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ABSTRACT

CURING AND FLOW OF THERMOSETTING RESINS 
FOR COMPOSITE MATERIAL PULTRUSION

by

Howard L. P r i c e ,  J r .
B .S . ,  June 1957 , V ir g in ia  P o ly te c h n ic  I n s t i t u t e  

M .E ., June 1970, Old Dominion U n iv e r s i ty

S tephen  G. C upschalk , D ir e c to r

F ib ro u s  com posite  m a te r ia ls  f o r  m ech an ica l and s t r u c t u r a l  a p p l i 

c a t io n s  o f te n  a re  ex p en siv e  due to  h ig h  la b o r  c o s t s .  One econom ical 

way o f  making com posites i s  p u l t r u s io n ,  a  m an u fa c tu rin g  p ro c e s s  in  

which re s in - im p re g n a te d  f i b e r s  a re  p u l le d  a t  a  c o n s ta n t  speed  th ro u g h  

a h e a te d  d ie  w hich shapes th e  r e s i n - f i b e r  mass and c u re s  th e  r e s i n .

Most o f  th e  work w hich has  been done on th e  p ro c e s s  has been  o f  an 

e m p ir ic a l n a tu r e ,  w ith  l im i te d  u n d e rs ta n d in g  o f  th e  p ro c e s s  p r in c i p le s .  

Most o f  th e  e x p e rie n c e  w ith  p u l t r u s io n  has been g a in ed  w ith  p o ly e s te r  

r e s in s  and g la s s  f i b e r s .  Very l i t t l e  e x p e rie n c e  h as  been  g a in e d  w ith  

h ig h e r  perfo rm an ce , more c o s t ly  m a te r ia ls  such as  epoxy r e s i n s  and 

g ra p h ite  f i b e r .  The h ig h e r  c o s t  o f  th e s e  l a t t e r  m a te r ia ls  makes th e  

e m p ir ic a l approach  to  d ev e lo p in g  p ro c e s s  p a ra m e te rs  much to o  ex p en siv e .

T h e re fo re , an in v e s t ig a t io n  was made o f  th e  p u l t r u s io n  p ro c e ss  

w ith  th e  o b je c t iv e  o f  d ev e lo p in g  a  model o f  th e  p ro c e s s  a p p l ic a b le  t o  

th e rm o s e ttin g  r e s i n s .  The i n t e n t  was t o  e x p re ss  th e  model i n  b o th  

p u l t r u s io n  m a te r ia l  p r o p e r t i e s  and p u l t r u s io n  m achine p a ra m e te rs . For 

t h i s  i n v e s t ig a t io n ,  th e  p u l t r u d e r  d ie  was re g a rd e d  as  a  com bination
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r e a c to r  and rh eo m e te r; a  chem ica l r e a c to r  in  w hich low m o le c u la r  

w e ig h t , l i q u i d  r e s i n  undergoes- a  chem ical r e a c t io n  t o  become a  h ig h e r  

m o lecu la r  w e ig h t , c ro s s l in k e d  com posite m a te r ia l  m a tr ix ;  a  s l i t  • 

rh eo m e te r in  w hich a  volume o f  m a te r ia l  e n te r in g  th e  d ie  undergoes 

changes w hich g e n e ra te  p re s s u re s  and r e s i s t i n g  f o r c e s .  The approach  

t o  th e  in v e s t ig a t io n  was:

( i}  T e s t and an a ly ze  s e v e r a l  p r e s e n t  and p o t e n t i a l  p u l t r u s io n  

m a te r ia l s .

( i i )  A nalyze two p u l t r \ i s io n  p ro c e s se s  w hich have been  used to  

m an u fac tu re  p u lt ru d e d  s to c k .

( i i i )  D evelop a  m odel from  th e  t e s t s  and a n a ly se s  and t e s t  i t  

on a  la b o r a to r y - s c a le  p u l t r u d e r  c o n s tru c te d  fo r  t h a t  

p u rp o se  as p a r t  o f  t h i s  in v e s t ig a t io n .

The model w hich was developed  in  th e  in v e s t ig a t io n  ex p re ssed  

t h r e e ,  p r in c i p a l  p ro c e s s in g  v a r ia b le s  o f  te m p e ra tu re ,  t im e ,  and p re s s u re  

as d im e n s io n le ss  num bers. These w ere th e  A rrh en iu s  number ( te m p e ra tu re ) ,  

th e  Damkohler number ( t im e ) ,  and th e  Coulomb number ( p r e s s u r e ) .  A ll  

o f  th e s e  numbers w ere e x p re sse d  in  te rm s o f  m achine p a ram e te rs  as 

w e l l  as m a te r ia l  p r o p e r t i e s .  The model was t e s t e d  on a  l a b o ra to r y -  

s c a le  p u l t r u d e r  u s in g  epoxy r e s in - g r a p h i te  f i b e r  p re p re g  t a p e .  The 

Coulomb number se rv e d  as a  p ro c e s s  l i m i t  in  t h a t  th e  p u l l in g  fo rc e  and 

g e n e ra te d  p r e s s u re s  w ith in  th e  d ie  had t o  rem ain  i n  c e r t a in  b o u n d s . The 

o th e r  two numbers w ere u sed  t o  d e f in e  a  te m p e ra tu re —r-time c o n t ro l  

v a r ia b le  p la n e .  Wi.th such a  p la n e ,  the. e f f e c t  o f  a  te m p e ra tu re - tim e  

t r a d e - o f f  on th e  p r o p e r t i e s  o f  p u lt ru d e d  s to c k  was o b serv ed . M oreover, 

th e  c o n t ro l  v a r ia b le  s e t t i n g s  needed t o  g iv e  d e n se , w e l l  com pacted 

p u l t ru d e d  s to c k  w ere d e te rm in ed .
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1

CHAPTER 1 

INTRODUCTION

F ib ro u s  com posite  m a te r ia ls  have had a lo n g  and u s e f u l  h i s to r y  

( r e f .  1 , 2 ) ,  from s tr a w - re in fo rc e d  sun-baked  b r ic k s  o f  a n t iq u i t y  to  

th e  m echan ica l and s t r u c t u r a l  s p a c e c ra f t  components o f  modern tim e s . 

Such com posites a r e  u sed  to d a y  b ecau se  many o f  th e  m a te r i a l  p ro p e r

t i e s  can be t a i l o r e d  to  a  p a r t i c u l a r  a p p l ic a t io n ,  and b eca u se  some 

o f  th e  p r o p e r t i e s  ( e . g . ,  s p e c i f i c  s t r e n g th  and m odulus) a r e  h ig h e r  

th a n  th o s e  o f  non-com posite  m a te r i a l s .  L ike  c o n c re te ,  a n o th e r  

a n c ie n t co m p o site , f ib ro u s  com posite  m a te r ia ls  and th e  com ponents 

w hich th e y  form a r e  g e n e ra l ly  made s im u lta n e o u s ly . As w ith  a l l  good 

th in g s ,  how ever, f ib r o u s  com posite  m a te r ia ls  have some l i m i t a t i o n s .

For exam ple, th e s e  m a te r ia ls  have a  h ig h  deg ree  o f  p ro p e r ty  a n is o tro p y ,  

an a s p e c t w hich may t r o u b le  d e s ig n e rs  who have lo n g  w orked w ith  i s o 

t r o p ic  m a te r ia l s .  F u r th e r ,  th e  p r o p e r t i e s  in  a  g iv e n  d i r e c t i o n  may 

v a ry  from  p a r t  t o  p a r t ,  du e , i n  l a r g e  m easu re , t o  v a r i a t i o n s  in  p ro 

c e s s in g . Such v a r i a t i o n  can r e s u l t  from  in e x a c t p ro c e s s  m o n ito rin g  

and c o n t r o l .  F in a l ly ,  f ib ro u s  com posite  m a te r ia ls  can  be v e ry  expen

s iv e ,  in  p a r t  b eca u se  th e  c o n s t i t u t e n t s  may b e  c o s t l y ,  b u t  more o f te n  

because  such  com posites  r e q u i r e  a  l a r g e  amount o f  hand la b o r .

One r e l a t i v e l y  econom ical method o f  making f ib r o u s  com posite  

m a te r ia l s ,  a  method w hich i s  c a p i t a l  in t e n s iv e  r a t h e r  th a n  la b o r  

in te n s iv e ,  i s  p u l t r u s io n .  P u l t r u s io n  i s  a  p ro c e s s  f o r  m a n u fa c tu rin g  

com posite m a te r ia ls  in  which re s in - im p re g n a te d  f i b e r s  a r e  p u l le d  a t  a
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c o n s ta n t speed  th ro u g h  a  h e a te d  d ie  w hich shapes th e  r e s i n - f i b e r  mass 

to  a  p red e te rm in ed  c ro s s  s e c t io n  and c u re s  th e  r e s in  t o  some e x te n t  

( r e f .  3 -5 )-  A schem atic  o f  th e  p ro c e s s  i s  shown in  f ig u r e  1 , and some' 

r e p r e s e n ta t iv e  p u ltru d e d  s to c k  i s  shown in  f ig u r e  2 w here th e  w ide- 

f la n g e  beam s e c t io n  has a  h e ig h t o f  150 mm. The name p u l t r u s io n  may 

have a r i s e n  b e c a u se , as  in  e x t ru s io n ,  th e  m a te r ia l  b e in g  p ro c e sse d  

p a sse s  th ro u g h  a  h e a te d  sh ap in g  d ie .  U n lik e  e x t ru s io n ,  in  w hich th e  

m a te r ia l  i s  pushed by a  p re s s u re  g r a d ie n t ,  in  p u l t r u s io n  th e  m a te r ia l  

i s  p u l le d  th ro u g h  th e  d ie .  A lthough  th e  word p u l t r u s io n  i s  n o t i n  

w id esp read  u s e ,  i t  a p p a re n tly  does convey some f e e l  f o r  sh ap in g  and 

p u l l in g  even to  a  n o n - te c h n ic a l  p e rso n  ( r e f .  6 ) .  The re fe re n c e d  

a r t i c l e  i s  a f i c t i o n a l  re c o u n tin g  o f  y e a r ly  m e d ica l expenses f o r  in 

come ta x  p u rp o se s . W hatever th e  o r ig i n  and im p lic a t io n s  o f  th e  w ord, 

th e  p u l t r u s io n  p ro c e ss  i s  a  co n tin u o u s  one w hich ta k e s  p la c e  a t  

e q u ilib r iu m  w ith  v e ry  l i t t l e  a t t e n t i o n  .re q u ire d  o f  th e  p u l t r u s io n  

m achine o p e ra to r .  L ike th e  p ro c e s s  f o r  m aking plyw ood, a n o th e r  compo

s i t e  m a te r ia l ,  th e  p u l t r u s io n  p ro c e s s  can p ro v id e  m a te r ia l  o f  a  f ix e d  

c ro s s  s e c t io n  and o f  u n lim ite d  le n g th .  H andling  and t r a n s p o r t a t i o n  

c o n s id e ra t io n s  w i l l ,  how ever, p la c e  a  l i m i t  on th e  le n g th .  The p u l

t r u s io n  p ro c e ss  has been u sed  to  make a  w ide v a r i e ty  o f  p a r t s  and 

components f o r  s t r u c t u r a l ,  e l e c t r i c a l ,  a g r i c u l t u r a l ,  and chem ica l p ro 

c e s s in g  a p p l ic a t io n s .  The u se  in  th e s e  a p p l ic a t io n s  d e r iv e s  from th e  

h ig h  u n id i r e c t i o n a l  s t r e n g th ,  h ig h  e l e c t r i c a l  r e s i s t i v i t y ,  and h ig h  

c o r ro s io n  r e s i s t a n c e  o f  p u ltru d e d  s to c k .  F i n a l l y ,  th e  p u l t r u s io n  p ro 

c e ss  has a  l a r g e ly  u n re a l iz e d  p o t e n t i a l  f o r  in -p ro c e s s  c o n t r o l  and 

m a te r ia l  in s p e c t io n .  Such c o n t r o l  and  in s p e c t io n ,  i f  a p p l ie d ,  would
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le a d  t o  p u ltru d e d  s to c k  w ith  a  minimum v a r i a t i o n  in  p a r t - t o - p a r t  p ro 

p e r t i e s .

As m ight h e  e x p e c te d , th e  p u l t r u s io n  p ro c e s s  has some l i m i t a 

t i o n s .  Much o f  th e  work w hich has been r e p o r te d  on th e  p ro c e s s  ( to  

be rev iew ed  in  a  l a t e r  s e c t io n )  has  been  o f  a  c u t - a n d - t r y  n a tu re .

Wo doubt many p u l t r u s io n  machine o p e ra to rs  have a  good w orking 

knowledge o f  th e  im p o rta n t p ro c e s s  p a ram e te rs  and o f  th e  r e l a t i o n 

sh ip s  among th e s e  p a ra m e te rs . But such knowledge does n o t seem to  

be w id e ly  d is s e m in a te d , and much em p iric ism  i s  s t i l l  in v o lv ed  in  th e  

p ro c e s s .  I n  a d d i t io n ,  m ost o f  th e  e x p e rie n c e  in  p u l t r u s io n  has  been  

o b ta in e d  u s in g  p o ly e s te r  r e s in s  on g la s s  f i b e r s . These m a te r ia ls  

accoun t f o r  an e s tim a te d  90 p e rc e n t o f  a l l  p u lt ru d e d  s to c k  made in  t h i s  

c o u n try  ( r e f .  3 ) .  O bv iously , much l e s s  e x p e r ie n c e  i s  a v a i la b le  

u s in g  m a te r ia ls  such as epoxy r e s in s  on g r a p h i te  f i b e r s .  As th e  

l a t t e r  m a te r ia ls  a re  f a r  more c o s t l y  th a n  th e  fo rm e r, th e  e m p ir ic a l  

approach  to  d ev e lo p in g  s u i t a b le  p ro c e s s  p a ra m e te rs  becomes p r o h ib i t i v e ly  

e x p en s iv e . C o n seq u en tly , th e  p o t e n t i a l  c o s t  sa v in g s  o f  th e  p u l t r u s io n  

p ro c e s s  a re  n o t b e in g  r e a l i z e d  f o r  more advanced and more ex p en siv e  

m a te r ia ls .

In  re sp o n se  t o  t h i s  s i t u a t i o n — a l im i te d  u n d e rs ta n d in g  o f  th e  

p ro c e ss  and l im i te d  a p p l ic a t io n  to  newer m a te r ia l s — an in v e s t ig a t io n  

was made o f  th e  p u l t r u s io n  p ro c e s s .  The o b je c t iv e  o f  th e  in v e s t ig a 

t io n  was to  develop  a  model o f  th e  p ro c e ss  a s  t h a t  p ro c e s s  a p p l ie s  to  

th e rm o s e ttin g  r e s i n s .  The in t e n t  was t o  e x p re ss  th e  model in  b o th  

p u l t r u s io n  m a te r ia l  p r o p e r t i e s  and in  p u l t r u s io n  m achine p a ra m e te rs .

The u s e fu ln e s s  o f  such a  model would be  in  th e  e s t im a te  o f  r e s i n  c u re ,
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g iv en  th e  m a te r ia l  p r o p e r t i e s  and m achine p a ra m e te rs , and in  th e  e s t i 

m ate o f  how w e ll new, u n t r i e d  m a te r ia ls  co u ld  be  p u ltru d e d . The 

approach  u sed  t o  d ev e lo p  th e  model i s  d is c u s s e d  in  a  l a t e r  s e c t io n .  

B r ie f ly ,  t e s t s  and a n a ly s e s  w ere made o f  s e v e ra l  p re s e n t  and p o t e n t i a l  

p u l t r u s io n  m a te r i a l s .  An a n a ly s i s  was made o f  two p u l t r u s io n  p ro c e s s e s  

which had been u sed  to  make g e o m e tr ic a lly  sim ple  ( c i r c u l a r  ro d s  and 

f l a t  s h e e ts )  p u ltru d e d  s to c k . The model developed  from th e s e  t e s t s  

and a n a ly se s  was t e s t e d  and m o d ified  on a  la b o r a to r y - s c a le  p u l t ru d e r  

which was c o n s tru c te d  f o r  th e  p u rp o se . The approach  to  t h i s  i n v e s t i 

g a t io n  th e n ,  was:

( i )  T e s t and a n a ly z e  s e v e ra l  p r e s e n t  and p o t e n t i a l  

p u l t r u s io n  m a te r ia ls  (C h ap te rs  U, 5 j 6 ) .

( i i )  A nalyze two p u l t r u s io n  p ro c e s s e s  u s in g  known 

in fo rm a tio n  on th e  p ro c e s s  (C h ap te r 7 ,  8 ) .

( i i i )  D evelop a  m odel from  th e  t e s t s  and a n a ly se s  and 

t e s t  i t  on a  l a b o r a to r y - s c a le  p u l t r u d e r  which 

was c o n s tru c te d  f o r  t h a t  p u rp o se  (C h ap te r 9)*

The r e s u l t s  o f  th e  in v e s t ig a t io n  a r e  r e p o r te d  in  t h i s  p ap e r.-
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CHAPTER 2 

REVIEW AND APPROACH 

Review o f  P re v io u s  Work

A rev ie w  o f  th e  p u b l ic a t io n s  on p u l t r u s t i o n  ( r e f .  3 -5 , 7 -^1 ) 

shows v e ry  c l e a r ly  t h a t ,  in  t h i s  p ro c e s s  a t  l e a s t ,  th e  a r t  le a d s  th e  

s c ie n c e . The em phasis h a s  been  on o p e r a t io n s ,  p ro d u c ts  and a p p l ic a t io n s  

r a th e r  th a n  on e x p lo r in g  and e lu c id a t in g  fu n d am e n ta ls . The la rg e  num

b e r  o f  p u b l ic a t io n s  in  r e c e n t  y e a rs  w hich have come from  com m ercial 

and i n d u s t r i a l  i n t e r e s t s  a t t e s t s  t o  th e  economic im p o rtan ce  o f  p u l

t r u s t i o n .  W ith a  few e x c e p tio n s  t o  be  n o te d  be low , m ost o f  th e s e  

p u b l ic a t io n s  d e a l  w ith  th e  p u l t r u s io n  p ro c e s s  in  a  g e n e ra l  way, b e in g  

much more s p e c i f i c  on th e  p r o p e r t i e s  and a p p l ic a t io n s  o f  p u ltru d e d  

s to c k .

The p r o p e r t i e s  o f  p u lt ru d e d  s to c k  have r e c e iv e d  c o n s id e ra b le  

a t t e n t i o n  ( r e f .  1 0 , 1 2 , 1 3 , 1 5 , 1 8 , 2 3 , 27 , 2 8 , 29 , 32 , 33 , 3 6 ). Some

o f  th e s e  in v e s t ig a t io n s  have been  co nce rned  w ith  m easu rin g  th e  p ro 

p e r t i e s  ( r e f .  1 5 , 28 , 32 , 3 3 ). O th ers  have compared p u lt ru d e d  p ro 

p e r t i e s  t o  th o s e  o f  com posites  made by more c o n v e n tio n a l means ( r e f .

1 2 , 1 5 ) ,  w h ile  some have d e a l t  w ith  p u lt ru d e d  p r o p e r t i e s  as  th e y  p e r 

t a i n  t o  d e s ig n  and a p p l ic a t io n s  ( r e f .  1 0 , 13 , 18 , 27 , 2 8 , 29 , 3 6 ). As 

fo r  a p p l ic a t io n s  o f  p u lt ru d e d  s to c k ,  m ost o f  th e  r e p o r t s  ( r e f .  2 1 , 2b,  

28 , 29, 31 , 3U, 37 , 3 8 , i l l)  te n d  t o  expound th e  ad v an tag es  o f  u s in g  

p u l t r u s io n s  in  a  p a r t i c u l a r  a p p l ic a t io n .

In  c o n t r a s t  t o  th e  work on p u l t r u s io n  p r o p e r t i e s ,  r e l a t i v e l y  

few r e s u l t s  have been  r e p o r te d  on th e  c h a r a c t e r i s t i c s  o f  th e  r e s i n  and
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f i b e r .  One r e p o r t  on p o ly e s te r  r e s in s  ( r e f .  35) recommended t h a t  a  

fo u r-z o n e  te m p e ra tu re  c o n t r o l  b e  m a in ta in e d  a long  th e  d ie  le n g th .

T h is  c o n t ro l  would g iv e  a  p r o f i l e  w hich w ould be  changed as  th e  p u l l in g  

speed  was changed. T h is  recom m endation was b ased  on e x p e rie n c e  r a th e r  

th a n  on t e s t  o r  a n a l y s i s .  A no ther in v e s t ig a t io n  ( r e f .  23) was made o f  

p o ly e s te r  r e s i n  and E -g la s s  f i b e r .  The d ie  te m p e ra tu re  and p u l l in g  

speed  (450 K, 5 mm/sec) was th e  same fo r  a l l  r u n s ,  and th e  p ro ced u re  fo r  

im p reg n a tin g  th e  f i b e r s  w ith  th e  r e s i n  was v a r ie d .

The co n ce rn  o f  t h i s  in v e s t i g a t io n ,  how ever, was n o t a p p l ic a t io n s  

o r  even p r o p e r t i e s ,  a l th o u g h  some p r o p e r t i e s  were m easured . The m ain 

concern  was w ith  th e  p u l t r u s io n  p ro c e ss  i t s e l f .

The p ro c e s s  w hich i s  now c a l l e d  p u l t r u s io n  was developed  a s  a 

way o f  making b e t t e r  f i s h in g  ro d s  ( r e f .  7)« The argum ent in  fa v o r  o f  

th e  p ro c e ss  was t h a t  bamboo f l y  ro d s  had v a r ia b le  f l e x i b i l i t y ,  and t h a t  

th e  p ro c e s s  o f  ty in g  to g e th e r  bamboo s p l i t s  to  o b ta in  th e  r i g h t  f l e x i 

b i l i t y  was c o s t l y .  Such an argum ent r e f l e c t s  a  v a lu a b le  com posite  

m a te r ia l  co n ce p t ( t a i l o r  p r o p e r t i e s  as  needed) and a  p u l t r u s io n  p ro c e s s  

advan tag e  (red u ce  m a n u fa c tu r in g  c o s t s ) .  A nother advan tage  o f  p u l t r u s io n  

was re c o g n iz e d  e a r ly  ( r e f .  8 ) .  T h is  i s  th e  advan tag e  o f  h av in g  th e  

f i b e r s  under t e n s io n  a s  th e  r e s i n  c u re s .  Then, when th e  com posite  

m a te r ia l  i s  p u t u n d er a  m e ch an ic a l lo a d ,  th e  lo a d  i s  ta k en  im m ed ia te ly  

by th e  h ig h  s t r e n g th  f i b e r s ,  n o t  by th e  low s t r e n g th  m a tr ix . T h is  

co n cep t i s  s im i la r  t o  t h a t  u sed  in  p r e s t r e s s e d  c o n c re te  in  w hich th e  

s t e e l  r e in f o r c in g  s t r a n d s  a re  lo a d e d  in  te n s io n  w h ile  th e  c o n c re te  

member i s  s t i l l  in  th e  m old.
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A lthough s p e c ia l iz e d  m achines and p ro c e s se s  have been  p a te n te d  

( r e f .  5 , 7 , 8 , 1 1 , 1+0 ) ,  th e  p u l t r u s io n  p ro c e s s  can ta k e  s e v e ra l  

forms ( r e f .  U, 9 ) and many p eo p le  have developed  t h e i r  own equipm ent 

( r e f .  10 , 1 2 , ll+, 1 6 , 1 7 , 18 , 20 , 23 , 25 , 26 , 29 , 3 0 ). T h is  eq u ip 

ment has been  u sed  t o  make such  p u lt ru d e d  p ro d u c ts  as s t r u c t u r a l  and 

b u i ld in g  com ponents ( r e f .  1 0 , 1 6 , 1 8 , 2 9 ) ,  a e ro sp ace  com ponents ( r e f .

23, 25 , 30 , 3 9 ) , and r e in f o r c e d  aluminum tu b e s  ( r e f .  2 6 ) . Some o f  

th e  equipm ent o r ig in a te d  in  a  la b o ra to r y  in v e s t ig a t io n  and developed  

t o  a  se m i-p ro d u c tio n  m achine ( r e f .  20 , 2 6 ) . A lthough m ost p u l t r u d e r s  

u se  a  "w et" m ethod o f  p u l l in g  th e  f i b e r s  th ro u g h  a  r e s i n  b a th  and th e n  

in to  th e  h e a te d  d ie  ( f i g .  1 ) ,  a t  l e a s t  one ( r e f .  2 5 , 3 9 ) u sed  a  "d ry"  

method in  w hich p r e v io u s ly  p re p a re d  re s in - im p re g n a te d  c o ll im a te d  

f i b e r s  (p re p re g  ta p e )  was p u l le d  th ro u g h  th e  d ie ..

The p u l t r u s io n  p ro c e s s  i t s e l f  has  been  d e sc r ib e d  in  g e n e ra l  te rm s 

and in v e s t ig a te d  t o  some d e g re e . Some r e p o r t s  ( r e f .  1+, 16 , 25) make 

some g e n e ra l  s ta te m e n ts  abou t w hat sh o u ld  o r  sh o u ld  n o t be done. O ther 

r e p o r ts  p ro v id e  more s p e c i f i c  in fo rm a tio n  on th e  p ro c e s s  and i t s  p a ra 

m e te rs . For exam ple, r e f e r e n c e  5 i d e n t i f i e d  two m ajo r c o n s id e ra t io n s  

in  p u l t r u s io n  ( r e s i n  r e a c t io n  and c ro s s  re in fo rc e m e n t) ,  c i t e d  a  p u l l in g  

speed o f  .3 -1 .0  m/min f o r  a i m  d i e ,  and m entioned  p o s s ib le  f i b e r  d i s 

p lacem en t due to  h ig h  h y d r o s ta t ic  p r e s s u re s  g e n e ra te d  by ex ce ss  r e s in  

a t  th e  d ie  e n tra n c e .  I n  a  s im i la r  v e in ,  r e f e r e n c e  12 p o in te d  o u t t h a t  

such d ie  e n tra n c e  r e s i s t a n c e  can be u s e f u l  in  m a in ta in in g  f i b e r  te n s io n  

and r e p o r te d  a  p r e s s u re  th e r e  o f  11+0-310 kPa (20-1+5 p s i )  f o r  a  .5  f i b e r  

f r a c t i o n .  A lso  ( r e f .  1 2 ) ,  th e  r e s i n  ex o th erm ic  te m p e ra tu re  and g e l  

tim e  w ere m easured f o r  a  com bination  o f  r e s i n  and f i b e r .  T h is  p ro ced u re
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i s  in  c o n t r a s t  t o  th e  more common p r a c t i c e  o f  making such  m easurem ents 

on p u re  r e s i n  a lo n e . The work w ith  a  la b o ra to r y - s c a le  p u l t r u d e r  

d e sc r ib e d  in  r e fe re n c e  12 was c a r r i e d  f u r th e r  and in c lu d e d  th e  con

s t r u c t io n  o f  a  p i l o t - s c a l e  p u l t r u d e r  d e s c r ib e d  in  r e fe re n c e  20. T h is  

l a t e r  p u l t r u d e r  had e l e c t r i c a l l y - h e a t e d  aluminum d ie s  150  mm lo n g .

The d ie  mount had a  s t r a i n  gage so th e  t o t a l  f r i c t i o n  betw een th e  d ie  

and th e  r e s i n - f i b e r  mass cou ld  be m easured . S h o r te r  d ie s  developed  

l e s s  f r i c t i o n ,  b u t ,  f o r  a  g iv en  d ie  le n g th ,  th e  f r i c t i o n  was h ig h e r  

i f  th e  r e s in  cu red  e a r ly .  F r i c t io n  was h ig h e r  a t  th e  h ig h e r  carbon  

f ib e r  lo a d in g s ,  and a  f i b e r  f r a c t i o n  above .6  was n o t p r a c t i c a l .  By 

c o n t r a s t ,  g la s s  f i b e r  f r a c t io n s  may approach  .75 ( r e f .  2 9 ) . As in  th e  

p re v io u s  in v e s t ig a t io n ,  th e  exo therm ic  te m p e ra tu re  and g e l  tim e  was 

m easured w ith  a  r e s i n - f i b e r  co m bination . A c c e le ra to r s  w ere used  in  th e  

epoxy r e s in  t o  red u ce  g e l  tim e  and t o  make low er c u rin g  te m p e ra tu re s  

p r a c t i c a l .

Very few in v e s t ig a t io n s  have been  r e p o r te d  i n  w hich th e  s t a r t i n g  

m a te r ia ls  w ere c h a r a c te r iz e d ,  th e  p ro c e s s  p a ram ete rs  v a r ie d ,  and th e  

p u ltru d e d  s to c k  p r o p e r t i e s  m easured . I n  one in v e s t ig a t io n  ( r e f .  39) 

th e  p a ram ete rs  were v a r ie d  and th e  p r o p e r t i e s  w ere m easured , a lth o u g h  

no a n a ly s is  o f  th e  d a ta  was made. The r e s u l t s  o f  t h a t  in v e s t ig a t io n  

w i l l  be an a ly zed  in  a  l a t e r  s e c t io n  o f  t h i s  r e p o r t .  Two in v e s t ig a t io n s  

o f  th e  p ro c e ss  ( r e f .  1 9 , 2 2 , 2 7 ) have d e a l t  w ith  a  w ide ran g e  o f  p ro 

c e s s in g  p a ram e te rs  and p r o p e r t i e s  o f  th e  p u ltru d e d  s to c k .  One i n v e s t i 

g a t io n  ( r e f .  2 2 , 2 7 ) r e p o r te d  on v a r io u s  f a c to r s  w hich m ust be con

s id e re d  in  p u l t ru d in g  ep o x ies  by b o th  th e  "w et" and "d ry"  m ethods.

For exam ple, amine c u r in g  a g e n ts  were p r e f e r r e d  o v er an h y d rid e  a g e n ts
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becau se  ad h esio n  betw een r e s i n  and d ie  was a  problem  w ith  th e  l a t t e r  

a g e n t. The room te m p e ra tu re  v i s c o s i t y  rem ained  low enough f o r  good 

f ib e r  im p reg n a tio n  even when th e  r e s i n  c o n ta in e d  lU p e rc e n t  m etapheny lene- 

d iam ine. A ttem pts t o  p u l t ru d e  e p o x y -g ra p h ite  p rep reg  ta p e s  were n o t 

s u c c e s s fu l .  The problem  was th a t  th e  s e m i- s o l id  r e s in  d id  n o t m e lt 

s u f f i c i e n t l y  t o  p ro v id e  th e  needed flow  and c u r in g  in  th e  d ie .

A more fundam ental in v e s t ig a t io n  ( r e f .  19) examined th e  

p ro c e ss  p a ram e te rs  and th e  i n t e r a c t io n  betw een m a te r ia l  c h a ra c 

t e r i s t i c s  and th o s e  p a ra m e te rs . The ap p roach  ta k e n  was t h a t  th e  

p u l t r u s io n  p ro c e s s  i s  concerned  w ith  c u re  te m p e ra tu re -p re s su re - t im e  

r e la t io n s h ip s  and w ith  fo rc e - t im e  r e la t io n s h ip s  betw een th e  d ie  and 

th e  r e s i n - f i b e r  m ass. E xperim ents w ere made to  fo llo w  th e  te m p e ra tu re  

r i s e  in  25 mm ( l  in c h )  d ia m e te r  ro d s  o f  p o ly e s te r  r e s in  and E -g la ss  

f i b e r s  ( ro v in g , m a t, and c l o th ) .  S im ila r  experim en ts  showed th e  ad

v an tag e  o f  u s in g  a  r a d io  freq u en cy  p re h e a t  o f  th e  r e s i n - f i b e r  m ass.

W ith th e  p r e - h e a t in g ,  th e  cu re  was f a s t e r  and th e  exo therm ic  te m p e ra tu re  

was low er th a n  was th e  cu re  w ith o u t p r e - h e a t in g .  In  o rd e r  to  m easure 

f o r c e s ,  a  p ro d u c tio n  p u l t r u d e r  was f i t t e d  w ith  s t r a i n  gages on th e  d ie  

and c e n t r a l  m andrel mount. A 25 mm (1 in c h ) d ia m e te r  tu b e  w ith  a  1 .6  mm 

( . 0 6  in c h ) w a ll was p u ltru d e d  a t  p u l l in g  speeds up to  30 mm/sec. (1 . 2  

i n / s e c ) .  The t o t a l  fo rc e  (on d ie  and m andre l) in c re a s e d  w ith  p u l l in g  

speed  up to  abou t 25 mm/sec ( l  i n / s e c ) .  At t h i s  speed  th e  fo rc e  was 

about 1 kN (225  l b f ) ,  and th e  r e s u l t i n g  av erag e  sh e a r  s t r e s s  (betw een 

r e s i n - f i b e r  mass and th e  d ie  and m andre l) was 2 6 .3  kPa (3 .8  p s i ) .  A 

s p e c ia l  a p p a ra tu s  was c o n s tru c te d  to  m easure th e  sh ea r  s t r e s s  betw een 

a  c u r in g  r e s i n - f i b e r  mass and a  s t e e l  d i e .  The s t r e s s  g e n e ra l ly  was
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low f o r  m ost o f  th e  c u r in g  t im e , seldom  ex ceed ing  10 kPa (1 .5  p s i ) .  

However, th e  s t r e s s  showed two peaks d u rin g  c u r in g ,  r e a c h in g  s t r e s s e s  

a s  h ig h  a s  56 kPa (8 .1  p s i )  f o r  a  few seco n d s . The in v e s t ig a t io n  

re p o r te d  in  r e f e r e n c e  19  to u ch ed  b r i e f l y  on a  number o f  im p o rta n t con

s id e r a t io n s  in  p u l t r u s io n ,  and p ro v id e d  some v a lu e s  o f  th e  te m p e ra tu re s ,  

t im e s ,  and fo rc e s  w hich m igh t b e  ex p e c te d .

In  g e n e r a l ,  th e n ,  p re v io u s  work on p u l t r u s io n  has b een  concerned  

la r g e ly  w ith  p r o p e r t i e s  and a p p l ic a t io n s  o f  th e  p u lt ru d e d  s to c k .  

R e la t iv e ly  l i t t l e  work has been  r e p o r te d  on th e  p ro c e s s  i t s e l f ,  w ith  

v i r t u a l l y  no a t te m p ts  b e in g  made to  p u t th e  p ro c e s s  on a  fundam ental 

f o o t in g .

A pproach t o  P re s e n t  I n v e s t ig a t io n  

A l l  p h y s ic a l  sy s te m s , in c lu d in g  com posite  m a te r ia l  p ro c e s s in g ,  

must s a t i s f y  th e  fu ndam en ta l law s o f  th e  c o n s e rv a t io n  o f  m ass, en e rg y , 

and momentum. As th e  law s a p p ly  t o  th e  p u l t r u s io n  p ro c e s s ,  th e y  a re  

h ig h ly  co u p led , w ith  th e  mass b a la n c e  b e in g  in f lu e n c e d  by  th e  energy  

and momentum t r a n s f e r ,  and so  on . I n  o rd e r  to  make th e  a n a ly s i s  

and d e s c r ip t io n  o f  th e  p u l t r u s io n  p ro c e s s  t r a c t a b l e ,  some u n co u p lin g  

o f th e  law s was n e c e s s a ry . However, i n  o rd e r  t o  av o id  an o v e r -
I

s im p l i f ie d  and in a c c u ra te  m odel, some c o u p lin g  had to  be  r e t a in e d .

With th e  re q u ire m e n ts  and c o m p le x it ie s  o f  th e  c o n s e rv a t io n  law s in  

m ind, th e  p u l t r u d e r  d ie  was re g a rd e d  as  b o th  a  r e a c to r  and a  rh eo m e te r , 

and th e  p ro c e s s  a n a ly s i s  was made a c c o rd in g ly .

The p u l t r u d e r  d ie  was re g a rd e d  as a  p lu g  f lo w , packed  b e d , 

chem ical r e a c to r  in  w hich low m o le c u la r  w eig h t r e s i n  was c o n v e rte d  

th ro u g h  m o le c u la r  w e ig h t in c r e a s e  and c r o s s l in k in g  in to  a  g la s s y
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com posite  m a te r ia l  m a tr ix .  The p lu g  flow  d e s c r ip t io n  a r i s e s  from th e  

f l a t  v e lo c i ty  p r o f i l e  over th e  c ro s s  s e c t io n  o f  th e  r e s i n - f i b e r  

m ass, w ith  s te e p  v e lo c i ty  g r a d ie n ts  in  a  t h i n  la y e r  a t  th e  in t e r f a c e  

betw een th e  r e s i n - f i b e r  mass and th e  d ie  w a ll .  The packed bed d es

c r i p t i o n  a r i s e s  from  th e  h ig h  c o n c e n tra t io n  o f  f i b e r s  w hich e x e r t  

a  m o d era tin g  e f f e c t  on th e  chem ica l r e a c t io n ,  i . e .  , th e  c u r in g  o f  th e  

r e s in  from th e  l i q u id  t o  th e  s o l id  s t a t e .  Chem ical r e a c to r  a n a ly s is  

has been  h ig h ly  deve lo p ed  and w id e ly  a p p l ie d  ( r e f .  12-W ) and con

c e rn s  m a in ly  th e  mass and energy  b a la n c e s  and th e  i n t e r a c t io n  betw een 

them .

The p u l t r u d e r  was re g a rd e d  as  an  is o th e rm a l ,  c o n s ta n t flow  

r a t e ,  s l i t  rh e o m e te r . The d ie  was ta k e n  to  b e  is o th e rm a l a lth o u g h  

some te m p e ra tu re  g r a d ie n ts  would c e r t a in l y  e x i s t  in  a  r e a l  d ie .

The c o n s ta n t  flo w  r a t e  d e s c r ip t io n  a ro s e  from th e  e q u a l i ty  o f  th e  

e n te r in g  and em erging m asses even though  th e  m o lecu la r w eigh t and 

p h y s ic a l  form o f  th o s e  m asses was d i f f e r e n t .  The s l i t  rh eom eter 

( r e f .  and k6)  i s  one w hich i s  s e n s i t i v e  t o  b o th  th e  norm al and 

sh e a r  fo rc e s  a t  th e  in t e r f a c e  betw een th e  r e s i n - f i b e r  mass and 

th e  d ie  w a l l .  Such fo rc e s  a c t  on a  p u l t r u d e r  d ie  and in f lu e n c e  b o th  

th e  p u l t r u s io n  p ro c e s s  and th e  p u ltru d e d  m a te r ia l .  As a  ch em ica l 

r e a c t io n  ta k e s  p la c e  a lo n g  th e  lo n g  a x is  o f  th e  rh e o m e te r , th e  concerns 

a re  th e  mass and fo rc e  (momentum) b a la n c e s  and th e  i n t e r a c t io n  betw een 

them .

W ith th e  r e a c to r - rh e o m e te r  concep t as  a  b a s i s ,  a  model o f  th e  

p u l t r u s io n  p ro c e s s  was developed  by t e s t i n g  m a te r ia ls  and a n a ly z in g  

p ro c e s s e s .  K in e t ic ,  th e rm a l,  and r h e o lo g ic a l  m easurem ents and a n a ly se s
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w ere made on p r e s e n t  and p o t e n t i a l  r e s in s  t o  d e te rm in e  p r o p e r t i e s  w hich 

would he  u s e f u l  in  d e v e lo p in g  a  p ro c e s s  m odel. An a n a ly s is  was made 

o f  an  is o m e tr ic  ( c o n s ta n t  volume) p ro c e s s  and o f  an  i s o b a r i c  (c o n s ta n t 

p r e s s u re )  p ro c e s s  t o  d e te rm in e  r e l a t i o n s h ip s  among some m a te r ia l  

p r o p e r t i e s  and p ro c e s s in g  v a r i a b le s .  The model developed  from  th e s e  

t e s t s  and a n a ly se s  was t e s t e d  and m o d ifie d  w ith  th e  a id  o f  a  la b o ra to r y -  

s c a le  p u l t r u d e r  u s in g  two ty p e s  o f  e p o x y -g ra p h ite  p re p re g  ta p e .
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CHAPTER 3

MATERIALS, TESTS, AND NUMERICAL METHODS 

M a te r ia ls

The p o ly e s te r  and epoxy r e s in s  which w ere used  in  t h i s  i n v e s t i 

g a tio n  a re  l i s t e d  in  t a b le  1 . The p o ly e s te r s  re p re s e n te d  th e  t r a 

d i t i o n a l  p u l t r u s io n  r e s in s  w hich a re  cu red  th ro u g h  th e  decom position  

o f  p e ro x id e  i n i t i a t o r s .  The o r th o p h th a l ic  e s t e r  (SR 6325) c o n ta in e d  

s ty re n e  as  a  r e a c t iv e  d i lu e n t  w h ile  th e  v in y l  e s t e r  (v 7 0 0 1 ) c o n ta in e d  

to lu e n e . The d i a l l y l p h th a l a t e  (F o rm u la tio n  A) was an ex p e rim e n ta l 

r e s in  w hich d id  n o t have th e  vapor em issio n  problem  o f  th e  o th e r  two 

p o ly e s te r s .  However, th e  v i s c o s i t y  o f  th e  r e s i n  was so h ig h  t h a t  a  

hea ted  r e s in  b a th  would be n e c e s sa ry  so th e  r e s in  couj-d im pregnate  a 

f ib e r  b u n d le . T h is  r e s in  m igh t be more u s e f u l  as  p a r t  o f  a  p re p re g  

ta p e .

The ep ox ies  w ere o f  th e  395 K (250°F) s e rv ic e  ty p e  and th u s  

re p re s e n te d  a m odest advance over th e  s e rv ic e  ran g e  o f  th e  p o ly e s te r s .

A p rev io u s  in v e s t ig a t io n  ( r e f .  22 , 27) has shown th a t  am ines a re  p re 

f e r a b le  t o  an h y d rid es  as  epoxy c u r in g  a g e n ts  becau se  th e  an h y d rid es  

cause ad h esio n  betw een th e  r e s i n - f i b e r  mass and th e  s t e e l  d ie .  T hree 

o f  th e  ep ox ies  in  t a b le  1  w ere used  in  th e  form  o f  p re p re g  t a p e ,  and 

some ta p e  p r o p e r t ie s  a re  g iv e n  in  t a b l e  2. The ta p e  f i b e r  was 6000- 

f ila m e n t T ho rnel 300 g ra p h ite  f i b e r .  The ta p e s  w ere made in  .3  m (12 i n . )  

w id ths and th e n  s l i t  to  a  20 mm ( .8  i n . ) w id th  f o r  t e s t i n g .  A lthough no 

in fo rm a tio n  was a v a i la b le  on th e  r e s in  c o m p o sitio n , a l l  th r e e  p ro 

p r i e t a r y  r e s in s  w ere assumed to  be o f  th e  d ig ly c id y l  e th e r  o f
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TABLE 1 . -  THERMOSETTING RESINS INVESTIGATED

Room T em perature 
R esin  S ta te  D e sc r ip tio n /S o u rc e

P o ly e s te r

SR 6325 

V 7001

F o rm u la tio n  A

Low V is c o s i ty  
L iq u id

Low V is c o s i ty  
L iq u id

Tacky
S e m i-so lid

O r th o p h th a l ic , b e n zo y lp e ro x id e  
(BPO) i n i t i a t o r ;  PPG I n d u s t r ie s

V in y l, ben zo y l p e ro x id e  (BPO) 
i n i t i a t o r ;  Koppers Corp.

D ia l ly lp h a th a la te ;  t e r t i a r y  
b u ty l  p e rb e n z o a te  (TBPB) 
i n i t i a t o r ;  C e lan ese  R esearch  Co.

Epon 828

F 979

E 702

R 5209*

Epoxy

V iscous L iq u id

Tacky
S e m i-so lid

Tacky
S e m i-so lid

DGEBA, m etapheny lene-d iam ine  
(MPDA) c u r in g  a g e n t;
S h e l l  C hem icals Co.

P r o p r ie ta r y  395 K (250°F) 
s e r v ic e  epoxy on T h o rn e l 300 
( 6K) g r a p h i t e - f i b e r s ;  
F i b e r i t e  Corp.

P r o p r ie t a r y  395 K (250°F) 
s e rv ic e  epoxy on T h o rn e l 300 
( 6K) g r a p h i te  f i b e r s ;  U. S. 
P o lym eric

P r o p r ie ta r y  395 K (250°F) 
s e rv ic e  epoxy on T h o rn e l 300 
( 6K) g r a p h i te  f i b e r s ;
Narmco M a te r ia ls ,  In c .

* T ested  in  p re p re g  form o n ly  b u t in c lu d e d  h e re  f o r  co m p le ten ess.
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R ig id i t e  5209-T300 

Hy-E 1079 C 

E702/T300 ( 6K)

TABLE 2 . -  PREPREG TAPES INVESTIGATED

Nominal F ib e r  A re a l R e s in  V o la t i l e s ,
P ly  T h ick n ess  W eigh t, C o n te n t, p e rc e n t
mm ( in )  g/m^ w e ig h t p e rc e n t

.157  1 b6  38
( . 0 0 6 2 )

.1 7 0  178  32 <1
( .0 0 6 7 )

.139 lU 6 32 <1
( .0 0 5 5 )

H
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b is -p h e n o l  A (DGEBA) ty p e .  However, no a t te m p t was made to  an a ly ze  

th e  p r o p r ie t a r y  r e s i n s .  Of th e  fo u r  epoxy r e s i n s ,  one (Epon 828) was 

u sed  in  r e s i n  form  o n ly , two (F 979 and E 702) were u sed  in  b o th  r e s in  

and p re p re g  ta p e  fo rm , and th e  rem ain in g  one (R 5209 ) was u sed  in  ta p e  

form o n ly .

T e s ts

Therm al and m ech an ica l t e s t s  w ere perfo rm ed  on r e s i n ,  p re p re g  

ta p e ,  and on p u ltru d e d  s to c k .  The t e s t s  o f  r e s i n  and p re p re g  ta p e  

w ere made to  o b se rv e  c u r in g -in d u c e d  changes i n  th e  r e s i n .  The p u l

tru d e d  s to c k  t e s t s  w ere made to  d e te rm in e  th e  e f f e c t  o f  th e  p u l t r u s io n  

p ro c e s s  on th e  s to c k  p r o p e r t i e s .

A d i f f e r e n t i a l  scan n in g  c a lo r im e te r  ( P e rk in -E lm er DSC-l) was 

used  to  m easure th e  k in e t i c  p a ram e te rs  o f  b o th  r e s in s  and p re p re g  

ta p e .  The te m p e ra tu re  r a t e s  were 1 0 , 20 , Uo, and 80 K /m in, and th e  

sam ple mass was 5 -10  mg f o r  th e  r e s i n s , '  and 1 5 -2 5  mg f o r  th e  ta p e s .

The DSC has been  u sed  e x te n s iv e ly  ( r e f .  U7-^9) k in e t i c  s tu d ie s  

b u t v e ry  l i t t l e  in  com posite  m a te r ia ls  p ro c e s s in g . The e n th a lp y  r a t e -  

te m p e ra tu re  cu rv es  g e n e ra te d  in  th e  t e s t  were m anually  r e a d  a t  1 K 

(1 .8 °F ) i n t e r v a l s .  These d a ta  were red u ced  w ith  th e  a id  o f  a  p ro 

grammable c a l c u la to r  (Wang 2200S) t o  o b ta in  th e  h e a t o f  r e a c t io n ,  as 

w e ll  as  th e  r e a c t io n  r a t e  c o n s ta n t and f r a c t i o n a l  co n v e rs io n  w ith  

te m p e ra tu re . The r e a c t io n  r a t e  c o n s ta n ts  w ere th e n  u sed  to  o b ta in  

r e a c t io n  o r d e r ,  a c t i v a t io n  en e rg y , and  p r e - e x p o n e n t ia l  c o n s ta n t  f o r  th e  

A rrh en iu s  r e a c t io n  r a t e  e x p re s s io n .

The change o f  r e s i n  v i s c o s i t y  d u rin g  c u r in g  was m easured as  a  

fu n c tio n  o f  tim e  on a  r o t a r y  rh eo m eter ( i n s t r o n  3250 ) u s in g  th e  cone
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and p la t e  mode. The rh e o m e te r , d e s c r ib e d  in  d e t a i l  in  r e f e r e n c e  50, 

i s  shown in  f ig u r e  3- A 20 ram -radius, .018 r a d ia n  cone was u sed  and 

th e  s t r a i n  r a t e  was 1 se c ” '*'. D uring  th e  t e s t ,  s im u ltan eo u s  m easure

m ents were made o f  th e  to rq u e  and norm al f o r c e .  The s e m i-s o l id  r e s in s  

were f ro z e n  on s o l i d  ca rbon  d io x id e  t o  f a c i l i t a t e  h a n d lin g . Once 

on th e  p r e -h e a te d  p l a t e ,  how ever, th e y  m e lted  q u ic k ly .

A m ech an ica l t e s t i n g  m achine was u sed  to  make room te m p e ra tu re  

d ia m e tra l  t e s t s  ( r e f .  3 2 , 5 1 ) and no tch ed  sh e a r  t e s t s  ( r e f .  3 3 , 52 ) o f  

p u ltru d e d  c i r c u l a r  r o d s .  The c ro ssh e a d  speed  was s e t  so t h a t  th e  

s t r a i n  r a t e  was 1 .3  p e rc e n t p e r  m inu te  f o r  b o th  ty p e s  o f  t e s t s  

i r r e s p e c t iv e  o f  th e  t e s t  specim en s i z e .  S h o rt beam sh e a r  t e s t s  were 

made a t  room te m p e ra tu re  on p u l tru d e d  f l a t  s h e e t .  A 13 mm ( .5  in c h ) span 

was u se d , th e  nom inal s p a n - to -d e p th  r a t i o  was f o u r ,  and th e  nom inal 

w id th - to - th ic k n e s s  r a t i o  was tw o.

N um erical Methods

N um erical m ethods w ere u sed  w ith  a  program m able c a l c u la to r  to  

red u ce  d a ta  as  n o te d  f o r  th e  DSC t e s t s .  The c a l c u la to r  was a ls o  used  

t o  e v a lu a te  an in te g ra l ,  r e l a t i n g  d im e n s io n le ss  t im e , te m p e ra tu re , 

and te m p e ra tu re  r i s e  f o r  an a d ia b a t i c  r e a c t io n .  A l l  c a l c u la to r  program s 

w ere w r i t t e n  in  BASIC la n g u ag e .

An e x i s t in g  f i n i t e  d i f f e r e n c e  program  ( r e f .  5 3 ) , w r i t t e n  in  

FORTRAN lang u ag e  f o r  a  C o n tro l D ata  6000 s e r i e s  d i g i t a l  com puter, was 

used  to  e s t im a te  th e  s p a t i a l  and te m p o ra l d i s t r i b u t i o n  o f  te m p e ra tu re  

in  a  g iv en  c r o s s - s e c t io n  o f  a  r e s i n - f i b e r  m ass. The p rogram , a s  w r i t t e n ,  

a p p l ie d  o n ly  t o  h e a t  t r a n s f e r r e d  th ro u g h  and h e a t s to r e d  in  th e  

m a te r ia l .  The f i r s t  a u th o r  o f  r e f e r e n c e  53 m o d ified  th e  program  to
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in c lu d e  a  h e a t g e n e ra tio n  te rm  as  w e l l ,  th e re b y  making th e  program  

a p p l ic a b le  t o  th e rm o s e tt in g  r e s in s .

The c o o rd in a te  system s u sed  t o  show th e  e s tim a te d  te m p e ra tu re  

d i s t r i b u t i o n  a re  shown in  f ig u r e  U. The c h o ic e  o f  th e  system s was 

b ased  on th e  o b s e rv a tio n s  t h a t  th e  speed  o f  th e  r e s i n - f i b e r  mass i s  

un ifo rm  a lo n g  th e  d ie  le n g th ,  and t h a t  p u ltru d e d  s to c k  o f te n  has a  

h ig h  w id th - to - th ic k n e s s  r a t i o .  The a s p e c t  r a t i o  f o r  th e  s to c k  

shown in  f ig u re  2 ran g ed  from  abou t 11 t o  n e a r ly  50. The x - a x is  was 

a l ig n e d  w ith  th e  m otion  o f  th e  r e s i n - f i b e r  m ass. By v i r t u e  o f  th e  

u n ifo rm  speed  th ro u g h  th e  d ie ,  th e  x - a x is  can a l s o  be  th o u g h t o f  as  

a  tim e  a x i s .  H eat t r a n s f e r  ta k e s  p la c e  from  th e  d ie  t o  th e  r e s i n - f i b e r  

mass in  th e  th ic k n e s s  d i r e c t io n  and th e  y - a x is  was so a l ig n e d .  The 

z - a x is  was th e n  a l ig n e d  w ith  th e  w id th . The o r ig in  o f  th e  system  was 

s e t  a t  th e  f r o n t  edge o f  th e  d ie  e q u id is ta n t  from  th e  d ie  s u r f a c e s .

H ence, th e  te m p e ra tu re  a long  any y - a x i s ,  a s  i t  moves th ro u g h  tim e 

0 , can be  r e p re s e n te d  by  a  t im e - te m p e ra tu re -d is ta n c e  s o l id  as  shown in  

f ig u r e  5- T h is  f ig u r e  shows th r e e  s t a t i o n s  in  th e  y  d i r e c t io n  a t  

w hich th e  te m p e ra tu re  i s  t o  be e s t im a te d . A l l  th e  te m p e ra tu re s  have 

been e s tim a te d  a t  tim e  0 . For an in c rem en t o f  tim e  A0, th e  te m p e ra tu re  

o f  yn i s  e s tim a te d  from th e  yn+^ , yn > and y^  ^ te m p e ra tu re  a t  tim e  

0 , p lu s  th e  y n+1 and yR ^ te m p e ra tu re s  a t  tim e  0 + A0. As th e s e  l a t t e r  

two te m p e ra tu re s  have n o t y e t  been e s t im a te d ,  th e  program  m ust s o lv e  

a  s e t  o f  s im u ltan e o u s  e q u a t io n s ,  one e q u a tio n  fo r  each  s t a t i o n  in  th e  y 

( th ic k n e s s )  d i r e c t i o n .  The r e s u l t i n g  t r i - d i a g o n a l  m a tr ix  i s  so lv e d  by 

G aussian  e l im in a t io n .
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CHAPTER 1|

MASS BALANCE IN A PULTRUDER DIE 

Upon f i r s t  c o n s id e r a t io n ,  a  mass b a la n c e  f o r  a  p u l t r u d e r  d ie  

m ight be  re g a rd e d  as  a  v e ry  s im p le , s t r a ig h tfo rw a rd  e x e r c is e .  The 

c a v i ty  c ro s s  s e c t io n  i s  un ifo rm  a lo n g  th e  d ie  le n g th ,  p u l l in g  speed  i s  

c o n s ta n t ,  no m a te r ia ls  a r e  in tro d u c e d  o r  e x t r a c te d  a lo n g  th e  d ie  le n g th ,  

so th e  mass e x i t in g  th e  d ie  m ust eq u a l th e  mass e n te r in g .  However, 

w h ile  th e  t o t a l  mass w i th in  th e  d ie  i s  c o n s ta n t ,  th e  components and 

p r o p e r t i e s  o f  t h a t  t o t a l  mass undergo c o n s id e ra b le  change. S p e c i f i c a l ly ,  

th e  low m o le c u la r  w e ig h t, l i q u i d  r e s in  r e a c t s  in  th e  d ie  ( r e a c to r )  and 

changes in t o  a  h ig h e r  m o lecu la r w e ig h t, c r o s s l in k e d ,  s o l id  m a tr ix  o f  

a  com posite  m a te r ia l .  The u s e fu ln e s s  o f  th e  m a te r ia l  w i l l  depend to  

a  l a r g e  d eg ree  on th e  r a t e  and e x te n t  o f  t h a t  r e a c t io n .  A lthough th e  

mass change and energy  change a re  s t r o n g ly  coup led  i n  a  chem ica l r e a c to r ,  

th e y  a r e  t r e a t e d  s e p a r a te ly  in  t h i s  r e p o r t  b o th  fo r  c l a r i t y  and fo r  

em phasis.

Cure A n a ly s is  by D i f f e r e n t i a l  Scanning  C a lo rim e try  

A b a s ic  assum ption  w hich was made in  t h i s  i n v e s t ig a t io n  was t h a t  

th e  c u re  r e a c t io n  co u ld  b e  d e s c r ib e d  by n - th  o rd e r  k i n e t i c s .  I f  mass 

d i f f u s io n  i s  sm a ll r e l a t i v e  t o  th e  r e a c t io n ,  th e n  th e  r e a c t io n  r a t e ,  r ,  

can b e  e x p re sse d

■ I  ■ (1 )
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where C i s  th e  c o n c e n tra t io n  o f  r e a c t a n t s .  The r e a c t io n  r a t e  con

s ta n t  k  i s  in v a r i a n t  w ith  c o n c e n tra t io n  and w ith  tim e  a t  a  g iven  

te m p e ra tu re ; how ever, th e  v a lu e  o f  k  i s  te m p e ra tu re  d ep en d en t. T h is  

te m p era tu re  dependence i s  o f te n  d e s c r ib e d  by th e  A rrh en iu s  e x p re s s io n

Ek
k = k0 6XP -  HT ( 2 )

The th r e e  k in e t i c  p a ra m e te rs , n ,  kQ, E^, ap p e a rin g  in  e q u a tio n s  1

and 2 p ro v id e  a  way o f  d e s c r ib in g  how a  cu re  r e a c t io n  w i l l  p ro cee d .

The r e a c t io n  o rd e r  n i s  u s u a l ly  a  sm a ll in t e g e r  ( 0 ,1 ,2 ,3 )  o r  th e  r a t i o

o f  sm a ll in te g e r s  (1 /2 ,  3 /2 ) .  The r e a c t io n  o r d e r ,  w hich m ust be

determ ined  by ex p erim en t, in d ic a te s  th e  in f lu e n c e  o f  c o n c e n tra t io n  on

r e a c t io n  r a t e .  The p re -e x p o n e n t ia l  f a c to r  k can be th o u g h t o f  aso

th e  v a lu e  o f  th e  r e a c t io n  r a t e  c o n s ta n t f o r  an  i n f i n i t e l y  la r g e  tem pera

tu r e .  The a c t iv a t io n  energy  i s  a  r e f l e c t i o n  o f  how r a p id ly  th e  

r e a c t io n  ta k e s  p la c e  over a  te m p e ra tu re  ra n g e . A h ig h  v a lu e  o f  E^ 

in d ic a te s  a  s h a rp , r a p id  r e a c t io n  ta k in g  p la c e  o v er a  r e l a t i v e l y  narrow  

te m p e ra tu re  ra n g e .

A w idely  u sed  in s tru m e n t f o r  d e te rm in in g  th e  th r e e  k in e t i c  p a ra 

m ete rs  o f  a  cu re  r e a c t io n  ( r e f .  5^ - 56 ) i s  th e  d i f f e r e n t i a l  scan n in g  

c a lo r im e te r  (DSC). In  th e  DSC, a  t e s t  sam ple and r e f e r e n c e  sam ple a re  

h ea ted  in  such a  way as  t o  r a i s e  t h e i r  te m p e ra tu re  a t  a  c o n s ta n t  r a t e .  

The d i f f e r e n t i a l  in  th e  h e a t  r e q u ire d  f o r  each  sam ple depends o n ly  on 

t h e i r  r e s p e c t iv e  d e n s i t i e s  and s p e c i f i c  h e a ts  a s  lo n g  as  no r e a c t io n  o r
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phase change ta k e s  p la c e .  When th e  t e s t  sam ple undergoes a  r e a c t io n ,  

th e  amount o f  h e a t r e q u ire d  t o  m a in ta in  th e  te m p e ra tu re  r i s e  r a t e  

changes. I f  th e  r e a c t io n  i s  en d o th e rm ic , more h e a t i s  r e q u ir e d ;  i f  

ex o th e rm ic , l e s s .  An id e a l iz e d  DSC t e s t  cu rv e  i s  shown in  f ig u r e  6 .

The r e a c t io n  ty p i c a l  o f  th e rm o s e t t in g  r e s in s  r e s u l t s  in  an  exo therm ic 

"bu lge"  in  what would o th e rw ise  be an  e s s e n t i a l l y  s t r a i g h t  b a s e l in e .

The fundam ental assum ption  in  DSC a n a ly s i s  i s  t h a t  th e  a r e a  under th e  

cu rv e , bounded by th e  b a s e l in e ,  i s  p r o p o r t io n a l  t o  th e  h e a t  o f  r e a c t io n  

to  th e  m a te r ia l .  T hat i s ,  when th e  cu rve  r e tu r n s  to  th e  b a s e l in e  

from i t s  exo therm ic e x c u rs io n , th e  m oles w hich have r e a c te d  e q u a l th e  

moles a v a i la b le  f o r  r e a c t in g .  M oreover, a t  an  in te rm e d ia te  

te m p era tu re  T^, th e  m oles r e a c te d  a r e  p ro p o r t io n a l  to  th e  h e a t evo lv ed . 

R e fe rr in g  to  f ig u r e  6 , th e  m oles r e a c te d  and th e  h e a t evo lved  a t  

Ti  a re  p ro p o r t io n a l  to  th e  r a t i o  A±/A ,  w here i s  th e  a re a  to

th e  l e f t  o f  th e  o r d in a te  and A i s  th e  t o t a l  a r e a  under th e

c u rv e .

T hree d i f f e r e n t  m ethods, a l l  u s in g  th e  fundam ental assum ption  

d e sc r ib e d  above, have been  deve lo p ed  fo r  e x t r a c t in g  k in e t i c  p a ram ete rs  

from DSC t e s t s .  One method ( r e f .  57) u se s  an  is o th e rm a l t e s t  and a 

fo u r-p a ra m e te r  m odel. A second  m ethod ( r e f .  58) ta k e s  i n t o  acco u n t th e  

dynamic e f f e c t  o f  th e  te m p e ra tu re  r a t e  on th e  r e s u l t s .  The t h i r d  

method ( r e f .  59) i s  p ro b a b ly  th e  m ost w id e ly  u sed  o f  th e  th r e e  and was 

used in  t h i s  in v e s t ig a t io n .  The r e a c t io n  r a t e  c o n s ta n t  k^ a t  te m p e ra tu re  

T^ (se e  f ig u r e  6 ) i s

ki  = (A/ C0 )n_1 9EL/30

(A -A .)n ( 3 )
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The cu rve  h e ig h t 9H/30 f o r  each  one d eg ree  te m p e ra tu re  in c rem en t was 

used  to  c a l c u la te  k fo r  fo u r  assumed r e a c t io n  o r d e r ,  n = l /2 , 1 , 1- 1 / 2 ,

2. For each assumed o rd e r  f o r  each  o f  fo u r  t e s t s  a t  d i f f e r e n t  tem p era

tu r e  r a t e s ,  th r e e  a p p a re n t r e a c t io n  r a t e  c o n s ta n ts  w ere used  to  o b ta in  

th e  k in e t i c  p a ram e te rs  as  shown in  f ig u r e  7- The th r e e  p o in ts  w ere th e  

a p p a re n t r a t e  a t  a  f r a c t i o n a l  c o n v e rs io n  o f  0 . 5 , and a t  te m p e ra tu re s  

5 K and 10 K above th e  0 .5  co n v e rs io n  te m p e ra tu re . T h is  p ro ced u re  

p ro v id ed  tw e lv e  p o in ts  f o r  f i t t i n g  a  s t r a i g h t  l i n e  by l i n e a r  r e g r e s s io n .  

The F v a lu e  f o r  s ig n i f i c a n t  r e g r e s s io n  was u sed  to  s e l e c t  th e  b e s t  

r e a c t io n  o rd e r .  Both m a th e m a tic a lly  and g r a p h ic a l ly  ( f i g .  7) a 

r e a c t io n  o rd e r  o f  u n i ty  i s  b e t t e r  th a n  th e  o th e r  assumed o rd e r s .  The 

r e g re s s io n  a n a ly s i s  a l s o  p ro v id e d  th e  s lo p e  o f  th e  l i n e  (E /R ) ,  and

th e  in t e r s e c t i o n  o f  th e  l i n e  w ith  th e  o rd in a te  ( lo g  k ) .o

Cure o f  R es in

R e p re s e n ta t iv e  DSC cu rv es  f o r  th e  p o ly e s te r  and epoxy r e s i n s ,  

o b ta in e d  a t  a  te m p e ra tu re  r i s e  r a t e  o f  80 K /m in, a r e  shown in  f ig u r e s  

8 and 9 . The k in e t i c  p a ra m e te rs  a r e  l i s t e d  in  t a b l e  3 . The tem p era

tu r e  ran g e  f o r  f ig u r e  8 i s  350 t o  550 K, w h ile  t h a t  f o r  f ig u r e  9 i s  ^00 

to  600 K. The SR 6325 and V 7001 r e s in s  w ith  BPO, r e p r e s e n ta t iv e  o f  

c u r r e n t ly  used  p u l t r u s io n  r e s i n s ,  had  a  r e a c t io n  peak  w hich was c e n te re d  

in  th e  1+00-U25 K ran g e  ( f i g .  8 ) .  T y p ic a l p u l t r u s io n  te m p e ra tu re s  

ran g e  upward from ^  390 K. A h ig h e r  c o n c e n tr a t io n  o f  i n i t i a t o r  moved 

th e  peak  to  a  low er te m p e ra tu re . A low er te m p e ra tu re  r a t e  would a l s o  

move th e  peaks down s c a le .  The peak  f o r  th e  F o rm u la tio n  A w ith  

tBPB r e s i n  f e l l  some 50 K h ig h e r  th a n  t h a t  o f  th e  o th e r  p o ly e s t e r s ,
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TABLE 3 . -  KINETIC AND THERMAL PARAMETERS FOR 
POLYESTER AND EPOXY RESINS

R esin  and C uring  Agent R e a c tio n  A c tiv a t io n P re -e x p o n e n t ia l R eact:
O rder Energy C o n s tan t H eat

k J /m o l. s e c -1 k J /k g

P o ly e s te r

SR 6325-1# BPO 1 5 6 .3 8 .2 2  x  10 ;j 302 .2
-2 #  BPO 1  1 /2 6 7 .6 5.19 x io7 333 .5

V 7001 -  1/2% BPO 1 U7.2 If.71 x  l o t 27^-9
-  1% BPO 1 5 8 .6 2 .1 0  x  10q 298. k

F o rm u la tio n  A-1% tBPB 1 97-5 U.51 x 10y 2 0 2 . h

Epoxy

Epon 828-10# mPDA 1 36 .5 2 .U1  x lOp U88.5
F 979 1 5 6 .0 7 .9 3  x  107 2 6 6 .8
E 702 1 /2 53 .0 2 .3 7  x  10 6 2 2 . U

OJ
ro
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r e f l e c t i n g  h ig h e r  te m p e ra tu re  s t a b i l i t y  o f  tBPB compared t o  BPO.

A ll  th e  p o ly e s te r s  t e s t e d  had c le a n ,  d i s t i n c t  r e a c t io n  peaks w ith  th e

DSC curve  r e tu r n in g  t o  th e  b a s e l in e  a t  th e  end o f  th e  r e a c t io n .

The DSC cu rv es  f o r  th e  epoxy r e s in s  a r e  shown in  f ig u r e  9-

The Epon 828 w ith  mPDA had a  d i f f u s e  r e a c t io n  which ex tended  from

about U50 t o  550 K. A r e a c t io n  such  as t h i s  would r e q u i r e  h ig h

te m p e ra tu re s  o r  long  r e s id e n c e  tim e s  in  th e  p u l t r u d e r  d ie ,  su g g e s tin g

th a t  t h i s  r e s i n  m ight be d i f f i c u l t  t o  p u l t r u d e  when th e  mPDA cu rin g

ag en t i s  u sed . The o th e r  two epoxy r e s i n s ,  F 979 and E 702, had w e ll -

d e f in e d  r e a c t io n s  w hich w ere c e n te re d  n e a r  ^75 K, abo u t th e  same

te m p era tu re  as  th e  F o rm u la tio n  A p o ly e s te r .  The E 702 r e s in  had a .

r e l a t i v e l y  u n ifo rm  h e a t g e n e ra t io n  r a t e  o v e r an ap p ro x im ate ly  15 K

range  a s  shown by th e  f l a t t e n e d  peak . Such u n ifo rm ity  may r e s u l t  from

b le n d in g  c u r in g  a g e n ts  so t h a t ,  as th e  r e a c t io n  due to  one ag e n t

b eg in s  to  d e c re a s e , a  h ig h e r  te m p e ra tu re  a g e n t cau ses  an in c r e a s e .

No a tte m p t was made, how ever, to  d e te rm in e  i f  th e  E 702 r e s i n  had more

th a n  one c u r in g  a g e n t.

The k in e t i c  p a ram e te rs  f o r  th e  r e s in s  a r e  l i s t e d  in  t a b l e  3-

The r e a c t io n  o rd e rs  w ere u n i ty  w ith  two e x c e p tio n s ,  SR 6325-2$ BPO

and E 702. The a c t iv a t io n  e n e rg ie s  w ere abo u t in  th e  same ran g e  excep t

fo r  th e  Epon 828 (low) and th e  F o rm u la tio n  A (h ig h ) .  These two r e s in s

a ls o  re p re s e n te d  th e  ex trem es w ith  re g a rd  t o  th e  p re e x p o n e n tia l  c o n s ta n t .
2

For Epon 828 th e  c o n s ta n t was o n ly  ^  10 , w h ile  f o r  F o rm u la tio n  A i t  was 
9

VL0 . T ab le  3 a ls o  shows t h a t  an in c re a s e  i n  th e  amount o f  i n i t i a t o r  

b r in g s  abou t an  in c re a s e  in  th e  a c t iv a t io n  energy  and p re -e x p o n e n t ia l  

c o n s ta n t .
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The h e a t o f  r e a c t io n  i s  a ls o  l i s t e d  in  t a h l e  3. The v a lu e  

l i s t e d  f o r  a  g iv en  r e s i n  i s  th e  av e rag e  o b ta in e d  from t e s t s  a t  

a l l  te m p e ra tu re  r a t e s  (10 , 20 , Uo, and 80 K/min) inasm uch as no 

t r e n d  o f  h e a t w ith  r a t e  was e v id e n t.  The v a lu e s  ranged  from  a 

low o f  ^200 k J /k g  f o r  F o rm u la tio n  A to  a  h ig h  o f  ^600 k J /k g  fo r  

th e  E 702. The e f f e c t  o f  BPO c o n c e n tra t io n  on th e  r e a c t io n  h e a t 

o f  two o f  th e  p o ly e s te r s  was d e te rm in ed . The r e s u l t s  a r e  shown in  

f ig u r e  10 where th e  d a ta  p o in ts  a re  th e  av erage  o f  a l l  t e s t s  a t  a  

g iv e n  c o n c e n tra t io n ,  and th e  range o f  v a lu e s  i s  in d ic a te d  by th e  b a rs  

on th e  p o in t s .  D e s p ite  th e  f a c t  t h a t  th e  d a ta  a r e  f o r  two r e s in s  w ith  

th r e e  c o n c e n tra tio n s  o f  BPO and t e s t e d  a t  fo u r  te m p e ra tu re  r a t e s ,  th e  

h e a t o f  r e a c t io n  i s  n e a r ly  c o n s ta n t .  The s t r a i g h t  l i n e ,  f i t t e d  by 

l i n e a r  r e g re s s io n  a n a l y s i s ,  e x t r a p o la te d  t o  a  v a lu e  o f  ^260 k J /k g  a t  

ze ro  c o n c e n tr a t io n .  The a n a ly s is  in d ic a te d ,  how ever, t h a t  th e  l i n e  

c o u ld , w ith  95 p e rc e n t  c o n fid e n c e , h a v e 'a  ze ro  as w e ll as a  n o n -zero  

s lo p e . R eferen ce  55 shows t h a t ,  w h ile  a  h ig h e r  i n i t i a t o r  c o n c e n tra tio n  

w i l l  g iv e  b o th  h ig h e r  r e a c t io n  r a t e s  and r e a c t io n  h e a t ,  th e  e f f e c t  i s  

more pronounced w ith  some i n i t i a t o r s  th a n  i t  i s  w ith  o th e r s .  A p p aren tly  

BPO i s  one o f  th e  more c o n c e n t r a t io n - in s e n s i t iv e  i n i t i a t o r s .

The DSC cu rves  ( f i g .  8 and 9) can be an a ly zed  to  d e te rm in e  what 

f r a c t i o n  o f  th e  r e a c t io n  has  ta k e n  p la c e  a t  a  g iv en  te m p e ra tu re . The 

v a lu e s  o f  r e a c t io n  f r a c t i o n  a s  a  fu n c tio n  o f  te m p e ra tu re  fo r  SR 6325-2$ 

BPO a re  shown in  f ig u r e  11 as  an exam ple. As n o ted  p re v io u s ly ,  a  low er 

te m p e ra tu re  r a t e  s h i f t e d  th e  r e a c t io n  t o  a  low er te m p e ra tu re . T h is 

te m p e ra tu re - ra te -d e p e n d e n t s h i f t ,  how ever, a l s o  r e f l e c t s  lo n g e r  tim e s  

a t  low er te m p e ra tu re s . For exam ple, a.t a  r a t e  o f  10 K /m in, n in e
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m in u tes  w ere needed t o  p a ss  from  300 K (room te m p e ra tu re )  t o  390 K 

(a  t y p i c a l  p u l t r u s io n  te m p e ra tu re  f o r  p o ly e s t e r s ) .  By c o n t r a s t ,  a t  

a  r a t e  o f  80 K /m in, o n ly  1 .2 5  m in u tes  was needed to  r e a c h  th e  same 390 

K. However, th e  r e s i n  h e a te d  a t  th e  low er r a t e  had re a c h e d  a  f r a c t i o n  

o f  0 . 9 , w h ile  t h a t  a t  th e  h ig h e r  r a t e  had n o t reac h ed  a  f r a c t i o n  o f  0 .1  

(se e  f ig u r e  1 1 ) . B oth  te m p e ra tu re  and t im e , th e n ,  m ust b e  c o n s id e re d  

in  d e te r in in g  how f a r  a  r e s i n  has  r e a c te d .  Such a c o n s id e ra t io n  i s  

im p o rta n t in  p u l t r u s t i o n  w here two im p o rta n t v a r ia b le s  a r e  d ie  tem pera

tu r e  and d ie  r e s id e n c e  tim e .

The cu rv es  in  f ig u r e  11 can be  c r o s s - p lo t t e d  to  i l l u s t r a t e  th e  

t im e - te m p e r a tu r e - f r a c t io n  r e l a t i o n  a s  shown in  f ig u r e  12 w here th e  

tim e  i s  shown in  se c o n d s . At a  te m p e ra tu re  o f  390 K, an in d u c tio n  tim e  

( ta k e n  a s  th e  tim e  t o  re a c h  a  f r a c t i o n  o f  0 . 1 ) o f  100  seconds i s  r e 

q u ire d ,  and th e  r e a c t io n  w i l l  be n e a r in g  co m ple tion  ( f= 0 . 9 ) a f t e r  an 

e s t im a te d  6^0 seco n d s . I f  th e  d ie  te m p e ra tu re  sh o u ld  in c re a s e  to  

UOO K, how ever, th e  in d u c tio n  tim e  w ould be sh o r te n e d  to  63 seco n d s , 

and th e  r e a c t io n  w ould be  n e a r ly  com plete  in  1*08 seco n d s . The d ie  

te m p e ra tu re  m ight r i s e  b ecau se  o f  in a d e q u a te  te m p e ra tu re  c o n t ro l  o r  

becau se  o f  a  c o n t in u in g  r e a c t io n  h e a t r e l e a s e .  W hatever th e  c a u se , 

th e  r e s u l t  i s  t h a t  th e  r e a c t io n  b e g in s  and app ro ach es com ple tion  e a r l i e r  

in  th e  d ie .  An e a r l y  cu re  ( r e f .  20) can cause  e x c e s s iv e  f r i c t i o n  fo r c e s .

Cure o f  P rep reg  Tape

The c u r in g  k i n e t i c s  o f  th e  r e s in s  a r e  im p o rta n t as  a  means o f  

e s t a b l i s h in g  r e f e r e n c e  p o in ts  and m aking com parisons. However, b o th  

r e s i n  and f i b e r  a r e  p u l le d  th ro u g h  th e  d ie ,  and o th e r  in v e s t ig a to r s  

( r e f .  1 2 , 1 9 , 2 0 , 5 5 ) have re c o g n iz e d  th e  need t o  make k in e t i c  and

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



RE
AC

TI
ON

 
FR

AC
TI

O
N

3 8

•5T c2 
U_l 
Q_

OO

ir \

CM

oom
o
LPl
CM

o03
CO

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.

Fi
gu

re
 

12
.- 

T
em

pe
ra

tu
re

-t
im

e 
cu

rv
es

 
at 

th
re

e 
re

ac
ti

on
 

fr
ac

ti
o

n
s 

fo
r 

SR 
63

25
 

po
ly

es
te

r 
re

si
n

.



39

th e rm a l m easurem ents on r e s i n - f i b e r  co m b in a tio n s . In d eed , one o f  

th e  common id e a s  in  com posite m a te r ia l  p ro c e s s in g  i s  t h a t  th e  f i b e r  o r  

f i l l e r  has a  m odera ting  in f lu e n c e  on th e  c u re  r e a c t io n  and red u ce s  th e  

maximum exo therm ic te m p e ra tu re .

The m od era tin g  e f f e c t  on th e  r e a c t io n  may be due to  b o th  th e  mass 

and th e  s u r fa c e  o f  th e  f i b e r .  The mass o f  th e  f i b e r  a c t s  as a th e rm a l 

d i lu e n t  by  d is p la c in g  some o f  th e  r e a c t iv e ,  h e a t-p ro d u c in g  r e s i n .  In  

a d d i t io n ,  s in c e  th e  d e n s i ty - s p e c i f ic  h e a t  p ro d u c t o f  th e  f i b e r  i s  

g e n e ra l ly  l a r g e r  th a n  th a t  o f  th e  r e s i n ,  th e  f i b e r  ab so rb s  more h e a t 

th a n  th e  r e s i n  i t  d is p la c e d . For exam ple, c o n s id e r  a  h y p o th e t ic a l  

p o ly e s te r  r e s i n  w ith  an exo therm ic te m p e ra tu re  r i s e  o f  100 K. A 

com posite made o f  e q u a l volumes o f  th e  r e s i n  and g la s s  f i b e r  would 

have o n ly  one h a l f  th e  r e a c t io n  h e a t p e r  u n i t  volume compared to  th e  

r e s in  a lo n e . But w ith  a d d i t io n a l  h e a t  b e in g  ab so rb ed  by th e  f i b e r ,  and 

u s in g  ty p i c a l  v a lu e s  fo r  d e n s i ty  and s p e c i f i c  h e a t ,  th e  e s tim a te d  

te m p e ra tu re  r i s e  would be 35-^0 K, g r e a t ly  red u ced  from 100 K f o r  r e s i n  

o n ly .

The f i b e r  s u r fa c e  can a l s o  have an e f f e c t  on th e  r e a c t io n .  A l

though  any i n t e r a c t io n  betw een r e s i n  and f i b e r  s u r fa c e  m ight be s l i g h t ,

th e  s u r fa c e  a re a  i s  la rg e  and th e  o v e r a l l  e f f e c t  can be s i g n i f i c a n t .

5 2A cub ic  m e tre  o f  a  r e s in - g l a s s  f i b e r  com posite  c o n ta in s  2 x 10 m o f

g la s s  s u r fa c e  (assum ing eq u a l volum es o f  r e s i n  and f i b e r  and 10 ym-

d iam ete r f i b e r s ) .  M oreover, a  un ifo rm  c o a tin g  o f  r e s i n  on th e  f i b e r

would be o n ly  2 .5  ym th i c k  so t h a t  most o f  th e  r e s in  would be w ith in  a

s h o r t  d is ta n c e  o f  th e  f ib e r  s u r f a c e .  A r e a c t in g  sp e c ie s  a t  th e  s u r fa c e

—12 2w ould, assum ing a  mass d i f f u s io n  c o e f f i c i e n t  o f  10 m / s e c ,  d i f f u s e  

th ro u g h  th e  un ifo rm  c o a tin g  in  abou t th r e e  seco n d s. Such a  tim e  i s  sm a ll
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r e l a t i v e  to  m ost p ro c e s s in g  t im e s . An in v e s t ig a t io n  o f  th e  e f f e c t  

o f  s u r fa c e  t r e a tm e n ts  o f  m in e ra l f i l l e r s  ( r e f .  6 0 ) has shown t h a t  

th e  c u rin g  r e a c t io n  o f  a  p o ly e s te r  r e s in  can h e  e i t h e r  a c c e le r a te d  o r  

r e ta rd e d  by a p p ro p r ia te  s u r fa c e  t r e a tm e n ts .  In  a n o th e r  in v e s t ig a t io n  

( r e f .  5 5 ) j th e  r e a c t io n  h e a t  o f  a  d i a l l y l  p h a t h a la t e - k a o l in i t e  c la y  

com bination  was red u ced  to  one p e rc e n t t h a t  o f  th e  r e s i n  a lo n e . A 

u s e f u l  com posite co u ld  n o t b e  made from such  a  co m b in a tio n . T h is  

extrem e e f f e c t  was a t t r i b u t e d  t o  th e  d eco m p o sitio n  o f  th e  p e ro x id e  

i n i t i a t o r  by th e  a c id ic  s u r f a c e  o f  th e  c la y .

R e p re s e n ta tiv e  DSC cu rv es  f o r  th e  p re p re g  ta p e ,  o b ta in e d  a t  a

te m p e ra tu re  r i s e  r a t e  o f  80 K /m in , a re  shown in  f ig u r e  13. Comparing

th e s e  cu rv es  w ith  th o s e  f o r  th e  r e s in s  ( f i g .  9) shows t h a t  th e  g e n e ra l

curve shape i s  th e  same. However, th e  cu rv es  f o r  th e  ta p e  te n d  to  be 

s m a lle r  and sp re a d  over a  w id er te m p e ra tu re  ra n g e . A l l  th r e e  cu rves 

had a  h ig h  te m p e ra tu re  t a i l ,  in d ic a t in g  t h a t  some r e a c t io n s  was s t i l l  

ta k in g  p la c e  even a t  th e  v e ry  h ig h  te m p e ra tu re s .  The te m p e ra tu re  f o r  a

r e a c t io n  f r a c t i o n  o f  0 .5  moved from 1+79 K f o r  th e  r e s in s  to  1+81+ K f o r

th e  ta p e s .

The k in e t i c  and th e rm a l p a ram e te rs  f o r  th e  ta p e s  a r e  l i s t e d  in

t a b le  1+. The r e s i n  u sed  f o r  th e  R ig id i te  5209 ta p e  was n o t a v a i la b le

so no com parison betw een th e  two can be  made. For th e  Hy-E and E 702,

a  com parison can be  made w ith  th e  F 979 and E 702 r e s in s  in  t a b l e  3.

Compared t o  th e  r e s i n s ,  th e  ta p e s  had  th e  same r e a c t io n  o rd e r  b u t a

low er a c t iv a t io n  energy  and p re -e x p o n e n t ia l  c o n s ta n t .  I n  o th e r  w ords,

th e  ta p e s  r e a c te d  slow er and o v er a  w ide te m p e ra tu re  ran g e  th a n  d id  th e

r e s in s .  F or exam ple, a t  1+75 K (a  p o s s ib le  p u l t r u s io n  te m p e ra tu re  fo r

—2 —1ep o x ies) th e  r e a c t io n  r a t e  c o n s ta n t  would be 5*51 x 10 sec  f o r  th e
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R 5209
EXOTHERMIC

ENDOTHERMIC

HY-E

E 702

600550500450400
TEMPERATURE, K

F ig u re  1 3 .-  DSC cu rv es  f o r  epoxy r e s in - g r a p h i t e  f i b e r  p re p re g  t a p e s .  T em peratu re  r i s e  r a t e  was 80 K/min.
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TABLE k.  -  KINETIC AND THERMAL PARAMETERS FOR 
EPOXY PREPREG TAPE

Tape R e a c tio n A c tiv a t io n P re - e x p o n e n t ia l R eac t i<
O rder Energy C o n s ta n t , H eat

k J /m o l se c - -*- k J /k g

R ig id i te  5209-T300 1 3 0 .7 1 .3 1  x  10? 16k.  6
Hy-E 1079 C 1 5U-7 U .l6  x  10_ 6 0 .3
E 702/T300 (6K) 1 /2 U9.2 7.6U x 10^ 17U.5

4=-ro



- 2  - 1F 979 r e s i n ,  and 3 .5 2  x 10 sec  f o r  th e  E 702 r e s i n .  For th e  t a p e s ,

—2 —1 —2 —1th e  co rre sp o n d in g  r a t e s  would he It. 02 x 10 sec  , and 2 .9 7  x 10 sec

The r a t e  f o r  th e  ta p e s  was abou t 75-85 p e rc e n t t h a t  f o r  th e  r e s in s .

Hence, u s in g  th e  DSC t o  m easure r e a c t io n  r a t e s  f o r  th e  r e s i n  w i l l  

p ro v id e  an upper bound fo r  th e  r a t e s ,  and so a  low er bound f o r  th e  

r e s id e n c e  tim e  in  th e  d ie  f o r  th e  p re p re g  ta p e .  The h e a t o f  r e a c t io n  

f o r  th e  p re p re g  ta p e s  i s  a l s o  l i s t e d  in  t a b l e  A low er r e a c t io n  h e a t  

f o r  th e  t a p e s ,  com pared to  th e  r e s i n ,  w ould be  ex p ec ted  and t h i s  was th e  

c a s e . I f  th e  r e a c t io n  h e a t o f  th e  r e s i n  i s  known ( ta b le  3 ) ,  and th e  

p ro p o r t io n  o f  r e s i n  i s  g iv en  ( ta b le  2 ) ,  th e n  th e  r e a c t io n  h e a t  fo r  th e  

p re p re g  ta p e s  can be  e s t im a te d . The e s tim a te d  v a lu e s  f o r  th e  Hy-E and 

E 702 ta p e s  was 6 6 .7  and 199*2 k J /k g ,  re a s o n a b ly  c lo s e  t o  th e  m easured 

v a lu e s  o f  6 0 .3  and 17^-5  k J /k g . A p p a re n tly , th e  g r a p h i te  f i b e r  e x e r t s  

a  mass e f f e c t  b u t v e ry  l i t t l e  s u r fa c e  e f f e c t  on th e  epoxy r e a c t io n .

Both th e  r a t e  o f  r e a c t io n  and th e  h e a t o f  r e a c t io n  a r e  im p o rtan t 

in  th e  r e a c t io n  w hich ta k e s  p la c e  in  a  p u l t r u d e r  d ie .  The h e a t o f  

r e a c t io n  w i l l  be u se d  in  th e  energy  b a la n c e  s e c t io n .  The concern  h e re  

i s  th e  r a t e  o f  r e a c t i o n ,  and how much tim e  i s  r e q u ir e d  to  a c h ie v e  a 

g iv e n  f r a c t i o n  o f  th e  t o t a l  r e a c t io n .  A u s e f u l  te c h n iq u e  f o r  fo llo w in g  

th e  r e a c t io n  ( r e f .  1+3, p . 92) i s  to  o b se rv e  t h a t  th e  v a r ia b le s  in  

e q u a tio n  1 can  be s e p a ra te d  t o  g iv e

—  = -  kd6 (1*)
cn

E q u a tio n  1 ' can be  in te g r a te d  to  g iv e  an  e x p re s s io n  f o r  c o n c e n tr a t io n ,

C, w hich i s
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n (n -1 )
C = Cq [1 + ( n - l )  c“  k6 l (4)

D iv id in g  by Cq g iv e s

C n -1  " (h- 1 )
= [1  + (n -1 ) c “  k6l ( 4 ')

o

The group o f  v a r ia b le s  on th e  r i g h t  hand s id e  o f  e q u a tio n  4 ' i s  a 

d im en sio n le ss  g roup r e f e r r e d  to  ( r e f .  42, p . 527) a s  th e  Damkohler num

b e r ,  Np. T h is number i s

c
The change o f  d im e n s io n le ss  c o n c e n tr a t io n ,  — , w ith  d im e n s io n le ss  tim e ,uo
Np, i s  shown in  f ig u r e  14. The cu rv es  in  f ig u r e  l4  a p p ly  to  an i s o 

th e rm a l c a se . I f  th e  r e a c t io n  f r a c t i o n  f  i s  c o n s id e re d  t o  be in v e rs e ly
q

r e l a t e d  to  d im en s io n le ss  c o n c e n tr a t io n ,  — , th e n  f ig u r e  14 p ro v id e s  a
vo

way o f  e s t im a t in g  r e a c t io n  tim e s  fo r  a  g iv en  r e s in  a t  a  g iv en  tem pera

tu r e .  Of c o n s id e ra b le  im portance  in  th e  p u l t r u s io n  p ro c e s s ,  how ever, i s  

th e  Damkohler number (e q u a tio n  5) w hich r e l a t e s  th e  im p o rta n t p ro c e ss  

v a r ia b le s  o f  ( re s id e n c e )  t im e , 0 ,  hnd d ie  te m p e ra tu re  ( th ro u g h  th e  

r e a c t io n  r a t e  c o n s ta n t  k ) .  As th e  d ie  te m p e ra tu re  i s  in c re a s e d ,  th e  

re s id e n c e  tim e can be d e c re a se d ; how much depends in  la r g e  m easure on 

th e  k in e t ic  p a ram e te rs  o f  th e  r e s i n .
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1+6

Mass B alance

The p u l t r u d e r  d ie  can be re g a rd e d  a s  a  chem ica l r e a c to r  in  w hich 

a  mass change ta k e s  p la c e .  S p e c i f i c a l l y ,  th e  low m o le c u la r  w e ig h t, 

l i q u id  r e s i n  r e a c t s  to  form a  h ig h e r  m o le c u la r  w e ig h t , c r o s s l in k e d  

m a tr ix  f o r  a  com posite  m a te r ia l .  The r e s i n  i s  th e  r e a c t iv e  com ponent, 

and th e  r e in f o r c in g  f i b e r s  have a  m o d e ra tin g  e f f e c t  on th e  r e a c t io n .  

U se fu l k in e t i c  and th e rm a l p a ra m e te rs  can  be o b ta in e d  from  DSC t e s t s .  

W hile t e s t s  o f  th e  r e s i n - f i b e r  com b in atio n  a r e  p r e f e r a b l e ,  t e s t s  o f  

th e  r e s i n  i t s e l f  can p ro v id e  re a s o n a b le  e s t im a te s  o f  th e  r e s u l t s  t o  be  

ex p ec ted  from such a  co m b in a tio n . Once th e  k i n e t i c  p a ra m e te rs  a r e  

d e te rm in e d , th e  Damkohler num ber, N^, p ro v id e s  a  u s e f u l  means o f  

e s t im a tin g  r e a c t io n  t im e s ,  o r  d ie  r e s id e n c e  t im e s ,  and th e  e f f e c t  t h a t  

d ie  te m p e ra tu re  would have on th o s e  t im e s .
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CHAPTER 5 

ENERGY BALANCE IN A PULTRUDER DIE 

In  a  p u l t r u d e r  d ie  ( r e a c t o r ) ,  energy  c au ses  a  mass change w hich , 

in  t u r n ,  r e le a s e s  energy . T h is b a la n c e  can be e x p re s se d  sim ply  a s  th e  • 

energy  s to re d  in  th e  r e s i n - f i b e r  mass w ith in  th e  d ie  i s  eq u a l to  th e  

energy  t r a n s f e r r e d  in to  th e  mass p lu s  th e  en erg y  g e n e ra te d  by th e  c u re  

r e a c t io n .  The m a th e m a tic a l form o f  t h i s  s im p le  s ta te m e n t ,  f o r  h e a t 

t r a n s f e r  in  th e  y - d i r e c t i o n ,  i s

„ 3T 8 3T. ^
pop  36 = 3^ (k  P  *  rH 161

T his p a r t i a l  d i f f e r e n t i a l  e q u a tio n  e x p re s s e s  th e  s p a t i a l  and te m p o ra l 

v a r i a t i o n  o f te m p e ra tu re  in  th e  r e s i n - f i b e r  mass i f  c e r t a in  m a te r ia l  

p r o p e r t i e s  a r e  known. The e q u a tio n  has d im ensions o f  W/m so i t  co u ld  

be th o u g h t o f  a s  an e x p re s s io n  f o r  power d e n s i ty ,  an a logous to  th e  

e x p re s s io n  f o r  m ass d e n s i ty .  I n  e q u a tio n  6 , th e  h e a t  o f  r e a c t io n ,  H, 

can be t r e a t e d  a s  a  c o n s ta n t  as  i t  i s  e s s e n t i a l l y  in d ep en d en t o f  th e  

c o n c e n tra t io n  o f  th e  c u r in g  a g e n t . However, t h e  r e a c t io n  r a t e ,  r ,  i s  

s t r o n g ly  dependent on c o n c e n tr a t io n  (e q u a tio n  1) and on te m p e ra tu re  

(e q u a tio n  2 ) .  A lthough  a  g e n e ra l  a n a l y t i c a l  s o lu t io n  to  e q u a tio n  6 i s  

no t a v a i l a b l e ,  th e  e q u a tio n  can be e v a lu a te d  by n u m e ric a l m ethods. Such 

an e v a lu a t io n  was made, u s in g  th e  f i n i t e  d i f f e r e n c e  program  d e s c r ib e d

in  r e f e r e n c e  53. The program  was m o d ifie d  t o  in c lu d e  th e  energy
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g e n e ra tio n  te rm . Two l im i t in g  c a s e s  w ere exam ined, th e  is o th e rm a l case  

in  w h ic h 'th e  d ie  was a t  a  c o n s ta n t te m p e ra tu re  a lo n g  i t s  le n g th  ( x - a x is ) ,  

and th e  a d ia b a t ic  ca se  in  w hich h e a t  in  th e  r e s i n - f i b e r  mass was b e in g  

g e n e ra te d  and s to r e d  b u t n o t t r a n s f e r r e d .

I so th e rm a l Case

E s tim a te s  w ere made o f  th e  s p a t i a l  and te m p o ra l v a r i a t io n  

o f  te m p e ra tu re  f o r  fo u r  com binations o f  r e s in  and f i b e r ,  two 

o f  p o ly e s te r  and g l a s s ,  and two o f  epoxy and g r a p h i te .  The assumed 

th ic k n e s s e s  and d ie  te m p e ra tu re s ,  and th e  m a te r ia l  p a ra m e te rs , 

a re  l i s t e d  i n  t a b l e  5• The k i n e t i c  p a ram e te rs  and h e a t o f  r e a c t io n  

as m easured in  t h i s  in v e s t ig a t io n  w ere u sed  in  th e  c a l c u la t io n s .

Therm al c o n d u c t iv ity  and s p e c i f i c  h e a t w ere ta k e n  from r e fe re n c e  19 

f o r  th e  p o ly e s te r  and g l a s s ,  and from r e fe re n c e  6U fo r  th e  epoxy and 

g r a p h i te .

The e s tim a te d  te m p e ra tu re  d i s t r i b u t i o n ,  o v e r o n e -h a lf  o f  th e  c r o s s -  

s e c t io n ,  f o r  th e  p o ly e s t e r - g la s s  com binations i s  shown in  f ig u r e  1 5 .

One s e t  o f  cu rv es  i s  shown f o r  b o th  com binations because  th e  e s tim a te s  

were n e a r ly  i d e n t i c a l .  As e x p e c te d , th e  te m p e ra tu re  r i s e  p roceeded

from th e  s u r fa c e  in w ard , w ith  s te e p  g r a d ie n ts  a t  th e  s h o r te r  t im e s . At

about s ix  seco n d s , th e  c e n t e r l i n e  te m p e ra tu re  began  to  in c r e a s e .  The 

g r a d ie n ts  and th e  c e n te r  la g  w ere f a i r l y  la rg e  u n t i l  abo u t 1*0 -5 0  s eco n d s , 

and th e  te m p e ra tu re  p r o f i l e  d id  n o t f l a t t e n  ou t u n t i l  70-80 seconds.

The c e n t e r l i n e  was v i r t u a l l y  a t  th e  d ie  te m p e ra tu re  o f  390 K a f t e r  

120-130 seco n d s. ( I f  no r e a c t io n  w ere ta k in g  p la c e ,  th e  tim e  would

have been 10-15 seconds l o n g e r . ) Beyond th a t  t im e , th e  te m p e ra tu re  p ro 

f i l e  was f l a t ,  w ith  th e  c e n t e r l i n e  te m p e ra tu re  r i s i n g  l e s s  th a n  1 K
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TABLE 5- -  PARAMETER VALUES USED IN FINITE DIFFERENCE PROGRAM 
TO ESTIMATE TEMPERATURE DISTRIBUTION IN RESIN-FIBER 
MASS

P aram e te r

SR325 
and g la s s  
f i b e r

V 7001
and g la s s  
f i b e r

Hy-E
p re p re g
ta p e

E 702
p re p re g
ta p e

T o ta l  th ic k n e s s ,  mm 
S ta t io n s  p e r  h a l f  th ic k n e s s  
I n i t i a l  te m p e ra tu re ,  K 
D ie  te m p e ra tu re ,  K

10
17

300
390

2
9

> 300 
| J+90

WTherm al c o n d u c t iv i ty ,  “ . 6+(T -300) 
1200

•9+(T -300)
800

D e n s ity ,
in

2000 1500

S p e c i f ic  h e a t  ^  ^ 10U6 800+2(T-300)

R e a c tio n  h e a t ,  —  
kg

1 .5 0 x l0 5 1 .5 x l0 5 2 .6 6 x l0 5 6 .2 3 x 1 0 5

R e a c tio n  O rder 
C o n c e n tra t io n ,

1
11 .65

1
11 .65

1
120

1 /2
120

m
P re -e x p o n e n t ia l  c o n s ta n t ,s e c  ^ 8 .2 2 x l0 5

£
2.10x10 k

7-93x10
k

2.37x10

A c t iv a t io n  e n e rg y , lnnol 5 6 .3 x103 5 8 .3 x103 56.0x103 5 2 .7 x l0 3



50

TIME, sec

DISTANCE FROM 
CENTERLINE, 

mm
-100

150

300 350 400
TEMPERATURE. K

(a ) P o ly e s te r  r e s in  and g la s s  f i b e r .

TIME, secDISTANCE FROM 
CENTERLINE, 

m m

400 500450
TEMPERATURE. K

(b) Epoxy r e s i n  and g ra p h ite  f i b e r .

F ig u re  1 5 .-  T em perature d i s t r i b u t i o n  in  r e s i n - f i b e r  mass a s  e s tim a te d  
by f i n i t e  d i f f e r e n c e  program .
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above th e  d ie  te m p e ra tu re .  No exo th erm ic  te m p e ra tu re  p eak  developed  

in  th e  c ro s s  s e c t io n  f o r  tim e s  up t o  1+80 seco n d s . A p p a ren tly  th e  com

b in e d  e f f e c t s  o f  k i n e t i c  and th e rm a l p a ra m e te r s ,  coup led  w ith  a  th ic k n e s s  

o f  o n ly  10 mm, w ould m odera te  th e  p o ly e s te r  r e a c t io n  and keep th e

te m p e ra tu re  r i s e  t o  a  s m a ll ,  m anageable v a lu e .

The e s tim a te d  te m p e ra tu re  d i s t r i b u t i o n  f o r  th e  ep o x y -g rap h ite , 

com binations i s  shown in  f ig u r e  15 w here , a g a in ,  one s e t  o f  cu rves  i s  

u sed . The th ic k n e s s  f o r  t h i s  com b in atio n  was 2 mm, th e  same as th e  

h e ig h t o f  th e  d ie  c a v i ty  o f  t h e  la b o r a to r y - s c a le  p u l t r u d e r  t o  be d i s 

cu ssed  l a t e r .  The obv ious r e s u l t s  f o r  th e  epoxy and g r a p h i te  ( f i g .  15) 

i s  an ex tre m ely  r a p id  te m p e ra tu re  r i s e .  The c e n te r l i n e  te m p e ra tu re  

reach ed  1*90 K (d ie  te m p e ra tu re )  in  t h r e e  seco n d s , in c re a s e d  to  s l i g h t l y  

o ver U9I  K a t  fo u r  s e c o n d s , and  rem ained  v i r t u a l l y  unchanged f o r  tim e s  

up to  U80 seco n d s . The h ig h  th e rm a l c o n d u c t iv i ty  to g e th e r  w ith  th e  

sm a ll d is ta n c e  ( l  mm from  s u r f a c e  t o  c e n t e r l i n e )  se rv ed  t o  sh o r te n  th e  

h e a t-u p  tim e .

The r e s u l t s  shown in  f ig u r e  15 a r e  somewhat s u r p r is in g  in i 

l i g h t  o f  th e  u s u a l  te m p e ra tu re  r i s e  a s s o c ia te d  w ith  an exo therm ic 

r e a c t io n .  However, th e  h e a ts  o f  r e a c t io n  w ere n o t ex tre m e ly  h ig h , and 

th e  assumed s iz e s  w ere n o t l a r g e .  From th e s e  te m p e ra tu re  d i s t r i b u t i o n  

e s t im a te s ,  th e  in d ic a t io n s  a r e  t h a t  t h e  m a te r ia l s  would n o t have a  l a r g e  

exo therm ic te m p e ra tu re  r i s e .  H ence, t h e  m ethod o f  h e a t in g  th e  d ie  w ould 

be im m a te r ia l as lo n g  as th e  d ie  were is o th e rm a l .

A d ia b a tic  Case

P o lym eric  r e s i n s  t y p i c a l l y  have r e l a t i v e l y  low  th e rm a l c o n d u c t iv i

t i e s .  C o n seq u en tly , w ith  t h i c k  s e c t io n s  o r  h ig h ly  r e a c t iv e  r e s i n s ,  th e  

h e a t o f  r e a c t io n  may be g e n e ra te d  f a s t e r  th a n  i t  can be t r a n s f e r r e d .
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W ithout h e a t t r a n s f e r ,  th e  te m p e ra tu re  i n  th e  a f f e c t e d  volume can  become 

q u i te  h ig h . The te m p e ra tu re  i n  an a d ia b a t i c  s i t u a t i o n  such  as  t h i s  can

Then, fo llo w in g  th e  p ro ced u re  g iv e n  i n  r e f e r e n c e  6 l ,  e q u a tio n  1 i s  

d iv id e d  in to  e q u a tio n  6 t o  g iv e  a  r e l a t i o n s h ip  betw een c o n c e n tr a t io n  

and a d ia b a t i c  te m p e ra tu re  w hich i s

Note t h a t  e q u a tio n s  21-23  o f  r e f e r e n c e  61 c o n ta in  an  e r r o r  (-T# r a t h e r  

th a n  1 -  T#) w hich was c o r r e c te d  in  r e f e r e n c e  62. W ith e q u a tio n  8 

s u b s t i tu t e d  in to  th e  d im e n s io n le ss  form  o f  e q u a tio n  6 (and th e  h e a t  con

d u c tio n  te rm  d ro p p e d ) , . th e  d im e n s io n le ss  e q u a tio n  6 can be  in t e g r a te d  to  

g iv e

be d e s c r ib e d  b y  e q u a tio n  6 w ith  th e  h e a t  c o n d u c tio n  te rm  s e t  t o  z e ro .

T h is  e q u a tio n  can  be  made d im e n s io n le ss  by  th e  t r a n s fo rm a tio n s

(7)
o

T -  T
T* o

Tad -  To

AT'ad

C' = 1 -  T* ( 8 )
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0*  =

T*

X0 (1 -  T*) n

dT*______________________
(9)

This d im e n s io n le ss  tim e  can  a l s o  h e  ex p re ssed

0* = ND = k '0 1 = Cq- 1 k0 (10)

which i s  a  form o f  th e  Damkohler number ( r e f .  U2, p . 527)* The 

d im en s io n le ss  r e a c t io n  r a t e ,  k ' ,  in  e q u a tio n  10 i s  th e  r a t i o  o f  th e  

a c tu a l  r e a c t io n  r a t e  to  th e  h e a t  t r a n s f e r  r a t e

k ' =
C n -1  k o______

ct/h2
( 11)

E q u atio n  9 ,  w hich g iv e s  a  r e l a t io n s h ip  betw een te m p e ra tu re  and

tim e f o r  th e  a d ia b a t ic  c a s e ,  c o n ta in s  two p a ram e te rs  w hich can be s e t

th ro u g h  m a te r ia l  p r o p e r t i e s  o r  m achine p a ra m e te rs . The d im en s io n le ss

A rrh en iu s  number, N ,s i s  o f te n  r e f e r r e d  to  a s  a  d im en s io n le ss  a c t iv a t io n  * A

energy . F or t h i s  i n v e s t ig a t io n ,  th e  concep t o f  a  d im en s io n le ss  

te m p e ra tu re  i s  more u s e f u l .  The number i s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5k

where T i s  th e  te m p e ra tu re  o f  th e  r e s i n - f i b e r  m ass.

The A rrh en iu s  number N^ in  e q u a tio n  9 r e f e r s  t o  th e  te m p e ra tu re

o f th e  r e s i n - f i b e r  mass e n te r in g  th e  d ie .  T hus, f o r  a  g iv e n  r e s in

w hich would f i x  E^, th e  A rrh en iu s  number can  be changed. The o th e r

p aram ete r in  e q u a tio n  9 i s  th e  a d ia b a t i c  te m p e ra tu re  r i s e  as  g iv e n

in  e q u a tio n  5* In  t h a t  e x p re s s io n , th e  p ro d u c t pc^ i s  s e t  by  th e

r e s in  and f i b e r  and th e  p ro p o r tio n s  o f  each . The ch o ic e  o f  a  c u r in g

ag en t e s s e n t i a l l y  f ix e s  H. The fe e d  te m p e ra tu re ,  T , can be  s e t  o r  a to

l e a s t  m easured. Then th e  v a lu e  o f  CQ w i l l  be  e s ta b l i s h e d  depending  on

what v a lu e  o f  AT1, w i l l  be a llo w ed , ad

Some e f f e c t s  o f  v a ry in g  th e s e  two p a ra m e te rs  on th e  te m p e ra tu re  

was d e te rm in ed  u s in g  e q u a tio n  9- The i n t e g r a l  was re p la c e d  by a  summa

t i o n  and th e  e x p re s s io n  was e v a lu a te d  n u m e ric a lly  on a  program m able 

c a l c u la to r .  The r e s u l t s  a re  shown in  f ig u r e s  16 -18 . F ig u re  16 shows 

th e  v a r i a t io n  o f  T* w ith  (0* in  e q u a tio n s  9 and 10) f o r  A T ^  = 0 .15  and 

a  ran g e  o f d im e n s io n le ss  te m p e ra tu re s  A v a lu e  o f  n e a r  20 was

ty p i c a l  o f  th e  m a te r ia ls  used  in  t h i s  in v e s t ig a t io n .  As in c re a s e d  

( f i g .  1 6 ) ,  th e  te m p e ra tu re  r i s e  became more r a p id ,  w ith  th e  c u rv a tu re  

as T* approached  u n i ty  becoming in c r e a s in g ly  sh a rp . For th e  u n r e a l i s t i -  

c a l ly  h ig h  v a lu e  = 100, th e  te m p e ra tu re  r i s e  was e s s e n t i a l l y

in s ta n ta n e o u s . A r a p id  te m p e ra tu re  r i s e  i s  t o  be  av o id e d , how ever, 

because  i t  c au ses  h ig h  th e rm a l s t r e s s e s  and e x c e ss iv e  s h r in k a g e , and 

o f te n  le a d s  to  i n t e r n a l  c ra c k in g  and v o id s .  As n o te d  above, th e  v a lu e  

o f  can be changed s l i g h t l y  by p ro c e s s in g  c o n d i t io n s .  F or exam ple, i f  

E = 50 k J/m o l and T = 300 K, th e n  N « 20 . I f  th e  fe e d  te m p e ra tu re& O

i s  in c re a s e d  to  350 K, th e n  ~ IT  and th e  te m p e ra tu re  r i s e  under

a d ia b a t ic  c o n d it io n s  would n o t be  so s e v e re .  P o s s ib ly  t h i s  i s  r e f l e c t e d
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T*

.0

=  20
AO

0

ND
F ig u re  1 T -- N orm alized  te m p e ra tu re  a s  a  f u n c t io n  o f  Damkohler number f o r  fo u r  a d i a b a t i c  te m p e ra tu re  r i s e s  

and a  c o n s ta n t  i n i t i a l  A rrh e n iu s  number.
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F ig u re  1 8 . -  A d ia b a tic  te m p e ra tu re  r i s e  a s  a  f u n c t io n  o f  Damkohler number f o r  fo u r  r e a c t io n  f r a c t i o n s  and 
a  c o n s ta n t  i n i t i a l  A rrh e n iu s  number.
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in  th e  o b s e rv a tio n  ( r e f .  U, 9 ,  11 , lU , 1 9 ) t h a t  a  d i e l e c t r i c  p re 

h e a t in g  o f  th e  r e s i n - f i b e r  mass b e fo re  i t  e n te r s  th e  d ie  g iv e s  h ig h e r  

p ro d u c tio n  r a t e s  o r  h ig h e r  q u a l i ty  i n  th i c k  p a r t s .

The e f f e c t  o f  th e  o th e r  p a ra m e te r , th e  a d ia b a t ic  te m p e ra tu re  r i s e ,  

i s  shown in  f ig u r e  IT f o r  a  f ix e d  v a lu e  o f  N = 20. I n  t h i s  i n v e s t i -
n

g a t io n ,  a  t y p i c a l  range  o f  AT’ was 0 .01  t o  0 .0 5 . As AT' in c re a s e d ,
£10. Q.CL

th e  te m p e ra tu re  r i s e  r a t e  in c re a s e d  a l s o .  Inasmuch as  te m p e ra tu re  and

c o n c e n tra tio n  a r e  r e l a t e d  (e q u a tio n  8 ) ,  th e  tim e  needed to  com plete th e

r e a c t io n  under a d ia b a t i c  c o n d itio n s  can  b e  e s ta b l i s h e d  by s e t t i n g  th e

v a lu e  o f  ATV^. To o b ta in  h ig h  p ro d u c tio n  r a t e s ,  a  s h o r t  d ie  re s id e n c e

tim e and r e a c t io n  tim e  a r e  needed . B u t, a s  n o ted  above , to o  s h o r t  a

tim e  can  cause  t r o u b le .  Even i f  c ra c k in g  o r  r e s i n  d e g ra d a tio n  does n o t

o c c u r , to o  r a p id  a  r e a c t io n  in  th e  d ie  may p re c lu d e  making c o r r e c t iv e

ad ju s tm en ts  to  th e  p u l l in g  speed  o r  d ie  te m p e ra tu re .

To b e t t e r  i l l u s t r a t e  th e  e f f e c t  t h a t  AT1, can  have on th e  tim ead

needed f o r  c e r t a in  f r a c t io n s  o f  th e  r e a c t io n  t o  ta k e  p la c e ,  th e  cu rves 

from f ig u r e  IT w ere c ro s s  p lo t t e d  f o r  s e le c te d  te m p e ra tu re s . The r e 

s u l t s  a re  shown in  f ig u r e  18 w here T* and th e  r e a c t io n  f r a c t io n  f

a re  co n s id e re d  to  be th e  same. For h ig h  v a lu e s  o f  AT' , th e  r e a c t io nad

would be com pleted  in  a  v e ry  s h o r t  t im e . As AT' i s  s e t  to  low erau

and low er v a lu e s ,  how ever, th e  cu rv es  f o r  d i f f e r e n t  v a lu e s  o f  T*

(and h en ce , o f  f )  b eg in  t o  sp re a d  a p a r t .  At AT' = 0 .1 ,  th e  tim e
8>u.

t o  re a c h  T* = 0 .8  would be  seven tim es  t h a t  a t  AT' = 0 .5 - In  a d d i t io n ,ad

w h ile  th e  tim e  betw een T* = 0 .2  and T* = 0 .5  cu rv es  in c re a s e s  as  AT'ad

d e c re a s e s ,  th e  tim e  betw een th e  0 .5  and 0 .8  cu rv es  in c re a s e s  even m ore.

One w id e -sp read  p r a c t i c e  w ith  com posite  m a te r ia ls  i s  th e  a d d i t io n  o f

low c o s t ,  i n e r t  f i l l e r s  t o  th e  r e s in .  S ince  th e  pc p ro d u c t o f  th e
P
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f i l l e r s  g e n e ra l ly  w i l l  "be g r e a te r  th a n  t h a t  o f  .th e  r e s i n ,  th e  h e a t 

o f  r e a c t io n  w i l l  he a  low v a lu e . H ence, i n  a  f i l l e d  system , 

th e  te m p era tu re  r i s e  d u rin g  a  r e a c t io n ,  o r  "peak  exotherm " in  th e  

commonly used  th e rm s , i s  sm a ll r e l a t i v e  to  t h a t  o f  th e  u n f i l l e d  sy s 

tem . C o n sid e rin g  th e  r e s u l t s  shown in  f ig u r e  18 , how ever, a  h ig h ly  

f i l l e d  com posite may he p a r t i a l l y  cu red  in  a  re a s o n a b le  t im e . A 

com plete cu re  (T* and f  ap p ro ach in g  u n i ty )  may n o t be  p r a c t i c a l .

Energy B alance

As th e  r e s i n - f i b e r  mass e n te r s  an is o th e rm a l d ie ,  h e a t in g  b eg in s  

a t  th e  s u r fa c e  and p roceeds inw ard . F or a  m odest 10 mm th ic k n e s s ,  th e  

c e n te r l in e  te m p e ra tu re  in  a  p o ly e s te r - g la s s  com bination  would r e q u ir e  

120-130 seconds t o  re a c h  d ie  te m p e ra tu re . By c o n t r a s t ,  t h e  h e a t-u p  

tim e fo r  an epoxy and g r a p h i te  com bination  i s  v i r t u a l l y  z e ro . N e ith e r  

com bination  had la rg e  exo therm ic te m p e ra tu re  r i s e s .  Under a d ia b a t ic  

c o n d i t io n s ,  th e  exo therm ic r e a c t io n  c a n 'b e  c o n t ro l le d  th ro u g h  two 

p a ra m e te rs , th e  A rrh en iu s  num ber, N^, and th e  a d ia b a t ic  te m p e ra tu re  r i s e  

A T ^ . Both p a ram e te rs  a re  fu n c t io n s  o f  th e  r e s in  and f i b e r  and can be 

a d ju s te d  t o  some e x te n t .  The A rrh en iu s  number can b e  th o u g h t o f  as 

a d im en s io n le ss  te m p e ra tu re  w hich i s  a  fu n c tio n  o f  th e  a c tu a l  tem pera

tu r e  and a c t iv a t io n  energy  o f  th e  m a te r ia l .  As su c h , i t  may be o f  more 

v a lu e  th a n  th e  te m p e ra tu re  a lo n e .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

CHAPTER 6 

FORCE BALANCE IN A PULTRUDER DIE 

L ike m ost com posite  m a te r ia ls  p ro c e s s in g , p u l t r u s io n  in v o lv e s  

th e  a p p l ic a t io n  o f  a  fo rc e  and th e  g e n e ra tio n  o f  r e s i s t i n g  f o r c e s .  Un

l i k e  m ost o th e r  p ro c e s s e s ,  how ever, p u l t r u s io n  g e n e ra te s  s ig n i f i c a n t  

sh e a r  f o r c e s  a t  th e  in t e r f a c e  betw een th e  d ie  w a ll  and th e  r e s i n - f i b e r  

m ass. In  t h i s  i n v e s t ig a t io n ,  th e  co n cep t o f  th e  p u l t r u d e r  d ie  a s  a 

s l i t  rh eo m eter was em ployed. A nother concep t was t h a t  o f  a  c o e f f i c i e n t  

o f  f r i c t i o n ,  d e f in e d  b ro a d ly  as  a  d im e n s io n le ss  r a t i o  betw een s h e a r in g  

fo rc e s  and norm al f o r c e s .  T r a d i t io n a l ly ,  th e  c o e f f i c i e n t  o f  f r i c t i o n  

f o r  a  g iv en  m a te r ia l  coup le  a t  a  f ix e d  te m p e ra tu re  and speed  has been 

th o u g h t o f  a s  a  c o n s ta n t .  In  th e  c a se  o f  p u l t r u s i o n ,  th e  d i e - r e s i n  

i n t e r f a c e  undergoes c o n s id e ra b le  change due t o  changes in  th e  r e s i n .  For 

exam ple, th e  r e s in  e n te r s  th e  d ie  a s  a  low v i s c o s i t y  l i q u i d  o r  p e rh ap s  

s e m i- s o l id ,  becomes l e s s  v isc o u s  a s  i t s  te m p e ra tu re  in c r e a s e s ,  th e n  

becomes more v isc o u s  and changes t o  a  s e m i- s o l id  (g e l)  a s  p o ly m eriza 

t i o n  t a k e s  p la c e ,  and f i n a l l y  le a v e s  th e  d ie  as a  h o t s o l id .  Under such 

c o n d itio n s  th e  l ik e l ih o o d  o f  a  c o n s ta n t  c o e f f i c i e n t  o f  f r i c t i o n  i s  

sm all in d e e d . However, th e  concep t o f  a  d im e n s io n le ss  r a t i o  o f  fo rc e s  

i s  s t i l l  v a l id .

C o e f f ic ie n t  o f  F r i c t io n  

The r e s i s t i n g  fo rc e s  a r i s i n g  in  a  p u l t r u s io n  d ie ,  s e p a ra te  from  

th e  c o l l im a tio n  fo rc e s  o u ts id e  o f  th e  d i e ,  a r e  due in  l a r g e  m easure to  

th r e e  c a u se s : ( l )  r e s i n  back  flow  a t  th e  d ie  e n tra n c e ;  ( 2 ) v is c o u s  d rag
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o f  th e  r e s i n ;  and ( 3 ) s l i d i n g  f r i c t i o n  o f  th e  cu r in g  s to c k .

C o n sid e rin g  f i r s t  th e  s l i d i n g  f r i c t i o n ,  a  g e n e ra l ly  f a m i l ia r  

c o n c e p t, th e  c o e f f i c i e n t  i s  ( r e f .  65 , P« 18)

N orm aliz ing  r e l a t i v e  to  th e  a r e a  o v e r w hich th e  fo rc e s  a c t  g iv e s

\  -  S  ( lU)s ps

The p r e s s u re  p i s  o f te n  th o u g h t o f  a s  th e  independen t v a r i a b l e ,  w ith  s

a  change o f  p r e s s u re  c a u s in g  a  c o rre sp o n d in g  change in  th e  sh e a r in g  

s t r e s s  T . A r e d u c t io n  in  s to c k  th ic k n e s s  a s  c u r in g  ta k e s  p la c e  would 

red u ce  th e  p r e s s u re  and hence th e  f r i c t i o n .

I n  th e  u p s tream  p o r t io n  o f  th e  d ie  th e  r e s i s t i n g  f o r c e  i s  caused  

by v is c o u s  d ra g . From l u b r i c a t i o n  th e o ry  ( r e f .  65,  PP- 1 5 ,  16) th e  

c o e f f i c i e n t  o f  f r i c t i o n  i s

MV -  f  (1 5 )
*v

The r o t a t i o n a l  speed  N i s  th e  r e c ip r o c a l  o f  a  c h a r a c t e r i s t i c  t im e , th e  

tim e  f o r  a  b e a r in g  s h a f t  t o  make N r e v o lu t io n s .  For th e  p u l t r u s io n  p ro 

c e s s ,  a  c h a r a c t e r i s t i c  tim e  i s  t h e  r e s id e n c e  tim e 0 o f  a  g iv e n  c ro s s  

s e c t io n  in  th e  d ie .  N o tin g  t h a t  0 = Z / s  and s u b s t i t u t i n g  th e  r e c ip r o c a l  

in to  e q u a tio n  15 g iv e s
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T his e q u a tio n  m ight g iv e  th e  id e a  t h a t  a  lo n g  d ie  ( I  l a r g e )  would 

reduce th e  f r i c t i o n ,  an id e a  w hich i s  c o n tra ry  t o  b o th  i n t u i t i o n  and 

e x p e rien ce  ( r e f .  2 0 ) . I n s te a d ,  th e  d ie  le n g th  & and p u l l in g  speeds 

shou ld  be c o n s id e re d  co u p led  th ro u g h  th e  re s id e n c e  tim e  0 . I f  v i s 

c o s i ty  and p re s s u re  a r e  c o n s id e re d  c o n s ta n t ,  th e  change o f  f r i c t i o n  

w ith  re s id e n c e  tim e  i s

(17)
d0 p fl2 v  0

Then one way o f  re d u c in g  th e  f r i c t i o n  i s  to  re d u c e  th e  re s id e n c e  tim e  

( s h o r t  d i e ,  h ig h  p u l l in g  sp e e d ) . O r, a s  has been  o b served  ( r e f .  2 0 ) ,  

a  s h o r t  d ie  p e rm its  h ig h  p u l l in g  sp eed s . Of c o u rs e ,  i t  i s  u n l ik e ly  

th a t  th e  v i s c o s i t y  w ould be  c o n s ta n t  in  v iew  o f  th e  r e a c t io n  which 

ta k e s  p la c e  in  th e  d ie .  I f  v i s c o s i t y  and p r e s s u re  were coup led  in  

some way, th e n  th e  r a t i o  o f  th e  two m ight be  a  c o n s ta n t  o r  a t  l e a s t  

behave in  some p r e d ic ta b le  m anner. T h is  id e a  w i l l  be d is c u s s e d  l a t e r .

The t h i r d  cau se  o f  r e s i s t i n g  fo rc e s  i s  r e s i n  back  flo w  a t  th e  d ie  

e n tra n c e . A m easurem ent o f  t h i s  f o r c e  showed t h a t  i t  co u ld  be s ig n i 

f i c a n t ,  i n  th e  ran g e  o f  lk 0 -3 1 0  kPa (20-^5  p s i ) .  T h is b ack  flow  a r i s e s  

from th e  te m p e ra tu re  r i s e  o f  th e  r e s i n  e n te r in g  th e  d ie .  As th e  

te m p e ra tu re  r i s e s ,  th e  r e s i n  a t te m p ts  to  expand, expan sio n  i s  l im i te d
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"by th e  d ie ,  so  th e  r e s in  p r e s s u re  in c re a s e s .  Some o f  th e  p re s s u re  

can be r e l i e v e d  by  flow  away from  th e  h ig h  p re s s u re  r e g io n ,  back  tow ard  

th e  d ie  e n tra n c e . T h is  p r e s s u re  can be e s tim a te d  as  fo llo w s . The one

d im en sio n a l th e rm a l ex pansion  c o e f f i c i e n t  in  th e  y - d i r e c t io n  i s ,  by 

d e f in i t i o n

S im i la r ly ,  th e  b u lk  modulus ( in v e r s e  o f  c o m p re s s ib i l i ty )  i s

K = ^  ip b (19)

S o lv ing  e q u a tio n  18 fo r  Ay, s u b s t i tu t in g  t h a t  v a lu e  in to  e q u a tio n  19 and 

re a r ra n g in g  g iv e s

Apb = KaAT (20)

The p re s s u re  g r a d ie n t  i s  d i r e c t l y  p ro p o r t io n a l  to  th e  te m p e ra tu re  

g ra d ie n t betw een th e  s u r fa c e  and th e  c e n te r  o f  th e  r e s i n - f i b e r  mass 

in  th e  y - d i r e c t io n .  Taking th e  r a t i o  o f  th e  p re s s u re  g ra d ie n t  to  th e  

p re s su re  (p ro b ab ly  a tm o sp h e ric ) o f  th e  r e s i n - f i b e r  mass p ro v id e s  a n o th e r  

c o e f f i c i e n t  o f  f r i c t i o n ,  t h i s  one fo r  back  flow .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6b

Note t h a t  th e  p re s s u re  can b e  e x p re sse d  a s  th e  p ro d u c t o f  th e  b u lk  

modulus K and a  volume change AV. As many p u ltru d e d  s to c k s  have a  

h ig h  a s p e c t  r a t i o ,  a  change o f  th ic k n e s s ,  A t, i s  a  good m easure o f  

volume change . H ence, e q u a tio n  21 can a l s o  be w r i t t e n

a  AT
“b ' - w  <21 >

The th ic k n e s s  change i s  th e  d i f f e r e n c e  betw een  th e  th ic k n e s s  o f  th e  

r e s i n - f i b e r  mass in  th e  d ie  ( i . e .  th e  c a v i ty  th i c k n e s s ) ,  and th e  l i m i t in g  

th ic k n e s s  o f  th e  same mass u nder a  v e ry  h ig h  p r e s s u re  (ex p ec ted  to  

be l e s s  th a n  th e  th ic k n e s s  i n  th e  d i e ) .  I n  o th e r  w ords, a s  more and more 

m a te r ia l  i s  in tro d u c e d  in to  th e  d ie ,  th e  d i f f e r e n c e  betw een th e  l i m i t 

in g  th ic k n e s s  and th e  d ie  c a v i ty  h e ig h t  becomes s m a l le r .  H ence, th e  

p re s s u re  and th e  r e s i s t i n g  f o r c e  a t  th e  d ie  e n tra n c e  in c re a s e .

The o v e r a l l  c o e f f i c i e n t  o f  f r i c t i o n  f o r  a  p u l t r u d e r  d ie  i s  th e  

sum o f  th e  th r e e  c o e f f i c i e n t s  d is c u s s e d  above. S e t t in g  t h i s  o v e r a l l  

c o e f f i c i e n t  as  th e  r a t i o  o f  th e  r e s i s t i n g  fo rc e s  t o  th e  b re a k in g  f o r c e s  

o f  th e  r e s i n - f i b e r  mass g iv e s

N = f r  = + ^  + —  ( 2 2 )
° f r a c t u r e  ^b - ŝ

The d im e n s io n le ss  r a t i o  o f  f o r c e s  i s  g iv e n  th e  name h e re  o f  Coulomb 

number w hich i s  c o n s i s te n t  w ith  th e  p r a c t i c e  o f  id e n t i f y in g  a  Damkohler 

and A rrh en iu s  number. The Coulomb number i s  in f lu e n c e d  by th e  mass 

and energy  b a la n c e s ,  and i t  s e rv e s  e s s e n t i a l l y  as  a  p ro c e s s  l i m i t .  To
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in s u re  t h a t  th e  p u l l in g  fo rc e  does n o t f r a c t u r e  th e  r e s i n - f i b e r  m ass, 

th e  Coulomb number alw ays shou ld  be sm a ll com pared to  u n i ty .

P re s su re  and Volume E f f e c ts

The e x p re s s io n  f o r  th e  Coulomb number, Np , (e q u a tio n  22) c o n ta in s  

a  p re s s u re  te rm , th e  norm al com ponent, in  th e  deno m in a to r. At a  

c o n s ta n t te m p e ra tu re , p r e s s u re  and volume a r e  in v e r s e ly  r e l a t e d  f o r  

an unchanging system . In  th e  ca se  o f  p u l t r u s io n ,  two l i m i t in g  ty p e s  

o f  d ie s  can be i d e n t i f i e d .  The f i r s t  ty p e  i s  th e  is o m e tr ic  o r  c o n s ta n t 

volume d ie  i n  w hich th e  p re s s u re  w i l l  v a ry  a lo n g  th e  d ie  le n g th  ( x - a x is ) .  

The second ty p e  i s  th e  i s o b a r i c  o r  c o n s ta n t  p r e s s u re  d ie  in  w hich th e  

volume w i l l  v a ry  a lo n g  th e  le n g th .

Both ty p e s  o f  d ie s  w ere u sed  in  an in v e s t ig a t io n  o f  com pression  

m olding o f  s e v e r a l  th e rm o s e tt in g  r e s in s  combined w ith  chopped f i b e r  

( r e f .  66, 67)- The change o f  p re s s u re  w ith  tim e  in  a  la n d e d  ( is o m e tr ic )  

d ie ,  and th e  change o f  volume in  an u n landed  ( i s o b a r ic )  d i e ,  were 

m easured. A la n d ed  d ie  has m ating  s u r fa c e s  ( la n d s )  betw een th e  d ie  

s e c tio n s  w hich s e t  th e  volume o f  th e  d ie  c a v i ty  and c a r ry  some o f  th e  

p re s s  lo a d . An un landed  ( i s o b a r ic )  d ie  has s e c t io n s  w hich can s l i d e  

f r e e ly  p a s t  one a n o th e r  (a s  a  p is to n  and c y l in d e r ,  f o r  exam ple) so 

th e  f u l l  p re s s  lo a d  i s  c a r r i e d  by th e  r e s i n - f i b e r  m ass.

R e p re s e n ta tiv e  r e s u l t s  f o r  a  d i a l l y l p h th a l a t e  r e s in  w ith  c e l l u 

lo s e  f i b e r ,  molded a t  h20 K, a re  shown in  f ig u r e  19 w here th e  tim e  

a x is  r e f e r s  to  tim e  in  th e  d ie  a f t e r  i t  h as  been  c lo se d  o r  a f t e r  th e  

p re s s u re  has been a p p l ie d .  The volume was n o rm alized  r e l a t i v e  to  th e  

f i n a l  volume o f th e  p a r t ,  and th e  p r e s s u re  was n o rm alized  r e l a t i v e  

to  t h a t  a p p l ie d  by th e  p r e s s .  In  th e  is o b a r ic  d ie  ( to p  c u rv e ) ,  th e  

r e l a t i v e  volume d e c re a se d  from  a  h ig h  i n i t i a l  v a lu e  o f  'u i .T l  t o  “VL. 13 a t
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90 seconds as  th e  r e s i n - f i b e r  mass was h e a te d  and com pacted. Then a  

s l i g h t  expan sio n  (^ .0 1 )  to o k  p la c e  due to  th e rm a l expan sio n  and i n i t i a l  

p o ly m e riz a tio n  u n t i l  abou t 300 seco n d s . F o llow ing  t h a t ,  th e  p a r t  

sh ran k  as  c u r in g  to o k  p la c e .  In  th e  is o m e tr ic  d ie  (bo ttom  c u rv e ) ,  

th e  r e l a t i v e  p r e s s u re  began a t  ^ .6 5  and dropped r a p id ly  t o  ^ .1 7  a t  50 

seconds as  th e  r e s i n - f i b e r  mass was h e a te d  and com pacted to g e th e r .  Then 

a  com bination  o f  th e rm a l ex p an sio n  and p o ly m e riz a tio n  caused  a  p re s s u re  

in c re a s e  t o  ^ .U l a t  200 seconds w hich was fo llo w ed  by a  c u re - in d u c e d  

drop  t o  ^ .1 0  a t  th e  end o f  th e  c u re .

I f  th e  tim e  a x is  in  f ig u r e  19 i s  re g a rd e d  as  r e s id e n c e  tim e  in  a  

p u ltru d e d  d i e ,  and i f  i t  i s  r e c a l l e d  t h a t  p u l l in g  speed  i s  c o n s ta n t ,  

th e n  th e  tim e  a x is  can a l s o  b e  re g a rd e d  a s  d is ta n c e  a lo n g  th e  x - a x is  o f  

th e  d ie .  In d e e d , t h e  s i m i l a r i t y  betw een a  p lu g  flow  r e a c to r  (su ch  as 

a  p u l t r u d e r  d ie )  and a  b a tc h  r e a c to r  (su ch  as  a  com pression  m olding 

d ie )  has  been  n o te d  e lsew h ere  ( r e f .  U 3 ,p .  239)- For th e  is o b a r ic  d ie ,  

th e  p r e s s u re  presumm ably would be  c o n s ta n t  and th e  volume q u a l i t a t i v e l y  

would change a lo n g  th e  d ie  le n g th  a s  shown by th e  to p  cu rv e  ( f i g .  1 9 )- 

However, th e  r e l a t i v e l y  co m p lian t r e s i n - f i b e r  mass w i l l  p ro b a b ly  con

form to  th e  r e l a t i v e l y  r i g i d  d i e ,  w ith  sm a ll p re s s u re  v a r ia t io n s  a t  th o se  

p o in ts  w here mass would be  ex p ec ted  to  d e p a r t  from l i n e a r i t y .  For th e  

is o m e tr ic  d i e ,  th e  volume p resum ably  would be  c o n s ta n t  and th e  p re s s u re  

q u a l i t a t i v e l y  would change a lo n g  th e  d ie  le n g th  a s  shown by th e  bo ttom  

curve  ( f i g .  19)- S t i l l ,  th e  d ie  would be  ex p ec ted  to  d e f l e c t  s l i g h t l y  

a t  th e  h ig h  p r e s s u re  p o in t ,  r e l i e v in g  th e  p re s s u re  somewhat and c a u s in g  

a  sm all v a r i a t i o n  in  volum e. In  th e  is o b a r ic  d i e ,  th e  p re s s u re  i s  

caused  by some pneum atic  o r  h y d ra u lic  d e v ic e  w hich p r e s s e s  th e  d ie
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s e c t io n s  to g e th e r .  In  th e  is o m e tr ic  d ie ,  th e  p re s s u re  i s  caused  by 

th e  c o n fin in g  o f  th e  r e s i n  - f i b e r  mass w ith in  th e  e s s e n t i a l l y  c o n s ta n t 

volume. The la r g e r  th e  amount o f  r e s i n  and f i b e r ,  th e  h ig h e r  th e  

p re s s u re  w i l l  b e . A h ig h  p re s s u re  would in c re a s e  th e  back  flow  and 

th e  s l id in g  f r i c t i o n ,  w hereas i t  would seem t o  red u ce  th e  v isc o u s  d rag  

(e q u a tio n  1 6 ) i f  th e  v i s c o s i t y  and re s id e n c e  tim e  a r e  c o n s ta n t .

The p re s s u re  change in  th e  d ie s  was caused  by a  volume in c re a s e  

o f  th e  r e s in  as  th e  cu re  r e a c t io n  (p o ly m e riz a tio n )  to o k  p la c e .  Such 

volume changes have been  m easured w ith  s e n s i t i v e  d i la to m e te r s  ( r e f .  68 , 

6 9 ) and have been  r e l a t e d  t o  c u r in g  k in e t i c s  ( r e f .  6 9 ) .  In  th e  l a t e r  

s ta g e s  o f  c u re ,  sh rin k ag e  and a  p re s s u re  r e d u c t io n  ta k e  p la c e  ( f i g .  1 9 ) . 

T h is change in  volume a l s o  r e f l e c t s  c u r in g  k in e t i c s  ( r e f .  1^ , pp . 5 7 -59 ). 

In  f a c t ,  th e  im portance o f  d im en sio n a l and volume changes as  an in d ic a 

t i o n  o f  e x te n t  and com pleteness o f  cu re  seems to  have been overlooked  

( r e f .  7 0 ) . Making volume o r  th ic k n e s s  m easurem ents o f  p u ltru d e d  s to c k  

may be one way o f  t r a c k in g  th e  co u rse  o f  th e  cu rin g  r e a c t io n .

Force  B alance

The fo rc e  b a la n c e  in  a  p u l t r u s io n  d ie  can .be th o u g h t in  te rm s o f  

a c o e f f i c i e n t  o f  f r i c t i o n ,  a  r a t i o  o f  sh e a r in g  fo rc e s  t o  norm al f o r c e s .  

The components o f  f r i c t i o n  a r i s e  from r e s in  back  flow  a t  th e  d ie  

e n tra n c e , v isc o u s  d rag  as th e  r e s i n  b e g in s  t o  c u re ,  and s l id i n g  f r i c t i o n  

o f  th e  cu rin g  s to c k . I f  th e s e  th r e e  r e s i s t i n g  fo rc e s  do n o t exceed th e  

f r a c tu r e  fo rc e  o f  th e  r e s i n - f i b e r  m ass, th e n  th e  Coulomb num ber, N^, w i l l  

be l e s s  th a n  u n i t y ,  and th e  p u l t r u s io n  p ro c e s s e s  w i l l  n o t b e  l im i te d  by 

an u n fa v o ra b le  fo rc e  b a la n c e . The p re s s u re  (norm al fo rc e )  a f f e c t s  th e  

m agnitude o f  th e  r e s i s t i n g  f o r c e s .  The p r e s s u r e ,  in  t u r n ,  can be 

a f f e c te d  by volume changes. A la r g e  volume o f  r e s i n  and f i b e r  co n fin e d
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in  a  d ie  w i l l  g e n e ra te  h ig h  p r e s s u re s  and la r g e  r e s i s t i n g  f o r c e s ,  

volume changes accompanying th e  cu re  r e a c t io n  n o t o n ly  change th e  

p re s s u re  h u t a l s o  p ro v id e  a  means o f  fo llo w in g  t h a t  r e a c t io n .

The
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CHAPTER 7 

ISOMETRIC PROCESS ANALYSIS 

P u l t r u s io n ,  ta k e n  in  i t s  e n t i r e t y ,  i s  a  p ro c e s s .  The m ass, energy , 

and fo rc e  "balances d is c u s s e d  in  th e  p re v io u s  s e c t io n s  r e p re s e n te d  need

ed co n n ec tio n s  w ith  more fu n d am en ta l p h y s io ch em ica l a s p e c t s .  Such 

co n n ec tio n s  had n o t been  made h e r e to f o r e .  An ex am in a tio n  o f  a  p u l

t r u s io n  p ro c e ss  and th e  p u l t ru d e d  s to c k  p roduced  by t h a t  p ro c e s s  was 

co n s id e re d  to  h e  o f  v a lu e  a l s o .  An ex am in a tio n  o f  an a c tu a l  p ro c e s s  i s  

d i f f i c u l t  in  many c a se s  b eca u se  th e  p ro c e s s  o f te n  must m eet c e r t a in  

"boundary  c o n d i t io n s " ,  such a s  th e  need to  m eet sh ip p in g  s c h e d u le s , 

s a t i s f y  cu s to m e rs ' dem ands, and d e a l  w ith  v a ry in g  so u rc e s  o f  su p p ly .

In  many r e s p e c ts  an  ex am in a tio n  o f  a  w orking p ro c e s s  w i l l  n o t be as  

c le a n  as  m igh t be  d e s i r e d .  On th e  o th e r  h an d , a  w orking p ro c e s s  does 

re p re s e n t  th e  r e a l  w o rld , how ever i n e f f i c i e n t  i t  may b e . A c c o rd in g ly , 

two w orking p ro c e s s e s  w ere a n a ly z e d , one w hich u sed  i s o b a r i c  d ie s  ( to  

be d is c u s s e d  in  th e  n ex t s e c t io n )  and one w hich u sed  is o m e tr ic  d ie s .

D e s c r ip t io n  o f  th e  P ro c e ss  

The is o m e tr ic  d ie  p ro c e s s  i s  u sed  a lm o s t e x c lu s iv e ly  f o r  p u l

t r u s io n .  T h is  p ro c e s s  was u sed  t o  make a l l  th e  p u lt ru d e d  s to c k  shown 

in  f ig u r e  2 ex c e p t th e  b la c k  p l a t e  and h a t  s e c t io n  w hich w i l l  be d i s 

cu ssed  l a t e r .  D e ta i le d  in fo rm a tio n  on th e  p ro c e s s  and p r o p e r t i e s  has 

been g iv e n  e lsew h ere  ( r e f .  1 6 , 1 8 , 2 9 , 3 6 ) . B r i e f l y ,  t h e  p ro c e s s  

was th e  "w et" ty p e  w hich c o n s is te d  o f  p u l l in g  g la s s  ro v in g  th ro u g h  a
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room te m p e ra tu re  "bath o f  i s o p h th a l ic  p o ly e s te r  r e s i n .  The r e s in  con

ta in e d  an i n i t i a t o r  (b en zo y l p e ro x id e ) ,  an  i n h i b i t o r  (parabenzoqu inone 

o r  hyd ro q u in o n e) ,  and an i n t e r n a l  r e l e a s e  ag en t t o  red u ce  ad h es io n  

betw een r e s in  and d ie  s u r f a c e .  I f  r e q u i r e d ,  th e  r e s in  m ight a l s o  con

t a i n  a  f i l l e r  ( e .g .  aluminum s i l i c a t e  o r  ca lc iu m  c a rb o n a te ) ,  a  f i r e  

r e t a r d a n t  (an tim ony o x id e ) ,  and in o rg a n ic  p igm ents f o r  c o lo r in g .  A f te r  

th e  g la s s  f ib e r  l e f t  th e  r e s i n  b a th ,  th e  r e s i n - f i b e r  mass p assed  th ro u g h  

b u sh in g s  w hich fo rc e d  o u t a i r  b u b b le s  and ex ce ss  r e s i n .  Then th e  mass 

e n te re d  ch ro m e-p la ted  s t e e l  d i e s ,  o f  le n g th  0 .75  o r  1 .5  ni (30 o r  60 

in c h e s ) ,  w hich w ere h e a te d  by a  c i r c u l a t i n g  h o t o i l  ja c k e t  to  390 K 

( 2h0°F) o r  h ig h e r .  C i r c u la t io n  o f  h o t o i l  te n d s  to  m a in ta in  an i s o th e r 

mal p r o f i l e  a lo n g  th e  d ie  le n g th ,  and h e lp s  c o n t ro l  th e  te m p e ra tu re  r i s e  

a s s o c ia te d  w ith  th e  exo therm ic  r e a c t io n  ( r e f .  k ) . On em erging from th e  

d ie ,  th e  h o t ,  c u re d , p u lt ru d e d  s to c k  was co o led  by a  w a te r sp ra y  o r  com

p re s s e d  a i r  so th e  c a t a p i l l a r - t y p e  p u l l in g  mechanism cou ld  engage i t  

w ith o u t cau s in g  s u r fa c e  marks o r  d i s t o r t i o n s .  Once beyond th e  p u l l in g  

m echanism , th e  s to c k  was c u t t o  s ta n d a rd  le n g th s  o f  3 o r  6 m (10 o r 

20 f t ) .

P r o p e r t i e s  o f  t h e  P u ltru d e d  S tock

P u ltru d e d  s to c k  made by th e  p ro c e s s  d e s c r ib e d  above was o b ta in e d  

from  a v en d o r, n o t th e  m a n u fa c tu re r , and so p resum ably  r e p re s e n te d  

s to c k  w hich would be a v a i la b l e  to  any p u rc h a s e r .  The s to c k  le n g th  was 

3 m (10 f t ) .  Of th e  p o ly e s te r  and g la s s  s to c k  shown in  f ig u r e  2 , fo u r  

were s e le c te d  f o r  e v a lu a t io n ,  th e  sq u a re  tu b e  and th e  th r e e  c i r c u l a r  

r o d s .

The sq u a re  tu b e  had nom inal d im ensions o f  50 mm (2 i n . )  w ith  a  3 .2  mm 

(1 /8  i n . )  w a ll th i c k n e s s ,  g iv in g  an a s p e c t  r a t i o  o f  16 . Oven b u rn -o u t
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o f  th e  r e s i n  r e v e a le d  th e  tu b e  c o n s tr u c t io n  c o n s is te d  o f  f iv e  l a y e r s ,  

two o f  u n id i r e c t i o n a l  ro v in g  among th r e e  la y e r s  o f  q u a s i - i s o t r o p ic  

m at. The ro v in g  c a r r i e d  m ost o f  th e  p u l l in g  f o r c e ,  and th e  mat p ro 

v id e d  a  d eg ree  o f  c ro s s  re in fo rc e m e n t .  In d e e d , c ro s s  re in fo rc e m e n t 

has been  i d e n t i f i e d  a s  one o f  th e  m ajo r p roblem s in  p u l t r u s io n  ( r e f .  5 ) , 

and o th e r s  have n o te d  ( r e f .  lU ) th e  p e r s i s t e n t  id e a  t h a t  p u ltru d e d  

s to c k  c o n ta in s  o n ly  u n id i r e c t i o n a l  f i b e r s .  The r e s in  b u rn -o u t showed 

t h a t ,  b ased  on th e  mass o f  th e  r e s id u e  o f  f i b e r  and f i l l e r ,  one s id e  

(assum ed t o  be th e  bo ttom  s id e )  had a  h ig h e r  r e s i n  f r a c t i o n  (0.1*35) th a n  

d id  th e  o th e r s .  The o p p o s ite  s id e  had a  low er r e s in  f r a c t i o n  (0.1*17).

A sq u a re  tu b e ,  l i k e  o th e r  c lo s e d ,  ho llow  s e c t io n s ,  r e q u i r e s  th e  u se  o f  

a  c a r e f u l ly  a l ig n e d  c e n t r a l  m an d re l. I f  th e  m andrel i s  o f f  c e n t e r ,  th e n  

th e ^ n a rro w er s id e  w i l l  have a  s l i g h t l y  h ig h e r  p r e s s u re .  The r e s i n  w i l l  

te n d  to  flow  away from  th e  h ig h  p r e s s u re  tow ard  th e  low p re s s u re  a re a .  

Such p re s s u re  d i f f e r e n t i a l s  m ight a l s o  .lead  to  r e s id u a l  s t r e s s e s .  To 

t e s t  f o r  th e  p re se n c e  o f  such  s t r e s s e s ,  a  le n g th  o f  th e  tu b e  was s l i t  

le n g th w ise  fo r  300 mm. The s l i t s  w ere made a t  th e  t h i r d  p o in ts  o f  

each f a c e .  The r e s u l t i n g  d e fo rm a tio n  a t  th e  f r e e  end i s  shown in  f ig u r e  

20. The fo u r  c o rn e rs  d id  n o t d e f l e c t  a s  th e y  w ere s t a b i l i z e d  by t h e i r  

geom etry . The s e c t io n s  i n  th e  c e n te r  o f  th e  f a c e s  d id  d e f l e c t ,  how ever. 

The s id e s ,  w ith  a  p a r t in g  l i n e  showing on th e  n e a re r  s id e ,  d e f le c te d  

ou tw ard , a s  d id  th e  assumed to p  s e c t io n .  The assumed bo ttom  s e c t io n  

d e f le c te d  inw ard . The d e f le c t i o n s  w ere n o t e x c e s s iv e  how ever, on th e  

o rd e r  o f  th r e e  o r  fo u r  w a ll  th ic k n e s s e s  f o r  a  span o f  'VLOO th ic k n e s s e s .  

However, th e y  do i l l u s t r a t e  some o f  th e  d i f f i c u l t i e s  en co u n te red  in  

p u l t ru d in g  c lo s e d ,  ho llow  s to c k .
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F ig u re  2 0 . -  D efo rm ation  o f  p u lt ru d e d  sq u a re  tu b e  a f t e r  le n g th w is e  
s p l i t t i n g .
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The o th e r  p o ly e s te r  and g la s s  s to c k  e v a lu a te d  was th e  th r e e  c i r 

c u la r  ro d s  shown in  f ig u r e  2 . The ro d s  had  nom inal d ia m e te rs  o f  9*5j 

1 9 , and 38 mm (3 /8 ,  3/1*, and 1 1 /2  i n . ) ,  and hence r e l a t i v e  d ia m e te rs  

o f  1 ,  2 , and 1*. These ro d s  w ere a l l  u n id i r e c t i o n a l  f i b e r  in  ro v in g  

form , and th e  r e s i n  d id  n o t c o n ta in  a  f i l l e r .  Some p r o p e r t i e s  o f  th e  

ro d s  a r e  g iv e n  in  t a b l e  6 . The c e n t r a l  c o re  r e f e r s  to  specim ens o f  

th e  l a r g e s t  ro d  w hich w ere m achined to  h a l f  th e  o r ig i n a l  d ia m e te r , 

th e re b y  le a v in g  th e  c e n te r  f o u r th  o f  th e  o r ig i n a l  ro d . The s p e c i f i c  

g r a v i ty  was h ig h  f o r  a l l  th e  r o d s ,  w ith  l i t t l e  v a r i a t io n  from one 

rod  to  a n o th e r .  Of more i n t e r e s t ,  how ever, was th e  low s p e c i f i c  g r a v i ty  

o f  th e  c e n t r a l  co re  a s  compared t o  t h a t  o f  th e  e n t i r e  c ro s s  s e c t io n .

T h is  d i f f e r e n c e  was c o r ro b o ra te d  in  th e  g la s s  volume f r a c t i o n .  A lthough 

th e r e  was a  ro d - to - r o d  d i f f e r e n c e ,  i t  was s m a lle r  th a n  th e  d i f f e r e n c e  

betw een th e  c e n t r a l  c o re  and th e  e n t i r e  c ro s s  s e c t io n  o f  th e  l a r g e s t  

ro d . As th e  c ro s s  s e c t io n  v a lu e  i s  an av erag e  fo r  th e  e n t i r e  ro d ,  th e  

low v a lu e s  o f  th e  c e n t r a l  co re  im ply  c o n s id e ra b ly  h ig h e r  v a lu e s  f o r  

th e  r e s t  o f  th e  ro d  su rro u n d in g  th e  c o re .

T h is  p a t t e r n  o f  r e s i n  c o n c e n tra t io n  in  th e  c e n te r  and f i b e r  con

c e n t r a t io n  around th e  p e r ip h e ry  may in d i c a te  t h a t  la r g e  c o l l im a tio n  

fo rc e s  w ere g e n e ra te d  a s  th e  r e s i n - f i b e r  mass e n te re d  th e  d ie .  In  f a c t ,  

e a r ly  in  th e  r e s in  b u rn -o u t t e s t s  o f  th e  l a r g e s t  r o d s ,  th e  specim ens 

would be  su rro u n d ed  by a  f in e  d u s t o f  s h o r t  le n g th s  o f  b roken  f ib e r s  

w hich had f a l l e n  from  th e  o u te r  s u r f a c e .  The i n t e r i o r  f i b e r s  showed 

l i t t l e  s ig n  o f  b re a k a g e . I f  th e  o u te r - s u r f a c e  was s u b je c te d  to  h ig h  

c o l l im a tio n  f o r c e s ,  th e n  th e  r e s i n  would flow  away from th e  s u r fa c e  to  

th e  c e n te r  w here back  flo w  would r e l i e v e  some o f  th e  p r e s s u re .
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TABLE 6. -  PHYSICAL PROPERTIES OF PULTRUDED CIRCULAR RODS

R e la t iv e  D iam eter

Nominal D iam eter, mm ( i n . )

R e la tiv e  C ross S e c t io n a l  A rea 
and Mass p e r  U n it L ength

S p e c if ic  G ra v ity  
C ross S e c tio n  
C e n tra l  Core

G lass  Volume F ra c t io n  
C ross S e c tio n  
C e n tra l  Core

1 2  4

9 -5 (3 /8 )  19 (3 A )  38 (1 1 /2 )

1 U 16

2 . Oh 1 .9 9  2 . 0U
I . 9U

.6 5 2  .5 9 6  . 63^
• 559
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A p a t t e r n  o f  r e s i n - r i c h  a re a s  and f i n e  c ra c k s  was observed  in  

th e  in n e r  p o r t io n  o f  th e  l a r g e s t  ro d . T h is  p a t t e r n  i s  shown in  f ig u r e  

21 w here th e  la r g e  c ra c k  a c ro s s  th e  ro d  was due t o  a  d ia m e tra l  t e s t  

d e s c r ib e d  below . The o th e r  c ra c k s  w ere p r e s e n t  b e fo re  th e  t e s t .  The 

p a t t e r n  was n e a r ly  c i r c u l a r  and ex ten d ed  o v er ro u g h ly  tw o - th i rd s  o f  

th e  d ia m e te r . E le c tro n  m icro g rap h s o f  t h i s  p a t t e r n  ( f i g .  22) showed a 

g e n e ra l  view  ( l ^ x ) ,  f ig u r e  2 2a , a  r e s i n - r i c h  a r e a  ( l^ O x ), f ig u r e  22b, 

and a  c ra c k  ( l^ O x ), f ig u r e  22c. T h is  p a t t e r n  was o b serv ed  o n ly  in  

th e  l a r g e s t  d ia m e te r  U ro d  (38 mm) w hich p r e s e n ts  c o n s id e ra b le  problem s 

as  f a r  as  un ifo rm  c u r in g  i s  conce rn ed . The in te rm e d ia te  d ia m e te r  2 

ro d s  (19  mm) showed s l i g h t  ev id en ce  o f  c ra c k in g  o v e r th e  c e n t r a l  t h i r d  

o f  th e  d ia m e te r . The s m a l le s t  d ia m e te r  1 ro d s  (9*5 mm) w hich w ere th e  

e a s i e s t  t o  cu re  were sound and u n ifo rm .

The d ia m e tra l  s t r e n g th  and n o tch ed  sh e a r  s t r e n g th  was m easured 

f o r  th e  ro d s  and th e  r e s u l t s  a r e  l i s t e d  in  t a b l e  7• A lthough  th e  d ia 

m e tra l  t e s t  i s  u s e f u l  f o r  s o l id  polym er m old ings ( r e f .  7 1 ) and has been  

used  f o r  p u ltru d e d  ro d s  ( r e f .  32 , 51)» i t  was o f  l im i te d  v a lu e  in  t h i s  

i n v e s t ig a t io n .  The specim en f r a c t u r e  o f te n  was n o t a lo n g  th e  lo ad ed  

d ia m e te r , a  req u ire m en t f o r  a  v a l id  d ia m e tra l  t e s t .  M oreover, th e  

c o e f f i c i e n t  o f  v a r i a t i o n  was som etim es h ig h . (A c o e f f i c i e n t  o f  v a r i a 

t i o n  o f  0 .008 was r e p o r te d  in  r e f e r e n c e  51)- Even s o , th e  t e s t  r e s u l t s  

may b e  o f  v a lu e  f o r  com paring th e  a p p a re n t r e s i n  t e n s i l e  s t r e n g th  

(a s  in d ic a te d  by  th e  d ia m e tra l  s t r e n g th )  i n  th e  v a r io u s  ro d s .  The 

o v e r a l l  mean o f  a l l  th e  d ia m e tra l  t e s t s  o f  th e  a s - r e c e iv e d  ro d s  was 

12.1+ MPa (1800 p s i ) .  O nly th e  d ia m e te r  2 ro d s  d i f f e r e d  s i g n i f i c a n t l y  

( a t  t h e  95 p e rc e n t c o n fid e n ce  l e v e l )  a s  in d ic a te d  by th e  t  t e s t .  A
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F ig u re  2 1 . -  C ro ss  s e c t io n  o f  38-m m -diam eter p u l t ru d e d  c i r c u l a r  rod..
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(a ) G enera l v iew  (lHx).

(b) R e s in - r ic h  a r e a  (ll+OX).

(c ) C rack (lUoX).

F ig u re  2 2 .-  Scanning e le c t r o n  m icro g rap h s o f  38-m m -diam eter p u l
tru d e d  c i r c u l a r  ro d .
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TABLE 7- -  MECHANICAL PROPERTIES OF PULTRUDED CIRCULAR RODS

P ro p e r ty V alue*

As R ece ived

P o s t Cured

C e n tra l  Core

D ia m e tra l S tr e n g th ,  MPa

N
M
V 
N 
M
V 
N 
M
V

As R eceived

P o s t Cured

C e n tra l  Core

N otched S hear S tre n g th  MPa

N
M
V 
N 
M
V 
N 
M
V

R e la t iv e  D iam eter 

1 2  1*

6
l k . 9 

.227
6

15-5
.225

6
k5-7

.065
6

50 .3
.Okk

11
1 1 .5

.089

12
39-1

.131

5
11 .3  

. 2k0
h

1 3 .2
.0 5 6

11 
l k .  8 

• 057

6
3 6 .7

.051
6

36.2
.083

12
38.5

.12k

*Value r e f e r s  to  number o f  t e s t s  (N); mean v a lu e (M ), and c o e f f i c i e n t  o f  
v a r i a t i o n  (v ) .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8 0

p o s t c u re  (1 .5  h o u rs  a t  390 K (2U o°F)) was g iv e n  to  th e  ro d s  w hich 

would h e  e a s i e s t  (d ia m e te r  l )  and h a rd e s t  (d ia m e te r  U) t o  c u re  u n ifo rm ly  

in  th e  d ie .  The p o s t  c u re  in c re a s e d  th e  d ia m e tr a l  s t r e n g th  ( t a b l e  7) 

b u t n o t s i g n i f i c a n t l y  above th e  mean o f  t h e  a s - r e c e iv e d  ro d s . S u r

p r i s in g l y ,  th e  d ia m e tra l  s t r e n g th  o f  th e  c e n t r a l  co re  o f  th e  d iam ete r 

4 ro d  was s i g n i f i c a n t l y  h ig h e r  th a n  th e  mean o f  th e  a s - r e c e iv e d  ro d s  

th e  c o e f f i c i e n t  o f  v a r i a t i o n  was v e ry  low . A p p a re n tly  th e  c ra c k s  and 

r e s i n - r i c h  a re a s  o f  th e  c o re  d id  n o t have a  d e t r im e n ta l  e f f e c t  on th e  

d ia m e tra l  s t r e n g th .

The n o tch ed  sh e a r  t e s t  has a l s o  been recommended f o r  p u ltru d e d  

ro d s  ( r e f .  32, 33 , 5 2 ). The t e s t  r e s u l t s  a r e  l i s t e d  i n  t a b l e  7 where 

th e  o v e r a l l  mean f o r  th e  a s - r e c e iv e d  ro d s  was i+0. T MPa (5900 p s i ) .  The 

sh e a r  s t r e n g th  f o r  th e  d ia m e te r  1 ro d s  was s i g n i f i c a n t l y  above, w h ile  

th a t  f o r  th e  d ia m e te r  ro d s  was s i g n i f i c a n t l y  below , t h a t  a v e ra g e .

When th e  ro d s  w ere p o s t c u re d , th e  s t r e n g th  o f  th e  d ia m e te r  1 ro d  

in c re a s e d  a s  i f  i t  had n o t been  s u f f i c i e n t l y  c u re d . Such a  r e s u l t  cou ld  

be due t o  a  low d ie  r e s id e n c e  tim e  o r  a  low  c o n c e n tr a t io n  o f  i n i t i a t o r .  

The d ia m e te r  U r o d s ,  w ith  a  sh e a r  s t r e n g th  a l re a d y  below  th e  mean, 

dropped in  s t r e n g th  on p o s t  c u r in g . T h is  r e s u l t  i s  d i f f i c u l t  t o  e x p la in  

in  l i g h t  o f  th e  f a c t  t h a t  th e  d ia m e tr a l  s t r e n g th  o f  t h i s  ro d  in c re a s e d  

on p o s t  c u r in g . But c o n s i s te n t  w ith  th e  d ia m e tr a l  t e s t s ,  th e  sh e a r  

s t r e n g th  o f  th e  c e n t r a l  c o re  was h ig h e r  th a n  t h a t  o f  t h e  f u l l  s iz e  

d ia m e te r  1* ro d ,  an d , in  f a c t ,  was 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  from th e  

o v e r a l l  mean o f  th e  a s - r e c e iv e d  ro d s .  Once a g a in ,  th e  c ra c k s  and r e s in -  

r i c h  a re a s  d id  n o t deg rad e  th e  s t r e n g th .
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A n a ly s is  o f  th e  P ro c e ss  

C onsider th r e e  ro d s  o f  r e l a t i v e  d ia m e te r  1 ,  2 , and It, w hich 

c o n ta in  th e  same p ro p o r t io n  o f  u n re a c te d  p o ly e s te r  r e s i n  and g la s s  

f i b e r ,  and th e  r e s i n  has th e  same i n i t i a t o r  c o n c e n tr a t io n  f o r  a l l  

th r e e  ro d s . The o b je c t iv e  i s  t o  p a ss  th e  ro d s  th ro u g h  a  390 K d ie  so 

t h a t  each ro d  re a c h e s  a  g iv e n  r e a c t io n  f r a c t i o n  (say  0 .8 )  a t  th e  

c e n t e r l i n e .  The f r a c t i o n  sh o u ld  be re a c h e d  a t  th e  d ie  e x i t .  I f  i t  

i s  reac h ed  so o n e r, th e  r e s id e n c e  tim e  i s  to o  lo n g ; i f  l a t e r ,  th e  tim e  

i s  n o t lo n g  enough.

As th e  ro d s  a re  b e in g  h e a te d  from  th e  o u ts id e ,  th e  tim e  re q u ir e d  

f o r  th e  c e n t e r l i n e  t o  re a c h  th e  d ie  te m p e ra tu re  can  be found from th e  

F o u r ie r  number.

e.
Nf  = - f -  (23)

F r  / a

Time 0, i s  th e  h e a t-u p  t im e . S e t t in g  N t o  u n i ty ,  n F

6h '  £  <2“>

Hence, assum ing th e  same th e rm a l d i f f u s i v i t y ,  a ,  f o r  a l l  th r e e  ro d s  

and a  l i n e a r  te m p e ra tu re  r i s e  r a t e ,  th e  r e l a t i v e  h e a t-u p  tim es  w i l l  be 

1 , It, and 16  f o r  th e  c e n t e r l i n e .

The c e n te r l i n e  r e a c t io n  i s  t o  p ro ceed  a d i a b a t i c a l l y  in  o rd e r  to  

keep th e  re s id e n c e  tim e  to  a  minimum. The a d ia b a t ic  te m p e ra tu re  r i s e ,  

A T ^ , i s  to  be h e ld  t o  0 .01  in  o rd e r  to  keep th e  r e a c t io n  u nder c o n t r o l .
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Then, from f ig u r e  18 , f o r  A T ^  = 0 .0 1  and T* = f  = 0 .8 ,  th e  Damkohler 

number = 1.5* But

Np = 1 k0 ( io ,  re p e a te d )

and th e  r e a c t io n  o r d e r ,  n ,  i s  u n i ty  fo r  p o ly e s te r  r e s in s  so th e  con

c e n t r a t io n  te rm  can be dropped. The re s id e n c e  tim e  f o r  th e  r e a c t io n  

i s

The t o t a l  re s id e n c e  tim e  i s  th e  sum o f  th e  h e a t-u p  and r e a c t io n  t im e s , 

o r

6  = +  ¥  < 2 6 >

The re s id e n c e  tim e  g iv e n  by e q u a tio n  26 i s  r e a l l y  an upper bound, 

as  th e  r e a c t io n  t im e ,  0^ , was e s tim a te d  a s  i f  no r e a c t io n  to o k  p la c e  

u n t i l  th e  c e n t e r l i n e  te m p e ra tu re  reac h ed  390 K. As to  w hether t h i s  

ap p rox im ation  sh o u ld  be r e f in e d  depends in  p a r t  on th e  r e l a t i v e  magni

tu d e s  o f  0, and 0 . For exam ple, u s in g  v a lu e s  from t a b l e  3 f o r  a c t iv a -  h r

t i o n  energy  and p re -e x p o n e n t ia l  c o n s ta n t o f  p o ly e s te r  r e s in  w ith  one

—2 —1p e rc e n t BP0, th e  r e a c t io n  r a t e  c o n s ta n t a t  390 K i s  x 10 sec

The r e a c t io n  t im e , 0^ , i s  ^60 seco n d s. By c o n t r a s t ,  th e  h e a t-u p  tim e ,
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0 , f o r  a  9*5 mm -  d ia m e te r  r o d ,  assum ing a  th e rm a l d i f f u s i v i t y  o f  
27 m

3 x 10   i s  ^75 seconds. In  t h a t  h e a t-u p  t im e , th e  accum ula ted  N_sec r  * d

i s  'UO.M. Hence th e  r e q u ir e d  r e a c t io n  tim e  i s

and th e  t o t a l  r e s id e n c e  tim e  i s  75 + ^6 = 121 seco n d s.

By c o n t r a s t ,  th e  l a r g e s t  ro d  would have a  h e a t-u p  tim e  o f  VL200 

seco n d s. But th e  accum ula ted  when th e  c e n t e r l i n e  reac h ed  390 K, 

would he  ^ 6 .5 -  The c e n te r l i n e  would have been  r e a c te d  t o  th e  0 .8  

f r a c t i o n  a f t e r  a  r e s id e n c e  tim e  o f  ^833 seco n d s , when th e  c e n te r l in e  

te m p e ra tu re  had r i s e n  to  363K. In  o th e r  w ords, by  th e  tim e  th e  c e n te r -  

l i n e  te m p e ra tu re  reac h ed  th e  d ie  te m p e ra tu re ,  th e  c e n te r  o f  th e  ro d  

would be r e a c te d  to  a  f r a c t i o n  g r e a t e r  th a n  0.99*

An in q u iry  t o  th e  m a n u fa c tu re r  o f  th e  ro d s  u sed  in  t h i s  i n v e s t i 

g a t io n  re v e a le d  th e  fo llo w in g : th e  BPO c o n c e n tra t io n  was in  th e  1 .0  -

1 .6  p e rc e n t ran g e  (1 .0  p e rc e n t was u sed  in  th e  above c a l c u la t io n s ) ;  

th e  d ie  te m p e ra tu re  was 2l+0°F (390 K) in  g e n e r a l ,  b u t may ran g e  up to  

'U310°F; th e  p u l l in g  speed  f o r  th e  9*5 mm ro d  was ^30 in /m in  th ro u g h  a  

3 0 -in c h  d ie  (^60 second re s id e n c e  t im e ) ;  th e  p u l l in g  speed  f o r  th e  38 

mm ro d  was 2-5  in /m in  th ro u g h  a  60- in e h  d ie  (720-1800 second re s id e n c e  

t im e ) .  The e s tim a te d  r e s id e n c e  tim e  f o r  th e  38 mm ro d  (833 to  1200 

seconds) f e l l  in  th e  low end (and  th e  h ig h  p ro d u c tio n  r a t e  end) o f  th e  

r e p o r te d  ra n g e . The e s tim a te d  re s id e n c e  tim e  f o r  th e  9*5 mm ro d  (121 

seconds) was tw ic e  th e  r e p o r te d  tim e . However, th e  s t r e n g th  o f  th e s e  

ro d s  was in c re a s e d  s ig n i f i c a n t l y  by a 390 K p o s t  c u re .  The im p lic a t io n
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i s  t h a t  th e  re s id e n c e  tim e  o f  ^60 seconds i s  n o t s u f f i c i e n t  to  cu re  th e  

9 .5  mm ro d s .

I s o m e tr ic  P ro cess  

The is o m e tr ic  p ro c e s s  h a s  "been u sed  to  p u l t ru d e  a  w ide v a r i e ty  o f  

open and c lo s e d , ho llow  and s o l i d ,  c ro s s  s e c t io n s  u s in g  p o ly e s te r  r e s i n  

and g la s s  f i b e r :  a  ho llo w  sq u a re  tu b e  was found to  have an  uneven r e s in  

d i s t r i b u t i o n  over th e  c ro s s  s e c t io n ,  and a  low l e v e l  o f  r e s id u a l  s t r e s s .  

S o lid  c i r c u l a r  ro d s  o f  th r e e  d i f f e r e n t  d ia m e te rs  w ere u sed  a s  a  means 

o f  e s t im a tin g  d ie  r e s id e n c e  tim es  f o r  a  390 K d ie  te m p e ra tu re . The 

e s tim a te d  tim e  f o r  th e  l a r g e s t  ro d  f e l l  w ith in  th e  ran g e  r e p o r te d  by 

th e  m a n u fa c tu re r . The e s tim a te d  tim e  f o r  th e  s m a l le s t  ro d  was tw ic e  

th e  r e p o r te d  tim e . However, th e  s t r e n g th  o f  t h i s  ro d  was in c re a s e d  by 

p o s t c u r in g  a t  390 K, s u g g e s tin g  t h a t  th e  r e s id e n c e  tim e  shou ld  have 

been  lo n g e r  th a n  i t  was.
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CHAPTER 8 

ISOBARIC PROCESS ANALYSIS 

The i s o b a r i c  p ro c e s s ,  a s  th e  name im p l ie s ,  i s  one in  w hich 

th e  d ie  a p p l ie s  a  c o n s ta n t  p re s s u re  t o  th e  r e s i n - f i b e r  m ass. T h is  p ro 

c e ss  i s  n o t in  w ide u se  f o r  p u l t r u s io n ,  b u t i t  has  b een  developed  fo r  

making a i r c r a f t  s t r u c t u r a l  shapes ( r e f .  25 , 3 9 )- T h is  p ro c e ss  was 

used  to  p u l t r u d e  th e  b la c k  h a t-sh a p e d  s e c t io n  and f l a t  p an e l shown in  

f ig u r e  2 . Some p ro c e s s in g  d e t a i l s  and  p r o p e r t i e s  o f  th e  p u lt ru d e d  s to c k  

w ere r e p o r te d  in  r e f e r e n c e  39- However, th e  d a ta  w ere n o t a n a ly z e d  fo r  

th e  p u rp o se  o f  d e f in in g  im p o rta n t p ro c e s s  v a r ia b le s  o r  r e l a t i n g  p r o p e r t i e s  

to  th o s e  v a r i a b le s .  Such an a n a ly s i s  was made a s  p a r t  o f  t h i s  i n v e s t i 

g a t io n .  As o n ly  av e ra g e  p ro p e r ty  values- w ere r e p o r te d ,  th e  a u th o r  o f  

r e f e r e n c e  39 p ro v id e d  in d iv id u a l  t e s t  v a lu e s  so  a  more d e t a i l e d  a n a ly s i s  

co u ld  b e  made.

D e s c r ip t io n  o f  th e  P ro c e s s  

The i s o b a r i c  p ro c e s s  d e s c r ib e d  in  r e f e r e n c e s  25 and  39 i s  a  "dry" 

p ro c e ss  w hich u s e s  p re p re g  t a p e .  An e p o x y -g ra p h ite  t a p e  (E 702/T300) was 

u sed  in  th e  in v e s t ig a t io n  r e p o r te d  in  r e f e r e n c e  39- The p u l t r u d e r  d ie  

was made o f  a lu m in a  and m ounted in  a  ru b b e r  tu b e  in  w hich th e  a i r  p re s s u re  

co u ld  b e  r e g u la te d  and m easured . Energy f o r  c u r in g  th e  r e s i n  was su p p lie d  

by b o th  h o t  a i r  and by a  m icrowave beam w hich im pinged on th e  d ie  from th e  

- z  t o  +z d i r e c t i o n  ( s e e  ax es  in  f ig u r e  k ) . The beam had  a  915 MHz f r e 

quency and a  TM ^ wave fo rm . As th e  a lum ina d ie  had a  v e ry  low d ie l e c 

t r i c  l o s s ,  i t  e s s e n t i a l l y  was n o t h e a te d  by th e  m icrowave en erg y . How
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e v e r ,  th e  r e s i n - f i b e r  mass ( e .g .  epoxy r e s i n  and g r a p h i te  f i b e r )  was 

v e ry  " lo s s y ” and c o n v e rte d  p a r t  o f  th e  m icrowave energy  in to  h e a t .  T h is  

h e a t ,  in  a d d i t io n  t o  t h a t  o f  th e  c i r c u l a t i n g  h o t a i r ,  i n i t i a t e d  th e  

exo therm ic  c u r in g  r e a c t io n  in  th e  epoxy. The a i r  te m p e ra tu re  was s e t  to  

low er v a lu e s  a s  th e  m icrowave power s e t t i n g  was in c re a s e d ,  b u t n e i th e r  

form o f  energy  was u sed  by i t s e l f  f o r  c u r in g . As th e  th ic k n e s s  o f  th e  

r e s i n - f i b e r  mass changed d u rin g  i t s  p assag e  th ro u g h  th e  d ie ,  th e  d ie  

s e c t io n s  moved r e l a t i v e  t o  one a n o th e r  t o  accommodate th o s e  chan g es. 

P u l l in g  o f  th e  mass th ro u g h  th e  d ie  was accom plished  by a  clam p, c a b le ,  

and w inch arrangem ent so t h a t  p u lt ru d e d  le n g th s  up to  12 m (Uo f t . )  

cou ld  be p roduced in  one p u l l in g  c y c le .

H at-Shaped S e c tio n

The h a t s e c t io n s  n o t o n ly  w ere a  u s e f u l  s t r u c t u r a l  sh ap e , b u t  a l s o  

were a  means o f  i l l u s t r a t i n g  some problem s w hich m ight be  en co u n te red  

in  p u l t ru d in g  such sh ap es . The h a t  had' a  nom inal 115 mm w id th  w hich 

in c lu d e d  a  32 mm cap and 25 mm f la n g e s .  The nom inal h e ig h t  was 30 mm. 

The nom inal th ic k n e s s  o f  th e  cap was 2 .8  mm, o f  th e  webs and f la n g e s ,  

l.U  mm.

T e s t specim ens were ta k e n  from th e  cap , web, and f la n g e  lo c a t io n s .  

S p e c if ic  g r a v i ty  and f i b e r  f r a c t i o n  d e te rm in a tio n s  showed t h a t  th e  web 

v a lu e s  (1 .5 7  and 0 .6 3 2 ) w ere s ig n i f i c a n t l y  above th o s e  o f  th e  cap (1 .5 2  

and 0 .592 ) and th e  f la n g e s  (1 .5 1  and O .58I ) .  C o n s id e rin g  th e  d i s t r i 

b u tio n  o f  th e s e  v a lu e s  and th e  shape o f  th e  c ro s s  s e c t io n ,  i t  w ould 

seem t h a t  much o f  th e  d ie  p re s s u re  was b e in g  ta k e n  in  th e  webs. Then 

th e  webs would be a  h ig h  p re s s u re  a r e a  from w hich th e  r e s in  m ight flow  

in to  th e  low er p r e s s u re  cap and f la n g e s .
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S hort beam sh e a r  t e s t s  o f  web and f la n g e  specim ens showed a s ig n i 

f i c a n t  - z  to  +z d i f f e r e n c e .  F o r exam ple, f o r  low er d ie  p r e s s u r e s ,  th e  

+z web had ^28 p e rc e n t h ig h e r  s t r e n g th  th a n  th e  - z  web. For h ig h e r  d ie  

p r e s s u r e s ,  th e  -z  web had a  h ig h e r  s t r e n g th .  A s im i la r  p a t t e r n  was ob

se rv ed  w ith  th e  f la n g e s ,  th e  +z f la n g e  g e n e ra l ly  hav ing  a  h ig h e r  s t r e n g th  

th a n  th e  - z  f la n g e . Such an e f f e c t  m ight b e  due t o  d i s t o r t i o n  o f  th e  

microwave beam. A lthough th e  beam would be f a i r l y  un ifo rm  in  an empty 

c a v i ty ,  th e  p resen ce  o f  th e  d ie  and r e s i n - f i b e r  mass would d i s t o r t  th e  

beam, cau sin g  re g io n s  o f  h ig h e r -  o r lo w e r- th a n -a v e ra g e  energy  d e n s i ty .

As a  r e s u l t ,  some p a r t s  o f  th e  h a t  would be cu red  m ore, and some l e s s ,  

th a n  o th e r  p a r t s .  For s im ple  sh a p e s , such a s  a  f l a t  p l a t e  o r  a c i r c u l a r  

ro d , microwave beam d i s t o r t i o n  p ro b a b ly  would n o t be as  much o f  a 

problem .

A n a ly s is  o f  th e  P ro cess

The f l a t  p l a t e s  ( f i g .  2) p ro v id ed  a  s im p le  shape which cou ld  be 

u sed  f o r  p ro c e s s  a n a ly s i s .  P la te s  w ere a ls o  made by a  co n v e n tio n a l 

a u to c la v e  p ro c e ss  (a  p re s s u re  o f  585 kFa a t  395 K f o r  2 h o u rs) to  p ro 

v id e  a s ta n d a rd  a g a in s t  which th e  p u ltru d e d  p la te s  cou ld  be compared.

The p la te s  had a  nom inal w id th  o f  150 mm and th ic k n e s s  o f  ^3 mm, th u s  

g iv in g  a  v e ry  h ig h  (^50) a s p e c t r a t i o .

The p ro c e ss in g  v a r ia b le s  and r e s u l t i n g  p r o p e r t i e s  a re  l i s t e d  in  

ta b le s  8 and 9* The fo u r  p ro c e s s in g  v a r ia b le s  w ere th e  d ie  p r e s s u re ,  

p u l l in g  sp eed , and th e  in v e r s e ly  r e l a t e d  microwave power and d ie  tem pera

tu r e .  T hat in v e rs e  r e l a t io n s h ip  can be  seen  in  f ig u r e  23 where th e  d ie  

te m p e ra tu re  i s  p lo t te d  a g a in s t  th e  microwave pow er. The s lo p e  o f  th e  

l i n e s  i s  about -2 2 .1  K/kW, in d ic a t in g  th a t  th e  d ie  te m p e ra tu re  was r e 

duced about 22 K (^0°F) f o r  each  1 kW in c re a s e  in  microwave power.
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TABLE 8. -  PROCESSING PARAMETERS AND PROPERTIES OF PULTRUDED FLAT SECTIONS OF EPOXY RESIN AND GRAPHITE FIBER; 
DATA FROM REFERENCE 39

T e s t
Number

P ro c e s s in g  P a ram e te rs P h y s ic a l  P r o p e r t i e s S h o r t Beam 
S h ear 
S t r e n g th , 

MPa

F le x u r a l  
S t r e n g th , 

GPa

Die 
P r e s s u r e , 

kPa

Microwave
Power

kW

P u l l in g
Speed

mm/sec

D ie
T em peratu re

K
T h ic k n e s s ,

mm
S p e c i f i c

G ra v ity

F ib e r
Volume
F r a c t io n

1 185 2 .0 1 .2 5 U15 3.25 1 .5 0 • 575 6 6 .1 1 .09
2 185 2 .5 2 .5 5 Mt5 3 .25 1.U9 • 579 6 1 .8 1 .0 8

3 185 3 .0 1 .7 0 1t29 3 .2 8 1 .U8 • 575 6 3 .5 1 .0 7
It 200 3 .0 1 .2 5 k53 3-35 1 .1+7 • 558 57-^ 1 .1 1

5 205 1 .5 1 .7 0 U65 3 .1 8 1.5U O
N

O C
D 7 1 .6 1 .0 8

6 205 1 .5 2 .5 5 U71 3-12 1-55 .6 2 1 7 2 .2 1 .09

7 205 1 .5 2 .5 5 lt72 3 .1 8 1-52 .608 6 6 .6 1 .1 2

8 205 2 .0 1 .7 0 lt52 3-10 1 .5 5 .626 7 8 .6 1 .0 9

9 205 2 .0 2 .5 5 k59 3.15 1 .5 3 .619 6 8 .1 1 .0 1

10 205 3 .0 1 .7 0 U It 6 3 .10 1 .5 6 .630 7 3 .U 1 .1 0

11 235 1 .5 2 .5 5 U81t 3 .15 1 .5 2 •593 6 6 .5 1 .0 8

12 235 1 .8 2 .5 5 It76 3.12 1 .5 5 .628 71 .9 1 .1 0

13 235 2 .5 2 .5 5 k S l 3 .0 7 1 .5 6 .6k2 73 .0 1 .0 8

I k 235 2 .5 1 .7 0 U50 3-02 1 .5 1 .597 7 2 .7 1.0U

15 235 3 .0 2 .5 5 U50 3 .0 7 1 .5 6 .629 70 .9 1 .1 1

P u l t r u s io n  A verage 3 .1 5 1 .5 3 .606 6 9 .0 . 1 .0 8

A u to c lav e  A verage o f  2 P a n e ls 3 .02 1 .5 7 .6 2 3 8 7 .0 1 .0 8
CD
CO
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TABLE 9 . -  PROCESSING PARAMETERS AND PROPERTIES OF PULTRUDED FLAT SECTIONS OF EPOXY RESIN AND GRAPHITE FIBER

T e s t
Number

P ro c e s s in g  P a ra m e te rs P h y s ic a l  P r o p e r t ie s S h o r t Beam 
S hear 
S tr e n g th ,  

MPa
D ie 

P r e s s u r e , 
kPa

Microwave
Pow er,

kW

P u l l in g
Speed

mm/sec

Die
T em p era tu re , 

K
T h ic k n e s s ,

mm
S p e c i f i c
G ra v ity

F ib e r
Volume
F ra c t io n

16 185 2 .0 1 .0 5 1*1*2 3 .2 8 1.1*7 •555 5 3 .2

IT 205 1 .5 1 .7 0 1*67 3 .1 7 1.1*7 .560 59-5
18 205 1 .5 1 .7 0 h69- 3 .1 8 1 . 1*8 . 58U 58.5

19 205 1 .5 2 .5 5 hJ9 3 .16 1.1*7 .558 59 - k

20 235 1 .5 2 .5 5 b l 9 3 .1 3 1 .5 0 • 572 63 .5
21 235 2 .0 2 .5 5 1*69 3 .09 1 .5 0 .582 61*.7
22 235 2 .5 1 .7 0 1*50 3.05 1 . 1*6 • 535 5 6 .6

23 235 2 .5 2 .5 5 1*56 3-07 1 .5 2 • 592 6 3 .7

A verage 3.11* 1 . 1*8 .567 59-9

CDvo
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F ig u re  23 a ls o  shows t h a t  th e  d ie  te m p e ra tu re  was h ig h e r  fo r  th e  h ig h e r  

p u l l in g  speed . The h ig h e r  p re s s u re  p resum ably  in c re a s e d  th e  h e a t  t r a n s 

f e r  from th e  r e s i n - f i b e r  mass t o  th e  d ie .  The h ig h e r  speed  m ight be  ex

p e c te d  to  red u ce  th e  d ie  te m p e ra tu re  b ecau se  each  u n i t  volume o f  th e  

mass spends l e s s  tim e  in  th e  d ie  and  hence p ro v id e s  l e s s  h e a t to  th e  

d ie .  However, th e  h ig h e r  speeds le d  t o  h ig h e r  sh e a r  s t r a i n  r a t e s  a t  th e  

r e s in  d ie  i n t e r f a c e ,  and such  h ig h e r  r a t e s  can  in c re a s e  th e  h e a t t r a n s 

f e r  c o e f f i c i e n t  ( r e f .  7 2 ) . The d ie  te m p e ra tu re ,  th e n ,  was d i r e c t l y  

p ro p o r t io n a l  to  p re s s u re  and sp eed , and in v e r s e ly  p ro p o r t io n a l  t o  m icro 

wave pow er, o r

T ^  ^iS = A~/~" ( 2 8 )<j> <j>/s

The form o f  e q u a tio n  ?8  su g g e s te d  a  d im e n s io n le ss  number w hich 

m ight be u s e f u l ,  b ecau se  p r e s s u re  i s  a l s o  s p e c i f i c  f o rc e  (N/m ) .  I f
O

th e  denom inator co u ld  be c a s t  in to  s p e c i f i c  en e rg y  (N-m/m ) th e n  th e  

number would be d im e n s io n le s s . The energy  to  w hich th e  r e s i n - f i b e r  

mass was exposed in c lu d e d  b o th  th e rm a l and microwave en e rg y . The 

th e rm a l energy  p e r  u n i t  volume was

c mdT

Et  -  - S e t  (29)

For a  f i b e r  volume f r a c t i o n  f~ 0 .6 ,  s p e c i f i c  h e a t  and d e n s i ty  o f  10^5 

J/k g -K  and 1200 kg/m f o r  epoxy, and 690 J /k g -K  and 1800 kg/m fo r  

g r a p h i t e ,

Et  = 1 .2 5  dT MJ/m3 (30)
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For a  te m p era tu re  change o f  2 2 .IK such as  t h a t  a s s o c ia te d  w ith  a  1 kW 

microwave power change,

Et  = 2 7 .6  MJ/m3 (31)

By c o n t r a s t ,  th e  microwave energy  im pinging  on th e  r e s i n - f i b e r  mass 

was a  p ro d u c t o f  th e  microwave power and re s id e n c e  tim e  d iv id e d  by th e  

volume w ith in  th e  d i e ,  o r

Em
_ 6d(j> _ d(j) 1̂  _ dtf) 

w tl  w t l  s w ts (32)

For a  speed o f  2 .55  m m /sec, a  th ic k n e s s  o f  3 mm, and a  power change o f  

1 kW,

E = 858  MJ/m' m ( 3 3 )

Hence, Em ^  30 E^, and a t  l e a s t  n u m e ric a lly , th e  microwave energy  was 

more s ig n i f i c a n t  th a n  th e  th e rm a l en e rg y . (From th e  s ta n d p o in t o f  

c u r in g  k i n e t i c s ,  how ever, b o th  energy  form s may be im p o r ta n t .)  I f  th e  

microwave energy  o n ly  i s  u se d , th e n  a d im en s io n le ss  number m ight be

77^ -  = ^  (3U)(p/wts <p

As th e  th ic k n e s s  o f  th e  r e s i n - f i b e r  mass can v a ry  in  an is o b a r ic  p ro 

c e s s ,  i t  can be  u sed  as  an in d i c a to r  o f  th e  e x te n t  o f  th e  c u rin g  r e 

a c t io n  ( r e f .  7 0 ) . However, o n ly  a  p o r t io n  o f  th e  t o t a l  th ic k n e s s  ( th e  

r e s in  p o r t io n )  undergoes th e  r e a c t io n .  In  a d d i t io n ,  th e  th ic k n e s s ,  f ib e r

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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f r a c t i o n ,  and s p e c i f i c  g r a v i ty  a r e  co u p led . The p ro d u c t o f  th e  t h r e e ,  

fo r  any t e s t  in  t a b l e  8 , was v e ry  c lo s e  to  2 .9 5  mm. Hence a  somewhat 

more a c c u ra te  form  o f  th e  d im e n s io n le ss  number, c a l l  i t  a  p ro c e s s in g  

number, i s

= i a s E i  (
p P <f>

The p ro c e s s in g  number was c a lc u la te d  f o r  each  o f  th e  t e s t s  l i s t e d  

in  t a b l e  7 , and th e  d ie  te m p e ra tu re  was p lo t t e d  a s  a  fu n c t io n  o f  t h a t  

number ( f ig u r e  2 k ) .  A lthough some s c a t t e r  in  th e  d a ta  i s  a p p a re n t ,  

th e  d ie  te m p e ra tu re  ap p ea red  t o  be a  m o n o to n ic a lly  in c re a s in g  f u n c t io n  

o f th e  p ro c e s s in g  number. A l e a s t  sq u a re s  r e g r e s s io n  a n a ly s i s  o f  th e  

d a ta  in d ic a te d  t h a t  th e  d ie  te m p e ra tu re  co u ld  be  ex p re ssed

T = U29 + 3 .2 8  x 1011 Np (36)

A lthough no v a lu e  o f  th e  b a se  d ie  te m p e ra tu re  was g iv e n  in  r e f e r e n c e  

39j t h a t  te m p e ra tu re  may have been  n e a r  k29 K (312°F) as  su g g es ted  by 

e q u a tio n  22 when Np = 0 . P resum ably  th e  b ase  te m p e ra tu re  would be  no 

h ig h e r th a n  k29 K ( th e  lo w es t te m p e ra tu re  l i s t e d  i n  t a b l e  8) and no 

low er th a n  th e  395 K u sed  f o r  th e  a u to c la v e  c u re .

U sing e q u a tio n s  35 and 36 and r e a r r a n g in g ,  a  form  w hich r e l a t e s  

th e  c o n t ro l  and re sp o n se  v a r ia b le s  can  be o b ta in e d . T hat form i s

t ( l - f )
-  / 3 .2 8  x lO11^ wps /_„»
"  \  T-U29 j  <j> 1 3 0
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w here th e  w id th , w, i s  a  c o n s ta n t  s e t  by  th e  d i e ,  and th e  n u m erica l 

v a lu e s  ta k e n  from  e q u a tio n  36 w ere d e te rm in ed  e m p ir ic a l ly .  The re sp o n se  

v a r ia b le s  ( th ic k n e s s ,  f i b e r  f r a c t i o n ,  s p e c i f i c  g r a v i ty )  become a  fu n c 

t i o n  o f  th e  c o n t ro l  v a r ia b le s  ( p r e s s u re ,  p u l l in g  sp eed , and te m p e ra tu re /  

m icrowave pow er). I f  h29 K i s  ta k e n  as th e  lo w e s t d ie  te m p e ra tu re  f o r  

th e  h ig h e s t  microwave pow er, th e n ,  u s in g  th e  s lo p e  o b ta in e d  in  f ig u r e  23

In  g e n e r a l ,  th e  l e f t  hand s id e  o f  e q u a tio n  26 sh o u ld  b e  a  maximum, i . e .  

sm a ll th i c k n e s s ,  la rg e  f i b e r  f r a c t i o n  and s p e c i f i c  g r a v i ty .  The l e f t  

hand s id e  can be made l a r g e  by  u s in g  low  m icrowave power o r  h igh  

p r e s s u re  and p u l l in g  sp eed . The r e f e r e n c e  p o in t  f o r  e q u a tio n  39 i s  th e  

<f>=3 kW, T=h29 K p o in t  in  f ig u r e  23. However, th e  change in  th e  p h y s ic a l  

p r o p e r t i e s  a r e  p r o p o r t io n a l  t o  th e  p r e s s u re  and sp e e d , and in v e r s e ly  

p r o p o r t io n a l  t o  th e  sq u a re  o f  th e  m icrowave pow er.

The l e f t  hand s id e  o f  e q u a tio n  Uo p ro v id e s  a  m easure o f  th e  q u a l i ty  

o f  th e  p u l t ru d e d  s to c k .  A. h ig h  v a lu e  in d ic a te s  a  d e n se , l a r g e  f i b e r  

f r a c t i o n  m a te r i a l  in  w hich th e  m a tr ix  h as  r e a c te d  and b ro u g h t abou t a

T = U95 -  22<j> (38)

S u b s t i tu t in g  e q u a tio n  38  in to  e q u a tio n  36 g iv e s

(39)
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re d u c t io n  in  th e  th ic k n e s s .  T h is  g ro u p in g  o f  th e  re sp o n se  v a r ia b le s  was 

p lo t t e d  a g a in s t  th e  c o n t r o l  v a r i a b le s .  The r e s u l t  i s  shown in  f ig u r e  25 

w hich in c lu d e s  th e  re sp o n se  v a r ia b le  v a lu e  f o r  th e  a u to c la v e d  f l a t  s e c t io n .  

W ith one e x c e p tio n , th e  v a lu e  f o r  th e  p u ltru d e d  s e c t io n s  f e l l  below  th a t  

f o r  th e  a u to c la v e d  s e c t io n s .  As th e  q u a n t i ty  ps/<j> in c re a s e d ,  th e  p ro -  

. p e r t i e s  o f  th e  p u ltru d e d  s e c t io n s  im proved and re a c h e d  a  peak  a t  about

- h  -1  -22 x 10 W m However, f iv e  o f  th e  t e s t s  d id  n o t f i t  t h i s  t r e n d ,  

w ith  th e  v a lu e s  f o r  th e s e  t e s t s  f a l l i n g  in  th e  u p p er l e f t - h a n d  q u ad ran t 

o f  f ig u r e  2 5 .

To d e te rm in e  how th e  f i v e  t e s t s  (08 , 1 0 , 13 -15) d i f f e r e d  from  th e
2

o th e r s ,  th e  p r e s s u r e  and en erg y  ( a c t u a l l y  (p / s )  f o r  each  t e s t  was 

p lo t t e d .  The r e s u l t s  a r e  shown in  f ig u r e  26 w hich in c lu d e s  a  dem arca tio n  

l i n e  betw een th e  f iv e  t e s t s  and th e  o th e r  t e s t s .  A l l  f iv e  t e s t s  f e l l  in  

th e  h ig h  p re s s u re -h ig h  energy  q u a d ra n t. I n  a d d i t io n  th e  re p so n se  v a r ia 

b le s  made a  r a t h e r  a b ru p t change a s  th e ' t e s t  c o o rd in a te s  moved a c ro s s  th e  

d em arca tio n  l i n e .  As in d ic a te d  by th e  t  t e s t ,  th e  re sp o n se  v a r ia b le s  o f  

th e  f iv e  t e s t s  d i f f e r e d  s i g n i f i c a n t l y  (w ith  95 p e rc e n t  c o n fid e n c e ) from 

th e  o th e r  te n .  In d eed , th e  av e rag e  re sp o n se  v a r i a b le  number f o r  th e  

f iv e  t e s t s  was 1350 ( c lo s e  t o  th e  1380 m- ’*' v a lu e  f o r  th e  a u to c la v e  

f l a t s )  w h ile  t h a t  f o r  th e  o th e r  t e n  t e s t s  had  an av e ra g e  v a lu e  o f  1180  

m \  S im ila r  a b ru p t p ro p e r ty  changes such  a s  th e s e  in d ic a te d  in  f ig u r e  

26 a re  o f te n  a s s o c ia te d  w ith  p hase  changes in  homogeneous m a te r i a l s .  In  

an a lo g y  w ith  th e  p-V-T d iagram  f o r  w a te r ,  th e  b re a k  in  th e  d em arca tio n  

l i n e  m igh t be re g a rd e d  a s  some s o r t  o f  " c r i t i c a l  p o in t"  where phase  

b o u n d a rie s  i n t e r s e c t .  W hatever th e  i n t e r p r e t a t i o n ,  th e  d a ta  a s  a rra n g e d  

in  f i g u r e  26 in d i c a te  t h a t  w ith in  r a t h e r  w e l l -d e f in e d  p r e s s u re  and 

energy  b o u n d a r ie s ,  h ig h ly  com pacted p u lt ru d e d  f l a t  s e c t io n s  can  be  

o b ta in e d .
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In  a d d i t io n  to  th e  p h y s ic a l  p r o p e r t i e s ,  th e  s h o r t  beam sh ea r 

s t r e n g th  and th e  f l e x u r a l  s t r e n g th  o f  th e  f l a t  s e c t io n s  w ere m easured. 

The r e s u l t s  o f  th e s e  t e s t s  a r e  l i s t e d  in  t a b l e  8 w hich in c lu d e s  th e  

v a lu e s  f o r  th e  a u to c la v e d  f l a t  s e c t io n .

The s h o r t  beam s h e a r  d a ta  w ere an a ly zed  to  d e te rm in e  w hich s e c t io n s  

had s t r e n g th  v a lu e s  w hich d i f f e r e d  s ig n i f i c a n t l y  from th e  o v e r a l l  

average  o f  67-3  MPa. The r e s u l t s  a r e  shown in  f ig u r e  27 w hich in c lu d e s  

th e  a u to c la v e  v a lu e  o f  8 8 .5  MPa. Four o f  th e  p u ltru d e d  f l a t  s e c t io n s  

( t e s t s  01-0U) had sh e a r  s t r e n g th  s ig n i f i c a n t l y  below  a v e ra g e , w h ile  fo u r  

( t e s t s  0 6 , 0 8 , 1 3 , 15) had s t r e n g th  s i g n i f i c a n t l y  above av erag e  (w ith  

95 p e rc e n t c o n f id e n c e ) . A l l  o f  th e  p u l t ru d e d  s e c t io n  a v e ra g e s  were 

below th e  a u to c la v e d  s e c t io n  a v e ra g e , how ever. Those p u ltru d e d  s e c t io n s  

which had low s tr e n g th s  a l s o  had low  re sp o n se  v a r ia b le s  and w ere made a t  

low p re s s u re s .  By c o n t r a s t ,  th e  h ig h e r  s t r e n g th s  w ere a s s o c ia te d  w ith  

h ig h e r  re sp o n se  v a r ia b le s  as  shown in  f ig u r e  28. The d a ta  showed an up

ward t r e n d  w ith  th e  cu rve  re a c h in g  a  l i m i t  a t  abou t 72-73 MPa. The ex

c e p tio n  to  th e  t r e n d  was th e  h ig h  s t r e n g th  o f  78 MPa o b ta in e d  from  t e s t  

08, th e  t e s t  lo c a te d  n e a r  th e  " c r i t i c a l  p o in t"  on th e  p re s s u re -e n e rg y  

p la n e  in  f ig u r e  26. T hat e x c e p tio n  a s id e ,  th e  re sp o n se  v a r ia b le  

g roup ing  o f  th ic k n e s s ,  s p e c i f i c  g r a v i t y ,  and f i b e r  volum e f r a c t io n  

ap p ea rs  to  be a  u s e f u l  in d i c a to r  o f  th e  s h o r t  beam s h e a r  s t r e n g th .

The f l e x u r a l  s t r e n g th ,  u n l ik e  th e  s h o r t  beam s h e a r  s t r e n g th ,  showed 

v e ry  l i t t l e  v a r i a t i o n .  The d i f f e r e n c e  betw een th e  h ig h e s t  and lo w est 

v a lu e  was o n ly  abo u t 12 p e r c e n t .  The o v e r a l l  av erag e  f o r  b o th  th e  p u l

tru d e d  and a u to c la v e d  f l a t  s e c t io n s  was 1 .0 8  GPa, and none o f  th e  in d i 

v id u a l  s e c t io n  a v e ra g e s  d i f f e r e d  s i g n i f i c a n t l y  from i t .  In  a d d i t io n ,
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102

th e  f l e x u r a l  s t r e n g th  showed no t r e n d  w ith  f i b e r  volume f r a c t io n  w hich 

ranged  from .575 t o  ,6k2  ( t a b l e  8 ) .  W hatever i t s  v a lu e  f o r  com posite 

a p p l ic a t io n s ,  th e  f l e x u r a l  s t r e n g th  t e s t  i s  n o t a  u s e f u l  one fo r

d e te c t in g  changes in  th e  p u l t r u s io n  p ro c e s s .

In  a d d i t io n  t o  th e  f l a t  s e c t io n s  w hich w ere p u ltru d e d  and t e s t e d  

as  d e sc r ib e d  in  re fe re n c e  39 > e ig h t  more s e c t io n s  w ere made. Specimens 

from  th e s e  e ig h t  w ere t e s t e d  in  t h i s  in v e s t ig a t io n ,  u s in g  th e  same 

te c h n iq u e s  and c o n d i t io n s .  The t e s t  r e s u l t s ,  to g e th e r  w ith  th e  p ro 

c e s s in g  v a r ia b le s  a s  r e p o r te d  in  r e f e r e n c e  39> a re  l i s t e d  in  t a b le  9-

No f l e x u r a l  t e s t s  w ere made a s  t h i s  t e s t  seems in s e n s i t i v e  t o  p ro c e s s in g

v a r ia b le s  as n o te d  above. U sing th e  d em arca tion  l i n e  in  f ig u r e  26 , two 

o f  th e  t e s t s  (22 and 23) had p ro c e s s in g  v a r i a b l e s  w hich p u t them in  th e  

h ig h  p r e s s u re ,  h ig h  energy  re g io n  o f  th e  f ig u r e .  Judg in g  by th e  a n a ly s is  

o f  th e  f i r s t  15 t e s t s ,  t e s t s  22 and 23 shou ld  have had p r o p e r t i e s  w hich 

were s u p e r io r  t o  th o s e  o f  th e  o th e r  s i x  t e s t e d  and r e p o r te d  h e re . As 

l i s t e d  in  t a b le  9> t e s t  23 had p r o p e r t i e s  w hich w ere g e n e ra l ly  b e t t e r  

th a n  any o f  th e  o th e r s .  However, t e s t  22 was v e ry  p o o r.

The d i f f e r e n c e  can  be seen  in  f ig u r e  29* w here th e  re sp o n se

v a r ia b le s  a re  p lo t t e d  a g a in s t  th e  p ro c e s s in g  v a r ia b le s  as  in  f ig u r e  25- 

The cu rv es  from f ig u r e  26 a re  in c lu d e d  f o r  com parison . The d a ta  f o r  th e

p re s e n t t e s t s  fo llo w  a  s im i la r  b u t low er cu rve  compared t o  f ig u r e  2 5 .

A gain , n o t a l l  th e  d a ta  f a l l  on one c u rv e , w ith  t e s t  23 showing th e

h ig h e s t  re sp o n se  v a r i a b le s .  The s h o r t  beam sh e a r  s t r e n g th  as a  fu n c tio n

o f  re sp o n se  v a r ia b le s  i s  shown in  f ig u r e  30 w here th e  cu rve  from f ig u r e

28 i s  in c lu d ed  f o r  com parison . As was th e  c a se  w ith  th e  o th e r  t e s t s ,

th e  th r e e  re sp o n se  v a r ia b le s  a re  an in d ic a t io n  o f  th e  s h o r t  beam s h e a r

s t r e n g th .
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I s o b a r ic  P ro c e ss

The is o b a r ic  p ro c e ss  has  been u sed  to  p u l t ru d e  b o th  f l a t  and h a t

shaped s e c t io n s  u s in g  e p o x y -g ra p h ite  p re p re g  ta p e .  The h a t s e c t io n  

showed some r e s in  m ig ra tio n  s im i la r  t o  t h a t  f o r  th e  is o m e tr ic  p ro c e s s ,  

and p ro p e r ty  v a r i a t io n  p o s s ib ly  a s s o c ia te d  w ith  d i s t o r t i o n  o f  th e  m icro 

wave beam used  to  speed c u re .  The f l a t  s e c t io n s  had p r o p e r t i e s  w hich 

co u ld  be r e l a t e d  t o  th e  p ro c e s s in g  v a r i a b l e s .  A group o f  th r e e  re sp o n se  

v a r ia b le s  — th ic k n e s s ,  s p e c i f i c  g r a v i t y ,  and f i b e r  f r a c t io n  — was u se 

f u l  as  an in d ic a to r  o f  th e  s h o r t  beam sh e a r  s t r e n g th .
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CHAPTER 9 

PULTRUSION PROCESS MODEL

" A ll m odels a re  f i c t i o n s ,  some more b e l ie v e a b le  th a n  o th e rs "

( r e f .  7 3 ). T hat s ta te m e n t sums up th e  c e n t r a l  te n s io n  in h e re n t  in  any 

m odel; w h ile  th e  m odel i s  n o t p h y s ic a l  r e a l i t y ,  i t  may r e p re s e n t  t h a t  

r e a l i t y  re a so n a b ly  w e l l .  The m ost im p o rta n t c h a r a c t e r i s t i c s  o f  a 

model ( r e f .  7*0 a re  o rg a n iz a tio n  and a p p ro x im a tio n . The purpose  o f  

in fo rm a tio n  o rg a n iz a t io n  i s  t o  i d e n t i f y  th e  im p o rta n t in p u ts  (ind ep en 

d en t v a r ia b le s )  and o u tp u ts  (d ependen t v a r i a b l e s ) .  I f  th e  o rg a n iz in g  

i s  done p r o p e r ly ,  th e n  i r r e l e v a n t  in fo rm a tio n  w i l l  be  s e t  a s id e  and n o t 

add t o  th e  b u rd en  o f  th e  in v e s t ig a t io n .  The o th e r  im p o rta n t c h a r a c te r 

i s t i c  o f  a  m odel i s  a p p ro x im a tio n . I f  no app ro x im atio n s a re  made, 

th e  m odel may b e  so  co m p lica ted  t h a t  i t  i s  u s e le s s .  I f  to o  many 

ap p ro x im atio n s  a re  m ade, how ever, th e  model may n o t r e p re s e n t  th e  

m a te r ia l  o r  p ro c e s s  a t  a l l .

M athem atica l m odels o f  p h y s ic a l  p ro c e s s e s  can b e  c l a s s i f i e d  

a  number o f  ways ( r e f .  75)» such  a s : l i n e a r ,  n o n - l in e a r ;  lumped

p a ra m e te r , d i s t r i b u t e d  p a ra m e te r ; d e t e r m in i s t i c ,  p r o b a b i l i s t i c .

The c l a s s i f i c a t i o n  w hich was m ost u s e f u l  in  t h i s  in v e s t ig a t io n  was 

e m p ir ic a l  v s .  m e c h a n is tic  ( r e f .  7 6 ) .  The e m p ir ic a l  model i s  

e s s e n t i a l l y  th e  " b la c k  box" app ro ach . The em phasis is. on m easuring  

th e  o u tp u t o f  a  system  fo r  a  known in p u t .  L i t t l e  u n d e rs ta n d in g  

o f  th e  system  i s  r e q u i r e d ,  and such a  m odel i s  u s e f u l  in  p r e d ic t io n
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and c o n t ro l  o f  unchanging  sy stem s. By c o n t r a s t ,  th e  m e c h a n is tic  

model em phasizes r e la t io n s h ip s  (m echanism s) w ith in  th e  system .

A w ide range  o f  in p u ts  may b e  c o n s id e re d  w ith o u t re g a rd  t o  t h e i r  . 

l ik e l ih o o d  o f  e x i s t i n g ,  o r  th e  d e s i r a b i l i t y  o f  th e  co rresp o n d in g  

o u tp u t. Both th e  e m p ir ic a l  ap p ro ach , w hich u t i l i z e s  in d u c tiv e  

r e a s o n in g , and th e  m e c h a n is tic  a p p ro ac h , w hich u t i l i z e s  d ed u c tiv e  

r e a s o n in g , w ere u sed  in  d ev e lo p in g  a  p u l t r u s io n  p ro cess  m odel.

The m odel, to  be  d e s c r ib e d  in  a  l a t e r  s e c t io n ,  was b ased  on con

c e p ts  g a in ed  from e x p e rie n c e  and was t e s t e d  on a  l a b o ra to r y - s c a le  

p u l t r u d e r  w hich i s  d e s c r ib e d  in  th e  n e x t s e c t io n .

L a b o ra to ry -S c a le  P u l t ru d e r

The p u l t r u d e r  c o n s tru c te d  f o r  t h i s  in v e s t ig a t io n  i s  shown in  

f ig u re  31. The is o m e tr ic  d ie  was m ounted on th e  movable c ro s s 

head  o f  a  m echan ica l t e s t i n g  m achine, and d ie  te m p e ra tu re s  t o  550 K 

were p ro v id ed  by two th e rm o c o u p le -c o n tro lle d  q u a r tz  tu b e  r a d ia n t  

h e a te r s .  The d ie  had  f iv e  therm ocoup le  w e lls  ( f i g .  32) d r i l l e d  

so  t h a t  th e  therm ocouple heads w ere lo c a te d  a lo n g  th e  d ie  c a v i ty  

c e n t e r l i n e ,  w ith in  0 .5  mm.of th e  c a v i ty  w a l l .  The c a v i ty  d im ensions 

w ere 20 x 2 mm and th e  d ie  was 50 mm lo n g . As th e  t e s t i n g  m achine had 

s p e c i f i c  c ro ssh ead  sp e e d s , th e  p o s s ib le  d ie  r e s id e n c e  tim es  w ere 6 ,

12 , 2U, 60 , 120, and 2k0 seco n d s . The t e s t i n g  m achine lo a d  c e l l  was 

cap ab le  o f  m easuring  fo rc e s  t o  900 N.

The t e s t  p ro ced u re  was t o  lo a d  th e  r e q u ir e d  p l i e s  o f  p re p re g  

ta p e  in to  th e  room te m p e ra tu re  d ie  and s e c u re  th e  upper end o f  th e  

ta p e  in  th e  lo a d  c e l l  g r ip .  The d ie  te m p e ra tu re  was s t a b i l i z e d  a t  

300 K, and th e  run  was s t a r t e d  and c o n tin u e d  a t  th e  p r e - s e t  sp eed . 

Im m ediately  a f t e r  th e  b e g in n in g  o f  th e  run  th e  te m p e ra tu re  was r a i s e d
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F igure 32 I s o m e tr ic  d ie  f o r  l a b o r a to r y - s c a le  p u l t r u d e r .  
q u a r tz - tu b e  b e a te r  has been  removed t o  show d ie

One
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a t  a  r a t e  o f  0 . 3 - 0 .5 K /se c . t o  a  l e v e l  w hich depended on th e  

r e s in  and th e  re s id e n c e  tim e . The run  c o n tin u e d  u n t i l  th e  c ro s s 

head  re a c h e d  th e  low er t r a v e l  l i m i t  ( i f  t r o u b le  d id  n o t d e v e lo p ) , 

p ro d u c in g  q u a r te r -m e tr e - le n g th  p u ltru d e d  s to c k .  T h ick n ess , w id th , 

and d e n s i ty  d e te rm in a tio n s  w ere made on s e le c te d  p ie c e s  o f  th e  s to c k .

D e s c r ip tio n  o f  th e  Model 

The p r in c i p a l  v a r ia b le s  in  com posite m a te r ia l  p ro c e s s in g  a re  

te m p e ra tu re ,  p r e s s u r e ,  and tim e . A s im i la r  s e t  o f  v a r ia b le s  can 

s e rv e  f o r  th e  p u l t r u s io n  p r o c e s s ,  b u t some changes w i l l  be  ad v an tag eo u s .

The d ie  te m p e ra tu re  i s  an obvious v a r ia b le  t o  b e  c o n s id e re d  

b ecau se  i t  i s  te m p e ra tu re  w hich causes th e  c u r in g  r e a c t io n  t o  ta k e  

p la c e .  A g iv en  d ie  te m p e ra tu re  w i l l  n o t have th e  same e f f e c t  on 

a l l  r e s in s .  For exam ple, a  te m p e ra tu re  o f  1*00 K w i l l  cause  a - f a s t e r  

and more com plete r e a c t io n  in  most p o ly e s te r  r e s in s  th a n  w i l l  th e  

same tem pera tta re  in  most epoxy r e s i n s :  A more m ean in g fu l way o f

d e s c r ib in g  th e  te m p e ra tu re  o f  a  r e s in  i s  t o  r e l a t e  i t  t o  a  c h a ra c 

t e r i s t i c  te m p e ra tu re  o f  t h a t  r e s i n .  Then a  g iv en  d ie  te m p e ra tu re  can 

be  e v a lu a te d  as t o  how "h ig h "  i t  i s  fo r  th e  p a r t i c u l a r  r e s i n .  A 

d im en sio n le ss  te m p e ra tu re ,  th e  A rrh en iu s  num ber, N^, has been  d is c u s s e d  

in  th e  energy  b a la n c e  s e c t io n .  T h is num ber, w hich i s  g iv en  by th e  

e x p re s s io n

E
NA = —  (1 2 , re p e a te d )

p ro v id e s  a  way o f  r e l a t i n g  th e  d ie  te m p e ra tu re ,  T , t o  a  c h a r a c t e r i s t i c  

r e s in  te m p e ra tu re ,  E^/R.
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A seem ing ly  obvious p u l t r u s io n  v a r ia b le  i s  th e  p u l l in g  sp eed .

The sp eed  d e te rm in es  how lo n g  th e  r e s i n - f i b e r  mass i s  exposed to  th e

h e a te d  d i e ,  i f  th e  d ie  leng th , i s  known. An e x p re s s io n  w hich combines

b o th  th e  p u l l in g  speed  and th e  d ie  le n g th  i s  th e  d ie  re s id e n c e  t im e ,

0 = — . As w ith  th e  te m p e ra tu re ,  th e  le n g th  o f  tim e  t h a t  i s  n e c e ssa ry  s

w i l l  depend on how f a s t  th e  r e s in  w i l l  r e a c t ;  a  r e s in  w ith  a  la rg e  

r e a c t io n  r a t e  c o n s ta n t  w i l l  r e q u i r e  l e s s  tim e  th a n  one w ith  a  sm a ll 

c o n s ta n t .  A d im e n s io n le ss  t im e ,  w hich ta k e s  in t o  accoun t th e  re s id e n c e  

tim e  and th e  r e a c t io n  r a t e ,  was d is c u s s e d  in  th e  mass b a la n c e  s e c t io n .  

T h is tim e  i s  th e  Damkohler number N^, w hich i s

Np = 1 k0 ( 5 ,  re p e a te d )

XI 1T his number i s  a  fu n c tio n  o f  b o th  m a te r ia l  p r o p e r t i e s  (C k) 

and m achine p a ra m e te rs  ( 0 ) ,  and i s  c lo s e ly  coup led  t o  te m p era tu re  

th ro u g h  th e  r e a c t io n  r a t e  c o n s ta n t ,  k .

The t h i r d  v a r ia b le  i s  p r e s s u r e ,  e i t h e r  t h a t  a p p l ie d  t o  th e  

r e s i n - f i b e r  mass by an i s o b a r i c  d ie ,  o r t h a t  g e n e ra te d  by a ttem p ted  

volume changes o f  a  r e s i n - f i b e r  mass w ith in  an is o m e tr ic  d ie .  The 

g e n e ra te d  p r e s s u r e s ,  w hich in f lu e n c e  th e  p u l l in g  f o r c e ,  a re  th e  

m ost p o o rly  d e f in e d  v a r ia b le s  in  p u l t r u s io n .  The p r e s s u re s  a re  

d i f f i c u l t  t o  s e p a ra te  and m easu re , and th e y  a re  a f f e c te d  by th e  

mass and en ergy  changes. As d is c u s s e d  in  th e  fo rc e  b a la n c e  s e c t io n ,  

one way o f  d e s c r ib in g  th e  p re s s u re s  i s  by  th e  Coulomb, num ber, Np,

N„ = KaAT + ns + Tx  ,
C  --------  r  (2 2 , re p e a te d )

vb ^v
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T his number i s ,  l i k e  th e  o th e r  two d im e n s io n le ss  numbers d is c u s se d  

above, a  fu n c tio n  o f  b o th  m a te r ia l  p r o p e r t i e s  and m achine p a ra m e te rs .

As m a te r ia l  p r o p e r t i e s  a re  in v o lv e d , th e  Coulomb number i s  a ls o  

coup led  t o  th e  mass and energy  changes. However, i t  s e rv e s  more as 

a way o f  d e f in in g  th e  p ro c e s s in g  l i m i t s ;  th e  p ro c e s s  m ust be  c a r r i e d  

ou t in  such  a  way t h a t  th e  Coulomb number does n o t  exceed  u n i ty .  By 

c o n t r a s t ,  b o th  and can have any p o s i t i v e  v a lu e ,  b u t p ro b ab ly  

w i l l  n o t have a  v a lu e  as h ig h  as 50.

The th r e e  d im en s io n le ss  numbers -  te m p e ra tu re ,  N ; t im e , N ;
i i  U

p r e s s u r e ,  N ^-p rov ide a  m odel w hich b r in g s  to g e th e r  m a te r ia l  p r o p e r t i e s  

and m achine p a ra m e te rs . The th r e e  numbers w ere u sed  as th e  c o n t ro l  

v a r ia b le s  fo r  a la b o ra to r y - s c a le  p u l t r u d e r  ( f i g .  3 1 ) ,  w hich was d es ig n ed  

and b u i l t  as a  combined r e a c to r - rh e o m e te r .  The p u l t r u d e r  was u sed  

w ith  e p o x y -g ra p h ite  p re p re g  ta p e  t o  t e s t  and m odify th e  m odel.

T es t o f  Model

The Coulomb number d e f in e s  a  l i m i t  on th e  p ro c e s s .  As th e  p u l

t r u d e r  had  a maximum p u l l in g  fo rc e  o f  900 N , th e  maximum s t r e s s  on a  

2 x 20 mm c ro ss  s e c t io n  was 2 2 .5  MPa. T h is  s t r e s s  was f a r  below  th e  

e s t im a te d  800 MPa o r  more r e q u ir e d  t o  f r a c t u r e  th e  p u l t ru d e d  s to c k ,  so

N was alw ays much l e s s  th a n  u n i ty  by re a so n  o f  m achine l i m i t a t i o n s . u

However, o th e r  a s p e c ts  o f  th e  p r e s s u r e ,  volum e, and p u l l in g  fo rc e  

r e l a t io n s h ip  w ere in v e s t ig a te d .  As a d d i t io n a l  p l i e s  o f  p re p re g  ta p e  

a re  in tro d u c e d  i n t o  an is o m e tr ic  d i e ,  th e  p u l l in g  fo rc e  w ould be 

ex p ec ted  to  in c r e a s e .  T his fo rc e  in c re a s e  was m easured by s ta c k in g  th e  

p re p re g  ta p e  so  t h a t  an a d d i t io n a l  p ly  was in tro d u c e d  in  th e  c e n te r  o f  

th e  s ta c k  a t  o n e -^ a n d -o n e -h a lf-d ie - le n g th  i n t e r v a l s . The th i n n e s t  end 

o f  th e  ta p e  was fe d  in t o  th e  d ie  f i r s t .  The d ie  te m p e ra tu re  was s e t  a t
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375 K, a  te m p e ra tu re  h ig h  enough t o  m elt th e  r e s i n ,  b u t  low enough 

so  th e  r e s in  w ould n o t cu re  d u rin g  th e  re s id e n c e  tim e  ( 2 U0 seconds) in  

th e  d ie .  The r e s u l t s  a re  shown in  f ig u re  33 w hich in c lu d e s  a  r e p r e 

s e n ta t iv e  fo rc e - t im e  curve as an i n s e t .  As an a d d i t io n a l  p ly  e n te re d  

th e  d ie ,  th e  p u l l in g  fo rc e  in c re a s e d  u n t i l  th e  le a d in g  edge o f  t h a t  p ly  

had p a sse d  th ro u g h  th e  d ie .  W hile back  flow  u n doub ted ly  p ro v id e d  some 

r e l i e f ,  t h a t  r e l i e f  was n o t ad eq u a te  t o  keep  th e  p u l l in g  fo rc e  down.

The fo rc e  m a in ta in e d  a  c o n s ta n t v a lu e  u n t i l  th e  n e x t p ly  e n te re d  th e  d ie .  

The c o n s ta n t v a lu e  was m easured f o r  th e  p re p re g  t a p e s , u s in g  12-15 p l i e s  

fo r  R 5209, 13-16 p l i e s  f o r  Hy-E, and 15-18 p l i e s  fo r  E 702. (The 

u su a l number o f  p l i e s  was 13 f o r  R 5209, 1^ f o r  Hy-E, and 16 fo r  E 702 

t a p e . )  Each ta p e  h ad  a  d i f f e r e n t  th ic k n e s s  p e r  p ly  ( s e e  T ab le  2 ) .  So , 

th e  r e s u l t s  w ere n o rm alized  by d iv id in g  th e  th ic k n e s s  o f a l l  th 'e p l i e s  

in  th e  d ie  by th e  nom inal c a v i ty  h e ig h t (2 mm).

W ith th e  th ic k n e s s  so n o rm a liz e d , And th e  p u l l in g  fo rc e  p lo t t e d  on 

a  lo g a r i th m ic  s c a le  ( f i g .  3 3 ) , th e  d a ta  f o r  a l l  th r e e  ta p e s  f e l l  v e ry  

c lo se  to g e th e r .  F or a  l i n e a r  in c re a s e  in  p re p re g  th ic k n e s s ,  th e  p u l l in g  

fo rc e  in c re a s e d  lo g a r i th m ic a l ly .  In d e e d , th e  p u l l in g  fo rc e  f o r  th e  Hy-E 

ta p e  a t  th e  h ig h e s t  r e l a t i v e  th ic k n e s s  v a lu e  reac h ed  th e  l i m i t  o f  th e  

p u l t r u d e r .  As th e  o rd in a te  i s  a  fo rc e  and th e  a b s c is s a  a  d i s ta n c e ,  

f ig u re  33 may be re g a rd e d  as som ething o f  a  bulk, s t r e s s - s t r a i n  c u rv e .

The s lo p e  o f  th e  curve can b e  re g a rd e d  as a  m easure o f  b u lk  m odulus.

I f  th e  same t e s t s  had  been  made a t  a  h ig h e r  te m p e ra tu re ,  th e  fo rc e s  

would n o t have been  as  h ig h ,  and th e  s lo p e  o f  th e  curve w ould have been 

lo w e r.
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1 1 5

As th e  d ie  te m p e ra tu re  went t o  h ig h e r  v a lu e s ,  th e  p u l l in g  fo rc e  

g o t s m a lle r  fo r  a  g iven  p re p re g  ta p e  and re s id e n c e  t im e . The v a r i a 

t i o n  in  th e  fo rc e  as a  fu n c tio n  o f  te m p e ra tu re  from UOO to  500 K i s  

shown in  f ig u re  3^ f o r  th e  Hy-E and E 702 t a p e s . When th e  te m p e ra tu re  

reach ed  th e  1̂ 0 -U50 K ra n g e , th e  c u r in g  r e a c t io n  began and th e  p u l l in g  

fo rc e  in c re a s e d  s h a rp ly .  For th e  lo n g e s t re s id e n c e  t im e ,  o r  lo w est 

p u l l in g  sp eed  f o r  th e  s in g le - le n g th  d ie ,  th e  in c re a s e  was much la r g e r  

th a n  t h a t  o f  th e  o th e r  two tim e s . In  f a c t ,  f o r  th e  s h o r te s t  r e s id e n c e  

t im e , th e  fo rc e  re a c h e d  a  peak  v a lu e  and th e n  began t o  d e c re a se  a g a in .

But a t  th e  lo w est p u l l in g  sp e e d , th e  fo rc e  was h ig h , and in  one case  

( a t  a  te m p e ra tu re  o f  U80-^90 K) exceeded  th e  l i m i t  o f  th e  p u l t r u d e r .

The t e s t  was s to p p e d , th e  r e s i n - f i b e r  mass was bonded to  th e  d ie ,  and 

th e  d ie  had  t o  b e  b u rn ed  o u t a t  650 K so th e  s e c t io n s  co u ld  be  -se p a ra te d . 

A long  re s id e n c e  tim e  i s  h e lp f u l  in  o b ta in in g  a  com plete cu re  o f  th e  

r e s in ,  b u t  a s h o r t  re s id e n c e  tim e  can be b e n e f i c i a l  in  k eep in g  th e  

p u l l in g  fo rc e  down.

A p a r t  o f  th e  p u l l in g  fo rc e  in c re a s e  w hich accom panies th e  cu re  

r e a c t io n  i s  due t o  an in c re a s e  in  th e  r e s in  v i s c o s i t y .  The Coulomb 

number c o n ta in s  a  v isc o u s  d rag  component w hich i s

y = ( l 6 ,  re p e a te d )
V Pv

As th e  r a t i o  s / l  i s  c o n s ta n t f o r  a  g iv en  t e s t ,  t h i s  component w i l l  

in c re a s e  o n ly  i f  v i s c o s i t y ,  n ,  in c re a s e s  f a s t e r  th a n  p r e s s u r e ,  p ^ , 

g e n e ra te d  by th e  a tte m p te d  r e s in  expan sio n  as cu re  b e g in s .  The 

r e la t io n s h ip  betw een v i s c o s i t y  and p r e s s u re  was in v e s t ig a te d  u s in g  a  

r o ta ry  rheom eter in  th e  cone and p l a t e  mode. In  th e s e  t e s t s ,  sam ples
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o f  th e  F 979 and E 702 r e s in s  w ere sh e a re d  a t  a  r a t e  o f  1 s e c ” 1 

and a  te m p e ra tu re  o f  375 K. The low te m p e ra tu re  in s u re d  t h a t  th e  

sam ples w ould re a c h  th e rm a l e q u i l ib r iu m  lo n g  b e fo re  th e  cu re  r e a c t io n  

b eg an , and th a t  th e  r e a c t io n  would ta k e  p la c e  s lo w ly  enough so  t h a t  

a  re a so n a b le  amount o f  d a ta  cou ld  be  o b ta in e d . M easurements o f  b o th  

th e  to rq u e  and th e  norm al fo rc e  w ere made s im u lta n e o u s ly , and th e  

r e s u l t i n g  change o f  v i s c o s i t y  and p r e s s u re  w ith  tim e  i s  shown in  

f ig u r e  35- A f te r  an in d u c tio n  tim e (VL700 seconds f o r  F 979) ^2000 

seconds fo r  E 702) th e  r e s in s  s t a r t e d  th e  cu re  r e a c t io n  and b o th

v is c o s i ty  and p re s s u re  in c re a s e d .  The v a lu e s  f o r  E 702 r e s in  in c re a s e d

f a s t e r  th a n  th o s e  f o r  F 979) "but th e  v i s c o s i t y  in c re a s e d  more r a p id ly  

th a n  d id  th e  p r e s s u re  f o r  b o th  r e s in s .  The r a t i o  o f  v i s c o s i t y  t o  

p re s s u re  i s  p lo t t e d  in  f ig u r e  35- The r a t i o  began w ith  a  v a lu e  n e a r

0 .5  and in c re a s e d  w ith  t e s t  tim e . M easurem ents were made to  th e  l i m i t s

o f  th e  rh eo m e te r. The maximum p re s s u re s  re c o rd e d  w ere ^80  kPa (VL2 p s i )  

w h ich , though s m a l l ,  w ere la r g e  enough t o  e x tru d e  r e s in  f ib e r s  o u t from 

th e  cone and p l a t e .  S t i l l ,  th e  t e s t s  showed t h a t  th e  v i s c o s i t y  i n 

c re a se d  f a s t e r  th a n  th e  p r e s s u r e ,  and so  th e  v isc o u s  d rag  component 

w ould in c re a s e  as th e  cu re  r e a c t io n  ta k e s  p la c e .

The cu re  r e a c t io n  w hich so  s t ro n g ly  in f lu e n c e s  th e  p u l t r u s io n  

fo rc e s  i s  i t s e l f  in f lu e n c e d  by b o th  tim e  and te m p e ra tu re . The 

e f f e c t  o f  th e  two v a r i a b le s ,  e x p re s se d  as d im en s io n le ss  tim e  and 

te m p e ra tu re ,  was in v e s t ig a te d  u s in g  Hy-E and E "JQ2 p re p re g  ta p e  and 

th e  l a b o r a to r y - s c a le  p u l t r u d e r .  The p ro ced u re  was to  make a  run  w ith  

a f ix e d  re s id e n c e  tim e b u t  w ith  a c o n s ta n t ly  r i s i n g  te m p e ra tu re . The 

s t r i p  c h a r t  r e c o rd  o f  p u l l in g  fo rc e  and d ie  te m p e ra tu re  was run  a t  th e  

same sp eed  as th e  t e s t i n g  m achine c ro ssh e a d . H ence, i t  was a  s im p le
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m a tte r  t o  d e te rm in e  th e  d ie  te m p e ra tu re  f o r  any p o in t  a lo n g  th e  le n g th  

o f  p u l t ru d e d  s to c k .  S e c t io n s  o f  th e  s to c k ,  e q u a l t o  o n e -h a l f  (25 mm) 

o f  th e  d ie  l e n g th ,  w ere c u t from  th e  p u l t ru d e d  s to c k .  The average  d ie  

te m p e ra tu re  was d e te rm in e d  f o r  each  s e c t i o n ,  and w id th , th i c k n e s s ,  

and s p e c i f i c  g r a v i ty  m easurem ents w ere made f o r  each  on e . I n  t h i s  

way, a  s in g le  ru n  co u ld  y i e l d  s e v e r a l  p o in t s  o f  in fo rm a tio n  as th e  

te m p e ra tu re  g e n e r a l ly  was r i s i n g  th ro u g h o u t most o f  th e  ru n . As th e  

h e a t-u p  tim e  o f  th e  e p o x y -g ra p h ite  ta p e  was so  s h o r t  (s e e  energy  

b a la n c e  s e c t i o n ) , th e  re s id e n c e  tim e  in  th e  d ie  was ta k e n  as  th e  tim e  

a v a i la b le  f o r  th e  r e a c t io n  to  ta k e  p la c e .  The te m p e ra tu re  was ex 

p re s s e d  as th e  d im e n s io n le ss  A rrh en iu s  num ber, N^, and th e  tim e  as th e  

d im e n s io n le ss  Damkohler num ber, N^.

The t e s t  r e s u l t s ,  o b ta in e d  as d e s c r ib e d  above , a re  l i s t e d - i n  

t a b le s  10 and 1 1 , and p lo t t e d  in  f ig u r e s  36 and 37- T hree r e s id e n c e  

t im e s ,  60 , 120 ,' and 2l+0 se c o n d s , w ere u sed  f o r  th e  t e s t  r u n s .  The 

s p e c i f i c  g r a v i ty  was d iv id e d  by th e  c ro s s  s e c t io n  a r e a  t o  g iv e  an 

i n d i c a t io n  o f  how w e l l  th e  ta p e  had  been  com pacted and r e a c te d .  The 

r e s u l t s  fo r  th e  Hy-E ta p e  a re  shown in  f ig u r e  36 w here a  lo g a r i th m ic  

s c a le  i s  u sed  f o r  th e  Damkohler num ber. The d ie  te m p e ra tu re ,  T, 

ap p ea red  in  th e  denom inato r o f  th e  A rrh en iu s  num ber. H ence, a  h ig h  

d ie  te m p e ra tu re  g iv e s  a  low N^. C o n s id e rin g  th e  p/A v a lu e  f o r  each o f  

th e  d a ta  p o in ts  in  f ig u r e  36, c o n to u rs  o f  c o n s ta n t  r a t i o  w ere drawn. 

These co n to u rs  in d ic a te d  a  re g io n  in  th e  p la n e  in  w hich d en se ,

well-r-compacted p u l t r u d e d  s to c k  co u ld  b e  o b ta in e d .  T h is  re g io n  i s  

in d ic a te d  by th e  dashed  co n to u r betw een th e  two 3-7  c o n to u rs . The 

s m a l le s t  a lo n g  th e  c o n to u r was VL1+, w hich  in d ic a te d  a  d ie  te m p e ra tu re

o f  ^1+70 K. Below t h a t  te m p e ra tu re ,  th e  r e s i n  a p p a re n tly  d id  n o t r e a c t
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T able 10 . -  PULTRUDER SETTINGS AND PULTRUDED STOCK PROPERTIES 
FOR HY-E 1079 EPOXY-GRAPHITE PREPREG TAPE

R esidence
Tim e,
se c

Die
T em perature

K " d na

C ross S e c tio n  
A re^ , 

rmn
S p e c i f ic

G rav ity
P/A

60 1*35 0 .67 15-12 1*6 .1 1 .383 3-OOxlO"2

1*50 1 .1 2 l k .  62 1*1.7 1.1*97 3-59
1*70 2 .0 8 1U.0 0 1*0 .6 1.510 3.72

1*80 2 .7 8 1 3 .7 1 1*0 .6 1.1*81* 3 .6 6

1*95 1*.22 1 3 .2 9 1*0 .6 1 . 1*1*1 3-55

505 5.1*8 13 .03 1*0.7 1 . 1*21 3.1*9

120  a 1*10 0 . 51* 1 6 .0 5 1*2.9 1.1*71* 3.1*l*xl0-2

1*1*0 1 .6 1 11*.95 1*1.3 1 .507 3.65

1*65 3 .5 7 lU .15 1*0.3 1 .5 0 8 3.7l*

a 1*80 5 .5 7 13 .71 1*1 .0 1.1*52 3.5l*

1*95 8 . 1*1* 13 .29 1*0.5 1.1*1*5 3^57

a 506 1 1 .2 8 13.00 1*0.5 1.1*59 3-60

2 U0 395 0 .5 8 1 6 .6 6 ' 1*1*.2 1 . 1*1*2 3 . 26x10~2

1*1*5 3-79 1 U.7 8 1*0.9 1.530 3.7l*

1*80 1 1 .1 3 13 .71 1*0.9 1 .5 2 8 3.7l*

a 1*90 ll* .72 13.1*3 1*1 . 1* 1 .521 3.67

aT w o -te s t mean
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TABLE 11. -  PULTRUDER SETTINGS AND PULTRUDED STOCK PROPERTIES FOR 

E 702 EPOXY-GRAPHITE PREPREG TAPE

R esidence
Time,
sec

Die
Tem perature

K ■d “ A
Cross S e c tio n  

A rea , 
mm̂

S p e c i f ic
G rav ity

p/A

60 1*15 0 .29 l l t .2 6 1*7-1 1 .257 2 . 67x l 0~2

1*30 0.1*8 13.76 1*7-1 1.1*10 2 .99
1*1*5 0-77 13-30 1*1 .0 1 .530 3-73
1*60 1.19 12.86 1*1.0 1 .503 3 .67

1*75 1 .7 8 12.1*6 1*1.1 1.1*59 3.55

1*85 2 .30 12.20 1*1.0 1.1*1*6 3-53

1*90 2 .6 1 12 .08 1*0.6 1.1*1*1* 3.56

500 3.32 11.81* 39-9 1.1*1*0 3 .6 1

120 1*05 0 . 1*1 l l* .6 l 1*1.8 1 .552 3-71xl0~2

1*1*0 1.32 13.1*5 1*0.9 1 .552 3.79

1*65 2 .72 12 .73 ' 1*0.8 1 .5 2 8 3.75
1*90 5.22 1 2 .0 8 1*0.6 1.1*98 3.69

505 7.1*7 11.72 39-5 1.509 3.82

515 9-37 11.1*9 38.5 1 .528 3.97

a 518 10.02 11.1*2 37.6 1 .556 l*.ll*

21*0 1*30 1 .0 8 13.76 1*0.8 1.51*2 3 .78 x10-2

1*50 3-57 13.15 1*1.0 1 .508 3 .68

b 1*55 1*.12 13 .0 1 3 9 .9 1 .529 3 .83

^ o u r  - t e s t  mean. 

^ T h re e - te s t  mean.
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t o  a  high, enough f r a c t i o n  d u r in g  th e  d ie  re s id e n c e  tim e . Above t h a t  

te m p e ra tu re ,  th e  r e a c t io n  p ro ceed ed  so  r a p id ly  t h a t  th e  s to c k  c o u ld  n o t 

be  com pacted by th e  p re s s u re s  in  th e  d ie .  The dashed  c o n to u r ,  i n d i 

c a t in g  th e  maximum p/A , p ro v id e s  an e s tim a te  o f  ad ju s tm en ts  in  r e s i 

dence tim e w hich w ould be  needed  f o r  a  g iven  a d ju s tm en t in  te m p e ra tu re .

The t e s t  r e s u l t s  f o r  E 702 p re p re g  ta p e  a re  l i s t e d  in  T able 11 

and shown i n  f ig u r e  37* The range  o f  Damkohler numbers was about 

th e  same as t h a t  f o r  th e  Hy-E t a p e ,  b u t  th e  A rrh en iu s  numbers w ere 

lo w er. The o v e r a l l  r e s u l t s  w ere d i f f e r e n t ,  a l s o .  U n lik e  th e  Hy-E 

ta p e  w hich had  a  maximum in  th e  p/A v a lu e  ( f ig u r e  36) ,  th e  E 702 h ad  

a  minimum as  in d ic a te d  by th e  dashed  co n to u r in  f ig u r e  37* The p/A 

v a lu e s  ro se  r a p id ly  f o r  c o n t ro l  v a r ia b le s  (N and N ) t o  th e  r i g h t  o fA D

th e  minimum c o n to u r . F or s e t t i n g s  o f  N^ = 1 1 .U and N^ = 1 0 .0 ,  d e n se , 

w e l l  com pacted p u l t ru d e d  s to c k  was o b ta in e d . The r a p id  r i s e ,  how ever, 

in d ic a te d  t h a t  a c c u ra te  p ro c e s s  c o n t ro l  w ould b e  needed  w ith  th e  E 702 

in  some c o n t r o l  v a r ia b le  r e g io n s .  For exam ple, th e  c lo s e d  d a ta  p o in t  

in  f ig u r e  37 in d i c a te s  th e  s e t t i n g s  f o r  w hich th e  p u l l in g  fo rc e  reac h ed  

th e  p u l t r u d e r  l i m i t  and th e  d i e ,  r e s i n ,  and f i b e r  w ere a l l  bonded t o 

g e th e r .  No a tte m p t was made t o  f in d  th e  fo rc e  l i m i t  f o r  th e  o th e r  

re s id e n c e  t i m e s , b u t  such l i m i t s  undoub ted ly  e x i s t  fo r  s u f f i c i e n t l y  

h ig h  te m p e ra tu re s  (low  NA) and lo n g  d ie  re s id e n c e  tim e  (h ig h  Np). 

In d e e d , some minimum p u l l in g  sp eed  may have t o  b e  u sed  in  a l l  c a s e s .

The minimum c o n to u r may b e  a  r e f l e c t i o n  o f  th e  presum ed m ix tu re  

o f  c u r in g  a g e n ts  in  th e  E 702 r e s i n .  The DSC cu rv es  fo r  b o th  th e  

r e s in  and th e  ta p e  ( 'f ig u re s  9 a*11?- 13 l had  a  s c a r c e ly  n o t ic e a b le  minimum 

in  th e  r e a c t io n  p la te a u  a t  ^ 8 5  K. T his te m p e ra tu re ,  f o r  t h i s  r e s i n ,
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g iv e s  = 1 2 .2 . T h is  v a lu e  i s  c lo se  to  t h a t  o f  th e  h o r iz o n ta l  p o r t io n  

o f  th e  minimum co n to u r ( f i g .  3 7 ) . No in fo rm a tio n  was a v a i la b le  as to  

w hat c u r in g  ag en ts  w ere u sed  in  th e  E 702 r e s i n .  However, a  m ix tu re  

o f  i n i t i a t o r s  i s  som etim es u sed  w ith  p o ly e s t e r s ,  one f o r  c u r in g  in  a 

low te m p e ra tu re  ra n g e , a n o th e r  fo r  a  h ig h e r  te m p e ra tu re  ra n g e . The 

same id e a  may have been  u sed  f o r  t h i s  epoxy r e s i n .

P u l t r u s io n  Model 

A p u l t r u s io n  p ro c e s s  m odel has been  d ev e lo p ed  and t e s t e d .

The most w id e ly  u sed  p u l t r u s t i o n  p ro c e ss  v a r ia b le s  a re  d ie  tem pera

t u r e  and p u l l in g  sp eed  w hich a re  b o th  p u l t r u s io n  m achine p a ra m e te rs .

The model dev elo p ed  h e re  d e s c r ib e d  th r e e  p r i n c i p a l  p ro c e s s in g  v a r ia b le s  

o f  te m p e ra tu re ,  t im e ,  and p r e s s u re  as d im e n s io n le ss  num bers. These 

numbers w ere A rrh en iu s  num ber, N^ ( te m p e ra tu re ) ,  Damkohler num ber, N^ 

( t im e ) ,  and Coulomb num ber, N^ ( p r e s s u r e ) ,  a l l  e x p re s s e d  in  te rm s o f  

m achine p a ram e te rs  as w e ll  as m a te r ia l  p r o p e r t i e s . The m odel was t e s t e d  

on a  l a b o r a to r y - s c a le  p u l t r u d e r  u s in g  epoxy r e s in - g r a p h i t e  f ib e r  p re p re g  

ta p e .  The t e s t s  showed t h a t  a d d i t io n a l  volume o f  m a te r ia l  in tro d u c e d  

i n t o  an is o m e tr ic  d ie  r e s u l t e d  in  a p u l l in g  fo rc e  in c r e a s e .  T his 

in c re a s e  was lo g a r i th m ic  w ith  in c re a s in g  volum e. The in c re a s in g  r e s in  

v i s c o s i t y  d u rin g  cu re  caused  a  p u l l in g  fo rc e  i n c r e a s e ,  la rg e  enough 

in  one case  t o  exceed  th e  p u l t r u d e r  l i m i t s . The fo rc e  in c re a s e  was 

l a r g e r  a t  low er p u l l in g  s p e e d s , so a  minimum p u l l in g  sp e e d , in d ependen t 

o f  th e  d ie  le n g th ,  may he n e c e s s a ry .  As th e  d ie  te m p e ra tu re  g e n e ra l ly  

was in c r e a s in g  d u r in g  a  ru n  on th e  p u l t r u d e r ,  a  s in g le  p ie c e  o f  p u l t ru d e d  

s to c k  p ro v id e d  in fo rm a tio n  f o r  s e v e r a l  p o in ts  on th e  p la n e . When

th e  s to c k  was e v a lu a te d ,  th e  r e s u l t s  showed th e  ran g e  o f  N^-N^ s e t t i n g s  

w hich w ere needed  t o  p roduce d e n se , w e ll  com pacted s to c k .  The e v a lu a t io n
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co n to u rs  over th e  N^-N^ p la n e  te n d e d  t o  r e f l e c t  some a s p e c ts  o f  th e  

DSC cu rves  o b ta in e d  on th e  p re p re g  ta p e .  Most e lem en ts o f  th e  model 

d i f f e r  c o n s id e ra b ly  from  what i s  u s u a l ly  c o n s id e re d  im p o rta n t in  th e  

p u l t r u s io n  p r o c e s s . The model em phasis was on m a te r ia l  p r o p e r t i e s  as 

w e ll  as m achine p a ra m e te rs , and th e  i n t e r a c t io n  betw een them . T his 

em phasis stemmed from c o n s id e r in g  th e  p u l t r u d e r  d ie  as b o th  a  r e a c to r  

and a  rh eom eter.
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CHAPTER 10 

CONCLUSIONS

P u l t r u s io n ,  l i k e  any o th e r  p h y s ico ch e m ic a l p ro c e s s ,  must s a t i s f y  

th e  laws o f  c o n se rv a tio n  o f  m ass, e n e rg y , and momentum. As a means o f  

a p p ly in g  th e s e  la w s , th e  p u l t r u s io n  d ie  was t r e a t e d  as b o th  a r e a c to r  

and rh eo m e ter: a  chem ica l r e a c to r  i n  w hich low m o le c u la r  w e ig h t ,

l i q u id  r e s in  undergoes a  chem ica l r e a c t io n  to  become a h ig h e r  m o lecu la r  

w e ig h t, c ro s s l in k e d  com posite  m a te r ia l  m a tr ix ;  a  s l i t  rheo m eter in  

w hich a  volume o f  m a te r ia l  e n te r in g  th e  d ie  undergoes changes w hich 

g e n e ra te  p re s s u re s  and r e s i s t i n g  f o r c e s .  T h is  in v e s t ig a t io n  h as  been 

conducted  by ap p ly in g  th e  c o n s e rv a t io n  law s to  th e  r e s in  and f i b e r  in  

th e  d ie ,  by a n a ly z in g  two p u l t r u s io n  sy s tem s , and by d ev e lo p in g  and 

t e s t i n g  a p u l t r u s io n  p ro c e s s  model on a la b o r a to r y - s c a le  p u l t r u d e r .

The mass b a la n c e  r e f e r s  to  changes w hich ta k e  p la c e  in  th e  re a c 

t i v e  ( th e rm o se ttin g )  r e s i n ;  th e  r e in f o r c in g  f i b e r s  have a  m o d e ra tin g  

e f f e c t  on th a t  r e a c t io n .  U se fu l k i n e t i c  and th e rm a l p a ra m e te rs  can be 

o b ta in e d  from DSC t e s t s .  W hile t e s t s  o f th e  r e s i n - f i b e r  com bination  

a re  p r e f e r a b le ,  t e s t s  o f  th e  r e s in  i t s e l f  can p ro v id e  re a s o n a b le  e s t i 

m ates th e  r e s u l t s  to  be ex p ec ted  from  such  a  com bination . Once th e  

k i n e t i c  p a ram e te rs  a re  d e te rm in e d , th e  Damkohler num ber, N^, p ro v id e s  

a  u s e f u l  means o f  e s t im a t in g  r e a c t io n  t im e s , o r  d ie  re s id e n c e  t im e s , 

and th e  e f f e c t  t h a t  d ie  te m p e ra tu re  would have on th o se  tim e s .
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An energy  b a la n c e  was d e term ined  by e s t im a t in g  th e  s p a t i a l  and 

tem p o ra l te m p e ra tu re  d i s t r i b u t i o n  in  th e  r e s i n - f i b e r  mass w ith in  th e -  

d ie .  A f i n i t e  d i f f e r e n c e  program  was u sed  to  make th e  e s t im a te s .

Under is o th e rm a l c o n d i t io n s ,  n e i th e r  a  p o ly e s te r - g la s s  n o r  an  epoxy

g r a p h i te  com bination  w ould have a  la r g e  ex o th e rm ic  te m p e ra tu re  r i s e s  

( f o r  p a r t  th ic k n e s s  to  10 mm). Under a d ia b a t i c  c o n d i t io n s ,  th e  exo

th e rm ic  r e a c t io n  can  be  c o n t ro l le d  th ro u g h  two p a ra m e te rs , th e  

A rrh en iu s  number, N^, and th e  a d ia b a t i c  te m p e ra tu re  r i s e  A T B o t h  

p a ram e te rs  a re  fu n c tio n s  o f th e  r e s in  and f i b e r  and can be  a d ju s te d  to  

some e x te n t .  The A rrh en iu s  number can be th o u g h t o f  as a  d im ension

le s s  te m p e ra tu re  w hich i s  a  fu n c tio n  o f  th e  a c tu a l  te m p e ra tu re  and 

a c t iv a t io n  energy  o f  th e  m a te r ia l .  As su c h , i t  may be o f  more v a lu e  

th an  th e  te m p e ra tu re  a lo n e .

The fo rc e  b a la n c e  in  a  p u l t r u s io n  d ie  can b e  th o u g h t o f  in  te rm s o f 

a  c o e f f i c i e n t  o f f r i c t i o n ,  a  r a t i o  o f  s h e a r in g  fo rc e s  to  norm al f o r c e s .  

The components o f  f r i c t i o n  a r i s e  from r e s in  back  flow  a t  th e  d ie  en

t r a n c e ,  v isc o u s  d rag  as  th e  r e s in  b e g in s  to  c u re ,  and s l i d i n g  f r i c t i o n  

o f th e  c u r in g  s to c k . I f  th e s e  th r e e  r e s i s t i n g  fo rc e s  do n o t exceed  

th e  f r a c t u r e  fo rc e  o f  th e  r e s i n - f i b e r  m ass, th e n  th e  Coulomb number,

N^, w i l l  be l e s s  th a n  u n i ty ,  and th e  p u l t r u s io n  p ro c e s s e s  w i l l  n o t be  

l im i te d  by an u n fa v o ra b le  f o r c e  b a la n c e .

An a n a ly s is  o f  an  is o m e tr ic  (c o n s ta n t volume) and an i s o b a r i c  

(c o n s ta n t  p re s s u re )  p ro c e s s  was made. E s tim a te s  o f  r e q u ir e d  d ie  

r e s id e n c e  tim es f o r  c i r c u l a r  ro d s ,  made w ith  th e  is o m e tr ic  p ro c e s s ,  

w ere w i th in  th e  range  o f  tim es  w hich w ere u sed  by th e  m a n u fa c tu re r .

For th e  i s o b a r i c  p ro c e s s ,  p u lt ru d e d  f l a t  s e c t io n s  had p r o p e r t i e s  w hich
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cou ld  be  r e l a t e d  t o  p ro c e s s in g  v a r ia b le s .  A group o f  th r e e  re sp o n se  

v a r i a b l e s - th i c k n e s s , s p e c i f i c  g r a v i ty ,  and f i b e r  f ra c tio n -w a s  u s e f u l  

as an i n d i c a to r  o f th e  s h o r t  beam s h e a r  s t r e n g th .

A p u l t r u s io n  p ro c e s s  m odel was developed  which e x p re sse d  th e  

th r e e  p r in c i p a l  p ro c e s s in g  v a r ia b le s  o f te m p e ra tu re , tim e , and 

p r e s s u r e  a s  d im e n s io n le ss  num bers. These numbers w ere A rrh en iu s  

number, ( te m p e ra tu re ) ,  Damkohler num ber, ( t im e ) ,  and Coulomb 

num ber, N̂ , ( p r e s s u r e ) , a l l  e x p re sse d  in  te rm s o f  m achine p a ra m e te rs  as 

w e ll  as m a te r ia l  p r o p e r t i e s .  The model was t e s t e d  on a  la b o ra to r y -  

s c a le  p u l t r u d e r  u s in g  epoxy r e s in - g r a p h i te  f i b e r  p re p re g  ta p e .  The 

r e s u l t s  showed th e  ran g e  o f  N^-N^ s e t t i n g s  w hich w ere needed  to  p ro 

duce d e n se , w e l l  com pacted s to c k . Most e lem en ts  o f th e  model d i f f e r e d  

c o n s id e ra b ly  from  w hat i s  u s u a l ly  c o n s id e re d  im p o rta n t in  th e  p u l t r u 

s io n  p ro c e s s .  The model em phasis was on m a te r ia l  p r o p e r t i e s  as w e ll  

as m achine p a ra m e te r s ,  and th e  in t e r a c t io n  betw een them . T h is  

em phasis stemmed from  c o n s id e r in g  th e  p u l t r u d e r  d ie  as b o th  a  r e a c to r  

and a rh eo m e te r.
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APPENDIX 

INSTRUMENT CALIBRATION

T his appendix  d e s c r ib e s  th e  p ro c e d u re s  w hich w ere fo llo w ed  in  th e  

c a l ib r a t io n  o f  th e  d i f f e r e n t i a l  scan n in g  c a lo r im e te r  (DSC), r o ta r y  rheo

m e te r , and la b o ra to r y - s c a le  p u l t r u d e r .

D i f f e r e n t i a l  Scanning  C a lo r im e te r

The te m p era tu re  s c a le  was c a l ib r a t e d  by n o tin g  th e  a p p a re n t m e ltin g  

te m p era tu re  o f  indium  (429K) and o f  t i n  (505K) as in d ic a te d  by th e  DSC. 

D ete rm in a tio n s  w ere made a t  te m p e ra tu re  r a t e s  o f  10 , 20 , 40 , and 80 

K/min. The a p p a re n t m e ltin g  p o in ts  in c re a s e d  by as much as 9 K o v er th a t  

range o f  te m p era tu re  r a t e s ,  w ith  th e  l a r g e s t  in c re a s e  Cv>5K) ta k in g  p la c e  

between 40 and 80 K/min. The tr im  p o te n tio m e te rs  w ere a d ju s te d  to  g ive  

a c o r re c t  te m p era tu re  s c a le  f o r  a  40 K/min r a t e .  Hence, th e  tem pera

tu re s  f o r  th e  10 and 20 K/min t e s t s  cou ld  be as much as 5 K below , and 

th o se  fo r  th e  80 K/min t e s t s  as much as  5 K above, th e  t r u e  t e s t  temp

e r a tu r e .  As th e  r e a c t io n s  w ere ta k in g  p la c e  in  th e  400-500 K ran g e , 

th e se  d if f e re n c e s  r e p re s e n te d  ^1  p e rc e n t d e v ia t io n  from  th e  t r u e  

te m p era tu re .

The e n th a lp y  r a t e  was c a l ib r a t e d  o v e r  th e  350-500 K range in  10 K 

increm en ts  u s in g  s y n th e t ic  s a p p h ire  as  th e  t e s t  m a te r ia l .  A d e te rm in a

t io n  a t  a g iv en  te m p e ra tu re  was made by scan n in g  from 310 K to  th e  

te m p era tu re , and th e n  m a in ta in in g  th e  t e s t  specim en a t  t h a t  te m p e ra tu re . 

The change in  e n th a lp y  r a t e  w hich o c c u rre d  w ith  th e  change from  i n 

c re a s in g  te m p era tu re  to  c o n s ta n t  te m p e ra tu re  was ta k en  as an in d ic a t io n
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o f  th e  s p e c i f i c  h e a t  o f  s a p p h ire .  The s p e c i f i c  h e a t  a t  t h a t  tem pera

tu r e  was c a lc u la te d  from th e  t e s t  d a ta  and compared to  th e  v a lu e s  g iv en  

in  r e fe re n c e  77. D if fe re n c e s  betw een th e  c a lc u la te d  and th e  re fe re n c e  

v a lu e s  w ere l e s s  th an  0 .1  p e r c e n t ,  so th e  e n th a lp y  r a t e  was co n s id e re d  

to  be  s u f f i c i e n t l y  a c c u ra te .

R o ta ry  Rheom eter

A ll  t e s t s  w ith  th e  r o ta r y  rheo m eter w ere made a t  a s t r a i n  r a t e  o f

1 se c  \  W ith a  20-m m -radius, 0 .0 1 8  r a d ia n  cone, th e  r e q u ire d  r o ta 

t i o n a l  speed  was 0 .172 RPM. The rheo m eter speed  was s e t  to  a  nom inal 

1 RPM, and th e  t r im  p o te n tio m e te r  on th e  d r iv e  speed  command c i r c u i t  

b o ard  was a d ju s te d  so t h a t  te n  r e v o lu t io n s  w ere com pleted in  600 ± 3 

seco n d s . The o u tp u t o f  th e  ta ch o m e te r  on th e  d r iv e n  p la te n  was ad

j u s t e d  to  10 vDC f o r  t h i s  1 RPM sp eed . Then th e  d r iv e  speed  command 

p o te n tio m e te r  was a d ju s te d  downward u n t i l  th e  o u tp u t was 1 .72  vDC. The 

ta ch o m ete r v o lta g e  was m on ito red  d u rin g  th e  t e s t s ,  w ith  ad ju s tm en ts  

b e in g  made to  th e  d r iv e  speed  command p o te n tio m e te r  i f  th e  v o lta g e  

v a r ie d  by more th an  0 .05  vDC. H ence, th e  r o t a t i o n a l  sp eed , and s t r a i n

r a t e ,  co u ld  v a ry  by as much as ±3 p e rc e n t .

L a b o ra to ry -S c a le  P u l t r u d e r  

The la b o ra to r y - s c a le  p u l t r u d e r  in c o rp o ra te d  a  m echan ica l t e s t i n g  

m achine. The machine lo a d  c e l l  was c a l ib r a t e d  w ith  dead w e ig h ts  to  an 

accu racy  o f  0 .5  p e rc e n t o r  b e t t e r .  The p u l t r u d e r  d ie  te m p e ra tu re  was 

checked u s in g  iro n -c o n s ta n ta n  therm ocoup les in  th e  f i r s t ,  t h i r d ,  and

f i f t h  therm ocouple w e lls  ( s e e  f ig u r e  3 2 ). A nother therm ocouple was 

p la c e d  in  th e  d ie  c a v i ty ,  and was p re s s e d  a g a in s t  th e  w a ll  by a  p ie c e  

o f  e p o x y -g ra p h ite  p u ltru d e d  s to c k .  The q u a r tz  tu b e  h e a te r s  w ere s e t  

to  450 K, and th e  therm ocoup les w ere m on ito red  as th e  te m p e ra tu re  ro s e .
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D uring  th e  te m p e ra tu re  r i s e ,  th e  te m p e ra tu re  a t  th e  ends o f  th e  d ie  

la g g ed  b eh in d  th e  c e n te r  te m p e ra tu re  by 2-3  K. Once a t  te m p e ra tu re ,  

how ever, th e  ends w ere no more th a n  M. K low er th a n  th e  c e n te r .  As th e  

te m p e ra tu re  g r a d ie n ts  were s m a l l ,  o n ly  th e  c e n te r  te m p e ra tu re  was 

m easured d u r in g  an a c tu a l  p u l t r u s io n  ru n . Once th e  te m p e ra tu re  had 

s e t t l e d  o u t a t  th e  s e t  p o in t ,  i t  v a r ie d  by l e s s  th a n  1 K above o r  

below t h a t  p o in t .
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