
CHAPTER IV

RESULTS AND DISCUSSIONS

4 .1  E f fe c t  o f  th e  C a ta ly s t s  ๐ท H ardening C h a r a c t e r is t ic s  
o f th e  R esin

To m easure h ard en in g  c h a r a c t e r i s t i c s  o f  th e  r e s in  
c o n ta in in g  d i f f e r e n t  ty p e s  and v a r io u s  c o n c e n tr a t io n s  o f  
c a t a l y s t s ,  one can u se  th e  ASTM D2471-71 (1 8 ) and JIS K 
6 9 0 1  ( 1 9 )  t e s t  m ethods. The form er i s  fo r  th e  d e ter m in a tio n  
o f g e l  tim e and th e  peak o f  exo th erm ic tem p eratu re o f  
r e a c t in g  th e r m o se tt in g  r e s in ,  w h ile  th e  l a t t e r  i s  fo r  th o se  
o f l iq u id  u n sa tu ra ted  p o ly e s t e r  r e s in s .  These t e s t  m ethods 
co v er  th e  d e te r m in a tio n  o f  th e  tim e s t a r t in g  from m ixing  
th e  r e a c ta n ts  in c lu d in g  th e  c a t a l y s t s  to  s t a r t  th e  r e a c t io n  
a t 1 5 0 ° c ,  to  th e  tim e when s o l i d i f i c a t i o n  commences or th e  
r e s in  mix i s  c o m p le te ly  cu red . The above m entioned  ASTM 
t e s t  method a ls o  p r o v id e s  a means fo r  m easuring th e  maximum 
tem p eratu re reach ed  by a r e a c t in g  th e r m o se tt in g  p l a s t i c  
co m p o sitio n ; as w e l l  as fo r  th e  tim e from an i n i t i a l  
r e a c t io n  to  th e  tim e when th e  peak o f  an exo th erm ic  
tem p eratu re was reach ed  by m easuring th e  r e la t io n s h ip  
betw een tim e and exo th erm ic  h ea t o f  th e  cu r in g  r e a c t io n  in  
a form o f  a ra p id  in c r e a s e  in  tem p eratu re when th e  r e s in
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was c o m p le te ly  cu red . I t  i s  c le a r  by in s p e c t io n  o f  th e  
cu rve th a t  th e s e  r e g io n s  are w e l l  d e f in e d . The d iv i s io n  o f  
th e  r e g io n s  i s  u s e f u l  fo r  c h a r a c te r iz in g  th e  therm al 
resp o n se  o f  a cu r in g  p r o c e s s .

R egarding th e  ty p e  and c o n c e n tr a t io n  o f  th e  
c a t a l y s t s  used  fo r  c u r in g  th e  p o ly e s t e r  r e s in ,  hard en in g  
c h a r a c t e r i s t i c s  o f  th e  r e s in  a t  1 5 0 ° c ,  in f lu e n c e d  by th e  
c a t a l y s t s  ะ th e  TBPB, DTBC, BPO, and th e  m ixtu re o f  TBPB 
and PBQ are p r e se n te d  in  F ig u r es  4 . 1 - 4 . 4 ,  r e s p e c t iv e ly .

The TBPB c a t a l y s t  has a h a l f - l i f e  tem p era tu re , 
i . e . ,  th e  tem p eratu re a t  w hich th e  p e ro x id e  i s  50% 
decomposed in  10 hours a t  104°C; w h ile  th o s e  o f  th e  DTBC 
and th e  BPO are a t  93  and 7 3 ° c ,  r e s p e c t iv e ly .  In p r in c ip le ,  
th e  p e ro x id e  h a l f - l i v e s  u s u a l ly  are d eterm in ed  in  s o lv e n t  
and th e  h a l f - l i f e  tem p eratu re d a ta  are u s e f u l  fo r  com paring  
th e  a c t i v i t y  o f  one p ero x id e  a g a in s t  an o th er  and th e r e fo r e  
i t  i s  o f te n  used  as a b a s is  fo r  i n i t i a l  c a t a ly s t  s c r e e n in g .  
For exam ple, a "hot" c a t a l y s t  w ith  a low er h a l f - l i f e  
tem p eratu re w i l l  g iv e  a s h o r te r  cu r in g  tim e in  th e  SMC 
p r o c e s s  a t e le v a te d  m olding tem p eratu res than a c a t a ly s t  
w ith  a h ig h e r  h a l f - l i f e  tem p eratu re ( 1 ) .  The PBQ in h ib i t o r  
added in to  u n sa tu ra te d  sy stem s fo r  th e  p r e v e n tio n  o f  a 
m easurable amount o f polym er form ation  i s  w id e ly  p r a c t ic e d .  
However, in  u n sa tu ra te d  p o ly e s t e r  r e s i n s ,  th ey  fu n c t io n  
o th e r  than to  p ro lo n g  s to r a g e  l i f e  and to  p rev en t  
u n d e s ir a b le  chan ges in  th e  g e l  tim e on lo n g  term s to r a g e .
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F igu re 4 .1  C o n cen tra tio n  e f f e c t  o f  TBPB on h ard en in g  tim e o f  th e  r e s in .  ( —«— R e s in ,
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From t h e  r e s u l t s  i n  F i g u r e s  4 . 1 - 4 . 3 ,  we c o u l d  
c o n c l u d e  t h a t  t h e  h a r d e n i n g  t i m e  o f  t h e  r e s i n  d e p e n d e d  
g r e a t l y  on  t h e  t y p e  and  q u a n t i t y  o f  t h e  c a t a l y s t s .  As 
p r e d i c t e d ,  t h e  h a r d e n i n g  t i m e s  w e r e  f o u n d  t o  b e  s h o r t e r  f o r  
t h e  c a t a l y s t  w i t h  a l o w e r  h a l f - l i f e  t e m p e r a t u r e .  On 
c o n s i d e r i n g  t h e  e f f e c t  o f  e q u a l  q u a n t i t y  o f  e a c h  c a t a l y s t  
on c u r i n g  t i m e ,  t h e  BPO c a t a l y s t  g a v e  t h e  s h o r t e r  c u r i n g  
t i m e  t h a n  t h o s e  o f  t h e  DTBC and TBPB, r e s p e c t i v e l y .

When 2 p h r  o f  t h e  TBPB was  i n c o r p o r a t e d  t h e  
u n s a t u r a t e d  p o l y e s t e r  r e s i n ,  an a d d i t i o n  o f  t h e  PBQ 
i n h i b i t o r  a d v e r s e l y  a f f e c t e d  t h e  c u r i n g  t i m e  o f  t h e  r e s i n .  
The PBQ i n h i b i t o r  w h i c h  had  b e e n  r e p o r t e d  a s  g i v i n g  g o o d  
room t e m p e r a t u r e  p o t  l i v e s ,  was  t h e n  i n c l u d e d  i n  t h e  l i s t  
o f  s c r e e n i n g  c o n s i d e r a t i o n .  A f o r m u l a t i o n  c o n t a i n i n g  
p a r a b e n z o q u i n o n e  (PBQ) was  a l s o  i n c l u d e d  s i n c e  i t  was  
com m only  a d d e d  t o  t h e  c a t a l y s t  p a c k a g e  t o  e x t e n d  t h e  s h e l f  
l i f e  o f  t h e  com p ou nd .  R e s u l t s  a r e  shown i n  F i g u r e  4 . 4 .  
As e x p e c t e d ,  t h e  PBQ c a t a l y s t  r e t a r d e d  t h e  c u r i n g  m e c h a n i s m  
fro m  w h i c h  a l o n g e r  c u r i n g  t i m e  i s  n e e d e d .  The m e c h a n i s t i c  
s c h e m e s  f o r  t h e  i n h i b i t o r y  a c t i o n  o f  p a r a b e n z o q u i n o n e s  h a v e  
b e e n  e l u c i d a t e d  a s  f o l l o w s  ( 1 1 ) :

0 —H---0

0 —H—o
Eq ( 4 . 1 )

parabenzoqu inone qu inhydrone
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The q u i n h y d r o n e s  a c t  a s  f r e e - r a d i c a l  s c a v e n g e r s  o r  
s t a b i l i z e r s  w i t h  c h a i n  c a r r y i n g  f r e e  r a d i c a l s  t o  form  i n e r t  
p r o d u c t s  i n  o n e  o f  t e r m i n a t i o n  s t e p s .

To r e d u c e  t h e  c u r i n g  t i m e  o v e r  w h a t  c a n  b e  o b t a i n e d  
w i t h  a s i n g l y  h e a t - a c t i v a t e d  c a t a l y s t ,  d u a l  c a t a l y s t  
s y s t e m s  a r e  o f t e n  e m p l o y e d .  One o f  t h e  more  common SMC 
c a t a l y s t  c o m b i n a t i o n s  t o d a y  i s  t - b u t y l  p e r o c t o a t e  (TBPO) 
u s e d  i n  c o n j u n c t i o n  w i t h  t - b u t y l  p e r b e n z o a t e  ( TBPB) .  
V a r i o u s  c o m b i n a t i o n s  o f  t h e s e  two  c a t a l y s t s  w e r e  
i n v e s t i g a t e d .  The d u a l  c a t a l y s t  s y s t e m  was  i n d e e d  f o u n d  t o  
b e  f a s t e r  t h a n  t h e  TBPB a l o n e  ( 1 ) .

In  c a s e  o f  t h e  d u a l  c a t a l y s t  b e t w e e n  TBPB and DTBC 
shown i n  F i g u r e  4 . 5 ,  t h e  d i f f e r e n c e  o f  h a r d e n i n g  t i m e  o f  
t h e  r e s i n  c o u l d  b e  s u m m a r iz e d  a s  f o l l o w s :

1 .  When e n o u g h  q u a n t i t i e s  o f  b o t h  c a t a l y s t s  w e r e  
m i x e d ,  a r e d u c e d  c u r i n g  t i m e  o f  t h e  r e s i n  c o u l d  be  
o b s e r v e d .  In  t h i s  p a r t i c u l a r  c a s e ,  t h e  r a t i o  o f  b o t h  
c a t a l y s t s  a t  1 : 1  w as  c o n s i d e r e d  t h e  b e s t  c h o i c e  a s  i t  g a v e  
a s h o r t e r  c u r i n g  t i m e .

2 .  The e f f e c t  o f  t h e  DTBC c a t a l y s t  on  c u r i n g  t i m e  
o f  t h e  r e s i n  was  g r e a t e r  t h a n  t h a t  o f  t h e  TBPB c a t a l y s t .
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T a b l e  4 . 1  s h o w s  t h e  h a r d e n i n g  t i m e  o f  t h e
r e s p e c t i v e  c a t a l y s t s  o b t a i n e d  by t h e  i n t e r s e c t i o n  b e t w e e n  
t h e  s l o p  and t h e  s h o u l d e r  o f  t h e  c u r v e .  I n c r e a s i n g  t h e  
q u a n t i t i e s  o f  t h e  c a t a l y s t ,  h a r d e n i n g  t i m e  was  g r a d u a l l y  
s h o r t e n e d  a s  i l l u s t r a t e d  i n  F i g u r e  4 . 6 .  B ut  i n  c a s e  o f  
a d d i n g  t h e  PBQ i n h i b i t o r ,  i n c r e a s i n g  t h e  q u a n t i t i e s  o f  t h e  
PBQ, t h e  h a r d e n i n g  t i m e  w as  g r a d u a l l y  e x t e n d e d  a s  shown i n  
F i g u r e  4 . 7 .

From t h e  r e s u l t  i n  T a b l e  4 . 1 ,  t h e  s t r u c t u r a l  
d i f f e r e n c e s  o f  t h e  p e r o x i d e  c a t a l y s t s  t h a t  a f f e c t  t h e  
n o n p r o m o t e d  a c t i v i t y  o f  p e r o x i d e s  a r e  r e l a t e d  t o  t h r e e  
f a c t o r s  ะ t h e  r e l a t i v e  s t a b i l i t y  o f  t h e  r a d i c a l s  f o r m e d ,  
i . e . ,  t h e  more  s t a b l e  t h e  r a d i c a l  t h a t  i s  f o r m e d ,  t h e  l e s s  
s t a b l e  t h e  p e r o x i d e ;  t h e  s t e r i c  f a c t o r s ,  i . e . ,  h i g h l y  
s t r a i n e d  p e r o x i d e s  a r e  l e s s  s t a b l e  s i n c e  d e c o m p o s i t i o n  
r e l i e v e s  t h e  s t e r i c  s t r a i n ;  and  t h e  e l e c t r o n i c  e f f e c t s  
w h e r e ,  e . g . ,  e l e c t r o n - d o n a t i n g  f u n c t i o n s  g e n e r a l l y  
d e s t a b i l i z e  and  e l e c t r o n - w i t h d r a w i n g  f u n c t i o n s  s t a b i l i z e  
p e r o x i d e s  ( 8 ) .

The TBPB c a t a l y s t  i s  a t y p e  o f  p e r o x y e s t e r  and  i t s  
1 0 - h  h a l f - l i f e  t e m p e r a t u r e  ( d e t e r m i n e d  i n  0 . 2  M b e n z e n e )  i s  
1 0 4 ° c . T h i s  p e r o x i d e  c l e a v e s  a t  t h e  o x y g e n - o x y g e n  b ond  t o  
s u p p o s e d l y  g e n e r a t e  a c y l o x y  and a l k o x y  r a d i c a l s :
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E f f e c t
T a b l e  4 . 1

o f  t h e  t y p e  and c o n c e n t r a t i o n  o f  t h e  c a t a l y s t s  
on t h e  h a r d e n i n g  t i m e  o f  t h e  c a t a l y s t .

C o n c e n t r a t i o n  of t h e  C a t a l y s t  
(phr)

H a r d e n i n g  T im e  
( m in u te s )

T B P B DTBC B P O P B Q
1 — — — 4 .3 7
2 — — — 3.4 3
3 — — — 3.2 5
— 1 — — 3.4 4
— 2 — — 3 .0 7
— 3 — — 2.41
— — 0.0 5 — 4 .2 0
— — 0.5 — 3 .5 9
— — 1 .0 — 3.0 9
— — 2.0 — 2 .5 2
2 — 0 .0 5 — 3 .3 6

0 .5 0.5 — — 4 .0 4
0 .5 1.5 — — 3 .2 0
1 .0 1 .0 — — 3 .1 4
1 .5 0 .5 — — 3 .1 6
2 — — 0 .0 2 5 4 .3 6
2 — — 0 .0 5 0 5 .1 5
2 — — 0 .0 7 5 5.51
— 2 — 0 .0 2 5 4 .3 4
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CH, CH,
C-O-O-C-CH,

CH,
t - b u t y l  p e r b e n z o a t e

C-O* + -0-C -C H3
ch3

a c y l o x y  t - a l k o x y
r a d i c a l  r a d i c a l

Eq ( 4 . 2 )

The a c y l o x y  r a d i c a l  c a n  d e c a r b o x y l a t e  a s  n o t e d  
a b o v e .  O n ly  t e r t i a r y  a l k y l  p e r o x y e s t e r s  a r e  a v a i l a b l e  
c o m m e r c i a l l y  a n d ,  c o n s e q u e n t l y ,  o n l y  t e r t i a r y  a l k o x y  
r a d i c a l s  a r e  g e n e r a t e d .  A l k o x y  r a d i c a l s  c a n  u n d e r g o  a 
b e t a - s c i s s i o n  r e a c t i o n :

CH,
CH3-C-0* ->

CH,
t - a l k o x y  r a d i c a l

0
ICH3-C-CH3 + -CH3 Eq ( 4 . 3 )

a c e t o n e  a l k y l  r a d i c a l

One o f  t h e  -CH3 g r o u p s  s p l i t s  o f f  t o  form  a k e t o n e  
and  a new a l k y l  r a d i c a l .  The g r o u p  t h a t  s p l i t s  o f f  i s  t h e  
o n e  t h a t  f o r m s  t h e  m o s t  s t a b l e  r a d i c a l .  I f  t h e  r a d i c a l  t h a t  
s p l i t s  o f f  i s  more  s t a b l e  t h a n  t h e  a l k o x y  r a d i c a l ,  t h e  
b e t a - s c i s s i o n  r e a c t i o n  w i l l  b e  f a s t  and  t h e  p r e d o m i n a n t  
i n i t i a t i n g  s p e c i e s  may b e  t h e  a l k y l  r a d i c a l  r a t h e r  t h a n  t h e  
a l k o x y  r a d i c a l .  The b e t a - s c i s s i o n  r e a c t i o n  a l s o  i s  
t e m p e r a t u r e - d e p e n d e n t ,  i . e . ,  more  s c i s s i o n  o c c u r s  i f  t h e  
a l k o x y  r a d i c a l  i s  g e n e r a t e d  a t  h i g h  t e m p e r a t u r e s  ( 8 ) .
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The DTBC c a t a l y s t  i s  d i - ( t e r t - b u t y l p e r o x y ) k e t a l ,  
and i t s  1 0 - h  h a l f - l i f e  t e m p e r a t u r e  ( d e t e r m i n e d  i n  0 . 2  M 
b e n z e n e )  i s  9 3 ° c .  T h i s  d i p e r o x y  compound d e c o m p o s e s  
t h e r m a l l y  t o  p r o d u c e  t h r e e  r a d i c a l s ,  two  o f  w h i c h  c a n  be  a 
t e r t i a r y  a l k o x y  r a d i c a l .

(CH3 ) 3- C - 0 - 0 ‘
DTBC

>  2 (CH3 ) 3-C-0*  +
•CH2-CH2-CH2-CH2-CH3 + C02 
a l i p h a t i c  r a d i c a l  Eq ( 4 . 4 )

The b e n z o y l  p e r o x i d e  c a t a l y s t  i s  d i a c y l  p e r o x i d e ,  
and i t s  1 0 - h  h a l f - l i f e  t e m p e r a t u r e  ( d e t e r m i n e d  i n  0 . 2  M 
b e n z e n e )  i s  7 3 ° c .  A l t h o u g h  t h i s  p e r o x i d e  c l e a v e s  a t  t h e  
o x y g e n - o x y g e n  b o n d ,  o t h e r  bond  c l e a v a g e s  ( d e c a r b o x y l a t i o n s )  
c a n  a n d  do o c c u r  e i t h e r  s i m u l t a n e o u s l y  o r  s e q u e n t i a l l y  t o  
r e n d e r  an o x y g e n - o x y g e n  bond b r e a k i n g :

0 0
c - o - o - c

BPO
2

p h e n y l  r a d i c a l

0

a c y l o x y  r a d i c a l
Eq ( 4 . 5 )

The r a t e  o f  d e c a r b o x y l a t i o n  p r i m a r i l y  d e p e n d s  u pon  
t e m p e r a t u r e ,  p r e s s u r e ,  and  t h e  s t a b i l i t y  o f  t h e  a c y l o x y  
r a d i c a l  f o r m e d .  The more  s t a b l e  t h e  r a d i c a l ,  t h e  f a s t e r  
t h e  d e c a r b o x y l a t i o n  a n d ,  w i t h  many d i a c y l  p e r o x i d e s ,  i t
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o c c u r s  s i m u l t a n e o u s l y  w i t h  an o x y g e n - o x y g e n  bond  b r e a k i n g ,  
( b e c a u s e  o f  t h e  h i g h  r e a c t i v i t y  o f  t h e  c o r r e s p o n d i n g  
d e c a r b o x y l a t e d  m e t h y l  and  p h e n y l  r a d i c a l s ) .  D i a c y l  
p e r o x i d e s  t h a t  a r e  d e r i v e d  from  n o n a l p h a - b r a n c h e d  
c a r b o x y l i c  a c i d s  may a l s o  form  a c y l o x y  r a d i c a l s  i n i t i a l l y ,  
b u t  t h e y  d e c a r b o x y l a t e  e x t r e m e l y  f a s t  and  e v i d e n c e  f o r  
t h e i r  f o r m a t i o n  i s  n o t  c o n c l u s i v e  ( 8 ) .

A c c o r d i n g  t o  t h e  a b o v e  e q u a t i o n s ,  t h e  TBPB c a t a l y s t  
c a n  p r o d u c e  o n e  a c y l o x y  and t - a l k o x y  r a d i c a l s  w h e r e a s  t h e  
DTBC c a t a l y s t  p r o d u c e s  two  t - a l k o x y  r a d i c a l s  and  o n e  
a l i p h a t i c  r a d i c a l ;  t h e  BPO c a t a l y s t  o n l y  g i v e s  tw o  a c y l o x y  
r a d i c a l s .  The number o f  t h e  r a d i c a l s  p r o d u c e d  i s  t h e  m ain  
a t t r i b u t e  t o  t h e  d i f f e r e n t  c u r i n g  c h a r a c t e r i s t i c s  o f  t h e  
r e s i n .

The r e l a t i v e  s t a b i l i t y  o f  r a d i c a l s  w h i c h  c a n  b e  
c o r r e l a t e d  w i t h  t h e  t - a l k y l  r a d i c a l s  a r e  more  s t a b l e  t h a n  
s e c o n d a r y  a l k y l  r a d i c a l s  and c o n s e q u e n t l y  t h e  l a t t e r  a r e  
more s t a b l e  t h a n  p r i m a r y  a l k y l  r a d i c a l s ,  and  o f  c o u r s e  t h e  
h y d r o x y l  r a d i c a l  i s  t h e  m o s t  a c t i v e .  The m e t h y l  r a d i c a l  i s  
more r e a c t i v e  t h a n  o t h e r  p r i m a r y  a l k y l  r a d i c a l s  and  i s  
a l m o s t  a s  r e a c t i v e  a s  a l k o x y  r a d i c a l s .  T h i s  i s  a n o t h e r  
i m p o r t a n t  c o n s i d e r a t i o n  i n  d e s i g n i n g  o r  c h o o s i n g  a 
p e r o x i d e  i n i t i a t o r  ( 8 ) .  T h u s ,  t h e  r a t e  o f  d i s s o c i a t i o n  o f  
t h e  BPO was  r e a c t i v e  t h a n  t h o s e  o f  t h e  DTBC and TBPB, 
r e s p e c t i v e l y .



78

4 . 2  E f f e c t  o f  t h e  C a t a l y s t s  ๐ท C u r i n g  Time T h rou gh  t h e  
C u r i n g  R e a c t i o n  o f  t h e  R e s i n

The i n f r a r e d  s p e c t r o s c o p i c  t e c h n i q u e  w as  u s e d  a s  a 
t o o l  t o  f o l l o w  up c h a n g e s  b e f o r e  and  a f t e r  c u r i n g  r e a c t i o n s  
o f  t h e  r e s i n  i n  v a r i o u s  f o r m s  and  c o n d i t i o n s  by c o n s i d e r i n g  
t h e  s t r o n g  band  a t  1 7 3 0  cm-1 c o r r e s p o n d i n g  t o  t h e  c a r b o n y l  
s t r e t c h i n g .  I t  was  a s s u m e d  t h a t  t h e  b a n d s  a t  1 7 3 0  cm'1 
r e m a i n  u n c h a n g e d  d u r i n g  c u r e  b e c a u s e  t h e  c a r b o n y l  o r  e s t e r  
g r o u p s  i n  t h e  p o l y e s t e r  c h a i n  a r e  v i r t u a l l y  c o n s t a n t  d u r i n g  
p o l y m e r i z a t i o n .  The medium a b s o r p t i o n  b a n d s  a t  1 6 4 8  cm'1 and  
1 6 3 4  cm"1 w e r e  a s s i g n e d  t o  t h e  c = c  s t r e t c h i n g  fr o m  t h e  
s t y r e n e  and m a l e i c  a n h y d r i d e ,  r e s p e c t i v e l y .  The b a n d s  a t  
915  cm'1 a r e  r e l a t e d  t o  t h e  -CH=CH- a b s o r p t i o n  d ue  t o  
t h e  s t y r e n e .  The b a n d s  a t  9 8 2 / 9 9 2  cm'1 c o r r e s p o n d  t o  t h e  
a b s o r p t i o n  o f  b o t h  s t y r e n e  and p o l y e s t e r  d o u b l e  b o n d s  ( 4 ) .

4 . 2 . 1  E v i d e n c e  o f  t h e  C u r i n g  R e a c t i o n  i n  t h e  
P o l y e s t e r  R e s i n  i n  t h e  P r e s e n c e  o f  t h e  
C a t a l y s t s

F i g u r e s  4 . 8 - 4 . 1 0  show t h e  c o m p a r a t i v e  
s p e c t r a  o f  t h e  u n s a t u r a t e d  p o l y e s t e r  r e s i n s ,  b e f o r e  and  
a f t e r  c u r i n g  r e a c t i o n s  a t  1 5 0 ° c  f o r  2 m i n u t e s ,  i n  t h e  
p r e s e n c e  o f  t h e  2 p h r  TBPB, 2 p h r  DTBC and 1 p h r  BPO 
c a t a l y s t s ,  r e s p e c t i v e l y .  The m a j o r  c h a n g e  i n  t h e  s p e c t r a  
i s  t h e  t r e m e n d o u s  d e c r e a s e  i n  t h e  a b s o r p t i o n  i n t e n s i t y  f o r  
t h e  1 6 4 8 - 1 6 3 4  cm'1 , 9 8 5  cm'1 , and 9 1 5  cm"1 b a n d ,  w h i c h  i s  t h e
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F i g u r e  4 . 8  T h e  i n f r a r e d  s p e c t r a  o f  t h e  p o l y e s t e r  r e s i n s  m i x e d  w i t h  2 p h r  o f  t h e  TBPB
c a t a l y s t  b e f o r e  t h e  c u r i n g  r e a c t i o n  a n d  a f t e r  t h e  c u r i n g  r e a c t i o n  a t  1 5 0 ° c

f o r  2 m i n u t e s .  ( ----------  b e f o r e  c u r i n g ,  -----------  a f t e r  c u r i n g . ) VO



F i g u r e  4 . 9  T he  i n f r a r e d  s p e c t r a  o f  t h e  p o l y e s t e r  r e s i n s  m i x e d  w i t h  2 p h r  o f  t h e  DTBC
c a t a l y s t  b e f o r e  t h e  c u r i n g  r e a c t i o n  a n d  a f t e r  t h e  c u r i n g  r e a c t i o n  a t  150°c
f o r  2 m i n u t e s .  ( ----------  b e f o r e  c u r i n g , a f t e r  c u r i n g  . )
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F i g u r e  4 . 1 0  T h e  i n f r a r e d  s p e c t r a  o f  t h e  p o l y e s t e r  r e s i n s  m i x e d  w i t h  1 p h r  o f  t h e  BPO
c a t a l y s t  b e f o r e  t h e  c u r i n g  r e a c t i o n  a n d  a f t e r  t h e  c u r i n g  r e a c t i o n  a t  150°c
f o r  2 m i n u t e s .  ( ----------  b e f o r e  c u r i n g , a f t e r  c u r i n g  . )
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c h a r a c t e r i s t i c  b a n d s  o f  t h e  d o u b l e  bond  o f  t h e  u n s a t u r a t e d  
p o l y e s t e r  r e s i n  and s t y r e n e .  T h i s  i s  d u e  t o  t h a t  t h e  d o u b l e  
bond i s  c o n v e r t e d  i n t o  a s i n g l e  bond  d u r i n g  t h e  c u r i n g  
r e a c t i o n  i n  t h e  p r e s e n c e  o f  t h e  c a t a l y s t s .

The u n s a t u r a t e d  p o l y e s t e r  r e s i n s  u s e d  i n  
t h i s  r e s e a r c h  a r e  t h e  r e a c t i o n  p r o d u c t s  o f  i s o p h t h a l i c  
a c i d ,  a d i b a s i c  a r o m a t i c  a c i d ,  and  n e o p e n t y l  g l y c o l ,  a 
d i b a s i c  a l i p h a t i c  a l c o h o l ,  i n  c o n j u n c t i o n  w i t h  m a l e i c  
a n h y d r i d e  ( 1 5 ) .  M a l e i c  a n h y d r i d e  p r o v i d e s  an  u n s a t u r a t e d  
o r  a r e a c t i v e  s i t e .  The a c t i v e  c o m p o n e n t s  p r e s e n t  i n  t h e  
u n s a t u r a t e d  p o l y e s t e r  r e s i n  a r e  u s u a l l y  r e a d y  f o r  a 
m o l d i n g  com p ou nd .  I t  i s  a l s o  known t h a t  d u r i n g  t h e  
p r e p a r a t i o n  o f  t h e  u n s a t u r a t e d  p o l y e s t e r  t h e r e  i s  an 
i s o m e r i z a t i o n  p r o c e s s  by w h i c h  t h e  m a l e i c  a n h y d r i d e  c a n  be  
c o n v e r t e d  t o  t h e  c i s - c o n f i g u r a t i o n , t h e  f u m a r a t e  f o r m .  The  
f u m a r a t e  form  i s  u s u a l l y  more  r e a c t i v e  t h a n  t h e  m a l e a t e  
fo rm  i n  a f r e e  r a d i c a l  p o l y m e r i z a t i o n .  In  g e n e r a l ,  i t  i s  
a c c e p t e d  t h a t  b o t h  t h e  f u m a r a t e  and t h e  m a l e a t e  f o r m s  a r e  
p r e s e n t  i n  t h e  u n s a t u r a t e d  p o l y e s t e r  c h a i n .

In  u n s a t u r a t e d  p o l y e s t e r ,  t h e  t o t a l  amount  
o f  u n s a t u r a t i o n  i n c l u d e s  t h e  c a r b o n  t o  c a r b o n  d o u b l e  b o n d s  
i n  t h e  p o l y e s t e r  b a c k b o n e ,  t h e  m a l e a t e / f u m a r a t e , and  t h o s e  
i n  t h e  c r o s s l i n k i n g  monomer,  t h e  s t y r e n e .  T h u s ,  t h e  h e a t  o f  
p o l y m e r i z a t i o n  f o r  u n s a t u r a t e d  p o l y e s t e r  i n c l u d i n g  t h e  
c o n v e r s i o n  o f  t h e  d o u b l e  bon d  f u n c t i o n a l i t i e s  i n t o  s i n g l e  
b o n d s  o f  t h e  f i n a l  r i g i d  n e t w o r k  i s  shown i n  E q . 4 . 6 .  I t  i s
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g e n e r a l l y  a c c e p t e d  t h a t  t h e  s t y r e n e  i s  c o r p o r a t e d  i n  t h e  
c u r e d  p o l y e s t e r  a s  a c o v a l e n t l y  b o n d e d  b r i d g e  b e t w e e n  two 
p o l y e s t e r  r e a c t i v e  s i t e s .  T h i s  b r i d g e  i n c l u d e s  a 
d i s t r i b u t i o n  o f  s t y r e n e  o l i g o m e r  b e t w e e n  two f u m a r a t e  
u n s a t u r a t i o n s .  N o t i c e  t h a t  s t y r e n e  i s  b i f u n c t i o n a l  a n d  a 
n e t w o r k  c a n  o n l y  be  fo r m e d  i f  t h e r e  a r e  two o r  more  
r e a c t i v e  d o u b l e  b o n d s  on  t h e  p o l y e s t e r  b a c k b o n e  ( 1 3 ) .

0 0 0 0 CH, CH=CH,
r a  I  !  I 1 1 i sH - | - 0 -C - { O y -C - 0 - C - C H = C H - C - 0 - C H 2-C-CH2-— OH + [ O j  -

CH3
u n s a t u r a t e d  p o l y e s t e r  r e s i n s t y r e n e

0 / 0i ( Ï-C-CH-CH-C- 
(CHZ-ÇH),2 I 'ท

O

0 /  0
I  ( y-0 -C-CH-CH-C-  

( CH2_ÇH ) ท

-C-C H-C H-C -0— —-----~ ---- —------- 0 - C - C H - C H - C - 0 ------
I  /  I  1 / 10 \ 0  0 \  0 Eq ( 4 . 6 )

a c r o s s l i n k e d  p o l y m e r

From t h e  r e s u l t s  i n  F i g u r e s  4 . 8 - 4 . 1 0 ,  t h e  
p r o b a b l e  c h e m i c a l  r e a c t i o n  due  t o  t h e r m a l  p o l y m e r i z a t i o n  i s  
c r o s s l i n k i n g  r e a c t i o n  o f  t h e  u n s a t u r a t i o n s  o f  t h e  p o l y e s t e r  
r e s i n .  The c h a n g e  i n  t h e  a b s o r p t i o n  i n t e n s i t y  f o r  t h e  1 6 4 8 -  
1634 cm-1 , 985 cm-1 , a nd  915 cm-1 b a n d ,  a f t e r  2 m i n u t e  o f  t h e  
c u r i n g  t i m e ,  w o u ld  be  an  i n d i c a t o r  o f  t h e  r e s i d u a l  c=c 
g r o u p ,  i n c l u d i n g  t h e  p e n d e n t  c=c g r o u p s ,  on t h e  p o l y m e r
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n e t w o r k  s t r u c t u r e .  H o w e v e r ,  t h e  c u r i n g  r e a c t i o n  w as  s t i l l  
t h e  ph en om en on  o f  t h e  p o l y m e r i z a t i o n  r e a c t i o n ,  i t  i s  a l s o  
d e p e n d e n t  on  t i m e ,  t e m p e r a t u r e ,  and  c o n c e n t r a t i o n  o f  
r e a c t a n t s .  T h e s e  p r e l i m i n a r y  r e s u l t s  a r e  r e g a r d e d  a s  a 
b a s i c  g u i d e l i n e  f o r  t h e  c o n t r o l  i n  p r o c e s s i n g  o f  a c e r t a i n  
t y p e  o f  c u r a b l e  r e s i n .

4 . 2 . 2  The E f f e c t  o f  C u r i n g  Time on t h e  E x t e n t  o f
R e a c t i o n  a t  t h e  M i d d l e  L a y e r  o f  t h e  SMC

I n  t h i s  s t u d y ,  t h e  c u r i n g  t i m e  i n  t h e  m o ld  
o f  t h e  SMC was  v a r i e d  from  1 m i n u t e  t o  2 m i n u t e s  w h i l e  t h e  
amount  o f  t h e  c a t a l y s t  i n  t h e  SMC was  c o n s t a n t .  The  
p r o c e s s e d  m a t e r i a l  o f  t h e  SMC a t  t h e  m i d d l e  l a y e r  was  
s u b j e c t e d  t o  FTIR m e a s u r e m e n t  o f  w h i c h  t h e  s p e c t r a  w e r e  
i l l u s t r a t e d  i n  F i g u r e s  4 . 1 1 - 4 . 1 3 .

F i g u r e s  4 . 1 1 - 4 . 1 3  show t h e  c o m p a r a t i v e  
s p e c t r a  o f  t h e  m a t e r i a l s  o f  t h e  SMC a t  t h e  m i d d l e  l a y e r  
w h i c h  h a v e  a s t o r a g e  t i m e  o f  30  d a y s  and  a c u r i n g  t i m e  i n  
t h e  m o ld  a t  1 5 0 ° c  o f  1 m i n u t e  and 2 m i n u t e s ,  i n  t h e  p r e s e n c e  
o f  t h e  2 p h r  TBPB, 2 p h r  DTBC, and  1 p h r  BPO c a t a l y s t s ,
r e s p e c t i v e l y .  I n c r e a s i n g  t h e  c u r i n g  t i m e  t o  2 m i n u t e s ,  t h e  
i n t e n s i t y  o f  t h e  b an d  a t  9 1 5  cm-1 d e c r e a s e d  s i g n i f i c a n t l y ,  
y e t  i t  s t i l l  i n d i c a t e d  o f  t h e  r e s i d u a l  o f  d o u b l e  b o n d s ,  o r  
an i n c o m p l e t e  p o l y m e r i z a t i o n ,  a t  t h e  m i d d l e  l a y e r  d ue  t o  
t h e  p r e s e n c e  o f  a c o n s i d e r a b l e  amount  o f  t h e  9 1 5  cm-1 b a n d .  
P r a c t i c a l l y ,  i t  m u s t  b e  s e c u r e  t h a t  a c o m p l e t e
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F i g u r e  4 . 1 1  The i n f r a r e d  s p e c t r a  o f  t h e  SMC m a t e r i a l ,  c o l l e c t e d  a t  t h e  m i d d l e  l a y e r  o f
p r e s e n c e  o f  t h e  2 p h r  TBPB c a t a l y s t .
c u r i n g  a t  1 5 0 ° c , --------a f t e r  2 m i n u t e s  c u r i n g  a t  150°c  . )

t h e  s p e c i m e n ,  i n  t h e
( --------- a f t e r  1 m i n u t e 00นา
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F i g u r e  4 . 1 2  The i n f r a r e d  s p e c t r a  o f  t h e  SMC m a t e r i a l ,  c o l l e c t e d  a t  t h e  m i d d l e  l a y e r  o f
p r e s e n c e  o f  t h e  2 p h r  DTBC c a t a l y s t .
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p o l y m e r i z a t i o n  o f  t h e  e n t i r e  r e s i n  s h o u l d  b e  a c q u i r e d  a t  a 
g i v e n  c u r i n g  t i m e  u n d e r  t h e  s p e c i f i c  m a t e r i a l  r e q u i r e m e n t .

4 . 3  E f f e c t  o f  t h e  C a t a l y s t s  on  V i s c o s i t y  C h a r a c t e r i s t i c s  
on t h e  R e s i n  P a s t e

I t  i s  known t h a t ,  by  a d d i t i o n  o f  r e l a t i v e l y  s m a l l  
a m o u n t s  o f  an  o x i d e  o r  h y d r o x i d e  o f  m e t a l s  s u c h  a s  MgO 
( t h i c k e n i n g  a g e n t ) ,  an a p p r o p r i a t e  p o l y e s t e r  r e s i n  
u n d e r g o e s  a t h i c k e n i n g  p r o c e s s ,  by  w h i c h  t h e  s y s t e m  
v i s c o s i t y  i n c r e a s e s  up t o  a s e m i s o l i d  s t a t e  i n  a t i m e  o f  a 
f e w  o r  s e v e r a l  h o u r s  ( 2 0 ) .  T h i s  r e a c t i o n  i s  r e f e r r e d  t o  a s  
t h e  t h i c k e n i n g  r e a c t i o n  and i s  t h e  b a s i s  o f  t h e  p r o c e s s  
e m p l o y e d  t o  fo r m  SMC, s i n c e  t h e  r e s u l t i n g  t a c k - f r e e ,  e a s i l y  
h a n d l e d  c om p ou n d s  a r e  s t i l l  a b l e  t o  u n d e r g o  a f r e e  r a d i c a l  
c u r i n g  w h i l e  m o l d i n g .  A s t a b l e  m o l d i n g  v i s c o s i t y  m u s t  be  
r e a c h e d  a s  s o o n  a s  p o s s i b l e ;  a f t e r  an i n d u c t i o n  t i m e  when  
t h e  v i s c o s i t y  i s  l o w  e n o u g h  t o  a l l o w  f i l l e r s  and  g l a s s  
f i b e r s  t o  w e t  o u t .  The c o n t r o l  o f  t h e  v i s c o s i t y  i n c r e a s e s  
i s  t h e r e f o r e  n e c e s s a r y  t o  p e r f o r m  a c o m p l e t e  w e t  o u t  and  t o  
e n a b l e  m o l d i n g  a t  t h e  r i g h t  m o m e n ts ,  and t o  o b t a i n  
m a t e r i a l s  w i t h  g o o d  m e c h a n i c a l  p r o p e r t i e s  and  g o o d  s u r f a c e  
a p p e a l .  H o w e v e r ,  t h i s  c o n t r o l  i s  d i f f i c u l t  t o  a c h i e v e  s i n c e  
s m a l l  v a r i a t i o n s  o f  f a c t o r s  s u c h  a s  a t h i c k e n e r  
c o n c e n t r a t i o n ,  b r i n g  a b o u t  c o n s i d e r a b l e  c h a n g e s  i n  
v i s c o s i t y .  T h e s e  c h a n g e s  a r e  n o t  w e l l  u n d e r s t o o d ,  b e c a u s e  
an a b s o l u t e l y  r e l i a b l e  r e a c t i o n  m e c h a n i s m  h a s  n o t  y e t  b e e n
e s t a b l i s h e d .
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The i m p o r t a n t  p a r a m e t e r s  o f  t h e  t h i c k e n i n g  p r o c e s s  
w e re  shown t o  be  t h e  m o l a r  r a t i o  o f  m e t a l  o x i d e - t o - c a r b o x y l  
e n d  g r o u p s ,  a n d  t h e  m o l e c u l a r  w e i g h t  o f  t h e  r e s i n  ( 2 1 ) .

R e g a r d i n g  t h e  r e a c t i o n  m e c h a n ism  i t s e l f ,  two 
t h e o r i e s  h a v e  b e e n  p u t  f o r w a r d :

V a n c s o - S z m e r c s a n y i  e t .  a l . ( 2 2 )  p r o p o s e d  a m echan ism  
i n v o l v i n g  a t w o - s t e p  r e a c t i o n  b e t w e e n  c a r b o x y l  e n d  g r o u p s  
a n d  m e t a l  o x i d e ,  w i t h  an  i n i t i a l  f o r m a t i o n  o f  b a s i c  o r  
n e u t r a l  s a l t s ,  f o l l o w e d  by t h e  c o m p l e x a t i o n  o f  t h e s e  s a l t s  
by  t h e  e s t e r  g r o u p s  i n  t h e  c h a i n s  a n d / o r  t h e  h y d r o x y l  e nd  
g r o u p s  a s  shown i n  F i g u r e  4 . 1 4 .  T h i s  " c o m p l e x a t i o n  
r e t i c u l a t i o n "  c o u l d  e x p l a i n  t h e  i n c r e a s e  i n  v i s c o s i t y :

" - P o l y e s t e r - C - O - P o I v e s t e r  -—-
H1 ?

\ 24 124. . .Mg2 O O C -P o ly e s te r -C O O  Mg2 O O C - P o l v e s t e r '—-
7  " tH O - P o l y e s t e r - - — ' 0 IÏ  ̂24^—- P o l y e s t e r - C - O - P o l y e s t e r - C O O  Mg . . .

t
F i g u r e  4 . 1 4  The c o m p l e x a t i o n  r e t i c u l a t i o n  o f  MgO a nd  

p o l y e s t e r  r e s i n .

B u r n s  a n d  G a n d h i ,  a n d  more  r e c e n t l y  G r u s k i e w i c z  and  
C o l l i s t e r  ( 2 3 ) ,  d e s c r i b e d  t h e  t h i c k e n i n g  r e a c t i o n  a s  t h e  
f o r m a t i o n  o f  a p o l y m e r i c  n e u t r a l  s a l t :
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. . . “O O C -P o lyes ter -C O C T  Mg2+~OOC-Polyester-COCT Mg2+. . .
Eq ( 4 . 7 )

I f  a s u f f i c i e n t  amount o f  ๓,๓'- d i c a r b o x y  c h a i n s  i s  
p r e s e n t ,  t h e  i o n i c  p o l y m e r  f o r m e d  i s  l o n g  e n o u g h  t o  e x h i b i t  
an e n t a n g l e m e n t  c o u p l i n g ,  t h u s  i n c r e a s i n g  t h e  v i s c o s i t y .

In  t h i s  s t u d y ,  t h e  p a s t e  o f  m a g n es iu m  o x i d e  p l a y s  
a v i t a l  r o l e  i n  v i s c o s i t y  b e h a v i o r  o f  t h e  r e s i n  m i x .  When 
3 p h r  o f  m a g n es iu m  o x i d e  was  i n c o r p o r a t e d  i n t o  t h e  r e s i n  
m i x ,  t h e  v i s c o s i t y  m e a s u r e d  a f t e r  2 h o u r  m i x i n g  was  
e x t r e m e l y  h i g h .  T h i s  b e h a v i o r  o b s t r u c t e d  t h e  e f f e c t  o f  t h e  
c a t a l y s t s  u n d e r  s t u d y  w h i c h  was  d u e  t o  t h e  r a p i d  i n c r e a s e  
i n  v i s c o s i t y  i n  a v e r y  s h o r t  t i m e .  I t  i s  p r o b a b l y  w i s e  t o  
r e d u c e  t h e  c o n c e n t r a t i o n  o f  m a g n es iu m  o x i d e  t o  1 . 2  p h r  s o  
t h a t  a l l  t h e  d e s i r e d  p r o p e r t i e s  c a n  b e  i n v e s t i g a t e d .  
F i g u r e  4 . 1 5  d e p i c t s  t h e  e f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  
m a g n es iu m  o x i d e  on v i s c o s i t y  o f  t h e  r e s i n  p a s t e .

F i g u r e  4 . 1 5  s h o w s  t h a t  t h e  m a j o r  c o n t r i b u t i o n  o f  a 
v i s c o s i t y  i n c r e a s e  i s  t o t a l l y  d ue  t o  t h e  p r e s e n c e  o f  
m a g n e s iu m  o x i d e .  The p r e s e n c e  o f  t h e  c a t a l y s t  c o u l d  o n l y  
i n c r e a s e  t h e  v i s c o s i t y  t o  an i n s i g n i f i c a n t  l e v e l .  As
a l r e a d y  d e s c r i b e d  e a r l i e r ,  t h e  TBPB c a t a l y s t  c a n  o n l y  
s t a r t  t h e  c u r i n g  r e a c t i o n  w h i c h  c a u s e s  t h e  s l o w  i n c r e a s e  i n  
v i s c o s i t y .  I t  i s  i n t e r e s t i n g  t o  p o i n t  o u t  t h a t  t h e  
i n c r e a s e  i n  p a s t e  v i s c o s i t y  d ue  t o  t h e  p r e s e n c e  o f  
m a g n es iu m  o x i d e  i s  a t i m e  d e p e n d e n t  p h e n o m e n o n .  I t  i s
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F i g u r e  4 . 1 5  E f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  MgO on  t h e  p a s t e  v i s c o s i t y  u n d e r  t h e  i n f l u e n c  
o f  t h e  TBPB c a t a l y s t .  ( — ■—  MgO 1 . 2  p h r ;  -X— MgO 1 . 2  p h r ,  TBPB 2 p h r ;  
—X—  MgO 3 p h r ;  —^ — MgO 3 p h r ,  TBPB 2 p h r  . )
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s u g g e s t e d  t h a t  m a g n es iu m  o x i d e  c a n  b u i l d  up a p h y s i c a l  
s t r u c t u r e  t o  t h e  r e s i n  known T h e o l o g i c a l l y  a s  a " p e rm a n e n t  
t h i x o t r o p i c  b e h a v i o r " . The same p henom enon  w as  o b s e r v e d  i n  
F i g u r e  4 . 1 6 .

S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  w i t h  o t h e r  c a t a l y s t s  
p r e v i o u s l y  u s e d ,  t h e  r e s u l t s  o f  t h e s e  c a t a l y s t s  w e r e  sh ow ed  
i n  F i g u r e s  4 . 1 7  and 4 . 1 8 .  Of t h e s e  t h r e e  c a t a l y s t s  i n  
c o n d u c t i o n  w i t h  t h e  f i x e d  amount  o f  m a gn es iu m  o x i d e ,  t h e  
m o s t  e f f e c t i v e  c a t a l y s t s  i n  p r o d u c i n g  a h i g h  v i s c o s i t y  i s  
t h e  BPO, f o l l o w e d  by  t h e  DTBC and  t h e  TBPB. w i t h  t h i s  
s e r i e s  o f  r e s u l t  i n  t e r m s  o f  e f f e c t i v e n e s s  i n  v i s c o s i t y ,  an  
a p p r o p r i a t e  amount  o f  t h e  c a t a l y s t  t o  p r o d u c e  a d e s i r a b l e  
v i s c o s i t y  c a n  b e  t a i l o r  made.

T h e o r e t i c a l l y ,  t h e  t y p e  and c o n c e n t r a t i o n  o f  t h e  
c a t a l y s t  i n f l u e n c e  g r e a t l y  t h e  p a s t e  v i s c o s i t y ,  w h i c h  i n  
t u r n ,  a f f e c t s  t h e  e x t e n t  o f  w e t t i n g  o f  g l a s s  f i b e r s  t h r o u g h  
i m p r e g n a t i o n .  The u s e f u l  v i s c o s i t y  r a n g e  t o  o b t a i n  a g o o d  
i m p r e g n a t i o n  i s  i n  t h e  o r d e r  o f  3 t o  30 P a - S .  Too l o w  a 
p a s t e  v i s c o s i t y  w o u l d  make a p o o r  d i s p e r s i o n  t o  t h e  g l a s s  
f i b e r s .  By s u c h ,  t h e  g l a s s  f i b e r s  c o u l d  n o t  b e  w e l l  
d i s p e r s e d  i n  t h e  SMC s h e e t  from  w h i c h  p o o r  m e c h a n i c a l  
p r o p e r t i e s  o c c u r r e d .  Too h i g h  a p a s t e  v i s c o s i t y  i m p o s e d  
d i f f i c u l t i e s  t o  t h e  p a s t e  i m p r e g n a t i o n  i n t o  g l a s s  f i b e r s .  
Then t h e  w e t t i n g  o f  t h e  g l a s s  f i b e r s  by t h e  p a s t e  w o u l d  n o t  
t a k e  p l a c e  and  h e n c e  an e v e n  p o o r e r  d i s p e r s i o n  w as  t h e  n e x t  
c o n s e q u e n c e ,  f o l l o w e d  by  an f a i l u r e  o f  t h i s  m a t e r i a l  u n d e r
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F i g u r e  4 . 1 6  E f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  TBPB c a t a l y s t  on  t h e  p a s t e  v i s c o s i t y  u n d e r
t h e  i n f l u e n c e  o f  1 . 2  p h r  MgO a n d  i n  t h e  a b s e n c e  o f  HgO. (TBPB c o n c e n t r a t i o n s :
—I— 0 p h r ,  —tK— 1 p h r ,  —B— 2 p h r ,  —X— 3 p h r ;  —-—  2 p h r  a n d  a b s e n c e  o f  MgO . )
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F i g u r e  4 . 1 7  E f f e c t  o f  t h e  c a t a l y s t s  on v i s c o s i t y  o f  t h e  p o l y e s t e r  p a s t e  a f t e r  5 h o u r s  o f  m i x i n g .
( ■ MgO 0 p h r ;  —I— C a t l y s t  0 p h r ;  —̂ -  TBPB 2 p h r ,  —B — TBPB 3 p h r ;

X DTBC 1 p h r ,  0  DTBC 2 p h r ;  --A-- BPO 0 . 5  p h r ,  BPO 1 p h r . )  ^
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a s e r v i c e  l i f e .

As a l r e a d y  d e s c r i b e d  e a r l i e r  on e f f e c t s  o f  t h e  
amount  o f  c a t a l y s t s  on  t h e  p a s t e  v i s c o s i t y ,  i t  s e e m s  t h a t  
t h e  e x t e n t  o f  s u c h  an e f f e c t  i s  o f  a s e c o n d a r y  
c o n s i d e r a t i o n  a s  i t  d e p e n d s ,  t o  a l a r g e r  e x t e n t ,  on  a t i m e  
s c a l e  a f t e r  t h o r o u g h l y  m i x i n g  w i t h  m a gn es iu m  o x i d e .  I t  was  
f o u n d  t h a t  t h e  3 p h r  o f  m a g n es iu m  o x i d e  was  t h e  optimum  
c o n c e n t r a t i o n  f o r  t h i s  u n s a t u r a t e d  s y s t e m  o f  p o l y e s t e r  
r e s i n .  B e c a u s e  t h i s  c o n c e n t r a t i o n  g i v e s  a s t a b l e  
i m p r e g n a t i o n  o f  g l a s s  f i b e r  by  t h e  p a s t e  and  p r o v i d e s  
c o n s e q u e n t l y  a r a p i d  t h i c k e n i n g  r e a c t i o n  o f  t h e  SMC w i t h i n  
5 - 6  h o u r s .  The s h e e t  o f  SMC c a n  a l s o  b e  k e p t  a t  room 
t e m p e r a t u r e ,  i n s t e a d  i n  an o v e n  w i t h  a t e m p e r a t u r e  h i g h e r  
t h a n  room t e m p e r a t u r e  i n  o r d e r  t o  s p e e d  up t h e  c o m p l e t e l y  
t h i c k e n i n g  r e a c t i o n  o f  t h e  SMC.

4 . 4  E f f e c t  o f  t h e  C a t a l y s t s  on s t o r a g e  L i f e  o f  t h e  SMC

S t u d y i n g  t h e  e f f e c t  o f  c a t a l y s t s  on  s t o r a g e  l i f e  o f  
t h e  SMC w as  d o n e  w i t h  a S h o r e  d u r o m e t e r  ( t y p e  A) w h i c h  
m e a s u r e d  t h e  h a r d n e s s  o f  t h e  SMC s u r f a c e  r e s u l t i n g  from  t h e  
t h i c k e n i n g  r e a c t i o n  o f  m a g n es iu m  o x i d e  and t h e  c a t a l y s t .

S i n c e  t h e  u n s a t u r a t e d  p o l y e s t e r  r e s i n  c a n  u n d e r g o  
t h e r m a l  p o l y m e r i z a t i o n  a t  a m b i e n t  t e m p e r a t u r e ,  e v e n  i n  t h e  
a b s e n c e  o f  c a t a l y s t s .  T h i s  r e a c t i o n  w i l l  p r e m a t u r e  t h e  
r e s i n  w h i c h  m akes  i t  a w a s t e .  I t  i s  o f  g r e a t  i n t e r e s t  t o
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i n v e s t i g a t e  t h i s  e f f e c t  and  t h u s  a s t o r a g e  t i m e  c a n  be  
a s s e s s e d .

4 . 4 . 1  E f f e c t  o f  T e m p e r a t u r e  on s t o r a g e  L i f e  o f
t h e  SMC i n  t h e  A b s e n c e  o f  t h e  C a t a l y s t

I n  t h e  p r e s e n c e  o f  m a g n es iu m  o x i d e ,  t h e  
t h i c k e n i n g  r e a c t i o n  o f  t h e  p o l y e s t e r  r e s i n  i s  a c c e l e r a t e d  
w h i c h  c a n  b e  m e a s u r e d  i n  t e r m s  o f  t h e  p a s t e  v i s c o s i t y  and  
t h e  h a r d n e s s  o f  t h e  SMC b e f o r e  c u r i n g .  The t h i c k e n i n g  
r e a c t i o n  u s u a l l y  i n c r e a s e s  w i t h  an i n c r e a s e  i n  t e m p e r a t u r e  
d u e  t o  t h e r m a l  p o l y m e r i z a t i o n .  The e f f e c t  o f  a s t o r a g e  
t i m e  on h a r d n e s s  o f  t h e  SMC a t  2 8 ° c  and 4 0 ° c  i s  sh o w e d  i n  
F i g u r e  4 . 1 9 .  I t  i s  f o u n d  t h a t  t h e  h i g h e r  t h e  t e m p e r a t u r e ,  
t h e  g r e a t e r  t h e  h a r d n e s s  o f  t h e  SMC. L i k e w i s e ,  t h e  l o n g e r  
t h e  s t o r a g e  t i m e ,  t h e  h a r d e r  t h e  SMC. A t  h i g h e r  
t e m p e r a t u r e s ,  t h e r e  i s  a l a r g e r  amount o f  t h e r m a l  e n e r g y  t o  
a c c e l e r a t e  t h e  t h i c k e n i n g  r e a c t i o n  o f  MgO i n  t h e  
u n s a t a r a t e d  p o l y e s t e r .

S t o r i n g  t h e  SMC a t  a h i g h  t e m p e r a t u r e  
e n v i r o n m e n t ,  t h e  SMC h a r d n e s s  i n c r e a s e s  s i g n i f i c a n t l y .  At  
h i g h  t e m p e r a t u r e s ,  t h e  m o l e c u l e s  o f  MgO c a n  t h i c k e n  t h e  
p o l y e s t e r  r e s i n  r a p i d l y .  In  c o n j u n c t i o n  w i t h  t h e  c a t a l y s t s ,  
t h e  h i g h e r  t e m p e r a t u r e s  a c c e l e r a t e  t h e  c a t a l y s t  
d e c o m p o s i t i o n  r a t e  and  t h e r e b y  an i n c r e a s e  i n  h a r d n e s s  i s  
o b s e r v e d  d u e  t o  t h e  r a p i d  c u r i n g  and c r o s s l i n k  r e a c t i o n  a s  
t o  be  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .
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4 . 4 . 2  E f f e c t  o f  t h e  T yp e and  C o n c e n t r a t io n  o f  t h e  
C a t a l y s t s  on  s t o r a g e  L i f e  o f  t h e  SMC

A c c o r d in g  t o  t h e  f o r m u l a t io n  s e t  i n  T a b le
3 .7  and t h e  a c c e s s m e n t  o f  p r e m a tu r e  o f  t h e  SMC b y  t h e  
d u r o m e te r ,  i t  w as i n e v i t a b l e  t h a t  t h e  t y p e s  and  
c o n c e n t r a t i o n  o f  t h e  c a t a l y s t s  im p o se d  q u i t e  a s i g n i f i c a n t  
e f f e c t  on  s t o r a g e  l i f e  o f  t h e  SMC. F i g u r e s  4 . 2 0 - 4 . 2 2  
show  t h e  d e t a i l e d  r e s u l t s  o f  t h e  TBPB, DTBC, and  BPO 
c a t a l y s t s .

The t h i c k e n i n g  r e a c t i o n  o f  MgO w it h  r e s p e c t  
t o  t im e  and  t h e  r a t e  o f  c r o s s l i n k  r e a c t i o n  a r e  t h e  
a t t r i b u t e  t o  t h e  e x t e n t  o f  h a r d n e s s  o f  t h e  SMC. B o th  a b o v e  
m e n t io n e d  a r e  d i r e c t l y  c o n t r o l l e d  by t h e  d e c o m p o s i t io n  
t e m p e r a t u r e  a t  h a l f  l i f e  o f  t h e  c a t a l y s t .  B a s i c a l l y ,  t h e  
lo w e r  t h e  d e c o m p o s i t io n  t e m p e r a t u r e ,  t h e  f a s t e r  t h e  
h a r d e n in g  o f  t h e  SMC. A g o o d  e x a m p le  i s  t h e  c a s e  o f  t h e  
BPO c a t a l y s t ,  i . e ,  t h e  h a l f - l i f e  t e m p e r a t u r e  o f  t h e  
c a t a l y s t  i s  73°c w h ic h  i s  lo w e r  th a n  t h o s e  o f  t h e  DTBC and  
TBPB c a t a l y s t s .  T h e r e f o r e ,  t h e  s t o r a g e  l i f e  o f  t h e  SMC 
c o n t a i n i n g  t h e  BPO c a t a l y s t  w i l l  u s u a l l y  b e  s h o r t e r  and  
t h e  p r o c e s s i n g  i s  c o n s e q u e n t l y  much m ore d i f f i c u l t  d u e  t o  
t h e  f l o w  a b i l i t y  i n  t h e  m old  d u r in g  m o ld in g .  In  
a d d i t i o n ,  i t  w as fo u n d  t h a t  s t y r e n e  monomer i n c o r p o r a t i n g  
i n  t h e  SMC c o u ld  n o r m a l ly  v o l a t i l e  and  u n d e r g o  th e r m a l  
p o l y m e r i z a t i o n  o r  d a r k  r e a c t i o n .  I t  i s  s u g g e s t e d  from  t h e  
e x p e r im e n t  t h a t  t h e  a p p r o p r i a t e  h a r d n e s s  o f  t h e  SMC f o r
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an e a s e  and  e c o n o m ic a l  f a b r i c a t i o n  s h o u ld  b e  o f  60 u n i t s  
o f  t h e  S h o r e  A s c a l e .

4 .5  E f f e c t  o f  t h e  C a t a l y s t s  on  M e c h a n ic a l  P r o p e r t i e s  o f  
t h e  SMC

The d u r a t io n  o f  t h e  c u r i n g  s t e p  d e p e n d s  on  how lo n g  
i t  t a k e s  f o r  t h e  m a t e r i a l  t o  r e a c h  a c r i t i c a l  c o n v e r s i o n  
l e v e l ,  a t  w h ic h  i t  i s  d i m e n s i o n a l l y  s t a b l e  and  t h u s  c a n  b e  
rem o v ed  from  t h e  m old  w i t h o u t  l o s i n g  i t s  s h a p e  o r  
b le m i s h i n g  i t s  s u r f a c e .  To m in im iz e  t h e  h ig h  l e v e l  o f  
c o n f i d e n c e  o f  t h e  c o n v e r s i o n ,  t h r o u g h o u t  t h e  m old  s h o u ld  b e  
o p e n e d  a s  s o o n  a s  t h e  o v e r a l l  c o n v e r s i o n  i n  t h e  m old  w as  
a b o v e  t h e  c r i t i c a l  v a l u e .  H o w ev er , t h e  c o n v e r s i o n  c a n n o t  b e  
m e a su r e d  d i r e c t l y ,  t h u s  t h e  en d  o f  t h e  c u r e  m u st b e  
p r e d i c t e d  b y  m ean s o f  i n d i r e c t  m e a s u r e m e n ts  w h ic h  c a n  
f u n c t i o n a l l y  r e l a t e  t o  c u r e  ( 2 4 ) .

In  t h i s  s t u d y ,  t e s t  s p e c im e n s  w er e  p r e p a r e d  from  
t h e  f o r m u l a t io n  i n  T a b le  3 .7  and  s u b j e c t e d  t o  t h e  t e s t  
m e th o d s  o f  ASTM D790 ( 2 0 )  m e n t io n e d  p r e v i o u s l y .  The 
f l e x u r a l  t e s t  w as u s e d  a s  a m eth od  t o  f o l l o w  up t h e  e f f e c t  
o f  c u r e  t im e  on m e c h a n ic a l  p r o p e r t y  o f  t h e  SMC, i n f l u e n c e d  
by t h e  c a t a l y s t s :  t h e  TBPB, DTBC, BPO, a d d i t i o n s  o f  PBQ t o  
t h e  c a t a l y s t s ,  and  t h e  d u a l  c a t a l y s t s .
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4 . 5 . 1  E f f e c t  o f  t h e  TBPB C a t a l y s t  on  M e c h a n ic a l
P r o p e r t i e s  o f  t h e  SMC

The TBPB w as a w e llk n o w n  c a t a l y s t  u s e d  in  
t h e  SMC a t  p r e s e n t  t i m e .  I t  h a s  a h a l f - l i f e  t e m p e r a t u r e  in  
10  h o u r s  a t  1 0 4 ° c .  The fo r m in g  t e m p e r a t u r e  o f  SMC in  t h e
m old  w as 1 5 0 ° c .  The e f f e c t s  o f  t h e  TBPB c a t a l y s t  o f  2 p h r
on m e c h a n ic a l  s t r e n g t h  e x p r e s s e d  a s  f l e x u r a l  s t r e n g t h  and  
m o d u lu s  and  s t o r a g e  t im e  w er e  show n i n  F i g u r e s  4 . 2 3 - 4 . 2 4 ,  
r e s p e c t i v e l y .  H o w ev er , t h e r e  a r e  a v a i l a b l e  d a t a  t o  com p are  
t h e  m e c h a n ic a l  p r o p e r t i e s  b e tw e e n  t h e  r e s u l t s  fro m  t h e
e x p e r im e n t s  and  t h e  c a l c u l a t e d  o n e s  from  e q u a t i o n s  3 . 1  and
3 . 2 .  A s t a n d a r d  d e v i a t i o n  a n a l y s i s  w as ru n  on  t h e  r e s u l t s  
o f  t h e  f o u r  s p e c im e n s  a s  show n i n  A p p e n d ix  B.

F i g u r e s  4 . 2 3 - 4 . 2 4  sh ow  t h e  c o m p a r a t iv e  
f l e x u r a l  s t r e n g t h  and  m o d u lu s o f  t h e  SMC w hen t h e  c u r i n g  
t im e  in  t h e  m old  o f  t h e  SMC w as v a r i e d  from  1 ,  2 ,  and  3 
m in u t e s .  From t h e  r e s u l t s ,  t h e  m e c h a n ic a l  p r o p e r t y  o f  t h e  
SMC d e p e n d e d  g r e a t l y  on t h e  c u r i n g  t im e  i n  t h e  m o ld . The 
f l e x u r a l  s t r e n g t h  and  m o d u lu s w e r e  fo u n d  t o  b e  lo w e r  f o r  1 
m in u te  o f  c u r i n g  t im e  a t  a l l  l e v e l s  o f  s t o r a g e  t i m e .  The 
f l e x u r a l  s t r e n g t h  and  m o d u lu s  w er e  a lm o s t  e q u a l  a t  t h e  
l e v e l s  o f  c u r i n g  t im e  f o r  2 and 3 m in u t e s .

B a s e d  on t h e  c h a r a c t e r i s t i c  p e a k s  o f  t h e  
c u r e d  p r o d u c t s  on  a FTIR s p e c t r a ,  t h e r e  e x i s t e d  a few  
r e s i d u e s  o f  t h e  u n c u r e d  c = c  g r o u p s  i n  t h e  SMC w it h  1 m in u te
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o f  c u r i n g  t i m e .  I t  sh o w ed  t h a t  a 1 m in u te  o f  c u r i n g  t im e  
m ig h t n o t  b e e n o u g h  f o r  c o m p le t e  c u r in g  o f  t h e  SMC. By su c h  
an i n d i c a t i o n ,  t h e  p r o d u c t  c o u ld  n o t  c o m p l e t e l y  c r o s s l i n k  
w h ic h  r e s u l t e d  i n  lo w  m e c h a n ic a l  s t r e n g t h  o f  t h e  SMC.

From t h e  r e s u l t s  i n  F i g u r e s  4 . 2 3 - 4 . 2 4 ,  t h e  
f l e x u r a l  s t r e n g t h  and m o d u lu s o f  t h e  SMC w h ic h  h a s  a 
s t o r a g e  t im e  o f  45 d a y s ,  w as lo w e r  th a n  t h o s e  o f  17 and  30 
d a y s .  T h e se  r e s u l t s  sh o w ed  t h a t  t h e  a p p r o p r i a t e  s t o r a g e  
t i m e ,  o r  s h e l f  l i f e ,  o f  t h e  SMC a t  t h e  room  te m p e r a t u r e  
(28 °C ) s h o u ld  n o t  b e  lo n g e r  th a n  3 0 - 4 5  d a y s .  B e c a u s e  o f  t h e  
l o n g e r  t h e  s t o r a g e  t i m e ,  t h e  h ig h e r  v i s c o s i t y ;  t h e  SMC 
s h e e t ,  t h e n ,  b ec o m es t o o  h a r d  t o  b e  i n d e n t e d  on t h e  
s u r f a c e .  The SMC w as t o o  v i s c o u s  t o  f l o w  in  t h e  m o ld in g  
p r o c e s s .

The s h e l f  l i f e  and  w o r k in g  l i f e  a r e  te r m s  
r e l a t e d  t o  and  d e p e n d e n t  u pon  t h e  g e l  t im e  o f  a 
t h e r m o s e t t i n g  s y s t e m .  The w o r k in g  l i f e  i s  t h e  t im e  
a v a i l a b l e  f o r  p r o c e s s i n g  t h e  s y s te m  from  t h e  p o i n t  t h e  
r e a c t a n t s  a r e  f i r s t  b r o u g h t  t o g e t h e r .  O n ly  u n d e r  v e r y  
u n u s u a l  c o n d i t i o n s  d o e s  t h e  w o r k in g  l i f e  e q u a l  o r  e x c e e d  
t h e  g e l  t im e .

The s h e l f  l i f e  r e p r e s e n t s  t h e  l e n g t h  o f  
s t o r a g e  t im e  d u r in g  w h ic h  t h e  SMC w i l l  r e m a in  s t a b l e  ( i . e . ,  
t h e  t im e  a v a i l a b l e  f o r  s t o r i n g  t h e  m a t e r i a l  b e f o r e  
p r o c e s s i n g  b e g i n s ) .  O n e -c a n  s y s te m  i s  d e s i g n e d  t o  p r o v id e
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v e r y  lo n g  s h e l f  l i v e s  a t  room  t e m p e r a t u r e  o r  b e lo w . The 
s h e l f  l i f e  o f  t h e  SMC c a n  b e  i n f l u e n c e d  b y  o t h e r  f a c t o r s  
b e s i d e s  r e a c t i o n  k i n e t i c s .  F o r  e x a m p le ,  c o n t a m in a t io n  o f  
t h e  r e s i n  by m o i s t u r e ,  C02; o r  o t h e r  a ir b o r n e  p a r t i c u l a t e  
c a n  s e r i o u s l y  a f f e c t  t h e  g e l a t i o n  c h a r a c t e r i s t i c s  o f  
u n s a t u r a t e d  p o l y e s t e r  r e s i n s  ( 2 5 ) .

R e g a r d in g  t h e  c o n c e n t r a t i o n  o f  t h e  TBPB 
c a t a l y s t  on t h e  f l e x u r a l  s t r e n g t h  and  m o d u lu s  o f  t h e  SMC 
u n d e r  t h e  i n f l u e n c e  o f  t h e  c u r i n g  t im e  a t  1 and  2 m in u t e s ,  
t h e  s t o r a g e  t im e  o f  t h e  SMC a t  3 ,  1 7 ,  and  30 d a y s  a r e  
p r e s e n t e d  i n  F i g u r e s  4 . 2 5 - 4 . 2 6 .  I t  sh ow ed  t h a t  t h e  SMC w it h  
t h e  lo w  c o n c e n t r a t i o n  o f  TBPB c a t a l y s t  a t  0 .5  p h r  h ad  lo w e r  
s t r e n g t h  d u e  t o  t h e  e f f e c t  o f  lo w  c o n c e n t r a t i o n  o f  t h e  
c a t a l y s t .  The c u r i n g  r e a c t i o n  o f  t h e  SMC o c c u r r e d  s l o w l y  
and  w as u n a b le  t o  c o m p le t e  t h e  c u r i n g  r e a c t i o n  w i t h i n  1 o r  
2 m in u t e s .  L ik e w is e  t h e  e f f e c t  o f  c a t a l y s t  c o n c e n t r a t i o n s  
a t  2 and 3 p h r  on  f l e x u r a l  s t r e n g t h  and  m o d u lu s  o f  t h e  SMC 
w as n o t  s i g n i f i c a n t l y  e n o u g h  t o  e l a b o r a t e .  C o n s id e r in g  t h e  
e f f e c t  o f  t h e  s t o r a g e  t im e  on t h e  f l e x u r a l  s t r e n g t h  and  
m o d u lu s o f  t h e  SMC, i t  i s  fo u n d  t h a t  3 d a y s  o f  s t o r a g e  t im e  
c r e a t e d  lo w e r  m e c h a n ic a l  s t r e n g t h  th a n  t h o s e  o f  17 and  30 
d a y s ;  t h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  t h e  TBPB c a t a l y s t  a t  
1 t o  3 p h r  on f l e x u r a l  s t r e n g t h  and  m o d u lu s  o f  t h e  SMC w as  
n o t  s i g n i f i c a n t l y  d i f f e r e n t .  The m o st i n f l u e n c i n g  p a r a m e te r  
on t h e  m e c h a n ic a l  p r o p e r t i e s  o f  t h e  SMC i s  t h e  c u r i n g  t im e  
in  t h e  m o ld , i . e . ,  t h e  lo n g e r  t h e  c u r i n g  t i m e ,  t h e  g r e a t e r  
t h e  m e c h a n ic a l  s t r e n g t h .
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F ig u r e  4 .2 5  E f f e c t  o f  t h e  c o n c e n t r a t i o n s  o f  t h e  TBPB c a t a l y s t  on  t h e  f l e x u r a l  s t r e n g t h  
o f  t h e  SMC u n d e r  t h e  i n f l u e n c e  o f  t h e  s t o r a g e  t im e  and  t h e  c u r i n g  t i m e .
( — “—  3 d a y s ,  1 m in ; — I—  3 d a y s ,  2 m in ; 1 7  d a y s ,  1 m in ; - £ } -  1 7  d a y s ,

2 m in ; 0  3 0  d a y s ,  1 m in ; -A -  3 0  d a y s ,  2 m i n . )
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26 E f f e c t  o f  t h e  c o n c e n t r a t i o n s  o f  t h e  TBPB c a t a l y s t  on t h e  f l e j  
o f  t h e  SMC u n d e r  t h e  i n f l u e n c e  o f  t h e  s t o r a g e  t im e  and  t h e  
( — •— 3 d a y s ,  1 m in ; —j—  3 d a y s ,  2 m in ; —̂ — 17 d a y s ,  1 m in ;  

2 m in ; 30 d a y s ,  1 m in ; ร- 30 d a y s ,  2 m in  . )
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4 . 5 . 2  E f f e c t  o f  t h e  DTBC C a t a l y s t  on M e c h a n ic a l
P r o p e r t i e s  o f  t h e  SMC

The DTBC c a t a l y s t  h a s  a lo w e r  h a l f - l i f e  
t e m p e r a t u r e  in  10 h o u r s ,  a t  93°c, th a n  t h e  TBPB c a t a l y s t .  
W ith  s u c h  a p r o p e r t y ,  i t  i s  u s e f u l  in  r e d u c i n g  t h e  c u r i n g  
t im e  o f  t h e  SMC. On t r i a l  and  e r r o r ,  a c u r i n g  t e m p e r a tu r e  
a t  150°c g a v e  t h e  f a b r i c a t e d  p r o d u c t s  a n o r m a l a p p e a r a n c e ,  
i . e . ,  t h e y  lo o k e d  g o o d  and t h e i r  s t r e n g t h  w as h ig h .

F i g u r e s  4 . 2 7 - 4 . 2 8  i l l u s t r a t e  t h e  
c o n c e n t r a t i o n  e f f e c t  o f  t h e  DTBC c a t a l y s t  on t h e  f l e x u r a l  
s t r e n g t h  and  m o d u lu s  o f  t h e  SMC u n d e r  t h e  sam e c o n d i t i o n  a s  
t h a t  o f  t h e  TBPB c a t a l y s t  m e n t io n e d  p r e v i o u s l y .  I t  i s  fo u n d  
t h a t  t h e  f l e x u r a l  s t r e n g t h  and  m o d u lu s  o f  t h e  SMC a r e  
h i g h e s t  a t  1 p h r  o f  t h e  DTBC, and  t h e  s t o r a g e  t im e  o f  t h e  
SMC a t  17 d a y s ,  o f  w h ic h  t h e  h a r d n e s s  o f  t h e  SMC w as  
a p p r o x im a t e ly  6 0 - 7 0  S h o r e  A.

F i g u r e s  4 . 2 7 - 4 . 2 8  show  t h e  s i m i l a r  r e s u l t s  
a s  com p ared  t o  t h e  TBPB c a t a l y s t  f o r  t h e  SMCs f a b r i c a t e d  
w it h  c u r e  t im e s  o f  1 and  2 m in u t e s .  A g a in  l i t t l e  d i f f e r e n c e  
w as s e e n  from  t h e  f l e x u r a l  s t r e n g t h  and  m o d u lu s  o f  t h e  1 
and 2 m in u t e s  c u r i n g  t i m e s ,  i n d i c a t i n g  t h a t  t h e  1 m in u te  
c u r e  t im e  w as n o t  an optim um  l i m i t .  The SMC c u r e d  f o r  1 
m in u te  h ad  lo w  m e c h a n ic a l  s t r e n g t h  d u e  t o  i n s u f f i c i e n t  c u r e  
t i m e .  T h is  c a u s e d  o f  d e l a m i n a t io n  o r  b l i s t e r i n g  o f  SMC 
s h e e t .  R e f e r r i n g  t o  ( 1 ) ,  t h e  d em o ld  t im e  w as fo u n d  t o  h a v e
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4 . 5 . 3  E f f e c t  o f  t h e  BPO C a t a l y s t  on  M e c h a n ic a l  
S t r e n g t h  o f  t h e  SMC

The BPO c a t a l y s t ,  t h e  f a s t e s t  c a t a l y s t  i n  
d e c o m p o s i t i o n  am ong o t h e r  t y p e s  o f  c a t a l y s t  u s e d  i n  t h i s  
r e s e a r c h ,  p o s s e s s e s  a h a l f - l i f e  t e m p e r a t u r e  i n  10 h o u r s  
a t  7 3 ° c .

g r e a t e r  i n f l u e n c e  ๐ ท c o n t r o l l i n g  t h e  f o r m a t i o n  o f
d é l a m i n a t i o n .

4 . 5 . 3 . 1  E f f e c t  o f  t h e  M old  T e m p e r a tu r e  ๐ท 
C u r in g  C h a r a c t e r i s t i c  o f  t h e  SMC

A c o n v e n i e n t  w ay t o  r e d u c e  t h e
c y c l e  t im e  i s  t o  i n c r e a s e  t h e  w a l l  t e m p e r a t u r e  t o  m a tch  t h e  
f a s t e r  c u r i n g  r a t e  a t  t h e  c o r e .  Upon t h e  i n v e s t i g a t i o n  o f  
t h e  SMC p r o c e s s e d  w i t h  t h e  BPO c a t a l y s t  a t  t h e  m o ld
t e m p e r a t u r e  o f  150°c, t h e  SMC p a r t  w as s c o r c h e d  on  t h e  
s u r f a c e  w i t h  b r o w n is h  y e l l o w  c o l o r .  M ea su rem en t o f  
y e l l o w n e s s  and  w h i t e n e s s  i n d e x e s  v a l u e d  a t  8 3 .9 1  and
- 1 9 1 . 4 7 ,  r e s p e c t i v e l y ,  a r e  sh ow n  i n  F ig u r e  4 . 2 9 .  O w ing t o  
d e c o m p o s i t i o n  o f  t h e  r e s i n  u n d e r  e x c e s s i v e  e x o t h e r m ic  h e a t  
from  t h e  d e c o m p o s i t i o n  r e a c t i o n  o f  t h e  BPO, s c o r c h e d
s u r f a c e  t h e n  o c c u r r e d .  T he d e c o m p o s i t i o n  t e m p e r a t u r e  o f  t h e  
BPO c a t a l y s t  w as a b o u t  110-120°c (8 )  . T h e r e f o r e ,  t h e  m o ld  
t e m p e r a t u r e  a t  150°c w as t o o  h ig h  and  u n a p p r o p r ia t e d  f o r  
c u r i n g  t h e  SMC u s i n g  t h e  BPO c a t a l y s t .  R e d u c in g  t h e  m o ld
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t e m p e r a t u r e  t o  12 0 ° c , t h e  SMC w as t h e n  c u r e d  p r o p e r l y  i n  t h e  
m old  w i t h  t h e  n o rm a l a p p e a r a n c e ;  t h e  v a l u e s  o f  t h e  
y e l l o w n e s s  and  w h i t e n e s s  i n d e x e s  w e r e  a t  2 0 .9 8  an d  - 5 . 4 4 ,  
r e s p e c t i v e l y .  I t s  m e c h a n ic a l  p r o p e r t i e s  w e r e  a lm o s t  t h e  
sam e i n  c o m p a r is o n  t o  t h o s e  from  t h e  TBPB o r  DTBC 
c a t a l y s t s .  C o n s e q u e n t ly ,  i t  i s  a p p r o p r i a t e  t o  s e t  t h e  m o ld  
t e m p e r a t u r e  a t  12 0°c  f o r  fo r m in g  t h e  SMC w i t h  t h e  BPO 
c a t a l y s t .

F ig u r e  4 .2 9  E f f e c t  o f  t h e  m o ld  t e m p e r a t u r e  a t  1 5 0 °c  on  
c h a r a c t e r i s t i c  o f  t h e  SMC c o n t a i n i n g  t h e  BPO 
c a t a l y s t  ( o v e r a l l  b r o w n is h  y e l l o w  on  t h e  
s u r f a c e  i n d i c a t e s  t h e  o c c u r r e n c e  o f  b u r n i n g ) .
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T h e r e f o r e ,  t h e  s e l e c t i o n  o f  a 
s u i t a b l e  w a l l  t e m p e r a t u r e  m u st b e  t a k e n  i n t o  s e r i o u s  
a c c o u n t  f o r  t h e  f o l l o w i n g  p o i n t s  ะ t h e  p o s s i b i l i t y  o f  
f i l l i n g  t h e  m o ld  w i t h o u t  p r e m a tu r e  g e l l i n g ;  t h e  maximum  
t e m p e r a t u r e  i n  t h e  p a r t  m u st b e  b e lo w  a l e v e l  l e a d i n g  t o  
d e g r a d a t io n  o r  u n d e s i r e d  s i d e  r e a c t i o n s ;  an d  t h e  
p o s s i b i l i t y  o f  r e a c h i n g  t h e  r e q u ir e d  r e a c t i o n  e x t e n t  a t  t h e  
w a l l  ( r e a c t i o n  n o t  a r r e s t e d  b y  v i t r i f i c a t i o n ) . F o r  p a r t s  i n  
w h ic h  t h e  c o r e  c u r e s  a d i a b a t i c a l l y , i t  i s  c o n v e n i e n t  t o  
s e l e c t  a w a l l  t e m p e r a t u r e  s u c h  a s  t h a t  t h e  n e c e s s a r y  t im e  
t o  r e a c h  t h e  r e q u ir e d  r e a c t i o n  e x t e n t  w i l l  b e  t h e  sam e a t  
t h e  w a l l  and  i n  t h e  c o r e .  T h is  s e l e c t i o n  may b e  p o s s i b l e  
w hen t h e  a f o r e m e n t io n e d  r e q u ir e m e n t s  a r e  f u l f i l l e d .  A l s o ,  
w hen c y c l e  t im e  i s  d e t e r m in e d  b y  c u r i n g  a t  t h e  w a l l ,  i t  i s  
v e r y  im p o r t a n t  n o t  t o  o v e r e s t i m a t e  t h e  c r i t i c a l  c o n v e r s i o n  
n e e d e d  t o  e j e c t  t h e  p a r t  from  t h e  m o ld  ( 2 8 ) .

4 . 5 . 3 . 2  E f f e c t  o f  t h e  C o n c e n t r a t io n  o f  BPO 
C a t a l y s t  on  M e c h a n ic a l  P r o p e r t i e s  
o f  t h e  SMC

R e g a r d in g  t h e  c o n c e n t r a t i o n  o f  BPO 
c a t a l y s t  on  t h e  f l e x u r a l  s t r e n g t h  and  m o d u lu s  o f  t h e  SMC 
u n d e r  t h e  i n f l u e n c e  o f  t h e  c u r i n g  t im e  o f  t h e  SMC a t  1 and  
2 m i n u t e s ,  f o r  3 d a y s  o f  s t o r a g e  t im e  o f  t h e  SMC, t h e  
r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e s  4 . 3 0 - 4 . 3 1 .
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T he fu n d a m e n ta l  h y p o t h e s i s  w a s t h a t  
o n e  c o u ld  u s e  t h e  BPO a s  c a t a l y s t  f o r  e n c o u r a g in g  a f a s t e r  
c u r i n g  t im e  o f  t h e  SMC, b u t  fro m  t h e  r e s u l t s  i n  F i g u r e s  
4 . 3 0 - 4 . 3 1 ,  t h e  s t r e n g t h  and  m o d u lu s  o f  t h e  SMC w e r e  lo w e r  
th a n  t h o s e  o f  t h e  TBPB and  DTBC c a t a l y s t s .  A t t h e  
c o n c e n t r a t i o n  o f  BPO c a t a l y s t  m ore t h a n  1 p h r ,  t h e  
v i s c o s i t y  o f  p a s t e  w as t o o  h ig h  t o  p r e p a r e  t h e  SMC i n  a 
n o r m a l p r o c e d u r e .  A t t h e  lo w  c o n c e n t r a t i o n  o f  0 .1  p h r  BPO 
c a t a l y s t ,  t h e  v i s c o s i t y  o f  p a s t e  w as d e c r e a s e d  a n d  t h e  
f l e x u r a l  s t r e n g t h  and  m o d u lu s  o f  t h e  SMC w as c o n s e q u e n t l y  
lo w  a s  sh ow n  i n  F i g u r e s  4 . 3 0 - 4 . 3 1 .  T he a p p r o p r i a t e  
c o n c e n t r a t i o n  o f  BPO w as a b o u t  1 .0  p h r ;  t h e  c u r i n g  t im e  o f  
t h e  SMC f o r  2 m i n u t e s ,  t h e  f l e x u r a l  s t r e n g t h  o f  t h e  SMC w as  
lo w e r  th a n  t h o s e  o f  t h e  TBPB o r  DTBC c a t a l y s t  a b o u t  20  MPa, 
and  s i m i l a r l y  t h e  f l e x u r a l  m o d u lu s  w as lo w e r  t h a n  a b o u t  
1 ,5 0 0  MPa. When c o n s i d e r i n g  t h e  r e s u l t s  o f  t h e  c u r i n g  t im e  
a t  1 m in u t e ,  t h e  f l e x u r a l  s t r e n g t h  and  m o d u lu s  o f  t h e  SMC 
o b t a i n e d  w a s a l s o  lo w e r  th a n  t h e  2 m in u t e s  o f  c u r i n g  t i m e .  
H o w ev er , t h e  f l e x u r a l  s t r e n g t h  and  m o d u lu s  w e r e  i n  t h e  
r a n g e  o f  a c c e p t a b l e  v a l u e  w hen co m p a red  w i t h  t h e  m e c h a n ic a l  
p r o p e r t i e s  o f  t h e  SMC i n  t h e  l i t e r a t u r e  e l s e w h e r e  ( 1 ) .

4 . 5 . 4  E f f e c t  o f  t h e  A dded P a r a b e n z o q u in o n e  (PBQ)
on M e c h a n ic a l  P r o p e r t i e s  o f  t h e  SMC

The PBQ w as a k in d  o f  i n h i b i t o r  w h ic h  c o u ld  
b e  f i l l e d  i n  t h e  p o l y e s t e r  r e s i n  t o  d e c r e a s e  a n  e x c e s s i v e  
p o l y m e r i z a t i o n  r e a c t i o n  and  t o  e x t e n d  t h e  s t o r a g e  t im e  o f
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t h e  SMC ( 6 ) .

I n  t h i s  s t u d y ,  t h e  PBQ w a s a d d ed  i n  t h e  
c o m p o n e n t o f  t h e  SMC w i t h  t h e  c o n c e n t r a t i o n s  o f  0 .0 2 5  and  
0 .0 5  p h r .  T hen  t h e  c o m p o s i t e  w a s k e p t  f o r  17 d a y s  a t  room  
t e m p e r a t u r e .  The r e s u l t s  o f  f l e x u r a l  s t r e n g t h  an d  m o d u lu s  
o f  t h e  SMC a t  t h e  c u r i n g  t im e  i n  t h e  m o ld  o f  1 an d  2 
m in u t e s  w e r e  sh ow n  i n  T a b le  4 . 2 .

From t h e  r e s u l t s  i n  T a b le  4 . 2 ,  t h e  a d d ed  
PBQ i n  t h e  c o m p o n e n t o f  t h e  SMC d e c r e a s e d  t h e  h a r d n e s s  o f  
t h e  SMC s h e e t .  I t  c o u ld  s i m u l t a n e o u s l y  e x t e n d  t h e  s t o r a g e  
t im e  o f  t h e  SMC and  y e t  i t  d id  n o t  d e c r e a s e  t h e  m e c h a n ic a l  
p r o p e r t i e s  o f  t h e  SMC. T h e s e  r e s u l t s  m ig h t  com e fro m  t h e  
i n h i b i t i o n  r e a c t i o n  o f  t h e  PBQ i n  w h ic h  t h e  i n h i b i t o r  
s t o p p e d  t h e  p o l y m e r i z a t i o n  r e a c t i o n  o f  c h a i n  p r o p a g a t io n  
o f  t h e  r a d i c a l s  p r o d u c e d  b y  t h e  c a t a l y s t  d u r in g  s t o r a g e .  
T he s t a b i l i t y  o f  t h e  c a t a l y s t  w as i n c r e a s e d .  M o r e o v e r , i t  
n o r m a l ly  d e c r e a s e d  t h e  e f f e c t  o f  e x o t h e r m ic  h e a t  im p o s in g  
d u r in g  t h e  c u r i n g  r e a c t i o n  o f  t h e  r e s i n  b y  d e c r e a s i n g  
c r a c k i n g  o r  c r a z i n g  i n  t h e  c u r e d  SMC ( 1 1 ) .  T he f l e x u r a l  
s t r e n g t h  a n d  m o d u lu s  o f  t h e  SMC w it h  o n l y  1 m in u te  c u r i n g  
t im e  w as a lm o s t  e q u a l  t o  t h a t  o f  t h e  2 m in u t e s  c u r i n g
t i m e .



Table 4.2
E f fe c t  of the  added PBQ in the  component of the  SMC on 

f l e x u r a l  s t r e n g th  and modulus of the  SMC.

Type of 
c a t a l y s t

Concentrat ions Hardness 1 min Cure time 2 min Cure time 1 min Cure time 2 min Cure time
C ata ly s t PBQ

(Shore A)
Flexura l s t r e n g th F lexura l s t r e n g th F lexura l modulus F lexura l modulus

(phr) (phr) XFS (MPa) s t d . d e v . XFS (Mpa) Std .dev . XFM (MPa) Std .dev. XFM (Mpa) Std .dev .

TBPB 2 - 60-65 202.16 19.60 233.05 5.73 8927.23 5.73 9416.91 748.50
TBPB 2 0.025 55-60 199.27 5.06 243.12 10.31 8296.77 198.32 9853.58 622.29
TBPB 2 0.050 55-60 237.82 14.18 247.16 19.98 11822.82 1068.50 9627.16 308.30
DTBC 2 - 65-70 181.27 7.34 204.23 16.43 7404.39 410.36 8137.66 733.19
DTBC 2 0.025 60-65 206.13 10.80

_________
206.37 27.39 8112.49 554.54 8211.76 441.29

Note ะ XFS and XFM stand fo r  an average va lue of f l e x u r a l  s t r e n g th  and modulus, r e s p e c t i v e ly  fo r  4 measurements. 121
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Due t o  t h a t  t h e  i n h i b i t o r s  a r e  c a p a b l e  o f  
p r e v e n t i n g  t h e  c u r e  r e a c t i o n  b y  r e a c t i n g  w i t h  f r e e  
r a d i c a l s  g e n e r a t e d  i n  t h e  s y s t e m ,  t h e y  p r o v id e  an  
i n d u c t i o n  t im e  ( o r  i n h i b i t i o n  p e r i o d )  f o r  t h e  com pound  t o  
f i l l  t h e  m o ld  w i t h o u t  a n y  s c o r c h  p r o b le m . A t h ig h  
t e m p e r a t u r e s ,  t h e  c a t a l y s t s  a r e  m ore a c t i v e  a n d  c a n  
g e n e r a t e  m ore f r e e  r a d i c a l s  r a p i d l y ,  t h e r e f o r e ,  t h e  
i n d u c t i o n  t im e  w i l l  b e  s h o r t e r  a c c o r d i n g l y .  A t lo w e r  
t e m p e r a t u r e s ,  an  o p p o s i t e  r e s u l t  may o c c u r .  F o r  a n  i d e a l  
SMC com p ou n d , t h e  i n d u c t i o n  t im e  s h o u ld  b e  l o n g  e n o u g h  t o  
e n s u r e  c o m p le t e  m o ld  f i l l i n g ,  y e t  s h o r t  e n o u g h  t o  a c h i e v e  
a s h o r t  c u r e  t im e  ( 1 2 ) .  T he o t h e r  r e s u l t  o f  a d d in g  PBQ i n  
t h e  c o m p o n e n t o f  SMC w as i n  t h a t  t h e  o r i g i n a l  y e l l o w  c o l o r  
b eca m e v e r y  s t r o n g .  T he y e l l o w n e s s  in d e x  w a s i n c r e a s e d  
from  1 5 .5 5  t o  3 9 .8 8  and  w h i t e n e s s  in d e x  w as d e c r e a s e d  from  
- 1 . 3 1  t o  - 5 1 . 2 1 .  T he c h a n g e  o f  c o l o r  d o e s  a f f e c t  t h e  
p r o d u c t ' s  a p p e a r a n c e  i n  te r m s  o f  h u e ,  s a t u r a t i o n  and  
1 i g h t n e s s / b r i g h t n e s s .

4 . 5 . 5  E f f e c t  o f  t h e  D u a l C a t a l y s t s  o n  M e c h a n ic a l
P r o p e r t i e s  o f  t h e  SMC

To r e d u c e  t h e  c u r e  t im e  o f  t h e  SMC o b t a i n e d  
w it h  a s i n g l e  c a t a l y s t ,  d u a l  c a t a l y s t  s y s t e m s  a r e  o f t e n  
u s e d .  One o f  t h e  m ore common SMC c a t a l y s t  c o m b in a t io n s
t o d a y  i s  t - b u t y l  p e r o c t o a t e  (TBPO) w i t h  a h a l f  l i f e  
t e m p e r a t u r e  o f  74°c, u s e d  i n  c o n j u n c t i o n  w i t h  t - b u t y l  
p e r b e n z o a t e  (TBPB) ( 1 ) .
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I n  t h i s  s t u d y ,  t h e  d u a l  c a t a l y s t  s y s t e m s  
c o n s i s t i n g  o f  t h e  1 , 1 - d i - ( t - b u t y l  p e r o x y )  c y c l o h e x a n e  
(DTBC) i n  c o n j u n c t i o n  w i t h  t h e  TBPB c a t a l y s t  w e r e  u s e d  i n  
t h e  c o m p o s i t io n  o f  SMC. V a r io u s  c o m b in a t io n s  o f  t h e s e  tw o  
c a t a l y s t s  on  t h e  e f f e c t  o f  m e c h a n ic a l  p r o p e r t i e s  o f  t h e  SMC 
w e r e  i n v e s t i g a t e d .  R e s u l t s  a r e  sh ow n  i n  T a b le  4 . 3 .  The  
f l e x u r a l  s t r e n g t h  a v e r a g e s  r a n g in g  fro m  1 70  t o  2 1 0  MPa f o r  
1 m in u te  o f  c u r i n g  t im e  and  fro m  2 1 0  t o  2 3 0  MPa f o r  2 
m in u t e s  o f  c u r i n g  t im e  w e r e  o b t a i n e d .  T he f l e x u r a l  m o d u li  
a r e  r a n g in g  from  7 0 0 0  t o  8 5 0 0  MPa f o r  1 m in u te  o f  c u r i n g  
t im e  and  fro m  8 0 0 0  t o  9 0 0 0  MPa f o r  2 m in u t e s  o f  c u r i n g  
t i m e .  T he o n l y  s i g n i f i c a n t l y  i n c r e a s e d  m e c h a n ic a l  
p r o p e r t i e s  a p p e a r e d  t o  b e  t h e  f o r m u l a t io n  c o n t a i n i n g  t h e  
h i g h e s t  l e v e l  ( 1 . 5  p h r ) o f  t h e  DTBC c a t a l y s t .  H o w e v e r , t h e  
r e s u l t  o f  t h e  1 m in u te  o f  c u r i n g  w as r e m a in e d  lo w e r  th a n  
t h a t  o f  t h e  2 m in u t e s  o f  c u r i n g  t i m e .  In  c o n c l u s i o n ,  t h e  
d u a l  c a t a l y s t  s y s t e m  in d e e d  c u r e s  t h e  SMC much f a s t e r  th a n
d o e s  t h e  TBPB a l o n e .



Table  4 . 3
Effec t  of dual c a t a l y s t s  of TBPB and DTBC on the  mechanical p r o p e r t i e s  of the SMC.

Concentrat ions  of Storage
time

(days)

1 min Cure time 2 min Cure time 1 min Cure time 2 min Cure time
TBPB DTBC Flexura l s t r e n g th Flexura l s t r e n g th FlexuraJ modulus F lexura l modulus
(phr) (phr) XFร (MPa) s t d . d e v . XFS (Mpa) s td .d e v . XFM (MPa) Std .dev. F̂M (Mps.) Std .dev.

1.0 - 3 193.87 13.52 222.30 20.69 7947.07 541.53 8585.53 967.71
- 1.0 3 206.91 24.79 212.78 12.12 7922.13 1002.73 7456.57 300.81

0.5 0.5 3 189.23 10.26 209.48 12.95 8009.48 479.15 8273.00 884.05
1.5 0.5 3 175.15 7.47 213.03 14.48 6424.96 482.35 7571.33 1160.92
1.0 1.0 3 171.59 4.28 208.81 7.72 6805.75 1099.44 8055.58 993.80
0.5 1.5 3 172.20 15.37 218.78 13.42 7008.14 654.50 8076.28 880.54
2.0 - 3 186.34 8.41 208.79 11.78 7107.24 464.97 7774.46 472.85

- 2.0 3 183.07 13.59 205.33 9.36 6614.72 1880.51 7002.47 879.91

Note ะ XFS and XFM sta n d  f o r  an average  v a l u e  o f  f l e x u r a l  s t r e n g t h  and modulus,  r e s p e c t i v e l y  f o r  4 measurements.
(P .T .O .) N3

■ P-



Table  4 . 3  (C o n t in u e d ) .

C o n c e n t r a t i on s  o f S t or age  
t ime  

( d a y s )

1 min Cure t ime 2 min Cure t ime 1 min Cure t ime 2 min Cure t ime
TBPB DTBC F l e x u r a l s t r e n g t h F l e x u r a l s t r e n g t h F l e x u r a l modulus F l e x u r a l modulus
( phr ) (phr) XFS (MPa) s t d . d e v . XFS (Mpa) S t d . d e v . XFH (MPa) S t d . d e v . XFM (Mpa) S t d . d e v .

1 . 0 - 17 20 8 . 1 7 20 . 2 7 22 4 . 1 4 3 . 25 7515 . 51 569 . 23 8774 . 51 38 5 . 7 7
- 1.0 17 189 . 03 20 . 12 214 . 78 12 . 12 7 4 04 . 39 4 1 0 . 3 6 8137 . 66 73 3 . 1 9

0 . 5 0 . 5 17 185 . 92 15 . 68 22 2 . 4 6 16 . 0 6 7036 . 46 8 5 0 . 7 6 8 6 62 . 36 1268 . 98
1. 5 0 . 5 17 199 . 57 16 . 89 23 8 . 6 2 13 . 5 2 7167 . 32 89 9 . 2 2 8480 . 30 90 2 . 2 3
1 . 0 1 . 0 17 21 8 . 7 6 6 . 98 22 3 . 0 7 12 . 0 9 8506 . 31 1 0 94 . 48 8 7 53 . 30 9 6 5 . 4 6
0 . 5 1.5 17 197 . 46 2 2 . 5 6 220 . 34 11 . 90 8 1 88 . 16 86 2 . 3 3 8 6 69 . 23 5 7 9 . 6 8
2 . 0 - 17 2 0 2 . 1 6 19 . 60 23 3 . 0 5 5 . 7 3 8 9 27 . 23 57 3 . 7 8 9416 . 91 748 . 50

- 2 . 0 17 181 . 27 7 . 34 20 4 . 2 3 16 . 43 7404 . 39 41 0 . 3 6 8 1 37 . 66 733 . 19

Note ะ XFS and XFM sta nd f o r  an average  v a l u e  o f  f l e x u r a l  s t r e n g t h  and modulus,  r e s p e c t i v e l y  f o r  4 measurements .
(P.T.O.)
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Table 4.3 (Continued).

Concentrat ions of Storage 
time 

(days)

1 min Cure time 2 min Cure time 1 min Cure time 2 min Cure time
TBPB DTBC Flexura l s t r e n g th F lexura l s t r e n g th F lexura l modulus F lexura l modulus
(phr) (phr) x rs (MPa) s td .d e v . Xps (Mp&) s t d . dev. XKM (MPa) S td .d e v . XFM (Mpa) S t d . dev.

1.0 - 30 168.71 17.50 202.14 7.41 7036.20 386.20 7693.14 1226.57
- 1.0 30 178.24 14.97 192.04 3.80 7097.19 451.47 7443.79 80.03

0.5 0.5 30 190.06 17.16 239.09 13.58 7144.48 1513.81 9063.69 994.74
1.5 0.5 30 205.17 14.17 242.96 9.64 7568.13 568.00 8806.11 254.51
1.0 1.0 30 207.07 19.04 223.35 9.62 7389.57 1022.00 8279.67 206.84
0.5 1.5 30 207.94 17.63 229.33 16.27 7829.12 944.79 8312.45 581.53
2.0 - 30 215.32 10.00 250.47 3.23 8956.74 499.21 9819.91 52.74

- 2.0 30 179.47 4.89 200.53 22.29 7316.42 442.20 7799.64 238.17

Note ะ XFS and XFM stand fo r  an average value of f l e x u r a l  s t r e n g th  and modulus, r e s p e c t i v e ly  fo r  4 measurements. 126
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4 .6  E f f e c t  o f  C a t a l y s t  ๐ท A d h e s io n  P r o p e r t i e s  b e tw e e n  
M a tr ix  and  F ib e r

The m e c h a n ic a l  p r o p e r t i e s  o f  c o m p o s i t e s  a r e  
d e p e n d e n t  upon  t h e  a d h e s io n  o f  t h e  m a t r ix  r e s i n  t o  t h e  
f i b e r s .  Bond f o r m a t io n  c a n  o n l y  t a k e  p l a c e  w h i l e  t h e  l i q u i d  
r e s i n  and  r e in f o r c e m e n t  a r e  i n  c o n t a c t .  The r e d u c t i o n  in  
c y c l e  t i m e s  n e e d e d  t o  make t h e  SMC p r o c e s s  v i a b l e  f o r  
v o lu m e  m a n u f a c t u r in g  m eans t h a t  t h e  l i q u i d  r e s i n  may o n ly  
i n  c o n t a c t  w i t h  t h e  f i b e r s  f o r  a fe w  s e c o n d s .  D u r in g  t h i s  
t im e  t h e  r e s i n  m ust w e t  t h e  f i b e r s  and form  t h e  i n t e r f a c i a l  
b o n d s . The m e c h a n ic a l  p r o p e r t i e s  o f  t h e  m a t e r i a l  d ep en d  
upon  t h e  e f f i c i e n t  t r a n s f e r  o f  s t r e s s  a c r o s s  s u c h  an  
i n t e r f a c e  (2 9  ) .

The i n t e r f a c i a l  b ond  b e tw e e n  t h e  m a t r ix  and  t h e  
f i b e r s  i s  an im p o r t a n t  f a c t o r  i n f l u e n c i n g  t h e  m e c h a n ic a l  
p r o p e r t i e s  and p e r fo r m a n c e  o f  SMC p r o d u c t s .  The i n t e r f a c e  
i s  r e s p o n s i b l e  f o r  c o n t r i b u t i n g  t o  t h e  g r e a t e r  s t r e n g t h  o f  
SMC. T hus t h e  SMC s t r e n g t h  i s  a f f e c t e d  b y  t h e  i n t e r f a c i a l  
c o n d i t i o n s .  The m ech a n ism  o f  lo a d  t r a n s f e r  th r o u g h  t h e  
i n t e r f a c e  b ec o m es  m ore im p o r t a n t  t o  u n d e r s t a n d  t h e  
m e c h a n ic a l  f a i l u r e  o f  t h e  SMC. The i n t e r f a c i a l  c o n d i t i o n  
c o n t r o l s  t h e  mode o f  p r o p a g a t io n  o f  m ic r o c r a c k s  a t  t h e  
f i b e r  e n d s  ( 3 0 ) .  A s t r o n g  bond  i s  a l s o  e s s e n t i a l ,  t h e  
e f f e c t  t o  s u c h  an e n v ir o n m e n t a l  p e r fo r m a n c e  b ec o m es s e v e r e  
i f  t h e  a d h e s io n  i s  in a d e q u a t e  e s p e c i a l l y  when t h e  SMC i s  
u n d e r lo a d  and  u t i l i z e d  a s  s t r u c t u r a l  SMC a p p l i c a t i o n  ( 3 1 ) .
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In  a d d i t i o n ,  t h e  c r a c k i n g  s u r f a c e  o f  t h e  sp e c im e n  
w h ic h  w as p a s s e d  t h e  m e c h a n ic a l  s t r e n g t h  t e s t s  a s  
p h o to g r a p h e d  b y  S c a n n in g  E l e c t r o n  M ic r o s c o p y  (SEM) f o r  
s t u d y i n g  t h e  m i c r o s t r u c t u r e  c h a r a c t e r i s t i c s  o f  a d h e s io n  
b e tw e e n  t h e  m a t r ix  and  g l a s s  f i b e r .  The a im  o f  t h i s  
i n v e s t i g a t i o n  w as t o  d i s c o v e r  w h a t e f f e c t  t h e  r e d u c t i o n  in  
c y c l e  t im e  had  on t h e  a d h e s io n  o f  t h e  m a t r ix  r e s i n  t o  t h e  
g l a s s  f i b e r .  F o r  t h e  p u r p o s e  o f  t h e  i n v e s t i g a t i o n ,  w e t -  
th r o u g h  and  w e t - o u t  h a v e  t h e  f o l l o w i n g  d e f i n i t i o n s .  W et- 
th r o u g h  ( 2 9 )  h a s  o c c u r r e d  when t h e  r e s i n  h a s  d i s p l a c e d  a l l  
o f  t h e  a i r  fr o m , w i t h i n  a r e in f o r c e m e n t  m a t, g l a s s  f i b e r ,  
and  i s  a b l e  t o  s u r r o u n d  t h e  f i b e r s .  W e t-o u t  h a s  o c c u r r e d  
w hen t h e  r e s i n  h a s  w e t t e d  and  b o n d ed  t o  t h e  i n d i v i d u a l  
f i b e r s .  C o m p le te  w e t - o u t  i s  o f t e n  c o n s i d e r e d  t o  b e  show n by  
t r a n s l u c e n c e  o f  t h e  m a t r ix  and  f i b e r s  ( f i b e r  
d i s a p p e a r a n c e ) .  The en d  o f  w e t - t h r o u g h  and  t h e  s t a r t  o f  
w e t - o u t  a r e  i n d i s t i n c t  s i n c e  t h e  tw o  p r o c e s s e s  u s u a l l y  
o c c u r  c o n c u r r e n t l y .

The s t u d i e s  w er e  made by t h e  5 0 0 - 1 ,0 0 0  
m a g n i f i c a t i o n  r a t i o  o f  t h e  sa m p le  p h o to m ic r o g r a p h s  w h ic h  
h a s  h ig h  m e c h a n ic a l  s t r e n g t h  c o m p a r in g  w it h  lo w  m e c h a n ic a l  
s t r e n g t h  b e c a u s e  o f  t h e  e f f e c t  o f  v a r i o u s  v a r i a b l e s  a s  
show n i n  F i g u r e s  4 . 3 2  t o  4 . 3 5 .



129

F ig u r e  4 . 3 2  S c a n n in g  e l e c t r o n  m ic r o g r a p h  ( a t  5 0 0  x ) o f  
t h e  f r a c t u r e  s u r f a c e  o f  t h e  h ig h  m e c h a n ic a l  
p r o p e r t y  SMC w as p r o d u c e d  b y  1 m in u te  o f  
c u r i n g  t i m e ;  c o n t a i n i n g  2 p h r  o f  t h e  TBPB 
c a t a l y s t  a d d ed  w i t h  0 . 0 5  p h r  PBQ, h a v in g  t h e  
f l e x u r a l  s t r e n g t h  o f  2 3 7 . 8  MPa. T he SEM 
m ic r o g r a p h  sh o w s  a l i t t l e  w e t - o u t ,  b u t  a f u l l  
w e t - t h r o u g h .
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F ig u r e  4 .3 3  S c a n n in g  e l e c t r o n  m ic r o g r a p h  ( a t  1 0 0 0  x ) o f  
t h e  f r a c t u r e  s u r f a c e  o f  t h e  h ig h  m e c h a n ic a l  
p r o p e r t y  SMC w as p r o d u c e d  b y  2 m in u t e s  o f  
c u r i n g  t i m e ;  c o n t a i n i n g  2 p h r  o f  t h e  TBPB 
c a t a l y s t  a d d ed  w i t h  0 .0 5  p h r  PBQ, h a v in g  t h e  
f l e x u r a l  s t r e n g t h  o f  2 4 7 .2  MPa. T he SEM 
m ic r o g r a p h  sh o w s a l i t t l e  w e t - o u t ,  b u t  a f u l l  
w e t - t h r o u g h .
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F ig u r e  4 .3 4  S c a n n in g  e l e c t r o n  m ic r o g r a p h  ( a t  1 0 0 0  x ) o f  
t h e  f r a c t u r e  s u r f a c e  o f  t h e  lo w  m e c h a n ic a l  
p r o p e r t y  SMC w as p r o d u c e d  b y  1 m in u te  o f  
c u r i n g  t i m e ;  c o n t a i n i n g  0 . 5  p h r  o f  t h e  TBPB 
c a t a l y s t ,  h a v in g  t h e  f l e x u r a l  s t r e n g t h  o f
1 5 2 .5  MPa. The SEM m ic r o g r a p h  sh o w s  b o t h  a 
p o o r  w e t - o u t  and  w e t - t h r o u g h .
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F ig u r e  4 .3 5  S c a n n in g  e l e c t r o n  m ic r o g r a p h  ( a t  1 0 0 0  x ) o f  
t h e  f r a c t u r e  s u r f a c e  o f  t h e  SMC w as p r o d u c e d  
b y  2 m in u t e s  o f  c u r i n g  t i m e ;  c o n t a i n i n g  1 p h r  
o f  t h e  TBPB c a t a l y s t ,  h a v in g  t h e  f l e x u r a l  
s t r e n g t h  o f  2 2 2 .3  MPa. The SEM m ic r o g r a p h  
sh o w s  a l i t t l e  w e t - o u t ,  b u t  a f u l l  w e t -  
t h r o u g h .
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I t  h a s  b e e n  d e m o n s tr a t e d  t h a t  t h e  c u r e  t i m e s  o f  1 
and 2 m in u te s  a r e  f e a s i b l e  u s in g  h o t  s e t t i n g  r e s i n s .  
D u r in g  a 1 m in u t e ,  c u r e  c o n t r a c t  t im e s  a r e  s i g n i f i c a n t l y  
r e d u c e d  when com p ared  t o  c u r e  t im e  o f  2 m in u t e s .  The SEM 
p i c t u r e s  a t  a m a g n i f i c a t i o n  o f  1 0 0 0  t im e s  show  s i m i l a r  
c l e a n  f i b e r s  f o r  b o th  c o n d i t i o n s  o f  c u r i n g  t i m e ,  r e g a r d l e s s  
o f  t h e  w e t - o u t  t i m e .  The f r a c t u r e  s u r f a c e  o f  t h e  h ig h  
f l e x u r a l  l o a d i n g  o f  t h e  SMC s a m p le ,  c o n t a i n i n g  2 p h r  o f  t h e  
TBPB c a t a l y s t ,  t o g e t h e r  w it h  t h e  a d d i t i o n  o f  0 .0 5  p h r  PBQ 
i n h i b i t o r  a t  t h e  c u r i n g  t im e s  o f  1 and 2 m in u t e s  w er e  show n  
i n  F i g u r e s  4 . 3 2 - 4 . 3 3 ,  r e s p e c t i v e l y .  T h is  s u g g e s t s  a low  
i n t e r f a c i a l  s t r e n g t h  f o r  t h e  1 m in u te  o f  c u r i n g  t im e  
s p e c im e n ;  i n  c o n t r a s t ,  t h e  2 m in u te s  o f  c u r i n g  t im e  
s p e c im e n  d e m o n s t r a t e s  a s u c c e s s f u l  w e t - t h r o u g h  b y  t h e  
d e p o s i t i o n  o f  t h e  r e s i n  on t h e  f i b e r  s u r f a c e s .  The f r a c t u r e  
s u r f a c e  o f  t h e  lo w  m e c h a n ic a l  p r o p e r t i e s  SMC, c o n t a i n i n g
0 .5  p h r  o f  t h e  TBPB c a t a l y s t  u n d er  t h e  c u r i n g  t im e  o f  1 
m in u te  and  2 m in u t e s  w e r e  show n i n  F i g u r e s  4 . 3 4 - 4 . 3 5 .  A l l  
o f  t h e  m o ld in g s  p r o d u c e d  h ad  v i s i b l e  f i b e r s  w hen v ie w e d  
w it h  t r a n s m i t t e d  l i g h t ,  t h i s  may b e d ue t o  t h e  l a c k  o f  
f i b e r  w e t - o u t ,  o r  i t  may b e  d u e  t o  d e - b o n d in g  a s  a r e s u l t  
o f  d i f f e r e n t i a l  th e r m a l  s h r in k a g e  ( 2 9 ) .

A c c o r d in g  t o  t h e  r e s u l t s  i n  F i g u r e s  4 .3 2 -  
4 . 3 5 ,  i t  i s  i n e v i t a b l e  t h a t  t h e  m e c h a n ic a l  s t r e n g t h  o f  t h e  
SMC r e l a t e  t o  t h e  a d h e s io n  p r o p e r t i e s  b e tw e e n  t h e  m a tr ix  
and  g l a s s  f i b e r .  The m a t e r i a l  w i t h  t h e  h ig h  m e c h a n ic a l  
s t r e n g t h  w o u ld  n o r m a l ly  h a v e  b e t t e r  a d h e s io n  b e tw e e n  r e s i n
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and f i b e r  th a n  t h a t  w i t h  lo w  m e c h a n ic a l  s t r e n g t h .  The c a u s e  
m ig h t cam e from  v a r i o u s  v a r i a b l e s  s u c h  a s  t y p e  and  
c o n c e n t r a t i o n  o f  c a t a l y s t s ,  s t o r a g e  t i m e ,  and c u r i n g  t im e  
i n  t h e  m old  o f  t h e  SMC. S in c e  t h e  c u r i n g  i s  s t i l l  t h e  
phenom enon  o f  t h e  p o l y m e r i z a t i o n  r e a c t i o n ,  i t  i s  a l s o  
d e p e n d e n t  on c u r e  t i m e ,  t e m p e r a t u r e ,  and c o n c e n t r a t i o n  o f  
r e a c t a n t s .  A l t e r a t i o n  o f  t h e  f i r s t  tw o v a r i a b l e s  p r o v id e s  
t h e  b a s i c  m ech a n ism  f o r  c o n t r o l l i n g  t h e  p r o c e s s i n g  o f  
c u r a b l e  r e s i n  ( 2 9 ) .  The u s e  o f  1 m in u te  c u r i n g  t i m e ,  t h e  
a d h e s io n  o r  w e t - t h r o u g h  and  w e t - o u t  b e tw e e n  t h e  r e s i n  and  
f i b e r  w e r e  n o t  c o m p le t e  and  g o o d . The w e t - o u t  c a n  t a k e  
p l a c e  and  b o n d s  may fo r m , b u t  o n l y  i f  s u f f i c i e n t  t im e  i s  
a v a i l a b l e .  I t  i s  a l s o  p o s s i b l e  t h a t  in c o m p le t e  w e t - t h r o u g h  
may p r e v e n t  f u l l  w e t - o u t  from  o c c u r r i n g  ( 2 9 ) .
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