
สมบัติเชิงกลของวัสดุเชิงประกอบพอลิเอทลีนเสริมแรงติ'วขเลัากระดูกเผา

นางสาว วิมลรัตน ศรีจรัสสน

วิทยานิพนธน้ีเป็นส่วนหนึ่งของการสืกษาตามหลักชุตรปริญญาวิทยาศาสตรมหาบัณฑิต
ภาควิชาวัสดุศาสตร์

บัณฑิตวิทยาลัย ชุพาลงกรณ์มหาวิทยาลัย 
พ.ศ. 2538

ISBN 974-631-340-1
ลิขสืทธของบัณฑิตวิทยาลัย ชุฬาลงกรณ์มหาวิทยาลัย

*  เ พ พ พ )



MECHANICAL PROPERTIES OF CALCINED BONE ASH 
REINFORCED POLYETHYLENE COMPOSITES

Miss W imonrat Sricharussin

A Thesis Submitted in Partial Fulfillment of the Requirements 
for the Degree o f Master o f Science 

Department o f Materials Science 
Graduate School 

Chulalongkom University 
1995

ISBN 974-631-340-1



Thesis Title 

By
Department 
Thesis Advisor

M echanical properties o f calcined bone 
reinforced polyethylene composites 
Miss พ นnoทrat Sricharussin 
Materials Science 
Assistant Professor Khemchai Hemachandra, Ph.D.

A ccepted by the G raduate School, Chulalongkorn University in 
Partial Fulfillment o f the Requirements for the Master s Degree/

A' r t v Q W * * *

................... Dean o f Graduate School
( Associate Professor Santi Thoongsuwan, Ph.D.)

Thesis Committee

น L ~ / ...............Chairman
(Associate Professor Werasak Udomkichdecha, Ph.D.)

.......Thesis Advisor
(Assistant Professor Khemchai Hemachandra, Ph.D.)

t ................................. Member
(Associate Professor Pibul Itiravivong, M.D.)

.Member
(Assistant Professor Paipan Santisuk)



พิมพ์ฅ้นฟ้แบนทคพย่อไเแท n YHI h ภ นเไนคร 6 แลเขียวนี้เพ ียงแพ่นดีบว

วิมลรัตป’ ศรีจรัสสิน ะ สมบัติเสิงกลของวัสดุเสิงประกอบหอสิเอทีลีนเสรีมแรงด้วยเถ้ากระดูกเผา 
(MECHANICAL PROPERTIES OF CALCINED BONE ASH REINFORCED POLYETHYLENE ; 
COMPOSITES h : ทีปรีกษา ะ ผศ.ดร.เข็มสิ'ย เหมะจันหร , 129 หน้า. ISBN 9 74 -6 3 1 -3 4 0 -1 1

งานวิจัยน้ัมืจุคประสงคใทีอสิกษาสมบัติเสิงกลของวัสดุเสิงประกอบหอสิเอหลีนเสรีมแรฺงด้วยเล้า 
กระดูกเผาทีอัตราส่วนโดยปรีมาตรต่างๆกันจนสิง 0.50 และนับเป็นการบุกเบกวัสดุเสิงประกอบทีสามารถหคแหน j 
กระดูกได้ สมบัติเสิงกลทีสิกษาได้แก่ โมดุลัฟ้ของยัง ฅวามหนแรงดง ความเครียดทีจุดแตกหัก ความหนแรงคัด 

•โค้งและความแข็ง เปรียบเทียบผลการวิจัยกับแบบจาลองทฤษฎีทีเกยวข้อง และไข้กล้องจุลหรรศป้อเลึกตรอน 
แบบสแกน สิกษาล้ณฐานของท้ังสองเฟส การกระจายตัวของเถ้ากระดูกเผาไนเนอหอสิเอหลน และผวการ 
แตกหักของวัสคุเสิงประกอบ

จากการสิกษาพบว่า ค่าโมดุล้ฟ้ของยังเหมสิบเมือเหมอัตราส่วนโดยปรีมาตรชองเถ้ากระดูกเผา 
Iแต่'ในขณะเทียวกันความทนแรงดงและความเครียดทีจุคแตกหักกลับลดลง ผลของสมบัติเสิงกลสามารณไเรียบ1 
เทียบกับทฤษฎีบางขุดได้ ส่วนค่าความแข็งของสินงานเหมขน เมืออัตราส่วนโดยาเรีมาตรของเถ้ากระดูกเผาเหมชน 
และหบว่า ค่านเป็นตัวทานายค่าโมดุลัสของยังของวัสดุเสิงประกอบได้ค ผลของกล้องจุลหรรศน'อเลึกดรอนแบบ 

'สแกน แสดงให้เป็นว่า การเสิยรูปหางพลาสติก มือทข้หลทกปรีมาณของเถ้ากระดูกเผา ด้งน้ัน การวิเคราะหั 
'การแตกหักทีอัตราส่วนโดยปรีมาตรเห]เขน จงเปลียนจากลักษณะยดหยุ่นเป็นเปราะ

ภ า ค ว ิ ช า ........... ว ั สด ุ ฟ้ าสต.'Î..........................................
ส า ข า ว ิ ช า  วิห.ยฺาขุาสดูรพอสิI มอร ั ง !ระยกตนละเท i เโนโลลี

ป ี ก า ร ค ั ก ษ า .....2 .537 -........................ ^ งห;

ะ : : ป : : : : : ร : . ; ^ ^
ล า ย ม อ ซ อ อ า ง ฑ ข ์ ฑ ม ่ ร ี ก ษ า ร ่ ว ม .................................................



* * 0 5 2 7 1 2 6  : MAJOR a p p l i e d  p o l y m e r  s c i e n c e  a n d  t e x t i l e  t e c h n o l o g y
KEY WORD: CA1 c 1 NED BONE ASH /  P ARTI CULATE- FI LLED p o l y e t h y l e n e  /

BONE REPLACEMENT
WIMONRAT SRICHARUSSI N ะ MECHANICAL PROPERTIES OF CALCINED BONE ASH 
REINFORCED POLYETHYLENE COMPOSITES.  T H E S I S  ADVISOR ะ A S S I S .  PROF.  
KHEMCHAI HEMACHANDRA, P h . D . 1 2 9  p p . I SBN 9 7 4 - 6 3 1 - 3 4 0 - 1

T h e  m e c h a n i c a l  p r o p e r t i e s  o f  c a l c i n e d  b o n e  a s h  r e i n f o r c e d  
p o l y e t h y l e n e  c o m p o s i t e  a t  v a r i o u s  v o l u m e  f r a c t i o n s  u p  t o  0 . 5 0  w a s  

i n v e s t i g a t e d .  S u c h  c o m p o s i t e s  h a v e  b e e n  p i o n e e r e d  a s  a n a l o g u e  m a t e r i a l s  
f o r  c o r t i c a l  b o n e  r e p l a c e m e n t .  T h e  d e p e n d e n c e  o f  t h e  Y o u n g ' s  m o d u l u s ,  
t e n s i l e  s t r e n g t h ,  s t r a i n  t o  f a i l u r e ,  f l e x u r a l  s t r e n g t h  a n d  h a r d n e s s  o n  t h e  
a m o u n t  o f  f i l l e r  w a s  p r e s e n t e d .  T h e  e x p e r i m e n t a l  r e s u l t s  w e r e  c o m p a r e d  w i t h  
a  f e w  t h e o r e t i c a l  m o d e l  p r e d i c t i o n s  t o  e x p l o r e  t h e  v a l i d i t y  o f  t h e  m o d e l s  
a t  h i g h  f i l l e r  l o a d i n g .  S c a n n i n g  e l e c t r o n  m i c r o s c o p e  w a s  u s e d  t o  e x a m i n e  
t h e  m o r p h o l o g y  o f  t h e  t w o  p h a s e s ,  t h e  d i s p e r s i o n  o f  c a l c i n e d  b o n e  a s h  i n  
p o l y e t h y l e n e  m a t r i x  a n d  t h e  f r a c t u r e  s u r f a c e  o f  t h e m .

T h e  r e s u l t s  s h o w  t h a t  t h e  Y o u n q ' s  m o d u l u s  i n c r e a s e s  w i t h  a n  
i n c r e a s e  i n  c a l c i n e d  b o n e  a s h  v o l u m e  f r a c t i o n ,  w h e r e a s  t h e  t e n s i l e  s t r e n g t h  
a n d  s t r a i n  t o  f a i l u r e  d e c r e a s e  o v e r  t h e  s a m e  r a n g e .  T h e  t h e o r e t i c a l  m o d e l s  
h a v e  b e e n  e x a m i n e d  f o r  f i t  t o  t h e  e x p e r i m e n t a l  d a t a .  A t  t h e  s a m e  t i m e ,  
m i c r o h a r d n e s s  t e s t  i n c r e a s e s  w i t h  i n c r e a s i n g  c a l c i n e d  b o n e  a s h  c o n t e n t  a n d  
t h e n  i t  i s  ล g o o d  p r e d i c t o r  f o r  Y o u n g ' s  m o d u l u s  o f  t h e  c o m p o s i t e .  
M i c r o s c o p i c  m e t h o d  r e v e a l s  t h a t  p l a s t i c  d e f o r m a t i o n  i s  s t r o n g l y  i n f l u e n c e d  
b y  t h e  a m o u n t  o f  c a l c i n e d  b o n e  a s h  c o n t e n t .  H e n c e ,  f a i l u r e  a n a l y s i s  c h a n g e s  
f r o m  d u c t i l e  t o  b r i t t l e  m o d e .

ภาคว็ชา...... 4îJคุ4ๅสต.^.................................  ลายมอซอนส๊ฅ bJ;'ทาc n i is j f ......Q ùcl  1 ...........
ส า ช า ว ช า . ? อ ร ป ร ะ ยก?(แลฺะเหคโนลาfirmซี่ฅศาจารท^ร ^ «♦ 'ห̂ *̂  แ ^ ' ^ ร '
ปีการศกนา— 2.53.7........................ 1ลย!™ อ ลายมอซออาจารย์ทปรกหาร่วม................



Acknowledgements

I am grateful to my advisor, Dr Khemchai Hemachandra for his 
help, advice and guidance through the course of this task. Special thanks 
are also due to the staff of the Metallurgy and Materials Science Research 
Institute (MMSRI), especially to Mr. Parinya Puangnak for Instron 
universal testing measurements.

I wish to thank Department of Materials Science, Chulalongkom 
University for graduate course. My thanks to the technical staffs of 
Scientific and Technological Research Equipment Centre for their guidance 
and help in testing. I would like to appreciation to Department of Chemical 
Engineering, Faculty of Engineering, Rajamangala Institute of Technology 
for help in density measurement.

The continuing support of the National Science and Technology 
Development Agency is acknowledged. Finally, I would like to thank to 
my mother for encouragement and my friends for their mindfulness.



V II

T a b l e  o f  C o n t e n t s

Abstract (Thai)..................................................................................................IV
Abstract (English).............................................................................................V
Acknowledgments............................................................................................ VI
Table of contents............................................................................................. v n
List of Tables.................................................................................................... IX
List of Figures..................................................................................................XI
Chapter 1 In troduction .................................................................................1
Chapter 2 L iteratu re Survey.......................................................................3

Natural Bone............................................................................... 3
Materials for Bone Replacement.............................................. 6

1. Metals........................................................................... 6
2. Ceramics.......................................................................7
3. Polymers..................................................................... 10
4. Composites..................................................................10

Biocompatibility of Implant Materialร.....................................15
1. Tissue responses......................................................... 15
2. Blood responses......................................................... 16

Particulate-filled Polymer Composites....................................16
1. Particle-filled brittle plastics....................................17
2. Particle-filled tough plastics.....................................19

Theoretical Models in Particulate-filled Polymers................24
1. Tensile modulus..........................................................24
2. Tensile strength...........................................................29



V III

3. Elongation to break................................................30
Compounding Process.............................................................. 31

Chapter 3 M aterials and M ethods.......................................................... 37
Materials.....................................................................................37
Processing Methods........... ....................................................... 39
Mechanical Testing Methods.................................................. 42

1. Tensile testing............................................................42
1.1 Preparation of specimen.............................43
1.2 Testing procedure...................................... 43
1.3 Effects of strain rate on tensile

properties..............................................45
2. Flexural testing.........................................................47

2.1 Flexural strength..........................................48
2.2 Testing procedure....................................... 49

3. Hardness......................................................................51
Density Measurements............................................................... 53
Dispersion of Filler.....................................................................54
Fractography.................................................................................55

Chapter 4 Results........................................................................................... 56
Chapter 5 Discussion.....................................................................................83
Chapter 6 Conclusions.................................................................................111
Future W ork .................................................................................................... 113
References......................................................................................................... 114
Appendix........................................................................................................... 121

p a g e



IX

page
Table 2.2.1 Bioceramic classifications...................................................... 8
Table 2.2.2 Comparison of mechanical properties of 

current implant materials with those of
cortical bone...........................................................................13

Table 2.2.3 Mechanical behaviour and bioactivity of 
various hydroxyapatite particle reinforced
polyethylene composites........................................................14

Table 2.4.1 The mechanical properties of unfilled
nylon 66, and nylon 66 containing 30% of
glass spheres............................................................................21

Table 2.5.1 Maximum packing fraction, <{๒............................................ 29
Table 3.1.1 Materials used in the experiment........................................37
Table 3.1.2 Types of composite materials tested....................................38
Table 3.2.1 Conditions of co-rotating twin screw extruder..................39
Table 4.1.1 Tensile properties of calcined bone ash and synthetic 

hydroxyapatite reinforced high density polyethylene 
composites as a function of volume fraction of filler
at crosshead speed of 0.5 mm min' 1..................................57

Table 4.1.2 Tensile properties of calcined bone ash and synthetic 
hydroxyapatite reinforced high density polyethylene 
composites as a function of volume fraction of filler 
at crosshead speed of 1.0 mm m in'1...................................58

L i s t  o f  T a b l e s



X

Table 4.1.3 Flexural results of 0.45 volume fraction of 
calcined bone ash reinforced polyethylene
composite................................................................................. 68

Table 4.1.4 Microhardness results of calcined bone ash 
and synthetic hydroxyapatite reinforced
high density polyethylene composites.................................69

Table 4.2.1 Density measurement results of calcined bone 
ash and synthetic hydroxyapatite reinforced
high density polyethylene composites at 23°c..................71

Table 5.1.1 Estimates of Young’s modulus of calcined bone 
ash reinforced polyethylene composites based on
rule of mixtures calculation.................................................. 84

Table 5.3.1 Equations relating microhardness ( V H N )  to mineral 
volume fraction ( ( p f )  and Young’s modulus ( E )  for 
bone and the calcined bone ash reinforced 
polyethylene composite..........................................................96

p a g e



X I

page
Figure 2.1.1 Microstructure and macrostructure of bone......................4
Figure 2.4.1 Flexural modulus as a function of volume

fraction of filler.................................................................... 18
Figure 2.4.2 The tensile behaviour of unfilled nylon 66......................21
Figure 2.4.3 Effect of volume fraction of glass beads on

yield strength of poly (phenylene oxide).......................... 22
Figure 2.4.4 Effect of volume fraction of filler on fracture

toughness of PPO composites..............................................23
Figure 2.5.1 Dependence of relative modulus (composite/ 

polymer) on concentration for (A) the original 
Kemer equation ; (B) the modified Kerner
equation ; (C) the Mooney equation................................... 28

Figure 2.5.2 Theoretical curves for the relative elongation 
to break of filled polymers as a function of
filler concentration..................................................................32

Figure 2.6.1 Different twin screw extruders............................................ 34
Figure 2.6.2 Constructural features of BTS extruder............................. 35
Figure 3.2.1 Typical barrel configuration of Betol co-rotating

twin screw extruder model BTS40....................................... 40
Figure 3.2.2 Processing of calcined bone ash reinforced

high density polyethylene composites................................. 41
Figure 3.2.3 A diagram to show injection moulded plaques................42

L i s t  o f  F i g u r e s



X II

Figure 3.3.1 A diagram of the ISO/DIS 6239/1 tensile
test specimen............................................................................44

Figure 3.3.2 Instron universal testing machine........................................ 45
Figure 3.3.3 Test-piece held in the grips.................................................. 46
Figure 3.3.4 The three-point fixture configuration..................................48
Figure 3.3.5 Experimental arrangement for a flexural test................... 50
Figure 3.3.6 Zwick hardness tester............................................................52
Figure 3.4.1 The density-gradient column used in the

experimental............................................................................54
Figure 4.1.1 Stress-strain curve of calcined bone ash reinforced 

polyethylene composite at 0.45 volume fraction
at crosshead speed of 0.5 mm m in'1.................................59

Figure 4.1.2 Stress-strain curve of calcined bone ash reinforced 
polyethylene composite at 0.50 volume fraction
at crosshead speed 0.5 mm m in'1 ..................................... 59

Figure 4.1.3 Stress-strain curves of calcined bone ash reinforced 
polyethylene composites at various volume fraction
at crosshead speed 0.5 mm min*1 ......................................60

Figure 4.1.4 Stress-strain curves of calcined bone ash reinforced 
polyethylene composites at various volume fraction 
at crosshead speed 1.0 mm m in'1 ......................................61

p a g e



X III

Figure 4.1.5 Young’s modulus for various volume fraction of 
calcined bone ash and synthetic hydroxyapatite 
reinforced polyethylene composites at crosshead
speed of 0.5 mm m in'1........................................................ 62

Figure 4.1.6 Tensile strength for various volume fraction of 
calcined bone ash and synthetic hydroxyapatite 
reinforced polyethylene composites at crosshead
speed of 0.5 mm m in'1........................................................ 63

Figure 4.1.7 Strain to failure for various volume fraction of 
calcined bone ash and synthetic hydroxyapatite 
reinforced polyethylene composites at crosshead
speed of 0.5 mm m in'1......................................................... 64

Figure 4.1.8 Energy to failure for various volume fraction of 
calcined bone ash and synthetic hydroxyapatite 
reinforced polyethylene composites at crosshead
speed of 0.5 mm min' 1........................................................ 65

Figure 4.1.9 Toughness for various volume fraction of
calcined bone ash and synthetic hydroxyapatite 
reinforced polyethylene composites at crosshead
speed of 0.5 mm m in 1.......................   66

Figure 4.1.10 The effect of crosshead speed against Young’s 
modulus for calcined bone ash reinforced 
polyethylene composites.......................................................67

p a g e



XIV

page
Figure 4.1.11 Stress-strain curve of flexural test for 0.45 volume 

fraction of calcined bone ash reinforced
polyethylene composite..........................................................68

Figure 4.1.12 Variation of microhardness with volume fraction
of f i lle r .................................................................................... 70

Figure 4.2.1 Comparison of calculated and measured densities 
of calcined bone ash reinforced polyethylene
composites at various volume fraction.............  .................. 72

Figure 4.3.1 SEM observation of 0.20 calcined bone ash
reinforced polyethylene.......................   74

Figure 4.3.2 SEM observation of 0.30 calcined bone ash
reinforced polyethylene.......................................................... 74

Figure 4.4.1 Scanning electron micrograph of fracture surface 
of tensile specimens for 0.20 calcined bone ash
volume fraction........................................................................ 75

Figure 4.4.2 Scanning electron micrograph of fracture surface 
of tensile specimens for 0.30 calcined bone ash
volume fraction........................................................................ 76

Figure 4.4.3 Scanning electron micrograph of fracture surface 
of tensile specimens for 0.35 calcined bone ash
volume fraction......................................................................... 77

Figure 4.4.4 Scanning electron micrograph of fracture surface 
of tensile specimens for 0.45 calcined bone ash 
volume fraction........................................................................78



XV

Figure 4.4.5 Scanning electron micrograph of fracture surface 
of tensile specimens for 0.50 calcined bone ash
volume fraction....................................................................... 79

Figure 4.4.6 Scanning electron micrograph of fracture surface
of tensile specimens for 0.20 synthetic hydroxyapatite
volume fraction....................................................................... 80

Figure 4.4.7 Scanning electron micrograph of fracture surface
of tensile specimens for 0.35 synthetic hydroxyapatite
volume fraction.......................................................................81

Figure 4.4.8 Scanning electron micrograph of fracture surface 
of flexural specimen for 0.45 calcined bone ash
volume fraction....................................................................... 82

Figure 5.1.1 A comparison of the Young’s modulus of the 
calcined bone ash reinforced polyethylene with
the literature data................................................................... 88

Figure 5.1.2 The relationship between the Young’s modulus 
and mineral volume fraction in the calcined bone 
ash reinforced polyethylene and in natural bone
tissue.........................................................................................89

Figure 5.1.3 The difference of the relative Young’s modulus
for the two strain rates.......................................................... 90

Figure 5.2.1 Comparison of theoretical models and experimental 
data of the relative Young’s modulus against 
volume fraction....................   93

p a g e



XVI

Figure 5.2.2 Comparison of theoretical models and experimental 
data of the relative tensile strength against volume
fraction.....................................................................................94

Figure 5.2.3 Variation in the relative strain to failure of
theoretical model and experimental data........................... 95

Figure 5.3.1 The relationship between microhardness and mineral
volume fraction in natural bone tissue................................ 99

Figure 5.3.2 The relationship between microhardness and
volume fraction of filler in the calcined bone ash
reinforced polyethylene composite.......................................100

Figure 5.3.3 The relationship between microhardness and
Young’s modulus in natural bone tissue............................. 101

Figure 5.3.4 The relationship between microhardness and 
Young’s modulus in the calcined bone ash
reinforced polyethylene composite.......................................102

Figure 5.3.5 The relationship between microhardness and 
mineral volume fraction for both natural bone 
tissue and the calcined bone ash reinforced
polyethylene composite......................................................... 103

Figure 5.3.6 The relationship between microhardness and 
Young’s modulus for both natural bone tissue 
and the calcined bone ash reinforced polyethylene 
composite................................................................................. 104

p a g e



XVII

page
Figure 5.4.1 SEM images of a single calcined bone ash particle

during tensile test.................................................................. 106
Figure 5.4.2 Schematic for proposed craze formation process

in filled polyethylene............................................................107


	Cover (Thai)

	Cover (English)

	Accepted

	Abstract (Thai)
	Abstract (English)

	Acknowledgements

	Contents


