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I l l

ABSTRACT

Keywords

4472016063 POLYMER SCIENCE PROGRAM
Nujalee Dangseeyun : Crystallization Behavior of PET, PTT, 
PBT, and their blends.
Thesis Advisors ะ Asst. Prof. Pitt Supaphol, Dr. Manit 
Nithitanakul, 153 pp. ISBN 974-17-2336-9 
Polyethylene terephthalate)/Poly(trimethylene terephthalate)/ 
Poly(buthylene terephthalate)/Crystallization Kinetics/Polymer 
Blending

Isothermal crystallization and subsequent melting behavior for three 
different types of linear aromatic polyester, namely poly(ethylene terephthalate) 
(PET), poly(trimethylene terephthalate) (PTT), and poly(buthylene terephthalate) 
(PBT), which are different in their number of methylene groups (i.e., 2, 3, and 4 for 
PET, PTT, and PBT, respectively), were investigated using differential scanning 
calorimetry (DSC) and wide-angle X-ray diffraction (WAXD) technique. The 
kinetics of the crystallization process was assessed by directly fitting the 
experimental data to the Avrami, Tobin, Malkin and Urbanovici-Segal macrokinetic 
models. In case of non-isothermal crystallization, the experiment was carried out on 
PET, PTT, and PBT and the data was analyzed based on the Avrami, Tobin, Ozawa, 
and Ziabicki models. Moreover, the miscibility and crystallization behavior of 
PTT/PET and PTT/PBT blends were also studied. A single composition-dependent 
glass transition temperature (Tg) was observed in both systems, implying that these 
blends are fully miscible in amorphous phase. The presence of the characteristic X- 
ray peaks for pure polymers in the blends without the presence of a new peak in the 
diffraction pattern revealed that each component forms its own crystal phase and 
there was no co-crystallite in the blends under our experimental condition. The 
steady rate sweep test showed that these blends behaved as a shear thinning fluid 
within shear rates studied.



IV

บ ท ค ัด ย ่อ

นุจลีย์ แดงสียุน : การศึกษาพฤติกรรมการตกผลึกของ พอลิเอทิลีนเทเรฟทาเลท พอลิ 
ไตรเมทิลีนเทเรฟทาเลท พอลิบิวทิลีนเทเรฟทาเลท และพอลิเมอร์ผสมของพอลิเมอร์เหล,านี 
(Crystallization Behavior of PET, PTT, PBT, and their blends) อ. ทีปรึกษา: ผศ.ดร.พิชญ 
สุกผล และ ดร.มานิตย์ นิธิธนากุล 153 หน้า ISBN 974-17-2336-9

การศึกษาการตกผลึกแบบอุณหภูมิคงท่ี และพฤติกรรมการหลอมเหลวของอะโรมาติก 
พอลิเอสเตอร์เชิงเล้นท่ีแตกต่างกันสามชนิดได้แก่ พอลิเอทิลีนเทเรฟทาเลท พอลิไตรเมทิลีน- 
เทเรฟทาเลท และ พอลินิวทิลีนเทเรฟทาเลท ซ่ึงแตกต่างกันเพียงแต่จำนวนของหมู่เมทิลีนท่ีอยู่ 
ระหว่างหมู่เอสเตอร์ถูกติดตามโดยใช้เทคนิค DSC และ WAXD จลศาสตร์ของกระบวนการตก 
ผลึกถูกประเมินโดยการเปรียบเทียบค่าท่ีได้จากการทดลองกับค่าท่ีได้จากแบบจำลองของ Avrami 
Tobin Malkin และ Urbanovici-Segal ในกรณีของการศึกษาการตกผลึกแบบอุณหภูมิไม่คงท่ี 
ตัวอย่างท่ีใช้ได้แก่ พอลิเอสเตอร์ท้ังสามชนิด และพอลิเมอร์ผสมของพอลิไตรเมทิลีนเทเรฟทาเลท 
และ พอลิบิวทิลีนเทเรฟทาเลท ข้อมูลท่ีได้จากการทดลองจะถูกนำมาเปรียบเทียบกับแบบจำลอง 
ของ Avrami Tobin Ozawa และ Ziabicki นอกจากน้ีการศึกษาความเข้าเป็นเน้ือเดียวกันและ 
พฤติกรรมการตกผลึกของพอลิเมอร์ผสมของพอลิไตรเมทิลีนเทเรฟทาเลท/พอลิเอทิลีนเทเรฟทา 
เลท และพอลิไตรเมทิลีนเทเรฟทาเลท/พอลิบิวทิลีนเทเรฟทาเลท พบว่าพอณิมอร์ผสมแต่ละระบบ 
แสดงอุณหภูมิเปล่ียนสถานะคล้ายแก้วค่าเดียว และอุณหภูมิน้ีจะเปล่ียนแปลงเม่ืออัตราส่วนของ 
พอลิเมอร์ผสมเปลี่ยนแปลง แสดงให้เห็นว่าพอลิเมอร์ผสมเหล่านีสามารถผสมเข้ากันได้ใน 
สถานะอสัณฐาณ จากการศึกษาการปรากฎของลักษณะเฉพาะของตำแหน่งของจุดยอดของ 
พอลิเมอร์บริสุทธิ”แต่ละชนิดใน diffraction pattern แสดงให้เห็นว่า ในการทดลองนีพอลิเมอร์ 
แต่ละชนิดในพอณิมอร์ผสมมีรูปแบบของการตกผลึกของตนเองและไม่มีการตกผลึกร่วมกัน จาก 
การศึกษาการไหลของพอลิเมอร์โดยเปล่ียนแปลงอัตราการเฉือน พบว่า ความหนืดของพอลิเมอร์ 
ผสมเหล่าน้ีลดลงเม่ือเปล่ียนแปลงอัตราการเฉือน



V

ACKNOWLEDGEMENTS

The author is grateful for the partial scholarship and partial funding of the 
thesis work provided by Postgraduate Eduation and Research Programs in Petroleum 
and Petrochemical Technology (PPT Consortium). The author would like to express 
the grateful appreciation to the author advisors, Asst. Prof. Pitt Supaphol and 
Dr.Manit Nithitanakul for their intensive suggestion, invaluable guidance and vital 
help throughout this research work.

The authors wish to thank Dr. Hoe H. Chuah and his co-workers of Shell 
Chemical Company (USA) Ltd. for supply of PTT and for their kind assistance on 
molecular weight measurements on all of the polyester resins received, Dr. Gi-Dae 
Choi and Soo-Min Lee of LG Chem (Korea) Ltd. for supply of PBT, and Indo PET 
(Thailand) Ltd. for supply of PET.

The author would like to give special thanks to Assoc. Prof. Anuvat Sirivat 
for providing technical knowledge and helpful suggestion and Ms.Ladawan 
Ruangchuay for providing program calculated degree of crystallinity. The author 
would like to sincerely thank all the staff of the Petroleum and Petrochemical 
College, Chulalongkom University for their assistance and in helping the author to 
use the research facilities.

Ultimately, extreme appreciation is to the author family for their love, 
understanding, and encouragement during the author studies and thesis work.



VI

TABLE OF CONTENTS

Title Page i
Abstract (in English) iii
Abstract (in Thai) iv
Acknowledgements V
Table of Contents vi
List of Tables X
List of Figures xii

CHAPTER
I INTRODUCTION 1

II LITERATURE SURVEY
2.1 Isothermal and Nonisothermal Crystallization 3
2.2 Polyester Blending 6 III

III EXPERIMENTAL
3.1 Materials 10
3.2 Experimental Procedure 10

3.2.1 Polymer Blend Preparation 10
3.2.2 Specimens Preparation 11
3.2.3 Characterization 11

3.2.3.1 Thermal Analysis 11
3.2.3.2 Thermo gravimetric Analysis 13
3.3.3.3 Crystal structure and Crystallinity 13

3.2.4 Tensile Properties 14
3.2.5 Rheological measurement 14

PAGE



v i l

IV ISOTHERMAL MELT CRYSTALLIZATION AND 
MELTING BEHAVIOR OF THREE DIFFERENT 
LINEAR AROMATIC POLYESTERS
Abstract 15
Introduction 16
Theoretical Background 17
Experimental 19
Results and Discussion 21
Conclusions 34
Acknowledgements 36
References 37
Captions of Tables 39
Captions of Figures 40 V

V NONISOTHERMAL MELT CRYSTALLIZATION 
KINETICS OF THREE DIFFERENT LINEAR 
AROMATIC POLYESTERS
Abstract 57
Introduction 58
Theoretical Background 58
Experimental 63
Results and Discussion 64
Conclusions 71
Acknowledgements 72
References 73
Captions of Tables 75
Captions of Figures 76

CHAPTER PAGE



v in

VI THERMAL, CRYSTALLIZATION, MECHANICAL,
AND RHEOLOGICAL CHARACTERISTICS OF 
POLY(TRIMETHYLENE TEREPHTHALATE)/ 
POLYETHYLENE TEREPHTHALATE) BLENDS
A b stra ct 89
In tro d u ctio n  9 0
E x p e r im en ta l 91
R e su lts  and  D is c u ss io n  9 4
C o n c lu s io n s  9 9
A c k n o w le d g e m e n ts  100
R e fe r e n c e s  101
C a p tio n s  o f  F ig u res 102 VII VIII

VII THERMAL, CRYSTALLIZATION, AND RHEOLOGICAL 
CHARACTERISTICS OF POLY(TRIMETHYLENE 
TEREPH THALATE) /POLY(BUTHYLENE 
TEREPHTHALATE) BLENDS
A b stra ct 116
In tro d u ctio n  117
E x p e r im en ta l 118
R e su lts  an d  D is c u ss io n  120
C o n c lu s io n s  126
A c k n o w le d g e m e n ts  126
R e fe r e n c e s  128
C a p tio n s  o f  F ig u res  129

VIII CONCLUSIONS 140

REFERENCES 144

CHAPTER PAGE



CHAPTER PAGE

APPENDICES 147
Appendix A T h erm al p rop erties  o f  b le n d s 147
Appendix B M e c h a n ic a l p roperty 148
Appendix c S tea d y  sh ear  b eh a v io r 149
Appendix D D y n a m ic  sh ear b eh a v io r 151

CURRICULUM VITAE 153



X

CHAPTER III
3.1 T h e  ch a ra c ter is tic s  o f  P E T , P T T , and P B T  10
3 .2  P r o c e s s in g  c o n d it io n  o f  tw in  sc r e w  extru d er 11

CHAPTER IV
1 O v era ll c r y tsa lliz a tio n  k in e t ic s  data for  th ree  p o ly e s te r s

sa m p le s  b a sed  o n  th e A v ra m i m o d e l 41
2 O v era ll c r y tsa lliz a tio n  k in e t ic s  data for th ree  p o ly e s te r s

sa m p le s  b a sed  o n  the T o b in  m o d e l 4 2
3 O v era ll c r y tsa lliz a tio n  k in e t ic s  data for th ree  p o ly e s te r s

sa m p le s  b a sed  o n  the M a lk in  m o d e l 43
4  O v era ll c r y tsa lliz a tio n  k in e t ic s  data for th ree  p o ly e s te r s

sa m p le s  b a se d  o n  th e U r b a n o v ic i-S e g a l  m o d e l 4 4
5 F ittin g  p aram eters for th e  b est  p o s s ib le  f its  o f  th e  r e sp e c tiv e

rate p ara m eters o f  three p o ly e s te r s  4 5
6  E stim a ted  eq u ilib r iu m  m e lt in g  tem p era tu res for  P E T , P T T ,

and  P B T  a c c o r d in g  to  lin ear  and  n o n -lin ea r  H o ffm a n -W e e k  
ex tr a p o la tio n s , a lo n g  w ith  o th er  fitt in g  p ara m eters 4 6

CHAPTER V
1 C h a ra cter istic  data  from  n o n -iso th e r m a l c r y s ta lliz a tio n

e x o th e r m s  for  P E T , P T T , and  P B T  7 6
2 N o n iso th e r m a l c r y s ta lliz a tio n  k in e t ic s  o f  P E T , P T T , and

P B T  b a sed  o n  A v ra m i a n a ly s i s .  7 7
3 N o n iso th e r m a l c r y s ta lliz a tio n  k in e tic s  o f  P E T , P T T , and  

P B T  b a sed  o n  T o b in  a n a ly s i s .

LIST OF TABLES

TABLE PAGE

78



XI

4  N o n iso th e r m a l c r y s ta lliz a tio n  k in e tic s  o f  P E T , P T T , and
P B T  b ased  o n  O za w a  a n a ly s is  7 9

5 Z ia b ic k i’s k in e tic  c r y s ta lliz a b ility  p aram eters for  P E T , P T T ,
and  P B T  sa m p le s  c a lc u la te d  from  th e data o f  n o n iso th erm a l 
c r y s ta lliz a tio n  80

6  E ffe c t iv e  e n e r g y  barrier A E  d esc r ib in g  th e o v e r a ll
c r y s ta lliz a tio n  p ro c e ss  o f  P E T , P T T , and P B T  sa m p le s  81

CHAPTER VI
1 C h a ra cter istic  X -ra y  p ea k s  and  the tota l d e g r e e  o f

c r y s ta llin ity  o f  P T T , P E T , and  b len d s  103

CHAPTER VII
1 C h a racter istic  X -ra y  p ea k s  and  the tota l d e g r e e  o f

c r y s ta l l in i ty  o f  P T T , P B T , a n d  b le n d s  130

APPENDICES
A 1 T h erm al p rop erties  o f  P T T /P E T  b len d s  147
A 2  T h erm al p rop erties  o f  P T T /P B T  b len d s  147
B 1 T e n s ile  stren g th  data o f  P T T /P E T  b le n d s  148
c  1 S h ear  v is c o s ity  v s  sh ear rate o f  P T T /P E T  b le n d s  at 2 6 0 ° c  149
C 2  S h ear  v is c o s ity  v s  sh ear rate o f  P T T /P B T  b le n d s  at 2 6 0 ° c  150
D 1 C o m p le x  v is c o s ity  v s  fre q u e n c y  o f  P T T /P E T  b le n d s  at 2 6 0 °C  151
D 2  C o m p le x  v is c o s ity  v s  fr e q u e n c y  o f  P T T /P B T  b le n d s  at 2 6 0 °C  1 5 2

TABLE PAGE



LIST OF FIGURES

CHAPTER IV
1 R e la tiv e  crysta llin ity  as a fu n ctio n  o f  tim e o f  P T T  fo r  tw o

c r y s ta lliz a tio n  tem p era tu res 4 7
2 H a lf-tim e  o f  crysta lliza tion , to. 5 , o f  P E T , P T T  and P B T  as a

fu n c t io n  o f  d e g r e e  o f  u n d e r c o o lin g  4 8
3 R ec ip ro ca l v a lu e  o f  crysta lliza tion  h a lf-tim e, f - j , o f  P E T ,

P T T  and P B T  as a fu n c tio n  o f  d eg ree  o f  u n d e r c o o lin g  4 9
4  R e sp e c t iv e  e x p o n e n t o f  tim e  sp ec ific  to  th e  A vram i, T ob in ,

M alk in , and U r b a n o v ic i-S e g a l m o cro k in e tic  m o d e ls , 
in c lu d in g  th e  U rb a n o v ic i-S e g a l r  param eter, as a fu n ctio n
o f  c r y s ta lliz a tio n  tem p era tu re  50

5 R e sp e c t iv e  k in etic  rate o f  crysta lliza tion  sp e c if ic  to  th e  
A vram i, T o b in , M alk in , and U r b a n o v ic i-S e g a l m o cro k in e tic
m o d e ls  as a fu n c tio n  o f  c r y sta lliz a tio n  tem p eratu re. 51

6  W id e -a n g le  X -ra y  d iffractogram s for P T T  sa m p les  iso th erm a lly
cry sta llized  fro m  th e m elt s ta te  at d ifferen t cry sta lliza tio n  
tem p era tu res 52

7  A p p aren t d e g r e e  o f  crysta llin ity  for P T T  sa m p les  (a n a lyzed
fro m  th e  W A X D  p attern s) as a fu n ctio n  o f  cry sta lliza tio n  
tem p era tu re  53

8 S u b seq u en t m eltin g  en d o th erm s (record ed  at l o o m i n ' 1) for  
P T T  sa m p les  iso th erm ally  crysta llized  from  th e  m elt s ta te  at 
d ifferen t crysta lliza tion  tem p era tu res. P ea k s  I, II, and III 
d e n o te s  th e  lo w - , m id d le-, and h ig h -tem p era tu re  m eltin g
en d oth erm , r e sp e c tiv e ly  54

xii

FIGURE PAGE



FIGURE PAGE

9  O b serv ed  m e ltin g  tem p era tu re o f  th e  prim ary crysta llites  as
a fu n c tio n  o f  crysta lliza tion  tem p era tu re fo r  P T T , sh o w n  
a lo n g  w ith  th e  linear H o ffm a n -W e e k s  ex tra p o la tio n  (so lid  lin e)  
and th e  n on -lin ea r  H o ffm a n -W e e k s  ex tra p o la tio n  (d o tte d  line, 
ca lc u la te d  u s in g  [ ? '= 1 .0 0  and a  =  1 .0 2 ) 55

1 0  P lo ts  o f  th e  sca led  ob serv ed  m eltin g  tem p era tu re  M  = Tm°/(Tm -  Tm) 
ag a in st th e  sca led  crysta lliza tion  tem p era tu re X  =  Tm°/(T m° -  T0)
for  v a r io u s c h o ic e  o f  th e  se e d e d  equ ilibrium  m eltin g  tem p era tu re
Tm fo r  th e  o b se r v e d  Tm-T0 data  o f  P T T  56

CHAPTER V
1 N o n iso th e r m a l m elt crysta lliza tion  ex o th erm s for  P T T

reco rd ed  at se v e n  d ifferen t c o o lin g  rates 82
2 S u b seq u en t m eltin g  en d oth erm s for P T T  (reco rd ed  at a 

h ea tin g  rate o f  10°c  m in '1) after n on iso th erm al cry sta lliza tio n
in  D S C  at s e v e n  d ifferen t c o o lin g  rates 83

3 R e la tiv e  crysta llin ity  as a fu n c tio n  o f  tem p era tu re  for  P T T
at se v e n  d ifferen t c o o lin g  ra tes 8 4

4  R e la tiv e  crysta llin ity  as a fu n c tio n  o f  tim e for  P T T  at se v e n
d ifferen t c o o lin g  rates 85

5 R e la tiv e  crysta llin ity  as a fu n c tio n  o f  tim e o f  (a ) P E T ,
(b ) P T T , and (c )  P B T  for  v a r io u s  c o o lin g  rates. M o d e l  
p red ic tio n  b ased  on  A vram i and T ob in  eq u a tio n s  are
sh o w n  a ss  so lid  and d ash ed  lin e s , r e sp e c tiv e ly  8 6

6  T y p ica l O z a w a  an alysis b a sed  on  th e n on iso th erm al
c r y s ta lliz a tio n  data for  P T T  8 8



X IV

CHAPTER VI
1 T h e  p lo ts  o f  th e  10%  w e ig h t  lo s s  tem p era tu re  (Tonset) and  

th e  50%  w e ig h t  lo ss  tem p era tu re  ( 7 5o) o f  P T T /P E T  b len d s
as a fu n c tio n  o f  P T T  c o n ten t 104

2  (a ) D S C  c o ld  crysta lliza tion  and m eltin g  th erm o g ra m s for  
q u en ch ed  P T T , P E T , and P T T /P E T  b len d  sa m p les  reco rd ed  
during h ea tin g  at 1 0 °c -m in '1, and (b) D S C  m elt crysta lliza tion  
e x o th erm s for  P T T , P E T , and P T T /P E T  b lend  sam p les
reco rd ed  d u rin g  su b seq u en t c o o lin g  at l o o m i n ' 1 105

3 O b se rv ed  g la ss  tran sition  tem p era tu re Tg for  q u en ch ed  P T T ,
P E T , and P T T /P E T  b lend sa m p les  as a fu n c tio n  o f  b lend
c o m p o s it io n  106

4  C o ld -cry sta lliza tio n  (p ea k ) tem p era tu res (Tcc) fo r  q u en ch ed  
P T T , P E T , and P T T /P E T  b len d  sam p les as a fu n c tio n  o f
b len d  c o m p o s it io n  107

5 M e lt  crysta lliza tion  (p ea k ) tem p era tu res ( Tc) for  q u en ch ed  
P T T , P E T , and P T T /P E T  b len d  sam p les as a fu n c tio n  o f
b len d  c o m p o s it io n  108

6  M e ltin g  (p e a k ) tem p era tu re 7m ch aracter iz in g  th e  m eltin g  
o f  P T T  and P E T  crysta llites  (a fter  co ld  crysta lliza tion  
p r o c e s s )  for  q u en ch ed  P T T , P E T , and P T T /P E T  b lend
sa m p le s  as a fu n c tio n  o f  b len d  c o m p o s it io n  109

7  W id e -a n g le  X -ra y  d iffra cto gra m s for P T T , P E T , and P T T /P E T  
b len d  sa m p les  after n o n -iso th erm ally  cry sta llized  from  th e
m o lte n  sta te  in  D S C  c e ll at a c o o lin g  rate o f  l o o  m in ’ 1 110

8 A p p aren t d e g r e e  o f  crysta llin ity  for P T T  and P E T  c o m p o n en t  
for  b o th  p u re and b lend sa m p les  as a fu n c tio n  o f  b lend
c o m p o s it io n  1 1 1

9  T e n s ile  stren g th  o f  P T T , P E T , and b len d s as a fu n c tio n  o f
b len d  c o m p o s it io n  1 1 2

FIGURE PAGE



X V

10 T h e  stea d y  sh ear v is c o s ity  (ๆ )  m easu red  at 2 6 0 ° c  for  P T T ,
P E T , and P T T /P E T  b len d  sa m p le s  as a fo n c tio n  o f  sh ear rate 113

11 T h e  ze r o  sh ear v is c o s ity  v a lu e s  o f  P T T , P E T  and b len d s
as a fu n c t io n  o f  P T T  c o n ten t 114

12 T h e  p lo t o f  c o m p le x  v is c o s ity  ( ๆ * )  at co n sta n t freq u en cy
as a fo n c tio n  o f  P T T  co n ten t 115

FIGURE PAGE

CHAPTER VII
1 (a ) D S C  c o ld  crysta lliza tion  and m eltin g  th erm o g ra m s for  

q u en c h ed  P T T , P B T , and P T T /P B T  b len d  sa m p les  reco rd ed  
during h ea tin g  at 1 0 °c -m in '1, and (b ) D S C  m elt crysta lliza tion  
ex o th e r m s for  P T T , P B T , and P T T /P B T  b len d  sa m p les
reco rd ed  d u rin g  su b seq u en t c o o lin g  at K T C -m in ' 1 131

2  O b served  g la ss  tran sition  tem p era tu re Tg for  q u en ch ed  P T T ,
P B T , and P T T /P B T  b lend  sam p les  as a fo n c tio n  o f  b lend
c o m p o s it io n  132

3 C o ld -cry sta lliza tio n  (p ea k ) tem p era tu res (T cc) fo r  q u en ch ed  
P T T , P B T , and P T T /P B T  b len d  sam p les as a fu n c tio n  o f
b len d  c o m p o s it io n  133

4  M elt cry sta lliza tio n  (p ea k ) tem p era tu res (T c) for  q u en ch ed  
P T T , P B T , and P T T /P B T  b len d  sam p les as a fo n c tio n  o f
b len d  c o m p o s it io n  134

5 M e ltin g  (p e a k ) tem p era tu re Tm ch aracteriz in g  th e  m eltin g  
o f  P T T  a n d /o r  P B T  crysta llites  (a fter  co ld  crysta lliza tion  
p r o c e s s )  fo r  q u en ch ed  P T T , P B T , and P T T /P B T  b lend
sa m p le s  as a fu n ctio n  o f  b len d  c o m p o s it io n  135

6  W id e -a n g le  X -ra y  d iffra cto gra m s for P T T , P B T , and P T T /P B T  
b len d  sam p les  after n on -iso th erm ally  crysta llized  from  th e  
m o lte n  sta te  in  D S C  c e ll  at a c o o lin g  rate o f  1 0 ° C m in 136



A p p aren t d e g r e e  o f  crysta llin ity  for  P T T  and P B T  c o m p o n e n t  
for  b o th  p u re and b lend sam p les  as a fu n c tio n  o f  b len d  
c o m p o s it io n
T h e  stea d y  sh ear v is c o s ity  ( 77)  m easu red  at 2 6 0 ° c  for  P T T , 
P B T , and P T T /P B T  b len d  sa m p le s  as a fu n c tio n  o f  shear rate  
T h e  d yn am ic  c o m p le x  v is c o s ity  (ๆ *) m easu red  at 2 6 0 ° c  for  
P T T , P B T  and P T T /P B T  b len d  sam p les  as a fu n c tio n  o f  
fre q u e n c y


	Cover (English)

	Accepted

	Abstract (English)

	Abstract (Thai)

	Acknowledgements

	Contents


