r 
em phasise tha t the re lationsh ip  between the developm ent o f 
th re e -p o in t flexure properties w ith  energy density, nam ely 
irrad iance  and tim e  is no t l i n e a r . I n  the curren t study, to 
investigate  halogen lig h t irrad ia tion  variables (tip diameter, 
irrad iance, irrad ia tion  protocol) on flexura l strength and 
m odu lus, the irrad ia tion  protocol (ISO 4049) was m odified to 
exacerbate the po ten tia l fo i uncontro lled in it ia tio n  on po ly
m erisa tion  and decrease the hom ogeneity o f po lym erisation 
along the length o f the specimen. The efficacy o f the m odified 
overlapp ing  irrad ia tion  regime was upheld fo r the conditions 
tested (tip  d iameter, irradiance, irrad ia tion  protocol). No 
m an ifesta tions o f uncontro lled  in it ia tio n  on po lym erisation,

decreased hom ogeneity and consistency o f po lym erisa tion  
along the length  o f the specimen fo r fou r m ethacrylate RBCs 
were evident.

W ith in  the lim ita tions  o f the experim ent (specimen th ic k 
ness, RBC shade, photo-activa tion system, irradiances chosen) 
halogen tip  diameter, irradiance and irrad ia tion  protocol have 
no influence on three-point flexura l strength and m odulus data 
although there are some c lin ica l im p lica tions. The RBCs were 
irradiated d irec tly  from  the top surface to a m ax im um  depth o f 
2 m m  in  the current study. C lin ica lly, the irradiance available to 
the RBCs has a negative corre lation to the depth o f the cavity, 
pa rticu la rly  in  the case o f class II restorations where in ter- 
p rox im a l boxes exceed 7 m m  in  d e p th .T h is  combined w ith  
the fact tha t m ost dentists ho ld  the lig h t curing tip  1 m m  or 
more away from  the too th  leads to a sign ificant reduction in 
irradiance delivered to the RBC w h ich  m ay have im p lica tions for 
strength and m odulus development.

5. Conclusion

W ith in  the lim ita tio n s  o f the experim ent (specimen th ickness, 
RBC shade, photo -activa tion  system, irradiances chosen) 
halogen tip  d iam eter, irradiance and irra d ia tio n  p ro toco l have 
no in fluence on th ree -po in t flexura l strength and m odulus 
data. The efficacy o f the overlapping irrad ia tion  regime was 
upheld for the cond itions tested.
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A B S T R A C T

O b j e c t i v e .  The Oregon Health Science University (OHSU) four-cham ber oral w ear sim ulator 
was used to exam ine the impact of halogen irradiance on the short- and long-term  wear 
behavior of four-m ethacrylate resin-based com posites (RBCs). The hypothesis proposed was 
that exacerbated wear would occur following the long-term  wear of RBCs irradiated under 
non-optim ized irradiance conditions.
Methods. Disc-shaped specim ens (12.0 ±0.1 m m  diam eter and 2.0 ±0.1 m m  height) of each 
RBC were prepared at irradiances of 650±14, 530 ±8, 420 ±14, 350 ±8, 270 ± 8 , 230 ±14, 
190 ± 8, and 150 ± 8 mW/cm^, respectively. Short-term  three-body w ear sim ulation was car
ried out for 50,000 cycles and long-term  was perform ed up to 500,000 cycles. The wear facets 
were analyzed using a non-contact optical profilom eter One-, two-, and three-way analy
ses of variance (ANOVA) were m ade at P = 0.05, guided as necessary by T\ikeys correction 
in multiple partial analyses of the m ean total volumetric wear and m ean m axim um  wear 
depth.
Results. For the short-term  wear resistance, the two-way ANOVA identified no significant 
difference in the m ean total volumetric w ear (P = 0.188) although the  m ean total wear depth 
was identified to be significant (P = 0.024). The long-term  wear resistance for the m ean total 
volumetric wear identified significant differences for each RBC at varying irradiances with 
the num ber of cycles but not for the m ean m axim um  wear depth.
S ig n i f i c a n c e .  The increased num ber of ploughing actions of the antagonist on the  RBC (long
term) results in increased friction which would be expected to play a m ajor role in the wear 
process. The significant increase in the m ean total volumetric wear, but not the m ean m ax
imum  w ear depth, observed over tim e which is exacerbated at reduced halogen irradiances 
em phasizes the argum ents of Delong for the em ploym ent of volume for evaluating m aterial 
loss due to w ear following in uitro wear sim ulation of RBCs.

© 2008 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1. Introduction

C onventional q u a rtz -tu n g s te n  halogen  (QTH) h a n d h e ld  light 
cu rin g  u n its  (LCUs) are  rou tine ly  used  to irrad ia te  resin -b ased  
com p o site s  (RBCs) in d en ta l clinics by p roducing  filtered blue

light by th e rm o n ic  em iss io n  [1]. H alogen bu lbs have  a sho rt 
w orking life o f ab o u t 100h [2], th e  d ie lectric  p a ss -b a n d  filter, 
th e  reflector, and  th e  bulb degrade over tim e  due  to  th e  h igh  
o p eratin g  tem p e ra tu re s  p ro d u ced  d u rin g  fu n c tio n  [3]. D am age 
to  th e  fibre optic b u n d le  due  to poor h a n d lin g  [4] a n d  rep ea ted

• Corresponding author. Tel.: -f353 1 612 7371; fax: +353 1 612 7297.
E-mail address: garry.fleming@dental.tcd.ie (G.J.P. Fleming).

0109-5641/$ -  see front m atter © 2008 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved. 
doi:10.1016/j.dental.2008.06.007

Please cite this article In press as: Bhamra GS, Fleming GJP. Influence of halogen irradiance on short- and long-term wear resistance of resin-based 
composite materials. Dent Mater (2008), doi:10.1016/j.dental.2008.06.007



DENTAL-1359; No. of Pages 7 ’ ■ (-J  • i '

2 D E N T A L  M A T E R I A L S  X X X  ( 2 0 0 8 )  X X X - X X X

Sterilization [5] can all lead to a reduction in the irradiance 
over time. Studies carried ou t evaluating the irradiance of 
QTH LCUs used in dental practices revealed th a t m any dental 
practitioners do no t m aintain  their LCUs. Barghi et al. [6] eval
uated 209 LCUs in private dental practices in Texas of which 
30% provided an irradiance of less than  200mW /cm^. In Aus
tralia, 27% of the 214 LCUs investigated by M artin [7] and 33% of 
130 LCUs exam ined by Pilo et al. [8] in Israel, had an irradiance 
of less th an  200mW/cm^. Most recently in 2005, El-Mowafy et 
al. [9] investigated 214 LCUs in dental practices in Toronto and 
revealed th a t 16% of the LCUs assessed had an irradiance of 
less than  200mW /cm^. It is evident from these findings tha t 
general dental practitioners (GDPs) are unaw are of the clinical 
im plications of regular m aintenance of the ir QTH LCUs has 
on RBC perform ance. This combined w ith th e  fact tha t m ost 
dentists hold the light curing tip 1 mm or m ore away from the 
tooth leads to a significant reduction in irradiance delivered 
to the RBC [10].

The clinical perform ance of RBC m aterials in term s of 
m aintain ing  anatom ical contours and contact w ith food and 
beverages [11] have been correlated w ith laboratory in vitro 
w ear sim ulation. The testing methodology rapidly allows RBC 
assessm ent prior to the placem ent in the m outh  and a variety 
of m achines including the m aterials testing and sim ulation 
(MTS) artificial oral environm ent [12], the Academisch Cen
trum  for Tandheelkunde A m sterdam  (ACTA) w ear machine 
[13], the University of Alabama wear m achine (14) and the 
Oregon Health Science University (OHSU) oral w ear sim ula
tor [15] have been used. The resin m atrix has been reported to 
be the m ost influential factor influencing w ear rate along with 
the filler loading [16-18] although limited inform ation is avail
able regarding the irradiance delivered to the RBC. Analysis of 
the den tal literature available for the OHSU oral wear sim u
lator highlighted there is little standardization of the testing 
regime (the attrition load (17-20 N), abrasion load (70-90 N), 
sliding path  (5-7mm) [17], antagonist (enam el or ceramic) 
[18]) the m ethods used to quantify the w ear facet or the data 
reporting (wear depth, area or volume) [19,20]. In addition, 
poor standardization  of results betw een operators in differ
ent tes t centers have resulted from different prototypes of 
the OHSU oral w ear sim ulator being available over the last 10 
years [21,22]. However, long-term  wear data from the OHSU 
oral w ear sim ulator for RBCs is non-existent as the studies 
to date have been lim ited to 50,000 and 100,000 wear cycles 
[15,23,24],

The polym erisation process for light-activated RBCs 
involves a complex series of interactions w hich can be influ
enced by the resin photo-activation system  [25], the LCU 
spectral distribution [26,27] and the energy density (J/cm^) 
[28]. In the current study, a recent version of the OHSU 
four-cham ber oral w ear sim ulator was used to exam ine the 
im pact of QTH LCU irradiance on the short- and long-term 
w ear behavior of four-m ethacrylate RBCs from the sam e 
m anufacturer. The RBCs w ere chosen to ensure the sam e 
photo-activation system  w as employed, nam ely camphoro- 
quinone and the LCU used produced specific irradiances for 
specific irradiation tim es to provide discrete energy den 
sities. The RBCs (Filtek™ Z250, Filtek™ P60, and Filtek™ 
Suprem e XT; 3M ESPE, Seefeld, Germany) contained the 
sam e m onom eric constituen ts w ith sim ilar filler loadings

59.5-61 vol.% (although different packing fraction designs) to 
insure tha t the effects being m easured  were m ostly related to 
the irradiance delivered. ZlOO™ (3M ESPE, Seefeld, Germany) 
had a higher filler volum e (66%) and an increased d iluen t con
centration in the m onom eric constituents.

The hypotheses proposed were th a t exacerbated w ear rates 
for the RBCs investigated would be evident following: (1) irrad i
ation at increased distances, (2) an increased num ber of w ear 
cycles, (3) varying the m onom eric constituents, and (4) varying 
the filler packing fraction design.

2. Materials and m ethods

2.1. Specimen preparation

For each of the four-m ethacrylate RBCs (Table 1) disc-shaped 
specim ens (12.0 ±0.1 m m  diam eter and 2.0 ±0.1 m m  depth) 
were prepared using an acrylic m ould placed on an alum inium  
base plate. The mould w as packed w ith an excess of uncured 
resin, covered w ith a cellulose acetate  strip and a load of 1 kg 
was applied for 20 s. Subsequently the load was rem oved and 
the four specim ens were irradiated in direct contact (0 mm) 
w ith the acetate strip using a QTH handheld  LCU (Optilux 
501, Kerr Mfg. Co., Orange, CA, USA) w ith an irradiance of 
650 ± 14 mW/cm^ and a 13 m m  light tip d iam eter for the tim e 
period specified by the m anufacturers. The procedure was 
repeated and so th a t further specim en groups of four (for 
each RBC) were fabricated by irradiating a t d istances of 3, 
5, 7, 9, 11, 13, and 15 m m  from the LCU tip resulting in irra
diances of 530 ± 8, 420 ± 14, 350 ± 8, 270 ± 8, 230 ± 14, 190 ± 8,
and 150±8m W /cm ^, respectively. The irradiance w as m ea
sured seven consecutive tim es a t the center of the exit w indow 
using a radiom eter incorporated in the LCU (Optilux 501, Kerr, 
Orange, CA, USA) for each irradiation distance. Following poly
m erization each specim en w as rem oved from the mould, 
checked for surface im perfections and stored in a light-proof 
container containing 50 ml of deionised w ater prior to storage 
in a chm ate-controlled cham ber m aintained at 37 ± 1 “C at 55% 
relative hum idity for 23 h.

2.2. In uitro wear resistance

The in uitro w ear resistance was carried out using the 
OHSU oral w ear sim ulator [20]. The disc-shaped speci
m ens were m ounted in a two part cold-setting acrylic resin 
(Varidur, Beuhler, Lake Bluff, IL, USA) to  produce cylinders 
(25.0±0.1 m m  diam eter and 10.0 ±0.1  m m  height) com pati
ble w ith the cham bers of the w ear-testing apparatus. The 
m ounted specim ens were wet ground using w ater as the lubri
cant on a Beta grinder-polisher m achine (Beuhler, Lake Bluff, 
IL, USA) w ith P600 and P1200 silicon carbide (SiC) abrasive 
paper at a force of ION per specim en for 30s on each grade 
of Sic to provide a reproducible surface roughness conductive 
to w ear testing [15]. Each of the four specim ens w as secured 
into an individual w ear cham ber of the w ear sim ulator and a 
food-hke slurry (1.0 g of ground poppy seeds (Holland & Bar
rett, Burton-upon-Ti-ent, UK), 0.5 g of PMMA beads (Special 
Tray, Dentsply DeTYey, Kanstanz, Germany) and 5 ml of d is
tilled water) was added to each cham ber [13]. The antagonist 
consisted of steatite  spheres (10.0 ±0.1 m m  diam eter) w hich
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M ateria l

Type

Filler

Particle size (ptm) vol.%

Resin

ZlOO™ Zirconia and silica 0.01-3.5 66 Bis-GMA and TEGDMA
Filtek™ Z250 Zirconia and silica 0.01-3.5 60 Bis-GMA, UDMA, Bis-EMA, and TEGDMA
Filtek™ P60 Zirconia and silica 0.01-3.5 61 Bis-GMA, UDMA, Bis-EMA, and TEGDMA
Filtek™ Supreme XT Zirconia and silica 0.6-1.4 59.5 Bis-GMA, UDMA, Bis-EMA, and TEGDMA

were repeatedly driven along a 7 mm path at 20 N to stim ulate 
abrasion w ear and a 90N force applied at the end of the 7 mm 
path to sim ulate attrition wear [15,23,24]. The forces applied 
in abrasion and attrition were calibrated using a custom -m ade 
m ade jig  (Proto-tech, Portland, OR, USA) comprising a SOON 
load cell th a t replaced the testing cham ber to ensure consis
ten t conditions throughout the study.

2.3. Short-term in i;itro wear resistance

Four specim ens of each RBC irradiated at output intensities 
varying from 650 ±14  to 150±8m W /cm ^ were subjected to
50,000 w ear cycles at a frequency of IH z which was equiv
alent to 6 m on ths w ear in the oral environm ent [15]. The tear 
drop w ear facet produced on the surface of each specim en was 
analyzed using a non-contact optical profilometer (Talysurf 
CLI 2000, Taylor-Hobson Precision, Leicester, England) with a 
3 m m  range chrom atic length aberration gauge with a resolu
tion of 0.1 (xni (z-direction) scanning at 2 mm/'s. Longitudinal 
traces w ere taken at 4(i.m intervals (x-direction) across the 
w ear facet w ith a m easurem ent recorded at 40 (im intervals (y- 
direction) generating a three-dim ensional (3D) profile (Fig. 1) 
using the TalyMap analysis software package (Talysurf CLI 
2000, Taylor-Hobson Precision, Leicester, England). Ten traces 
were perform ed across standards with a step height of 1.0 mm 
to determ ine  the accuracy and precision of the w ear depth 
m easurem ents. The accuracy was calculated as the m ean 
error from th e  true value, w hilst the precision was quantified 
as th e  standard  deviation of the errors measured. The accuracy 
and precision for a step size of 1.0 mm were 1.51 and 0.54 M.m, 
respectively for ten  m easurem ents. The m ean total volum et
ric w ear and m ean m axim um  wear depth m easurem ents were 
determ ined using the non-worn areas around the w ear facet 
as a reference in line w ith the procedure outlined by Dowling 
and Flem ing [29],

Alpha •  252" B«ta = 8*

Fig. 1 -  A three-dim ensional representation of the total 
wear facet for the 7 mm sliding path produced from the 
wear regime employed using the OHSU oral wear simulator.

2.4. Long-term in uitro wear resistance

The RBCs prepared at irradiances of 650 ± 14, 350 ± 8, and 
150±8m W /cm ^ were subjected to extended w ear regimes. 
Following analysis of the w ear facets after 50,000 w ear cycles 
at 1 Hz using the non-contact optical profilometer, the sam 
ples were ahgned into the individual w ear cham bers and a 
fresh food-like slurry was added. A further 100,000 w ear cycles 
a t 1 Hz were perform ed and analysis of the w ear facets (after
150.000 wear cycles) was perform ed using the non-contact 
optical profilom eter prior to realignm ent of the sam ples into 
the individual wear chambers. A fresh food-like slurry was 
added. An additional 150,000 w ear cycles at IH z  were per
formed and analysis of the w ear facets (after 300,000 wear 
cycles) w ith the profilom eter was undertaken  prior to realign
m en t of the sam ples into the individual w ear cham bers with 
a fresh food-like slurry. A final 200,000 w ear cycles a t IH z 
were perform ed and the final analysis of the w ear facets (after
500.000 w ear cycles) w ith the profilometer w as undertaken. 

One-, two-, and three-w ay analyses of variance (ANOVA)
were made in software (SPSS, V 12.0.1, Chicago, IL, USA) using 
a critical significance level of P = 0.05, guided as necessary by 
Tlikeys correction in multiple partial analyses of the m ean 
total volum etric w ear and m ean m axim um  w ear depth m ea
surem ents.

3. Results

3.1. Shoi't-term w ear resistance

The sum m ary of the results of the short-term  w ear resis
tance tests is given in Table 2 and Figs. 2 and 3. The analysis 
of variance (on the raw data) was analyzed using a one
way (material) and two-way (irradiance x m aterial) ANOVA 
for analysis of both the m ean total volum etric w ear and the 
m ean total w ear depth at irradiances varying from 650 ± 14 
to 150±8m W /cm ^. The one-way ANOVA for the m ean total 
volum etric w ear of ZlOO™ (R̂  value = 0.243; F value = 1.101; 
P = 0.394), Filtek™ Z250 (R̂  value = 0.386; F value = 2.157; 
P = 0.076), Filtek™ P60 (R̂  value = 0.280; F value = 1.330; 
P = 0.279) and Filtek™ Supreme XT (R̂  value = 0.213; F 
value = 0.926; P = 0.504) and the m ean total w ear depth of 
ZlOO™ (r2 value = 0.384; F value = 2.134; P = 0.079), Filtek™ 
Z250 (R2 value = 0.130; F value = 0.512; P = 0.816), Filtek™ P60 (R̂  
value = 0.403; F value = 2.315; P = 0.059) and Filtek™ Suprem e 
XT (R̂  value = 0.224; F value = 0.990; P = 0.462) identified no 
significant differences for each RBC m aterial at the irra- 
diances investigated. The two-way ANOVA for the m ean 
total volum etric w ear identified a significant interaction for 
m aterial (R̂  value = 0.455; F value = 14.740; P < 0.001), a non-
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Table 2 -  In vitro wear resistance for (a) ZlOO™, (b) Filtek™ Z250, (c) Filtek™ P60, and (d) Filtek™ Supreme XT irradiated 
at distances from 0 to 15 mm using a QTH handheld LCU with varying irradiances
Irradiance (mW/cm^) Mean volumetric wear (mm^) Mean wear depth (mm)

ZlOO Z250 P60 Supreme ZlOO Z250 P60 Supreme

650 0.03 (0.01) 0.05 (0.01) 0.12 (0.02) 0.06 (0.02) 0.05 (0.01) 0.06 (0.01) 0.08 (0.01) 0.07 (0.04)
530 0.02 (0.01) 0.07 (0.01) 0.12 (0.03) 0.05 (0.03) 0.04 (0.01) 0.06 (0.01) 0.09 (0.00) 0.06 (0.01)
420 0.05 (0,02) 0.05 (0.02) 0.06 (0.04) 0.06 (0.03) 0.06 (0.02) 0.06 (0.02) 0.06 (0.02) 0.07 (0.02)
350 0.03 (0.01) 0.05 (0.01) 0.05 (0.00) 0.04 (0.02) 0.05 (0.00) 0.07 (0.01) 0.07 (0.01) 0.06 (0.01)
270 0.04 (0.01) 0.04 (0.02) 0.07 (0.03) 0.03 (0.02) 0.05 (0.02) 0.07 (0.02) 0.07 (0.03) 0.07 (0.02)
230 0.04 (0,02) 0.04 (0.01) 0.06 (0.03) 0.05 (0.02) 0.05 (0.01) 0.07 (0.00) 0.06 (0.02) 0.05 (0.01)
190 0.04 (0.02) 0.06 (0.01) 0.05 (0.02) 0.02 (0.00) 0.05 (0.01) 0.06 (0.01) 0.06 (0.02) 0.05 (0.01)
150 0.03 (0.01) 0.07 (0.01) 0.12 (0.05) 0.04 (0.02) 0.06 (0.02) 0.07 (0.02) 0.04 (0.01) 0.05 (0.01)
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Fig. 2 -  The mean total volumetric wear at 50,000, 150,000, 
300,000, and 500,000 wear cycles for ZlOO^^, Filtek^*  ̂Z250, 
Filtek’̂ *̂  P60, and Filtek™ Supreme XT irradiated at 
distances of 0, 7, and 15 mm using a QTH handheld LCU at 
irradiances of 650 ± 14, 350 ± 8, and 150 ±  8 mW/cm^, 
respectively.
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Fig. 3 -  The mean maximum wear depth at 50,000,150,000, 
300,000, and 500,000 wear cycles for ZlOO™, Filtek™ Z250, 
Filtek™ P60, and Filtek™ Supreme XT irradiated at 
distances o f 0, 7, and 15 mm using a QTH handheld LCU at 
irradiances of 650 ±  14, 350 ±  8, and 150 ± 8 mW/cm^, 
respectively.

significant interaction for irradiance (F value = 1.188; P = 0.317) 
and a non-significant interaction for irradiance x m aterial 
(F value = 1.310; P = 0.188). However, the two-way ANOVA for 
the m ean total w ear depth identified a significant in terac
tion for m aterial (R̂  value = 0.462; F value = 11.512; P< 0.001), 
a non-significant interaction for irradiance (F value = 1,276; 
P = 0.270) and a significant interaction for irradiance x m aterial 
(F value = 1.850; P = 0.024) for the short-term  w ear resis
tance.

3.2. Long-term wear resistance

For the long-term wear resistance, a three-w ay ANOVA {irradi
ance X m aterial x num ber of w ear cycles) identified significant 
differences in the m ean total volum etric w ear and the m ean 
m axim um  w ear depth w hen irradiance (P<0.001), RBC m ate 
rial (P< 0.001) and num ber of w ear cycles (P< 0.001) were 
considered The three two-way ANOVAs for the m ean total 
volumetric w ear were analyzed: irradiance x RBC m aterial (F 
value = 1.979; P = 0.072), RBC m aterial x num ber of w ear cycles 
(F value = 1.266; P = 0.261) and irradiance x num ber of w ear 
cycles (P< 0.001). Therefore, the two-way ANOVAs for irrad i
ance X num ber of w ear cycles were considered for each RBC 
m aterial. The resultant analysis of the m ean  total volum et
ric wear (Fig, 1) of ZlOO™ (P< 0.001), Filtek™ Z250 (P< 0.001), 
Filtek™ P60 (P< 0.001), and Filtek™ Suprem e XT (P< 0.001) 
identified significant differences irradiated at varying irrad i
ances and tested for an increasing num ber of w ear cycles. 
The three two-way ANOVAs for the m ean  m axim um  w ear 
depth were analyzed in term s of: irradiance x RBC m a te 
rial (F value = 1.489; P = 0.186), RBC m aterial x num ber of w ear 
cycles (P< 0.001) and irradiance x num ber of wear cycles (F 
value = 3.124; P = 0.007). Therefore, the two-way ANOVAs for 
irradiance x num ber of w ear cycles w ere considered for each 
RBC m aterial and num ber of w ear cycles x RBC m aterial were 
considered for each irradiance. The resu ltan t analysis of 
the m ean m axim um  w ear depth for irradiance x num ber of 
wear cycles identified a significant interaction for irradiance 
of ZlOO™ (r2 =0.749; F = 5.095; P = 0.011) and no significant 
interactions for Filtek™ Z250 (R̂  =0.751; F = 2.672; P = 0.083), 
Filtek™ P60 (r2 = 0.756; F = 2.029; P = 0,087), and Filtek™ 
Supreme XT (R̂  = 0.731; F = 0,004; P = 0.996). A significant in ter
action for the num ber of w ear cycles w as highlighted for 
ZlOO™ (P< 0.001) although no significant interactions were 
highlighted for Filtek™ Z250 (P< 0.001), Filtek™ P60 (P< 0.001) 
and Filtek™ Suprem e XT (P < 0.001). The analysis of the m ean
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m a x im u m  w ear d ep th  for th e  n u m b er o f w ear cycles x RBC 
m ate ria l iden tified  a significant in te rac tio n  for th e  n u m b er of 
w ear cycles o f (P < 0.001) for th e  th ree  irrad ian ces investiga ted  
(650, 350, and  150m W /cm ^) For RBC m ate ria l no  significant 
in te rac tio n s  a t  350 m W /cm ^ (R  ̂= 0.829; F = 2.723; P = 0.055) w as 
observed , how ever, significant in te rac tio n s  at 650m W /cm ^ 
(P < 0.001) and  150 m W /cm ^ (R  ̂= 0.910; F = 4.253; P = 0.010) w ere 
h igh ligh ted .

It w as n o ted  th a t  th e  m ean  to ta l vo lum etric  w ear loss a t th e  
th ree  irrad ian c e s  investigated  (650, 350, and  150m W /cm ^) for 
th e  n u m b e r o f w ear cycles w as lin ea r (R^>0.95) for ZlOO™, 
Filtek™  Z250, an d  Filtek™  Suprem e XT w ith  Filtek™  P60 
hav ing  R^-values o f 0.959, 0.911, and  0.816 for irrad ian ces of 
650, 350, and  150m W /cm ^, respectively. Sim ilarly, th e  m ean  
m ax im u m  w ear d ep th  a t th e  th ree  irrad iances investigated  
(650, 350, an d  150m W /cm ^) for th e  n u m b er o f w ear cycles 
w as l in e a r (R  ̂>0.95) for Filtek™  Z250 and  Filtek™  Suprem e 
XT w ith  Filtek™  P60 hav ing  R^-values of 0.8469, 0.999, and  
0.982, respectively , and  ZlOO™ having R^-values o f 0.966, 
0.915, a n d  0.976, respectively, for irrad ian ces of 650, 350, and 
150m W /cm ^.

4. Discussion

T he in uiuo w ear o f RBC re sto ra tio n s w as previously assessed  
by e ith e r  d irec t observation  a t regu lar in te rvals (30) o r by in d i
rect a s se s s m e n t o f  to o th  replicas [31). T he m ajo r sh o rtco m in g s 
o f th e  ind ices [30] w as th a t n u m ero u s  p a tie n t v isits w ere n ec 
e ssa ry  w h ich  w as  tim e consum ing , expensive  and  requ ired  
th e  sa m e  clin ical observers to be p re se n t on each  p a tie n t visit. 
Ind irec t a s se s s m e n t of to o th  rep licas im m ed ia te ly  a fte r p lace 
m e n t a n d  at su b se q u e n t visits w as difficult as im p ress io n  and 
s to n e  m a te ria ls  w ere  suscep tib le  to  d im en sio n a l instab ility  on 
se ttin g  th u s  in flu en cin g  the  d im en sio n a l accuracy o f th e  to o th  
rep licas  given th e  w ear ra tes  involved. A ttem p ts have been  
m ad e  over th e  y ea rs  to m im ic th e  m asticato ry  p ro cesses th a t 
occu r in  th e  o ral en v iro n m en t by th e  d ev elopm en t o f devices 
th a t  s im u la te  w e a r  o f resto rative  m ateria ls . As a resu lt in uitro 
w ear s im u la to rs  w ere  developed to  a ssess  th e  w ear resis tan ce  
of d e n ta l m a te ria ls  prior to p lacem en t in th e  m o u th  to provide 
an  in itia l sc ree n in g  to po ten tia l resto rative  m ate ria ls  w hich 
w ou ld  av ert th e  n e e d  for expensive  an d  tim e co n su m in g  c lin 
ical tria ls  on  su b s ta n d a rd  m ateria ls.

In 1996 th e  developers of th e  OHSU oral w ear sim u la to r 
re p o rte d  th a t  b o th  abrasion  and  a ttr itio n  w ear p ro d u ced  by th e  
action  o f an  e n a m e l an tag o n ist could  be quan tified  [15). The 
te a r  d rop  w ear fa ce ts  w ere analyzed  using  a d iam o n d -tip p ed  
p ro filo m ete r by m ak in g  10 equally  spaced  traces p e rp en d ic 
u la r  to  th e  w e a r facet length. By "profilom etric and  visual 
e x a m in a tio n ” of th e  w ear traces th e  abrasion  region w as d e te r
m in e d  to  be  40-60%  of th e  w ear facet trace  and  th e  a ttritio n  
reg ion  w as 80-90%  of th e  w ear facet trace  based  on th e  aver
age w e a r d ep th  [15]. However, th e  reproducibility  o f re su lts  
b e tw ee n  d iffe re n t te s t cen ters w as lim ited  an d  a co m p ari
son  of th e  m ean  w e a r  dep th  m ea su re m e n ts  for abrasive  w ear 
(20 N) a n d  a ttr i tio n  w ear (70-90 N) identified  d ifferences of 
33-56% an d  31-78%, respectively, for th ree  RBC m ate ria ls  [17] 
su g g estin g  d ifficu lties w ith  using  m ean  w ear d ep th  m e a su re 
m e n ts  for d a ta  rep o rtin g . Interestingly, m ore recen tly  w hen

q u estio n in g  th e  “n eed  for in uitro w ear s im u la tin g  devices" 
F erracane concluded  w ear-te stin g  m eth o d o lo g ies  an d  d a ta  
rep o rtin g  (depth , a rea  o r volum e) n eed ed  to  be s ta n d ard ized  
[19]. A rchard  [33] su g g ested  th a t m a te ria l rem oved  due  to 
th e  in te rac tio n  of co n tac tin g  su rfaces w as m ore accurate ly  
described  in te rm s of vo lum e loss. DeLong [20] re in forced  
A rchard 's findings an d  sugg ested  th e  d e te rm in a tio n  of th e  
m ea n  to ta l vo lum etric  w ear o f th e  w e a r face t w as a m ore 
accu rate  p a ram e te r for ev a luating  m ate ria l loss due  to w ear as 
th e  w ear vo lum e w as a m ea su re  o f th e  w ork  done  to rem ove 
m ateria l, im plying th a t  th e  w ear vo lu m e w as a m a te ria l p ro p 
erty  in d ep e n d en t o f  occlusal facto rs [20]. More in te res tin g ly  
recen t review s ap p ear to  be m ore c o n ce rn ed  w ith  th e  confi
d en ce  in th e  accuracy a n d  p recision  o f re su lts  p re sen te d  from  
in uitro w ear s im u la tio n  [20] so th a t  th e  te c h n iq u e  em ployed  
to q u an tify  th e  w ear face t are  rep o rted  [19].

4 .1. S hort-term  w ear resistance

4.1.1. The influence o f  irradiation distance
In th e  c u rre n t study  th e  w ear da ta  an a ly zed  for th e  fo u r RBCs 
tes te d  a t 50,000 cycles (at scan n in g  re so lu tio n s  in th e  x-, y- 
and  z-d irections w ere 4, 40 and 0.1 (i.m) d e m o n s tra te d  th a t 
reducing  ha logen  LCU irrad ian ce  (in creas ing  th e  irrad ia tion  
d istance) re su lted  in no significant d ifference  in th e  m ean  
to ta l v o lu m etric  w ear an d  m ean  m ax im u m  w ear d ep th . The 
c o n s tan t m ea n  to ta l vo lum etric  w ear a n d  m ea n  m ax im u m  
w ear d ep th  (Table 2) show ed clearly  th a t  th e  to p  su rface  w as 
ad eq u a te ly  cu red  w ith in  th e  range of in te n s itie s  em ployed, 
p resum ab ly  due  to  th e  m ax im u m  conversion  of C=C d o u 
ble bo n d s to  C-C single b o nds for th e  to p  surface. In th e  
d en ta l lite ra tu re , H alverson e t al. [33] sh o w ed  th a t  w ith  low 
irrad ian ces a n d  sh o rt exposure  tim es  nearly  m ax im u m  co n 
version could  be achieved a t th e  irrad ia te d  surface , such  th a t  
a 10 s ex p o su re  w ith  an irrad ian ce  of 200m W /cm ^ w ould  be 
suffic ient to achieve 90% of th e  m ax im u m  conversion . T h e re 
fore, it is n o t su rp ris in g  th a t  no  s ign ifican t d ifferen ces in 
m ean  to ta l vo lum etric  w ear and  m ean  m ax im u m  w ear d ep th  
be tw een  irrad ian ces o f 650 ± 1 4  an d  1 5 0 ± 8 m W /c m ^  w ere 
evident, a lthough  d ifferences w ere  iden tified  b e tw ee n  RBC 
m ateria ls . However, th e  effects o f irrad ian ce  x m ate ria l (two- 
way ANOVA) does requ ire  fu rth e r co n sid era tio n . No sign ifican t 
d ifference in th e  m ean  to ta l vo lum etric  w ear w ere identified  
a lthough  significant d ifferences in th e  m e a n  to ta l w ear d ep th  
w as iden tified  to be for th e  sh o rt- te rm  w ear resis tan ce . T h e re 
fore, th e  first h y p o th esis  th a t ex acerb a ted  w ear ra te s  for th e  
RBCs investiga ted  w ould  be ev iden t follow ing irrad ia tio n  a t 
in creased  d is tan ces  w as re jected  for th e  m e a n  to ta l v o lu m e t
ric w ear and  accep ted  for th e  m ean  m ax im u m  w ear d ep th . It 
is suggested  th a t  in line w ith  th e  find ings o f A rchard  [32] and 
DeLong [20] th e  d e te rm in a tio n  o f th e  m ea n  to ta l vo lum etric  
w ear w as a m ore  accu rate  p a ra m e te r  for ev a lu a tin g  m ate ria l 
loss due  to w ear since  d ifficulties w ith  th e  m e a n  m ax im u m  
w ear d ep th  m ea su re m e n ts  for d a ta  rep o rtin g  a re  rou tine ly  
en co u n tered  in  th e  d en ta l lite ra tu re  [17,20]. T herefore, in line 
w ith  th e  reco m m en d a tio n s  o f Ferracane [19] d a ta  rep o rtin g  
need s to be s ta n d ard ize d  a n d  in  th e  o p in io n  of th e  a u th o rs  
volum e ra th e r  th a n  d ep th  o r area  sh o u ld  be th e  p referred  
p a ram ete r for evaluating  m ate ria l loss d u e  to  w ear follow ing 
in uitro w ear s im u la tio n  of RBCs.
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4.2 . Long-term  luea r resistance

4.2.1, The influence o f increased num ber o f w ear  cycles
T he lo n g -te rm  w e a r d a ta  in v estiga ted  h ig h ligh ted  a t varying 
QTH LCU irrad ian c e s  in creas in g  th e  n u m b er o f cycles signif
ican tly  in c re a sed  th e  m ea n  to ta l vo lum etric  w ear for each 
RBC m a te ria l  b u t n o t th e  m ean  m ax im u m  w ear dep th . T he 
in c re ased  n u m b e r  o f p lough ing  actions of th e  a n tag o n is t on 
th e  RBC re su lts  in  in creased  friction  w hich  w ould be  expected  
to play  a m ajo r ro le in  th e  w ear p ro cess  [34]. Increasing  th e  
n u m b er o f w e a r cycles re su lts  in a significant in crease  in th e  
m e a n  to ta l v o lu m etric  w ear observed  over tim e w hich  is ex ac
e rb a ted  a t red u ced  h a lo g en  LCU irrad iances. In teresting ly  th e  
m ea n  m ax im u m  w ear d e p th  observed  w ith  in creas in g  n u m b er 
o f w ear cycles w as m an ifes ted  as a n o n-sign ifican t in crease  in 
th e  m e a n  m ax im u m  w ear d e p th  observed  over tim e  w ith  vary 
in g  h a lo g en  LCU irrad ian ces. T herefore, th e  second  h y po thesis 
th a t  ex ac e rb a ted  w ear ra te s  for th e  RBCs in v estiga ted  w ould 
be e v id en t follow ing an  in creased  n u m b er o f  w ear cycles w as 
accep ted  for th e  m ea n  to ta l v o lum etric  w ear and  rejected  
for th e  m e a n  m ax im u m  w ear d ep th . It is suggested  th a t  th is 
re su lt fu r th e r  e m p h a s ize s  th e  a rg u m en ts  of DeLong—for th e  
e m p lo y m en t o f vo lum e [20], and  Ferracane— for s tan d ard ized  
d a ta  re p o rtin g  [19], for ev a luating  m ate ria l loss due  to w ear 
follow ing in uitro w ear s im u la tio n  of RBCs. Previously in th e  
d e n ta l lite ra tu re  w h e n  lo n g -te rm  w ear s tu d ies w ith  in c re as
ing  n u m b e r  of cycles w ere  considered  often  th e  slu rry  w as 
n o t c h an g e d  [35,36] so th a t th e  ab rasiveness o f  th e  slu rry  
in c re ased  w ith  rem oval o f RBC filler partic les w hich  exacer
b a te d  th e  w e a r p h en o m en o n . In th e  cu rren t study, th e  w ear 
m ed ia  w as ch an g ed  to  p rev en t th is  p h e n o m e n o n  occurring  
to m o re  accu ra te ly  reflect th e  clinical situ a tio n . In addition , 
th e  deg ree  o f conversion  w ith in  an  RBC m ate ria l is reduced  
d e p en d in g  u p o n  th e  in fluence of shade , m onom eric  reac tiv 
ity, re frac tiv e  in d ex  m ism a tch , h g h t sca tte rin g  an d  abso rp tion  
[37]. R educing th e  LCU o u tp u t in te n sity  h a s  th e  effect of fu r
th e r  re d u c in g  th e  degree of conversion  a t varying d ep th s from  
th e  LCU su c h  th a t  it b ecom es eas ie r to  rem ove m ate ria l as 
th e  w e a r d e p th  is in c reased  follow ing an  in creased  n u m b er 
of cycles. As a resu lt, th e  p roposed  hyp o th esis  th a t  exacer
b a te d  w e a r ra te s  w ould  be ev id en t follow ing lo n g -te rm  w ear 
w ith  RBCs irrad ia te d  u n d e r  n o n -o p tim ized  co n d itions w as 
accep ted .

4.2.2. M onomeric constituents
In g en era l no  sign ifican t d ifferences occurred  be tw een  th e  
m e th a c ry la te  RBCs w hich  co n ta in ed  sim ilar m onom eric  
re s in  c o n s titu e n ts  (Filtek™  Z250, Filtek™  P60 an d  Filtek™  
S u p rem e XT) and  filler load ings com p ared  w ith  ZlOO™ d esp ite  
th e  h ig h e r  filler vo lum e an d  e lastic  m o du lus of th e  m ore b r i t
tle  ZlOO™ RBC [15]. T h is is in ag reem en t w ith  th e  volum e 
loss d a ta  from  Palin e t al. [34] w h o  d e te rm in ed  sim ila r fric
tio n a l coefficien ts, w ear coefficients an d  volum e loss for th e  
m o n o m e ric  resin  c o n s titu e n ts  in v estiga ted  resu ltin g  in s im 
ilar frac tio n  of friction  resu lts . However, th e  re su lts  are no t 
in  a g re e m e n t w ith  th e  s tu d y  o f Soderho lm  e t al. [16] w ho  
re p o rte d  th e  re sin  m atrix  to  be  th e  m o st in fluen tia l factor 
in flu en cin g  w ear ra te . T herefore, th e  th ird  h y p o th esis  th a t  
ex ac e rb a ted  w ear ra te s  for th e  RBCs investiga ted  w ould be 
ev id en t follow ing vary ing  th e  m o nom eric  co n s titu e n ts  w as

re jected  for th e  m ean  to ta l v o lu m etric  w ear a n d  th e  m ean  
m ax im u m  w ear dep th .

4.2.3. Varying the filler packing fraction  design  
The RBCs (Filtek™  Z250, Filtek™  P60 an d  F iltek™  S u p rem e 
XT) co n ta in ed  th e  sam e  m o n o m eric  c o n s titu e n ts  w ith  s im 
ilar filler load ings 59.5-61 vol.% (a lthough  d iffe ren t pack ing  
fraction  designs). T herefore, it w ou ld  a p p ea r th a t  im proved  
w ear p e rfo rm an ce  su g g ested  for nano-filled  RBCs (Filtek™  
S uprem e XT) w hich  w ere p ro p o sed  to be less p ro n e  to  filler 
p lucking due  to  th e ir  irregu lar sh a p e  co m p ared  w ith  th e  hybrid  
RBCs (Filtek™  Z250 an d  Filtek™  P60) w ith  s im ila r filler lo ad 
ings m ay no t be en tire ly  co rrec t [38]. T herefore, th e  fo u rth  
hyp o th esis  th a t  exacerb a ted  w ear ra te s  for th e  RBCs in v es
tig a ted  w ould be ev id en t follow ing vary ing  p ack ing  frac tion  
designs w as re jected  for th e  m ea n  to ta l v o lu m etric  w e a r and  
for th e  m ean  m ax im u m  w ear d ep th .

5. Conclusion

T he cu rre n t s tu d y  h as  iden tified  th a t  sh o rt- te rm  m e a n  to ta l 
vo lum etric  w ear a sse ssm e n t o f  RBCs m ay  n o t p rov ide valuab le  
in fo rm atio n  on  RBC clinical p e rfo rm an ce  a n d  th a t  lo n g -te rm  
w ear te s tin g  is needed . T he irrad ian ce  w h ile  n o t h av in g  an  
im p ac t on  th e  sh o rt- te rm  m ea n  to ta l v o lu m etric  w e a r re s is 
tan ce  is im p o rta n t in  lo n g -te rm  w ear re s is tan c e  a sse ssm e n t. 
As a resu lt, it is im perative  th a t  GDPs are  aw are  o f th e  c lin ical 
im p lica tions th a t  poor m a in te n a n c e  of LCUs can  have on  RBC 
perfo rm ance . T he study  also confirm s th e  find ings o f DeLong 
[20]—th a t  th e  em p lo y m en t o f  vo lum e for ev a lu a tin g  m ate ria l 
loss due  to wear, an d  F erracane—for s ta n d ard ize d  d a ta  re p o rt
ing [19], are req u ired  follow ing th e  in vitro w e a r s im u la tio n  of 
RBCs.
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