
CHAPTER VI
INFLUENCES OF A LIQUID CRYSTALLINE POLYMER, VECTRA A950, ON 

CRYSTALLIZATION KINETICS AND THERMAL STABILITY OF 
POLY(TRIMETHYLENE TEREPHTHALATE)

6.1 Abstract

T h e  n o n - is o th e rm a l c ry s ta l l iz a t io n  b e h a v io r  o f  p o ly ( tr im e th y le n e  te r e p h th a la te )  
(P T T )  a n d  its  b le n d s  w ith  à  l iq u id  c ry s ta l l in e  p o ly m e r , n a m e ly  V e c tra  A 9 5 0  (V A ), w a s  
s tu d ie d  b y  d if f e re n tia l  s c a n n in g  c a lo r im e try . T h e  v a lu e s  o f  th e  h a lf - t im e  o f  
c ry s ta l l iz a t io n , to.5, a n d  th e  p a r a m e te r  F (T )  in th e  c o m b in e d  A v ra m i a n d  O z a w a  e q u a tio n  
in d ic a te d  th a t  V A  c a n  e n h a n c e  th e  P T T  c ry s ta l l iz a t io n  ra te  b y  a c t in g  a s  a  n u c le a t in g  
a g e n t. T h e  c ry s ta l l iz a t io n  a c t iv a t io n  e n e rg y  o f  th e  P T T  p h a s e  in c re a s e d  w ith  in c re a s in g  
V A  c o n te n t .  T h e  b le n d s  w e re  im m is c ib le ,  a s  c a n  b e  in fe r re d  f ro m  th e i r  m o rp h o lo g y . 
T h e rm o g ra v im e tr ic  a n a ly s is  o f  th e  b le n d s  r e v e a le d  th e  im p ro v e d  th e rm a l s ta b i l i ty  b y  th e  
in c o rp o ra t io n  o f  V A .

Key words: D iffe re n tia l  S c a n n in g  C a lo r im e try ; L iq u id  C ry s ta l l in e  P o ly m e r ;  N o n -  
I so th e rm a l C ry s ta l l iz a t io n  K in e t ic s ;  P o ly ( tr im e th y le n e  te r e p h th a la te )

6.2 Introduction

T h e r m o tr o p ic  l iq u id  c ry s ta l l in e  p o ly m e rs  (L C P s )  p o s s e s s  b e n e f ic ia l  p ro p e r t ie s , 
su c h  a s  h ig h  s tr e n g th , h ig h  s t i f fn e s s ,  a n d  e x c e lle n t  b a r r ie r  p ro p e r t ie s .  N o n e th e le s s ,  L C P s  
a re  s ti ll  o f  lim ite d  u s e  b e c a u s e  o f  th e ir  h ig h  p r ic e . T o  a c h ie v e  th e  a d v a n ta g e s  o f  th e  L C P  
p ro p e r t ie s  s im u l ta n e o u s ly  w ith  e c o n o m ic a l ly  a t t r a c t iv e  p ro d u c ts ,  b le n d in g  o f  L C P  w ith  a 
th e rm o p la s t ic  p o ly m e r  h a s  b e c o m e  a n  in te re s tin g  c h o ic e . L C P /th e r m o p la s t ic  b le n d s  o f fe r  
th e  p o te n tia l  o f  im p ro v e d  m e lt  p r o c e s s ib i l i ty  a n d  e n h a n c e d  m e c h a n ic a l  p ro p e r t ie s .  B o th
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b e n e f i ts  a r is e  f ro m  th e  u n iq u e  rh e o lo g ic a l p ro p e r t ie s  o f  L C P  -  u n d e r  o p tim iz e d  f lo w  
c o n d i t io n s ,  th e y  c a n  a lig n  th e m s e lv e s  a n d  e lo n g a te  to  th e  d ire c t io n  o f  f lo w , re s u lt in g  in  a 
r e d u c t io n  in m e l t  v is c o s i ty  a n d  s u p e r io r  m e c h a n ic a l  p ro p e r t ie s  [ 1 - 4 ] .  S in c e  th e  re s u lt in g  
p h y s ic a l  p ro p e r t ie s  a re  a ls o  s tro n g ly  d e p e n d e n t  o n  th e  e x te n t  o f  c ry s ta l l iz a t io n  o c c u rr in g  
d u r in g  p ro c e s s in g , s tu d ie s  r e la te d  to  th e  k in e t ic s  o f  p o ly m e r  c ry s ta l l iz a t io n  a re  th e re fo re  
o f  g re a t  im p o r ta n c e . T h e re  h a v e  b e e n  c o n tr a d ic to ry  re su lts  r e g a rd in g  th e  e f fe c t  o f  V e c tra  
A 9 5 0  (V A ), a  liq u id  c ry s ta l l in e  p o ly m e r , o n  th e  c r y s ta l l iz a t io n  k in e t ic s  o f  p o ly e th y le n e  
te r e p h th a la te )  (P E T ) . T o  n a m e  a  fe w , it h a s  b e e n  sh o w n  th a t  V A  h a s  a  n u c le a t in g  e f fe c t  
o n  P E T  c ry s ta l l iz a t io n  [5 ,6 ] , O n  th e  o th e r  h a n d , it h a s  a ls o  b e e n  r e p o r te d  th a t  th e re  is n o  
e v id e n c e  in fa v o r  o f  a  n u c le a t in g  e f fe c t  o f  V A  [7 ,8 ]. M a g a g n in i e t  a l. [9 ] s tu d ie d  th e  
p h a s e  b e h a v io r  o f  b le n d s  o f  P E T  w ith  d i f f e re n t  L C P s , in c lu d in g  V A , a n d  c la im e d  th a t  a ll 
L C P s  r e ta rd e d  th e  d y n a m ic  c ry s ta l l iz a t io n  o f  P E T . T h e  c o n f l ic t in g  r e s u lt s  o b ta in e d  so  fa r  
le a d  to  a  r e q u i re m e n t fo r  fu r th e r  in v e s t ig a t io n  o f  th e  c ry s ta l l iz a t io n  k in e t ic s  o f  b in a ry  
b le n d s  o f  V A  w i th  o th e r  te r e p h th a la te -b a s e d  p o ly e s te rs .

In th is  a r t ic le , s tu d ie s  o n  P T T /V A  b le n d s  u n d e r  n o n - is o th e rm a l  c o n d i t io n s  w e re  
c o n d u c te d  b y  d if f e re n tia l  s c a n n in g  c a lo r im e try  (D S C ) . T h e  e f fe c ts  o f  V A  o n  th e  
c r y s ta l l iz a t io n  k in e t ic s  o f  P T T  w e re  a n a ly z e d  b a s e d  o n  th e  c o m b in e d  A v ra m i a n d  O z a w a  
m o d e l .  T h e  a c t iv a t io n  e n e rg ie s  w e re  c a lc u la te d  a c c o rd in g  to  th e  T a k h o r  m o d e l. 
T h e r m o g r a v im e tr ic  a n a ly s is  (T G A )  w a s  c o n d u c te d , a n d  th e  m o rp h o lo g y  o f  th e  b le n d s  
w a s  s tu d ie d  b y  s c a n n in g  e le c tro n  m ic ro s c o p y .

6.3 Experimental

6 .3 .1  M a te r ia ls
P o ly ( tr im e th y le n e  te r e p h th a la te )  (P T T )  w a s  s u p p l ie d , in  p e l le t  fo rm , b y  

P T T  P o ly C a n a d a  L P  ( C o r te r ra  9 2 0 0 ) . I ts  in tr in s ic  v is c o s i ty  ( IV )  w a s  0 .9 2  d l /g . T h e  L C P  
u s e d  w a s  V e c tra  A 9 5 0  ( la b e le d  V A  h e re a f te r )  a n d  w a s  s u p p l ie d  b y  H o e c h s t-C e la n e s e . 
V A  is  a  c o p o ly e s te r  o f  7 3  m o l %  p -h y d ro x y b e n z o ic  a c id  (E IB A ) a n d  2 7  m o l %  2-
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h y d ro x y -6 -n a p h th o ic  a c id  (H N A ). T h e  m a te r ia ls  w e r e  d r ie d  in a  v a c u u m  o v e n  a t  130°c 
fo r  a t  le a s t  12 h p r io r  to  u se .

6 .3 .2  P re p a ra t io n  o f  B le n d s
P T T  a n d  V A  re s in s  w e re  p re m ix e d  in  a  d ry  m ix e r  to  p re p a re  P T T /V A  

b le n d s  w ith  V A  c o n te n ts  o f  0 , 10, 3 0 , a n d  7 0  w t% . T h e  s a m p le s  w e re  d e s ig n a te d  as 
fo llo w s : V A  w t % ; fo r  e x a m p le , a  b le n d  c o n ta in in g  10 w t%  V A  a n d  9 0  w t%  P T T  w o u ld  
b e  c a lle d  V A  10. T h e  d ry -m ix e d  b le n d s  w e re  m e lt-m ix e d  in  a  s e lf -w ip in g , c o - ro ta t in g  
tw in -s c r e w  e x t ru d e r  ( C o l l in ,  Z X -2 5 ) . T h e  te m p e ra tu re  o f  th e  b a r re l  s e c tio n  f ro m  th e  
fe e d in g  z o n e  to  th e  d ie  w a s  se t a t 8 0 , 2 3 0 , 2 5 0 , 2 7 5 , 2 8 5 , a n d  2 6 5 ° c .  T h e  ro to r  w a s  
o p e ra te d  a t  3 0  rp m . T h e  e x tru d a te s  w e re  c o o le d  b y  w a te r  a n d  th e n  p e l le t iz e d .

6 .3 .3  D if f e re n tia l  S c a n n in g  C a lo r im e try  (D S C )  P ro c e d u re s
T h e  n o n - is o th e rm a l c r y s ta l l iz a t io n  b e h a v io r s  o f  th e  n e a t  P T T  a n d  

P T T /V A  b le n d s  w e re  a n a ly z e d  u s in g  a  M e t t le r -T o le d o  D S C 8 2 2 e  d if f e re n tia l  s c a n n in g  
c a lo r im e te r  (D S C ) . E a c h  s a m p le  h o ld e r  w a s  lo a d e d  w ith  s a m p le s  o f  c o m p a ra b le  q u a n t i ty  
(6  ะ!ะ 0 .5  m g ) . T h e  e x p e r im e n ts  w e re  p e r fo rm e d  u n d e r  d ry  n i t r o g e n  a tm o s p h e re  s ta r t in g  
w ith  h e a t in g  e a c h  s a m p le  fro m  2 5 ° c  a t  a  h e a t in g  r a te  o f  8 0 ° c /m in  to  a  f ix e d  m e l t ­
a n n e a lin g  te m p e ra tu re  o f  3 1 0 ° c  fo r  5 m in  in o rd e r  to  e n s u re  c o m p le te  m e ltin g . T h e n , 
e a c h  s a m p le  w a s  c o o le d  a t  c o o lin g  ra te s  r a n g in g  f ro m  10 to  3 0 ° c /m in ,  to  1 2 0 ° c .  T h e  
n o n - is o th e rm a l m e lt  c ry s ta l l iz a t io n  e x o th e rm s , th e  in itia l c ry s ta l l iz a t io n  te m p e ra tu re  
( T cj), th e  p e a k  c r y s ta l l iz a t io n  te m p e ra tu re  ( T Cp), th e  f in a l c r y s ta l l iz a t io n  te m p e ra tu re  
( T Cf), th e  h a l f - t im e  o f  c ry s ta l l iz a t io n  ( to s ) , a n d  th e  h e a t  o f  c ry s ta l l iz a t io n  (A H C) w e re  
re c o rd e d . A H C v a lu e s  w e re  th e n  n o rm a liz e d  b y  th e  w e ig h t  p e rc e n t  o f  a  c e r ta in  c o m p o n e n t  
to  y ie ld  AH *C.

6 .3 .4  T h e rm o g ra v im e tr ic  A n a ly s is
T h e rm o g ra v im e tr ic  a n a ly s is  (T G A )  w a s  c a r r ie d  o u t  u s in g  a  P e rk in  E lm e r  

T G A 7  in th e  te m p e ra tu re  ra n g e  o f  3 0  to  8 0 0 ° c ,  w i th  a  h e a t in g  r a te  o f  1 0 ° c /m in  u n d e r
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n i tro g e n  a tm o s p h e re . D e c o m p o s i t io n  te m p e ra tu re  a n d  th e  w e ig h t  p e rc e n t  o f  th e  re s id u e  
w e re  r e c o rd e d .

6 .3 .5  M o rp h o lo g ic a l  S tu d y
T h e  b le n d  p e l le ts  w e re  e x tru d e d  th ro u g h  a  c a p i l la ry  d ie  w ith  th e  in n e r  

d ia m e te r  a n d  th e  le n g th  o f  1 a n d  2 0  m m  (i.e . L /D  ra tio  =  2 0 ) , r e s p e c tiv e ly , a t  2 7 0 ° c ,  an d  
a s h e a r  ra te  o f  4 0 0  ร '1 u s in g  a  C E A S T  R h e o lo g ic  5 0 0 0  tw in -b o re  c a p i l la ry  rh e o m e te r . 
T h e  m o rp h o lo g y  o f  th e  e x tru d e d  f ib e rs  w a s  e x a m in e d  th ro u g h  th e  o b s e rv a tio n  o f  th e ir  
f ra c tu re d  s u r fa c e s  w ith  a  s c a n n in g  e le c tro n  m ic ro s c o p e  ( J E O L  J S M 5 2 0 0 ) .

6.4 Results and Discussion

6.4 .1  N o n - I s o th e rm a l M e lt  C r y s ta l l iz a t io n  B e h a v io r
F ig u re  6.1 s h o w s  th e  n o n - is o th e rm a l m e lt  c r y s ta l l iz a t io n  e x o th e rm s  fo r  

b le n d s  w ith  v a r io u s  V A  c o n te n ts  a t  a  c o o lin g  ra te  o f  1 0 ° c /m in ,  a n d  F ig u re  6 .2  s h o w s  th e  
n o n - is o th e rm a l c r y s ta l l iz a t io n  e x o th e rm s  o f  V A 7 0  a t c o o l in g  ra te s  ra n g in g  f ro m  10 to  
3 0 ° c /m in .  T h e  e x o th e rm ic  p e a k  o c c u r r in g  a t lo w e r  te m p e ra tu re  is  a s c r ib e d  to  th e  m e lt  
c ry s ta l l iz a t io n  p e a k  o f  P T T , w h e re a s  th e  o n e  a t h ig h e r  te m p e ra tu re  r e p re s e n ts  th a t  o f  V A . 
T h e  V A  p e a k , h o w e v e r ,  w a s  to o  w e a k  to  be  p ro p e r ly  d is p la y e d  fo r  b le n d s  w ith  a  V A  
c o n te n t  o f  le ss  th a n  7 0  w t% . F ro m  T a b le  6 .1 , a ll p a r a m e te r s  r e g a rd in g  th e  p e a k s  o f  P T T  
a re  in d ic a te d  b y  th e  s u b s c r ip t  (I) a n d  th o s e  o f  V A  b y  th e  s u b s c r ip t  (II). A c c o rd in g  to  th e  
T Cp v a lu e s ,  e v e ry  s a m p le  c ry s ta l l iz a t io n  p e a k  s h if ts  to  lo w e r  te m p e ra tu re  w ith  in c re a s in g  
c o o l in g  ra te . W h e n  th e  e f fe c t  o f  V A  c o n te n t  is  c o n s id e re d , th e  T Cp(i) v a lu e s  f o l lo w  th e  
o r d e r  V A 3 0  >  V A  10 >  V A 7 0  >  V A 0  a t a  f ix e d  c o o lin g  ra te . T h e  h ig h e r  T cp in fe rs  a 
fa s te r  in i t ia t io n  o f  th e  m e lt  c r y s ta l l iz a t io n  p ro c e s s .

F o r  n o n - is o th e rm a l c ry s ta l l iz a t io n , th e  r e la t io n s h ip  b e tw e e n  t im e  t  an d  
te m p e ra tu re  T  is e x p re s s e d  as:

(6 .1 )
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w h e re  T  is th e  te m p e ra tu re  a t t im e  t a n d  <j) is  th e  c o o l in g  ra te . T h e  r e la t iv e  d e g re e  o f  

c ry s ta l l in i ty ,  X (T ) , a s  a  fu n c t io n  o f  te m p e ra tu re  c a n  b e  d e f in e d  as:

w h e re  To a n d  Too a re  th e  in itia l a n d  f in a l c ry s ta l l iz a t io n  te m p e ra tu re ,  r e sp e c tiv e ly . T h e  
r e la t iv e  d e g re e  o f  c ry s ta l l in i ty  a s  a  fu n c t io n  o f  t im e  is s h o w n  in F ig u re  6 .3 . T h e  h a lf - t im e  
o f  c ry s ta l l iz a t io n  (to 5(1)) h a s  b e e n  d e f in e d  a s  th e  t im e  r e q u ire d  to  a tta in  h a l f  o f  th e  f in a l 
d e g re e  o f  c r y s ta l l in i ty  a n d  w a s  u s e d  to  ra n k  th e  c ry s ta l l iz a t io n  ra te : th e  lo w e r  th e  to 5, th e  
h ig h e r  th e  c r y s ta l l iz a t io n  ra te . T h e  o b ta in e d  to.5(i) v a lu e s  a re  m o s tly  r a n k e d  a s  fo llo w s : 
V A O  >  V A 7 0  >  V A 3 0  ~  V A  10 ( s e e  T a b le  6 .1 ) . T h e re fo re ,  th e  p re s e n c e  o f  V A  c a n  
e n h a n c e  th e  m e lt  c r y s ta l l iz a t io n  p ro c e s s  o f  P T T . H o w e v e r ,  a t  a  v e ry  h ig h  V A  c o n te n t, 
l ik e  V A 7 0 , th e  ra te  o f  th e  m e lt  c r y s ta l l iz a t io n  p ro c e s s  o f  P T T  is  lo w e r  th a n  V A 1 0  a n d  
V A 3 0  d u e  to  th e  d i lu t io n  o f  P T T  c o n c e n t ra t io n  u p o n  b le n d in g  w ith  V A . T h is  le a d s  to  
d i f f ic u l t ie s  in th e  tr a n s p o r t  p ro c e s s  o f  P T T  s e g m e n ts  to  th e  c r y s ta l l i t e - m e l t  in te r fa c e  in 
V A 7 0 , w h ic h  w il l  be  c o n f i rm e d  by  th e  c ry s ta l l iz a t io n  a c t iv a t io n  e n e rg y  v a lu e s  ( se e  
la te r) . F o r  th e  V A  p h a s e , c h a n g e s  in  P T T  c o n te n t  d o  n o t s ig n if ic a n tly  a l te r  e i th e r  Tcp(n)Or 
to 5(11), in d ic a t in g  a  n e g lig ib le  e f fe c t  o f  P T T  o n  th e  V A  c r y s ta l l iz a t io n  ra te . T h is  m ig h t  
a r is e  f ro m  th e  fa c t th a t  th e  P T T  p h a s e  s till r e m a in s  in its  m e l t in g  s ta te  in th e  te m p e ra tu re  
ra n g e  in w h ic h  V A  c ry s ta l l iz e s  ( P T T  m e lts  a t  ~ 2 2 7 ° C ) . T h e re fo re ,  th e  p re s e n c e  o f  P T T  
n e i th e r  e f fe c t iv e ly  im p e d e s  th e  V A  c h a in  m o b il i ty  n o r  a c ts  a s  a  n u c le a t in g  a g e n t, a n d  
th u s  th is  w o rk  fo c u s e s  o n  th e  in f lu e n c e  o f  V A  o n  th e  P T T  c ry s ta l l iz a t io n  r a te  o n ly .

c r y s ta l l iz a t io n  e x te n t  d u r in g  m e l t  c ry s ta l l iz a t io n . A s  s h o w n  in T a b le  6 .1 , A H *C(I) v a lu e s  
( th e  e n th a lp ie s  re la te d  to  th e  P T T  p h a s e )  a re  m o s tly  in  th e  f o l lo w in g  o rd e r :  V A  10 >  
V A 3 0  >  V A O  >  V A 7 0 . T h e re  a r e  tw o  m a in  r e a s o n s  fo r  a n  in c re a s e  in  A H *C(1): f irs t , th e  
a d d it io n  o f  V A  c a n  in c re a s e  th e  c ry s ta l l iz a t io n  te m p e ra tu re ,  w h ic h  r e s u lts  in a  lo n g e r  
c ry s ta l l iz a t io n  t im e ;  s e c o n d , th e  a d d it io n  o f  V A  in c re a s e s  th e  ra te  o f  c ry s ta l l iz a t io n , a s  
r e f le c te d  in th e  v a lu e s  o f  t 0.5(1)- F ro m  b o th  re a s o n s , V A  10 a n d  V A 3 0  e x h ib i t  h ig h e r

X ( T )  = (6 .2 )

T h e  n o rm a liz e d  c r y s ta l l iz a t io n  e n th a lp y  c a n  b e  u s e d  to  r a n k  th e
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AH*C(I) th a n  V A O  a n d  V A 7 0 , re s p e c tiv e ly . H o w e v e r ,  th e  in c o rp o ra t io n  o f  a  v e ry  h ig h  V A  
c o n te n t  m ig h t  r e s u lt  in  s m a l le r  s iz e  a n d  le s s  p e r fe c t io n  o f  th e  P T T  c ry s ta l l i te s ,  y ie ld in g  a  
lo w e r  c r y s ta l l iz a t io n  e x te n t . S h a rm a  e t a l. [5] p o s tu la te d  th a t ,  a t h ig h  V A  c o n te n t ,  th e  
e x c e s s iv e  n u c lé a t io n  a t th e  p o ly m e r  in te r fa c e  le a d s  to  an  im p e r fe c t  c ry s ta l fo rm a tio n , 
th u s  lo w e r in g  th e  e x te n t  o f  c ry s ta l l iz a t io n . T h is  c o u ld  p ro b a b ly  a c c o u n t  fo r  th e  fa s te r  
c ry s ta l l iz a t io n  ra te  b u t lo w e r  c ry s ta l l iz a t io n  e x te n t  o f  V A 7 0  c o m p a re d  to  th o s e  o f  VA O. 
In th e  c a s e  o f  A H *C(II) ( th e  n o rm a liz e d  c ry s ta l l iz a t io n  e n th a lp y  b e lo n g in g  to  th e  V A  
f ra c tio n ) , th e  c r y s ta l l iz a t io n  e x te n t  o f  V A 7 0  is h ig h e r  th a n  th a t  o f  V A 3 0 . T h u s , a  to o  
h ig h  P T T  c o n te n t  c a n  in  tu rn  r e su lt  in  s m a lle r  c ry s ta l l i te  s iz e  a n d  le s s  p e r f e c t  V A  
c ry s ta l l i te s .

6 .4 .2  N o n - I s o th e rm a l C r y s ta l l iz a t io n  K in e t ic s
Iso th e rm a l c r y s ta l l iz a t io n  is a n  id e a l iz e d  c ry s ta l l iz a t io n  p ro c e s s ,  w e ll 

d e s c r ib e d  b y  th e  A v ra m i th e o ry  [1 0 ] . T h e  A v ra m i a p p ro a c h , th e re f o r e ,  ig n o re s  th e  
e f fe c ts  o f  c o o lin g  ra te  a n d  th e rm a l g ra d ie n ts  w i th in  th e  s a m p le  a n d  is  e x p re s s e d  as:

lo g [ -  ๒(1 - X  1)] =  lo g  z, +  ท lo g  t , (6 .3 )

w h e re  X 1 is th e  r e la t iv e  d e g re e  o f  c ry s ta l l in i ty ,  ท is  th e  A v ra m i e x p o n e n t  th a t  d e p e n d s  

o n  th e  n u c lé a t io n  a n d  g ro w th  p ro c e s s , t is th e  t im e , a n d  z  1 is  th e  r a te  c o n s ta n t . In  o rd e r  

to  m a k e  th is  m o d e l a p p l ic a b le  to  th e  n o n - is o th e rm a l  c ry s ta l l iz a t io n  p ro c e s s ,  J e z io m y
[1 1 ] in tro d u c e d  th e  c o o lin g  r a t e ,^  , to  c o r r e c t  th e  c ry s ta l l iz a t io n  ra te  c o n s ta n t:

lo g  z c = - ^ - .  (6 .4 )

A ls o , O z a w a  [1 2 ] m o d if ie d  th e  e q u a t io n  b y  in t ro d u c in g  th e  e f fe c t  o f  th e  
c o o lin g  ra te , a s s u m in g  th a t  th e  n o n - is o th e rm a l c ry s ta l l iz a t io n  p r o c e s s  is c o m p o s e d  o f  
in f in i te s im a lly  s m a ll is o th e rm a l c r y s ta l l iz a t io n  s te p s :

I o g [ -  ๒(1 — X  1)] =  \og K ( T )  -  m \og<t>, (6 .5 )

w h e re  K ( T )  is th e  fu n c t io n  o f  c o o lin g  ra te , m  is  th e  O z a w a  e x p o n e n t ,  s im ila r  to  th e  
A v ra m i e x p o n e n t ,  a n d  (j) is th e  c o o lin g  ra te . M o  a n d  c o w o r k e r s  [1 3 ]  p ro p o s e d  a  n o v e l
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k in e t ic s  e q u a tio n  b y  c o m b in in g  E q u a tio n s  6 .3  a n d  6 .5 ; a t a  c e r ta in  d e g re e  o f  c ry s ta l l in i ty , 
X 1, th e  fo llo w in g  e q u a tio n  c a n  b e  o b ta in e d :

In (j) =  In F ( T ) ~  a  ๒ / ,  (6 .6 )

w h e re
F ( T )  =  [ K ( T ) / Z , ] i,m a n d  a = n / m .

T h e  p h y s ic a l m e a n in g  o f  F ( T ) is  th e  n e c e s s a ry  c o o l in g  ra te  w h e n  th e  

m e a s u re d  sy s te m  a r r iv e s  a t a c e r ta in  re la tiv e  d e g re e  o f  c ry s ta l l in i ty  a t  u n it c r y s ta l l iz a t io n  
t im e , w h ic h  is r e la te d  to  th e  d if f ic u l ty  o f  th e  c ry s ta l l iz a t io n  p ro c e s s  fo r  th a t  p a r t ic u la r  
m a te r ia l .  A c c o rd in g  to  E q u a tio n  6 .6 , a t a  g iv e n  d e g re e  o f  c r y s ta l l in i ty ,  th e  p lo t  o f  เท ^  as 

a  fu n c t io n  o f  In t s h o u ld  y ie ld  a s tr a ig h t  lin e  w ith  ๒ F ( T )  a s  th e  in te r c e p t  a n d  - a  a s  th e  

s lo p e . P lo ts  o f  l n ^  v e r s u s  In t a t v a r io u s  r e la t iv e  d e g re e s  o f  c r y s ta l l in i ty  fo r  th e  n e a t  P T T  

a n d  th e  P T T /V A  b le n d s  d u r in g  n o n - is o th e rm a l c ry s ta l l iz a t io n  s h o w  a  g o o d  lin e a r  
re la t io n s h ip , v e r ify in g  th a t  th is  c o m b in e d  A v r a m i - O z a w a  e q u a tio n  is  a p p l ic a b le  to  th e s e  
s y s te m s  (se e  F ig u re  6 .4  fo r  th e  p lo ts  o f  th e  n e a t  P T T ).

T h e  v a lu e s  o f  F { T )  a n d  a  a re  l is te d  in T a b le  6 .2 . O b v io u s ly , th e  v a lu e s  

o f  F { T )  g e n e ra l ly  in c re a s e  w ith  in c re a s in g  re la t iv e  c ry s ta l l in i ty ,  s u g g e s t in g  th a t ,  a t  a  

u n it  c ry s ta l l iz a t io n  t im e , a  h ig h e r  c o o lin g  ra te  w a s  r e q u ire d  to  o b ta in  a  h ig h e r  d e g re e  o f  
c ry s ta l l in ity . T h e  v a lu e s  o f  F ( T )  a re  in th e  fo l lo w in g  s e q u e n c e : V A O  >  V A 7 0  >  V A  10 >  

V A 3 0 . T h is  s e q u e n c e  r e p re se n ts  th e  n e c e s s a ry  c o o l in g  ra te  fo r  e a c h  s a m p le  to  a r r iv e  a t 
th e  s a m e  d e g re e  o f  c ry s ta l l in i ty  fo r  a  g iv e n  u n it  c r y s ta l l iz a t io n  t im e . In o th e r  w o rd s , th e  
c ry s ta l l iz a t io n  ra te s  a re  in th e  fo l lo w in g  o rd e r :  V A 3 0  >  V A  10 >  V A 7 0  >  V A O . T h e  
v a lu e s  o f  th e  p a r a m e te r  a  ra n g e  f ro m  1 .22  to  2 .3 3  a n d  a re  fo u n d  to  b e  fa ir ly  c o n s ta n t  fo r  
e a c h  s a m p le .

6 .4 .3  D e te rm in a tio n  o f  th e  C r y s ta l l iz a t io n  A c t iv a t io n  E n e rg y
In th is  p a p e r , th e  T a k h o r  [1 4 ] m o d e l  w a s  e m p lo y e d  to  d e te rm in e  th e  

c r y s ta l l iz a t io n  a c t iv a t io n  e n e rg y  fo r  th e  t r a n s p o r t  o f  P T T  c h a in s  to w a r d s  th e  g ro w in g  
s u r fa c e . T h e  c ry s ta l l iz a t io n  a c t iv a t io n  e n e rg y  ( A E )  is d e f in e d  a s  fo l lo w s :
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g M  (6 .7 )
๙ [ 1 / ^ ]  /?

w h e re  R  is th e  u n iv e rs a l  g a s  c o n s ta n t . T h e  g o o d  lin e a r ity  o f  th e  p lo ts  o f  I n ^  v e r s u s  l / T Cp 

is  d is p la y e d  in F ig u re  6 .5 . T h e  AE  v a lu e s  w e re  c a lc u la te d  f ro m  th e  s lo p e s  o f  th e  p lo ts  
[ i.e . AE =  - (s lo p e ) (R ) ]  an d  a re  lis te d  in T a b le  6 .3 . T h e  h ig h e r  th e  a b s o lu te  AE  v a lu e , 
th e  m o re  d if f ic u l t  th e  tr a n s p o r t  o f  p o ly m e r  c h a in s  to  a  g ro w in g  c ry s ta l s u r fa c e . It is c le a r  
th a t  th e  a b s o lu te  AE  v a lu e s  in c re a s e  w ith  in c re a s in g  V A  c o n te n t ,  s u g g e s t in g  th a t  
a l th o u g h  V A  c a n  a c t  a s  a n u c le a t in g  a g e n t, it c a n  in tu rn  h in d e r  th e  t r a n s p o r t  o f  th e  
p o ly m e r  c h a in s . S in c e  c ry s ta l l iz a t io n  in c lu d e s  tw o  p ro c e s s e s ,  n u c lé a t io n  a n d  g ro w th , th e  
a d d it io n  o f  V A , w h ic h  h a s  a  p o s i t iv e  e f fe c t  o n  th e  n u c lé a t io n  p ro c e s s  a n d  a  n e g a tiv e  
e f fe c t  o n  th e  g ro w th  p ro c e s s , re su lts  in a  n e t p o s i t iv e  e f fe c t  o n  th e  n o n - is o th e rm a l 
c r y s ta l l iz a t io n .r a te  th ro u g h o u t th e  c o m p o s it io n s  s tu d ie d .

6 .4 .4  T h e rm a l s ta b il i ty  o f  P T T /V A  B le n d s
T h e  T G A  c u rv e s  o f  th e  n e a t  p o ly m e rs  an d  th e  b le n d s  o b ta in e d  a t  a h e a t in g  

r a te  o f  1 0 ° c /m in  in  N 2 a re  s h o w n  in F ig u re  6 .6 . F ro m  th e  th e rm o g ra m s , P T T /V A  s h o w s  
a  tw o - s te p  d e c o m p o s i t io n . T h e  f ir s t  s te p  c o r r e s p o n d s  to  th e  d e c o m p o s i t io n  o f  th e  P T T  
c o m p o n e n t ,  w h e re a s  th e  s e c o n d  c o r r e s p o n d s  to  th e  V A  c o m p o n e n t .  In  th is  p a p e r , th e  
d e c o m p o s i t io n  te m p e ra tu re  (Td,พ) is d e f in e d , a c c o rd in g  to  W r ig h t  [1 5 ] , a s  th e  
te m p e ra tu re  a t w h ic h  th e  w e ig h t  o f  a p o ly m e r  d e c re a s e s  b y  1%  d u r in g  th e  h e a t in g  sc a n . 
B o th  Td v a lu e s  a n d  re s id u e  c o n te n t  a re  g re a te r  a s  V A  c o n te n t  in c re a s e s  ( s e e  T a b le  6 .4 ) . 
T h u s , V A  c a n  im p ro v e  th e  th e rm a l s ta b il i ty  o f  th e  b le n d s .

6 .4 .5  M o rp h o lo g y  o f  P T T /V A  B le n d s
F ig u re s  6 .7  ( a ) - ( c )  a re  S E M  m ic ro g ra p h s  o f  th e  f ra c tu re d  s u r fa c e s  o f  th e  

b le n d s . It is  c le a r  th a t  a ll th e  b le n d s  re v e a l a  b ip h a s ic  m o rp h o lo g y  ty p ic a l o f  h ig h ly  
im m is c ib le  b le n d s . T h e  d is p e r s e d  V A  d o m a in s  a re  b o th  s p h e r ic a l a n d  f ib r il la r . T h e s e  
d o m a in s  a re  e n la rg e d  w ith  in c re a s in g  V A  c o n te n t  a s  a  r e s u lt  o f  p h a s e  c o a le s c e n c e . 
In te re s tin g ly , a t  a  V A  c o n te n t a s  h ig h  a s  7 0  w t% , th e  V A  p h a s e  d o e s  n o t b e c o m e  th e



9 7

m a tr ix , b u t fo rm s  th ic k , c o n t in u o u s  f ib r i ls  s u r ro u n d e d  b y  th e  P T T  m a tr ix .  T h is  im p lie s  a 
la rg e  d if f e re n c e  in  v is c o s i ty  b e tw e e n  th e  tw o  p h a se s .

6.5 Conclusions

T h e  n o n - is o th e rm a l  c ry s ta l l iz a t io n  b e h a v io rs  o f  p o ly ( tr im e th y le n e  te r e p h th a la te )  
(P T T )  a n d  its  b le n d s  w ith  V e c tra  A 9 5 0  (V A )  w e re  in v e s tig a te d . A n  in c re a s e  in th e  P T T  
m e lt  c ry s ta l l iz a t io n  te m p e ra tu re  w a s  a s c r ib e d  to  th e  n u c lé a t io n  e f fe c t  o f  V A . T h e  v a lu e s  
o f  h a lf - t im e  o f  c ry s ta l l iz a t io n , to.5, a n d  th e  p a ra m e te r  F (T )  in th e  c o m b in e d  A v r a m i -  
O z a w a  e q u a tio n  c o n f i rm e d  th a t  th e  n o n - is o th e rm a l c ry s ta l l iz a t io n  ra te  o f  P T T  w a s  
e n h a n c e d  in th e  p re s e n c e  o f  V A  f o r  a il c o m p o s i t io n s  s tu d ie d . T G A  re s u lts  s u g g e s t 
im p ro v e d  th e rm a l  s ta b i l i ty  b y  th e  in c o rp o ra t io n  o f  V A . T h e  o b s e rv e d  b ip h a s ic  
m o rp h o lo g y  im p lie d  th e  im m is c ib i l i ty  o f  a ll th e  b le n d s . B o th  f ib r i l la r  a n d  s p h e r ic a l  V A  
d o m a in s  w e re  o b s e rv e d  a t  lo w  V A  c o n te n t .  A t th e  V A  c o n te n t  o f  7 0  w t% , a ll th e  V A  
d o m a in s  w e re  fo u n d  to  b e  in  th e  fo rm  o f  la rg e  f ib r ils .
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T e m p e r a t u r e / ° c

Figure 6.1 N o n - is o th e r m a l  m e lt  c r y s ta l l iz a t io n  e x o th e rm s  fo r  n e a t P T T  a n d  P T T /V A  
b le n d s  a t a  c o o l in g  ra te  o f  1 0 ° c /m in .
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T e m p e r a t u r e / ° c

Figure 6.2 N o n - is o th e r m a l  m e lt  c ry s ta l l iz a t io n  e x o th e rm s  fo r  th e  V A 7 0  b le n d  a t  f iv e  
d if f e re n t  c o o l in g  ra te s  r a n g in g  fro m  10 to  3 0 ° c /m in .
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Figure 6 .3  R e la t iv e  c ry s ta l l in i ty  fu n c t io n  o f  t im e  o f  P T T  a n d  P T T /V A  b le n d s  a t a 
c o o l in g  ra te  o f  15 ° c /m in .
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Figure 6 .4  P lo ts  o f  1 ท (j) v e r s u s  In r f o r  n e a t  P T T  a t v a r io u s  re la t iv e  c ry s ta l l in i t ie s .
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F i g u r e  6 .5  P lo ts  o f  \ท(เ) v e r s u s  l / T Cp fo r  n e a t  P T T  a n d  th e i r  b le n d s  a t  v a r io u s  

c o m p o s it io n s .



o '  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0
T e m p e r a t u r e / c

Figure 6.6 TG A  therm ogram s o f  PTT, V A , and their blends.
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F ig u r e  6 .7  S c a n n in g  e le c tro n  m ic ro g ra p h s  o f  V e c tra /P T T  s tra n d s  e x tru d e d  th ro u g h  a 
c a p i l la ry  w ith  a  c o n s ta n t  s tr a in  ra te  o f  4 0 0  ร '1, te m p e ra tu re  2 7 0 ° c ,  a n d  V e c tra  c o n te n ts  o f  
(a )  10 , (b )  3 0 , a n d  (c )  7 0  w t% .



T a b le  6.1 N on-isotherm al m elt-crystallization data for the neat PTT, and PT T /V A  blends at various coo lin g  rates

<i> S a m p le  T Cj([) Tcp(i) Tcf(i) A H C(I) A H  C(1) *0 .5(1) T C|(II) Tcp(H) T Cf(H) AHc(ii) A H  C(II) to.5(II)

r c  m i n 1 r c r c r c /J  g  1 / J g ' 1 /s r c r c r c / J g ' 1 / J g ' 1 /s

10 V A O 18 8 .9 17 7 .2 167.1 6 0 .2 0 6 0 .2 0 71 - - - - - -

V A 1 0 19 1 .2 18 4 .9 179 .5 5 9 .9 6 6 6 .6 2 4 0 - - - - -

V A 3 0 19 1 .9 18 6 .0 17 9 .4 4 5 .7 6 6 5 .3 7 37 2 4 4 .2 2 4 0 .7 2 3 7 .2 0 .6 2 0 .8 9 21

V A 7 0 19 0 .6 18 0 .8 16 6 .8 13.61 4 5 .3 7 59 2 4 3 .2 2 4 0 .3 2 3 7 .4 1.63 2 .3 3 17

15 VAO 18 5 .0 1 7 0 .6 15 6 .5 6 1 .0 0 6 1 .0 0 58 - - - - - -

V A 1 0 187.3 18 0 .0 172 .8 5 8 .6 0 6 5 .1 0 31 - - - - - -

V A 3 0 18 9 .0 181.3 174 .3 4 4 .6 0 6 3 .7 0 31 2 4 1 .7 2 3 8 .5 2 3 4 .2 0 .71 1.01 13

V A 7 0 187.5 17 6 .9 16 5 .8 13 .9 0 4 6 .3 0 4 2 2 4 1 .8 2 3 8 .9 2 3 5 .2 1.65 2 .3 6 12



<t> Sample Tci(i) TCp(i) Tcf(.) AHC([) AH c(1) .̂5(1) TC.(II) Tcp(ii) Tcf(H) AHc(ii) AH C(II) to.5(II)

r c  min'1 r c r c /°c /J g' 1 /J g 1 /s r c r c r c /Jg -1 /J g 1 /ร

20 VAO 184.2 168.4 152.1 57.27 57.27 47 - - - - - -

VA 10 185.3 178.0 171.0 58.56 65.07 23 - - - - - -

VA30 186.2 179.6 169.4 43.68 62.40 29 240.5 237.2 231.6 0.50 0.71 13

VA70 183.5 173.2 157.7 10.41 34.70 33 239.9 237.5 231.9 1.67 2.39 12

25 VAO 179.6 165.1 140.1 60.40 60.40 39 - - - - - -

VA10 183.0 174.8 166.5 54.87 60.97 20 - - - - - -

VA30 185.7 176.5 167.8 42.42 60.60 23 240.3 236.6 230.8 0.64 0.91 13

VA70 187.6 174.5 159.5 12.19 40.63 32 242.2 237.0 232.9 1.85 2.64 12

VAO 179.4 163.6 146.0 61.40 61.40 32 - - - - - -

VA 10 181.1 172.7 163.4 55.07 61.19 18 - - - - - -

VA30 184.5 174.6 165.4 42.17 60.24 20 239.9 236.3 229.4 0.76 1.09 7

VA70 183.5 169.8 152.8 11.67 38.90 27 241.1 236.9 229.4 1.58 2.26 8
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Table 6.2 Non-isothermal melt-crystallization kinetics parameters obtained from the 
combined Avrami-Ozawa approach at cooling rates ranging from 10 to 25°c/min

X(t)/0/'o VA0 VA10 VA30 VA70

F(T) a F(T) a F(T) a F(T) a

20 4.95 1.91 2.37 1.40 1.59 1.87 5.60 1.27

30 8.07 1.70 3.29 1.43 2.26 1.93 7.61 1.26

40 10.24 2.02 4.25 1.41 3.09 1.93 9.43 1.25

50 13.76 1.91 5.11 1.42 4.04 1.91 11.32 1.25

60 17.01 2.09 5.99 1.43 5.11 1.89 13.41 1.23

70 21.96 2.19 6.91 1.44 6.38 1.85 15.98 1.22

80 29.67 2.33 8.09 1.46 7.51 1.92 20.17 1.26



T a b le  6 .3  Crystallization activation energy o f  PTT, V A , and their blends

PTT VA 10 VA30 VA70

/kj m of1 -131.2 -155.2 -166.7 -168.4
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Table 6.4 Decomposition temperatures of PTT, VA, and PTT/VA blends at 1% weight 
loss and residue at 700°c

PTT/VA/(wt/wt) Td .พ/0c Residue at 700°c/wt%

0/100 446.9 49.1

30/70 367.5 36.0

70/30 356.9 22.0

90/10 347.9 12.5

100/0 330.6 4.7
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