
C H A P T E R  2

T H E O R Y  A N D  L IT E R A T U R E  R E V IE W

2 .1  In terp en etra tin g  P o ly m e r  N e tw o r k s  (IP N )
In terp en etra tin g  p o ly m e r  n e tw o r k  (IP N ) is  an  in tim a te  c o m b in a tio n  

o f  tw o  p o ly m e r s  b o th  in  n e tw o r k  fo r m s, at le a s t  o n e  o f  w h ic h  is  

s y n th e s iz e d  or c r o s s lin k e d  in  th e  im m e d ia te  p r e se n c e  o f  th e  o th er. U n lik e  

c h e m ic a l b le n d in g , th ere  are n o  in d u c e d  c o v a le n t  b o n d s  b e tw e e n  th e  tw o  

p o ly m e r s . S in c e  IP N s  c o n s is t  o f  m e c h a n ic a l b le n d in g  o f  tw o  d ifferen t  

c r o s s lin k e d  p o ly m e r , th e y  th er e fo re  h a v e  b etter  c o m b in e d  p h y s ic a l  and  

m e c h a n ic a l p ro p er tie s  th an  th e  c h e m ic a l or m e c h a n ic a l b le n d s . A  

sc h e m a tic  rep resen ta tio n  o f  an  id e a l IP N  is  sh o w n  in  F ig u re  2 .1 .

F ig u re  2 .1  Id ea l in terp en etra tin g  p o ly m e r  n e tw o r k  (IP N ) ะ 
_____ , p o ly m e r  A  ; --------- , p o ly m er  B . (K le m p n e r , 1 9 7 8 )
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T h e  w a y s  o f  p o ly m e r s  c o m b in e d  in f lu e n c e  th e ir  fin a l p rop er tie s . 
M e c h a n ic a l b le n d in g  (F ig u re  2 .2 a )  is  th e  trad ition a l w a y  o f  p h y s ic a l ly  

c o m b in in g  o f  tw o  or m o re  p o ly m e r s  b y  m ix in g  th em  in  th e  l iq u id  sta te ,
i .e . ,  m e lt , so lu t io n , or  d isp e r s io n ; th ere  are n o  c o v a le n t  b o n d s  b e tw e e n  

th e  p o ly m e r s . In  c h e m ic a l c o m b in a t io n , i .e ., tw o  or m o r e  p o ly m e r s  or  

m o n o m e r s , are c o m b in e d  b y  c o v a le n t  b o n d s  w h ic h  are fo rm ed  b y  ran d om  

(F ig u r e  2 .2 b ) , b lo c k  (F ig u re  2 .2 c ) ,  a ltern a tiv e  (F ig u re  2 .2 d ) , or graft 

(F ig u re  2 .2 e )  c o p o ly m e r iz a t io n  re a c tio n s .

T h e  c h e m ic a l and  p h y s ic a l  c o m b in a t io n s  o f  tw o  or m o re  

stru c tu ra lly  d is s im ila r  p o ly m e r s  p r o v id e  for  th e  m o d if ic a t io n  o f  

p r o p e r tie s  to  m e e t  s p e c if ic  n e e d s , e .g . f le x ib i l i ty , t e n s i le  an d  im p a c t  

s tren g th , c h e m ic a l r e s is ta n c e , w e a th e r a b ility , f la m m a b ility  r e s is ta n c e , or
o th er  p ro p er tie s . (K lem p n er , 1 9 7 8 )
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A - B - B - B

F ig u re  2 .2  M ix e d  p o ly m e r  stru ctu res ะa )m e c h a n ic a l p o ly m e r  b le n d  ; 
b ) ran d om  c o p o ly m e r  ; c )  b lo c k  c o p o ly m e r  ; d ) a ltern a tin g  c o p o ly m e r  ; 
e )  gra ft c o p o ly m e r . (H erm a n , 1 9 8 9 )

IP N  ca n  b e  s y n th e s is e d  in  a v a r ie ty  o f  w a y s , in c lu d in g  se q u e n tia l  
an d  s im u lta n e o u s  sy n th e s is e s .
S e q u e n tia l s y n th e s is

M o n o m e r  I is  c o m b in e d  w ith  a c r o s s - l in k in g  a g e n t an d  an  in itia to r  

to  fo rm  an  e la s to m e r ic  n e tw o r k  I. It is  th en  s w o l le n  in  m o n o m e r  II 

c o n ta in in g  a ls o  a c r o s s - l in k in g  a g e n t an d  an in itia to r  to  fo rm  a n e tw o r k  II
(F ig u r e  2 .3 a ) .
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E x a m p le s  o f  se q u e n tia l IP N s  are (a ) p o ly (e th y l  a cry la te )  w ith  

p o ly s ty r e n e , p o ly (m e th y l m e th a c r y la te ) , p o ly (s ty r e n e -c o -m e th y l  
m eth a cry la te ) , (b ) p o ly (n -b u ty l a cry la te )  w ith  p o ly s ty r e n e , ( c )  s ty ren e -  

b u ta d ien e  b lo c k  c o p o ly m e r  w ith  p o ly s ty r e n e , (d )  ca ster  o i l  w ith  

p o ly s ty r e n e , an d  (e )  p o ly b u ta d ie n e  w ith  p o ly s ty r e n e , e tc .

S im u lta n e o u s  sy n th e s is
M o n o m e r s  or lin ea r  p r e p o ly m e r s  o f  tw o  m o n o m e r s  c o m b in e  

to g e th e r  w ith  th e ir  r e sp e c t iv e  c r o s s - l in k in g  a g en ts  an d  c a ta ly s ts , in  b u lk  

(m e lt) , so lu t io n , or d isp e r s io n . T h e  in d iv id u a l m o n o m e r s  are p o ly m e r iz e d  

b y  c h a in  or s te p w is e  p o ly m e r iz a t io n  (F ig u re  2 .3 b ) . In  a ll c a s e s , o n e  

c o m p o n e n t  is  a  ru b b ery  p o ly m e r  an d  th e  o th er  a  g la s s y  o n e . A n  

a d v a n ta g e  o f  th is  sy n th e s is  is  th a t lo w  to  m e d iu m  p ressu re  r ea c tio n  

in je c t io n  m o ld in g  m a c h in e  (R IM ) ca n  b e  e m p lo y e d  fo r  fa b r ica tio n  o f  

p ro d u c ts  w ith  d e s ig n e d  sh a p e . E x a m p le s  o f  s im u lta n e o u s  IP N s  are (a ) P U  

w ith  p o ly (m e th y l  m eth a cry la te ) , (b ) P U  w ith  p o ly a c r y la te , (c )  P U  w ith  

e p o x y , (d ) P U  w ith  u n sa tu ra ted  p o ly e s te r , (e )  b u ty l rubb er w ith  p o ly  

(m e th y l a cry la te ) , p o ly  (b u ty l a cry la te ) , e tc . (F r isch , 1 9 8 3 )
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S im u lta n e o u s  IP N s  o f  P U  w ith  o th er  p o ly m e r s  w e r e  fo rm ed  b y  

m ix in g  o f  th e  u reth a n e p r e p o ly m e r  (e ith er  in  s o lu t io n  or in  b u lk ), 
to g e th e r  w ith  its  c h a in  ex te n d e r  and  a c r o s s - l in k in g  a g e n t, w ith  e ith er  

e p o x y , p o ly a c r y la te , p o ly e s te r , or p o ly  (m e th y l m e th a c r y la te )  to g e th e r  

w ith  th e ir  r e sp e c t iv e  c r o s s - l in k in g  a g en t, th en  to  c a s t  in to  f i lm  or to  

m o u ld  in to  sh e e t  fo rm s. T h e y  are f in a lly  th er m a lly  cu red .

If one of the two polymers is in network form (cross-linked) and the
other is a linear non-crosslinked polymer, i.e., a semi-IPN results (Figure
2.3c). The different categories of IPNs are shown in Table 2.1.
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(b )

(c)

F ig u re  2 .3  S y n th e s is  o f  IP N s  ะ a ) se q u e n tia l IP N  ; b ) s im u lta n e o u s  
IP N  ; c )  s e m i-IP N . N e tw o r k  I =  so l id  l in e s  ; N e tw o r k  II =  d o t l in e s  ;

=  c r o s s lin k  s ite s  ; M  =  m o n o m e r  ; c  =  c a ta ly s t  ; X =  c r o s s - l in k in g  
a g e n t ; P  =  p o ly m e r iz a tio n . (H erm a n , 1 9 8 9 )
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T a b le  2 .1  C la s s if ic a t io n  o f  IP N s . (H erm a n , 1 9 8 9 )

Category Definition
Full IPN Any material containing two or more polymers 

in which there are no induced cross-links 
between the individual polymers.

Sequential IPN Polymer A is swollen in monomer B, its 
cross-linking agent, and initiator, 
polymerizing B in  s itu .

Simultaneous IPN Monomers A and B, and their respective 
cross-linking agents and initiators, are 
polymerized simultaneously by way of 
non-interfering modes.

Thermoplastic IPN A two-polymer IPN in which the individual 
polymers are thermoplastics; polymers
may contain physical cross-links, e.g. ionomers 
which join two or more chains together or 
may be phase-seperated single polymer 
systems.

Semi-IPN Sequential IPN in v/hich polymer I is cross- 
linked and polymer II linear

Pseudo-IPN Simultaneous IPN in which one polymer is in 
network form, ie, cross-linked, and the 
other linear.
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In terp en etra tin g  p o ly m e r iz a t io n  is  a  m o d e  o f  b le n d in g  o f  tw o  or  

m o re  p o ly m e r s  to  p ro d u ce  a m ix tu re  in  w h ic h  p h a se  sep a ra tio n  is  n o t as  

e x te n s iv e  a s  it w o u ld  b e  o th e r w ise . It is  th e  o n ly  w a y  to  c o m b in e  c r o s s -  

l in k e d  p o ly m e r s  to g e th er . M o s t  o f  th e  n orm a l b le n d in g  or m ix in g  o f  

p o ly m e r s  r e su lts  in a m u lti-p h a se  m o r p h o lo g y  d u e  to  th e  w e l l  k n o w n  

th e r m o d y n a m ic  in c o m p a tib ility  o f  p o ly m e r s . T h is  in c o m p a tib il ity  a r ise s  

from  th e  r e la t iv e ly  sm a ll g a in  in  en tr o p y  u p o n  m ix in g  th e  p o ly m e r s  d u e  

to  c o n t ig u ity  re str ic tio n s  im p o se d  b y  th e ir  la rg e  ch a in  len g th . H o w e v e r , i f  

th e  m ix in g  is  a c c o m p lish e d  o n  a  lo w e r  m o le c u la r  w e ig h t  le v e l  an d  

p o ly m e r iz a t io n  is  a c h ie v e d  s im u lta n e o u s ly  w ith  c r o s s - l in k in g , p h a se  

sep a ra tio n  m a y  b e  k in e t ic a lly  c o n tr o lle d , s in c e  th e  e n ta n g le m e n ts  h a v e  

b e e n  m a d e  p erm a n en t b y  th e  c r o s s - l in k in g . In  o th er  w o r d s , p h a se  

sep a ra tio n  ca n n o t o c c u r  w ith o u t b rea k in g  c o v a le n t  b o n d s.

C o m b in in g  p o ly m e r ic  n e tw o r k s  in  d ifferen t c o m p o s it io n s  o fte n  

r e su lts  in  c o n tr o lle d  d ifferen t m o r p h o lo g ie s  an d , in  e f fe c t , p r o d u c e s  IP N s  

w ith  s y n e r g is t ic  b eh a v io r . F o r  e x a m p le , a  g la s s y  p o ly m e r  (Tg a b o v e  ro o m  

tem p era tu re) c o m b in e d  w ith  an  e la sto m e r ic  p o ly m e r  (Tg b e lo w  r o o m  

tem p era tu re) g iv e s  a r e in fo r c e d  rubb er i f  th e  e la s to m e r  p h a se  is  

c o n tin u o u s  an d  p red o m in a n t, or a  h ig h  im p a ct p la s t ic  i f  th e  g la s s y  p h a se
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is  c o n t in u o u s . M o re  c o m p le te  p h a se  m ix in g  e n h a n c e s  m e c h a n ic a l  
p ro p er tie s  o w in g  to  in c r e a se d  p h y s ic a l  c r o s s lin k  d e n s ity .

M o r p h o lo g y  an d  Tg
T h e  m o r p h o lo g y  o f  IP N s  is  re la ted  to  p h y s ic a l p ro p er tie s  su c h  as  

m o d u lu s  an d  Tg. In  a d d it io n  it is  c o n tr o lle d  b y  c h e m ic a l c o m p a tib ility  

(e .g . s o lu b il i ty  p a ra m eters), in ter fa c ia l te n s io n , c r o s s - l in k  d e n s it ie s , m o d e  

and  k in e t ic s  o f  p o ly m e r iz a t io n , and  p o ly m e r  c o m p o n e n ts . T h e  

c o m p a tib il ity  o f  IP N s  is  e n h a n c e d  b e c a u se  th e  p o ly m e r s  are in te r lo c k e d  

in  a th r e e -d im e n s io n a l stru ctu re d u r in g  p o ly m e r iz a t io n  n o t a l lo w in g  a 

p h a se  sep a ra tio n  o ccu rred . M o n o m e r s  o f  s im ila r  so lu b il i ty  p aram eters  

u s u a lly  g iv e  c o m p a tib le  IP N s . In  g en era l, th e  sm a lle r  th e  p h a se  d o m a in s , 
th e  m o r e  c o m p a tib le  th e  sy s te m .

M e a su r e  o f  Tg ca n  b e  a c h e iv e d  u s in g  th e  D y n a m ic  M e c h a n ic a l  
S p e c tr o s c o p ic  te c h n iq u e . T h e  tr a n s itio n s  m a y  b e  b ro a d en ed  or  sh if te d  b y  

m o r e  or  le s s  m ix in g  in  IP N s . In  th e  lim it  o f  to ta l c o m p a tib il ity  (c o m p le te  

m ix in g ) , o n ly  o n e  T g  is  o b se r v e d . In  c o n ju n c tio n  w ith  o th er  m e c h a n ic a l  
m e th o d s  o f  a n a ly s is , e .g . e le c tr o n  m ic r o s c c p y , a  g o o d  in terp reta tio n  o f  

th e  m o le c u la r  m o r p h o lo g y  is  u su a lly  a tta in ab le .
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T h e g la s s  tra n s itio n s  o f  c o m p a tib le  IP N s  c a n  b e  c a lc u la te d  fro m  th e  

fo l lo w in g  e q u a tio n s  ะ
Tg = พ ,Tgl + พ 2Tg2 (2.1)

w h e r e  พ , ,  พ 2 an d  Tgl, Tg2 are th e  w e ig h t  fra c tio n s  an d  g la s s  

tr a n s itio n s  o f  p o ly m e r  I an d  II, r e s p e c t iv e ly . G la s s  tra n s itio n  in c r e a se s  

w ith  in c r e a s in g  c r o s s - l in k  d e n s ity . (H erm a n , 1 9 8 9 )
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2 .2  P o ly u r e th a n e s
P o ly u r e th a n e s  w e r e  d is c o v e r e d  b y  O tto  B a y e r  an d  h is  c o -w o r k e r s  o f

I .G .F a rb en in d u str ic  at L e v e r k u se n , G erm a n y  in  1 9 3 7 . T h e y  are u su a lly  

p ro d u ced  b y  th e  r e a c tio n  o f  a p o ly fu n c t io n a l iso c y a n a te  w ith  a  p o ly o l  or  

oth er  reac ta n t c o n ta in in g  tw o  or m o re  r e a c tiv e  g ro u p s  w ith  iso c y a n a te , 
m o st o f te n  h y d r o x y ls . S in c e  th e  fu n c t io n a lity  o f  th e  p o ly o l  or  th e  

iso c y a n a te  ca n  b e  ad ju sted , a  w id e  v a r ie ty  o f  b ra n ch ed  or c r o s s lin k e d  

p o ly m e r s  ca n  b e  fo rm ed . T h e  p o ly o l  c o m p o n e n t  c o v e r s  a w id e  ra n g e  o f  

m o le c u la r  w e ig h ts  an d  ty p e s  o f  p o ly m e r ic  b a c k b o n e s , su c h  as p o ly e s te r  

an d  p o ly e th e r  p o ly o ls .  T h e  p o ly fu n c t io n a l iso c y a n a te s  ca n  b e  a ro m a tic , 
a lip h a tic , c y c lo a lip h a t ic , or p o ly c y c l ic  in  stru ctu re an d  ca n  b e  u se d  

d ir e c tly  a s  p ro d u ced  or m o d if ie d . T h e  f le x ib i l i ty  in  th e  s e le c t io n  o f  

rea c ta n ts  le a d s  to  p r o d u c e  v a r io u s  k in d s  o f  p o ly u r e th a n e  p ro d u c ts  h a v in g  

a  w id e  ra n g e  o f  stru ctu res an d , in  e f fe c t , o f  p h y s ic a l an d  m e c h a n ic a l  
p ro p er tie s . F ig u r e  2 .4  illu stra te s  th e  m o le c u la r  stru ctu re fea tu res  u s e d  to  

p r o d u c e  p o ly u r e th a n e s  in  d iffe r e n t  fo rm s, su c h  as f ib re - or  f i lm -fo r m in g ,  
an d  a ls o  d iffe r e n t  ty p e s  o f  p o ly m e r s  from  e la s to m e r , th e r m o p la s t ic s , 
th e r m o p la st ic  e la s to m e r s , to  th e r m o se tt in g s .(H e p b u r n , 1 9 9 1 )
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Flexible
Semi-rigid foams 
Surface coatings

Rigid
foams

foams
Cast
elastomers

Textile
coatings

Spandex
fibres Filins

Millable
elastomers

Plastics

Degree of 
branching 
or crosslinking

increasing
Chain stiffness, interchain attraction, 
Crystallinity _______________________ ►
increasing

F ig u re  2 .4  S tru ctu re-p ro p erty  r e la t io n sh ip s  o f  p o ly u r e th a n e s .  
(H ep b u rn , 1 9 9 1 )
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2 .2 .1  B a s ic  C h e m is tr y  o f  P o lv u r e th a n e s
P o ly u r e th a n e  sy n th e s is  d e p e n d s  b a s ic a lly  o n  th e  c h e m istr y  o f  

iso c y a n a te s  an d  c o m p o u n d s  c o n ta in in g  a c t iv e  h y d r o g e n  a to m s an d  th e ir  

c h e m ic a l r e a c tio n s . S in c e  th e  la tter  h a s a grea t n u m b er  su c h  as th o se  

c o n ta in  h y d r o x y l, a m in o  g ro u p s , w h e n  r e a c tin g  w ith  th e  iso c y a n a te s  

g iv e s  a c h e m ic a l d iffe r e n t  b o n d in g  fo rm a tio n .

R e a c t io n  w ith  p o ly o ls  : th e  r ea c tio n  o f  d iiso c y a n a te  w ith  p o ly o l  is  

sh o w n  in  r e a c tio n  (1 ) .

n O H -R -O H  +  n O C N -R '-N C O  -  [ - 0 - R - 0 - C ( 0 ) - N H - R ' - N H - C ( 0 ) - ] n  (1 )  
P o ly o l  D iis o c y a n a te  P o ly u re th a n e

T h e  r e a c tio n  is  e x o th e r m ic . T h e  rate o f  p o ly m e r isa t io n  r e a c tio n  

d e p e n d s  o n  th e  stru ctu re o f  b o th  th e  iso c y a n a te  an d  th e  p o ly o l .  A lip h a t ic  

p o ly o ls  h a v in g  p rim ary  h y d r o x y l e n d -g r o u p s  are th e  m o s t  r e a c tiv e .

R e a c t io n  w ith  w a ter  : th e  r e a c tio n  o f  iso c y a n a te s  w ith  w a ter  y ie ld s  

a su b stitu ted  ca rb a m ic  a c id , w h ic h  th en  b reak s d o w n  to  an  a m in e  and  

ca rb o n  d io x id e  g a s , w h ic h  in  th e  m a n u fa ctu re  is  u s e d  a s  a b lo w in g  a g en t  

to  p r o d u c e  lo w  d e n s ity  f le x ib le  fo a m s.
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R -N C O  +  H - O - H ----- ►  [ R N H C O O H ] ------- ► R-NH2 +  C 0 2(g )  (2 )
I so c y a n a te  W ater S u b stitu ted  A m in e  C arb on

ca rb a m ic  a c id  d io x id e

R e a c t io n  w ith  a m in e  ะ d i-p r im ary  a m in e  fu n c tio n a l gro u p  

c o m p o u n d  are u se d  as c h a in -e x te n d e r  an d  a cu r in g  a g en t in  p o ly u r e th a n e  

m a n u fa c tu res . T h e  r e a c tio n  r e su lts  p o ly u r e a  h a v in g  tw o  r e a c tiv e  

h y d r o g e n s  in  th e  u rea  l in k a g e  ( s e e  r e a c tio n  (3 ) ) .  T h is  p r o v id e s  a p o te n tia l  
for  se c o n d a r y  r ea c tio n  w ith  iso c y a n a te s .

R N C O  +  R 'N H 2------------- * R N H C O N H R ' (3 )
I so c y a n a te  A m in e  U rea

S e c o n d a r y  r e a c tio n s  o f  iso c y a n a te s  w ith  u rea  or u reth a n e  l in k a g e  ะ 
I so c y a n a te s  m a y  reac t, u n d er  su ita b le  c o n d it io n s , w ith  th e  a c t iv e  

h y d r o g e n  a to m s o f  th e  u reth a n e  an d  u rea  l in k a g e s  to  fo rm  b iu re t an d  

a llo p h a n a te  l in k a g e s , r e s p e c t iv e ly .

R " N C O  +  [R -N -Ç -IjT R ']--------- ►  [R -IsJ-Ç -N -R '] (4 )
H Ô H  O Ç O H

h M - R "

I so c y a n a te U rea B iu re t
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R " N C O  +  [R -î^ -Ç -O -R ']  
H O

♦  [R -^ -C -O -R 'l  (5 )
0 = ç
H -N -R "

Iso c y a n a te  U reth a n e A llo p h a n a te

I so c y a n a te  p o ly m e r isa t io n  r e a c tio n s  ะ I so c y a n a te s  fro m  o lig o m e r s , 
e s p e c ia l ly  in  th e  p r e se n c e  o f  b a s ic  c a ta ly s ts , g iv in g  u r e tid in e d io n e s  

( c o m m o n ly  c a lle d  d im e r s) , s e e  r ea c tio n  (6 )  an d  iso c y a n u r a te s  

( c o m m o n ly  c a lle d  tr im ers), s e e  r e a c tio n  (7 ) . M D I (d ip h e n y lm e th a n e  

d iiso c y a n a te )  d im e r iz e s  s lo w ly  w h e n  le f t  s ta n d in g  at r o o m  tem p eratu re , 
m a k in g  a l im ite d  s to ra g e  l if e  o f  M D I.

Iso c y a n u r a te  are fo rm ed  o n  h e a tin g  b o th  a lip h a tic  or  a ro m a tic  

iso c y a n a te . I so cy a n u ra te  fo rm a tio n  g iv e s  v e r y  s ta b le  b ran ch  p o in t  u n lik e

R '-N C O  +  O C N -R ♦  R '-N  N - R (6)

I so c y a n a te  I so c y a n a te  U r e th id in e d io n e

th e  u r e tid in e d io n e , b iu ret, a llo p h a n a te  or u reth a n e l in k a g e s .
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O
L\  /C\ R3 (R -N C O ) S to ra g e  o r h ea t  

or c a ta ly s t ( 7 )

Iso cy a n u ra te

In  th e  p r e se n c e  o f  s p e c ia l  c a ta ly st , iso c y a n a te  ca n  rea c t to  form  

c a r b o d iim id e  w ith  e lim in a t io n  o f  ca rb o n  d io x id e . It ca n  rea c t r e v e r s ib le  

w ith  iso c y a n a te  to  g iv e  a u r e to n im in e  as s h o w n  in  r e a c tio n (8 ) .

2 .2 .2  R a w  m a ter ia ls  fo r  p o ly u r e th a n e s
T h e  sta rtin g  m a ter ia ls  fo r  p r o d u c in g  p o ly u r e th a n e  are th e  tw o  m a in  

p a r tic ip a n ts , n a m e ly  iso c y a n a te  an d  c o m p o u n d s  c o n ta in in g  h y d r o x y l  
gro u p  (e .g . p o ly o l  or c r o s s lin k in g  a g e n t c o n ta in in g  d io l  e n tit ie s ) . In  

a d d itio n  to  th e  iso c y a n a te  an d  p o ly o l ,  a d d it iv e s  are a d d ed  to  c o n tro l th e

R '-N C O  +  O C N -R '------ ► R ' - N O N - R '  +  C 0 2 (8 )
I so c y a n a te C a rb o d iim id e

+  R -N C O
R '-]\[-C = N -R '
0 = C - A - R

U r e to n im in e
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p r o c e s s  o f  r ea c tio n  an d  to  o b ta in  p articu lar  c h a ra c ter is t ic s  o f  fin a l 
p o ly m er .
1) I so c y a n a te s

V a r ia tio n  o f  p ro p er tie s  o f  th e  f in a l p o ly u r e th a n e  is  a c h e iv e d  b y  

v a r ia tio n  o f  th e  ty p e s  o f  iso c y a n a te  u se d , su c h  as p u re M D I , p o ly m e r ic  

M D I. S e v e r a l a ro m a tic  an d  a lip h a tic  iso c y a n a te s  are a v a ila b le , b ut  

a b o u t 95 %  o f  a ll p o ly u r e th a n e s  are b a se d  u p o n  th e  tw o  a ro m a tic  

d iiso c y a n a te s , w h ic h  c o m m o n ly  are to lu e n e  d iiso c y a n a te  (T D I), an d  

d ip h e n y lm e th a n e  d iiso c y a n a te  (M D I)  an d  its  d e r iv a tiv e s .

M o s t  o f  th e  T D I u se d  is  a  m ix tu re  o f  th e  2 ,4 -  an d  2 ,6 - is o m e r s  

(F ig u r e  2 .5 ) .  T h e  8 0 :2 0  m ix tu re  o f  2 ,4 -T D I  ะ 2 ,6 -T D I  is  th e  m o s t  

im p ortan t c o m m e r c ia l p rod u ct. T D I is  u se d  m a in ly  in  th e  p r o d u c tio n  o f  

lo w  d e n s ity  fo a m s  w h ile  th e  p u re 2 ,^ -T D I in  s o m e  e la s to m e r  

m a n u fa c tu re .

2 ,4 -T D I 2 ,6 -T D I
F ig u re  2 .5  T D I iso m e r s . (W o o d s , 1 9 8 7 )
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M D I is  a v a ila b le  in  se v e r a l fo rm s b a se d  o n  tw o  ty p e s  o f  p ro d u c ts , 
p u r ified  m o n o m e r ic  M D I an d  p o ly m e r ic  M D I. P ure M D I is  su b sta n tia lly  

4 ,4 '-M D I  ( tw o  iso c y a n a te  g ro u p s  are b o n d e d  at th e  para p o s it io n  o f  e a c h  

p h e n y ls ) , it u su a lly  c o n ta in s  a sm a ll a m o u n t o f  th e  2 ,4 '- is o m e r  (F ig u r e  

2.6).

F ig u re  2 .6  S tru ctu res o f  4 ,4 '-M D I  and  2 ,4 '-M D I . (W o o d s , 1 9 8 7 )

P ure M D I is  a  w h ite  to  p a le  y e l lo w  s o lid  w ith  a  m e lt in g  p o in t  o f  

3 8 ° c .  T h e  d if f ic u lt ly  o f  h a n d lin g  p u re  s o l id  M D I is  b e c a u s e  o f  its  

te n d e n c y  to  fo rm  d im er  w h ic h  le a d s  to  th e  d e v e lo p m e n t  o f  m o d if ie d  

M D I. It is  a  liq u id  at r o o m  tem p eratu re  an d  h a s a  r e d u c e d  te n d e n c y  to
d im e r iz e .



2 2

T h e  m e lt in g  p o in t  o f  pure 4 ,4 '-M D I  is  a lso  r ed u ce d  b y  in c r e a s in g  

th e  2 ,4 '-M D I  c o n te n t, but it is  n o t su ita b le  fo r  th e  p r o d u c tio n  o f  

p o ly u re th a n e  e la s to m e r s  h a v in g  a h ig h  m o d u lu s .

T h ere  c o m m o n  m e th o d s  u se d  fo r  p rep a ration  o f  m o d if ie d  M D I  

in c lu d e
(1 )  T o  rea c t s o m e  o f  th e  iso c y a n a te  g ro u p s  w ith  an  a lip h a tic  d io l  

h a v in g  a lo w  m o le c u la r  w e ig h t  or w ith  a m ix tu re  o f  su c h  d io ls  y ie ld s  a  

so lu t io n  o f  d iu reth a n es  h a v in g  iso c y a n a te  e n d -g r o u p s  (e .g . F ig u re  2 .7 )  in  

4 ,4 '-M D I .

F ig u re  2 .7  M o d if ie d  p u re M D I. (W o o d s , 1 9 8 7 )
(2 )  T o  c o n v e r t  part o f  th e  d iiso c y a n a te  to  u r e to n im in e - lin k e d  

tr ifu n c tio n a l an d  h ig h e r  iso c y a n a te s , (e .g . F ig u re  2 .8 ) .

F ig u re  2 .8  M o d if ie d  p u re M D I. (W o o d s , 1 9 8 7 )
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(3 )  P o ly m e r ic  M D Is  are u n d is t i l le d  M D I c o m p o s it io n s  m a d e  b y  

p h o sg é n a t io n  o f  p o ly a m in e  m ix tu res . P o ly m e r ic  M D I c o m p o s it io n s  h a v e  

fu n c t io n a lit ie s  fro m  a b o u t 2 .5  to  o v e r  3 .0 . T h e  v is c o s it y  o f  p o ly m e r ic  

M D I in c r e a se s  w ith  in c r e a s in g  m o le c u la r  w e ig h t  an d  p o ly m e r ic  

iso c y a n a te  co n ten t.

F ig u re  2 .9  S tru ctu re o f  p o ly m e r ic  M D I. (W o o d s , 1 9 8 7 )
B e c a u s e  o f  d iffe r e n t  ra n g e  o f  fu n c t io n a lity , stru ctu re and  

c o m p o s it io n s , th e  s e le c t io n  o f  M D I  m a y  o b ta in  th e  d iffe r e n t  k in d s  o f  

p o ly u r e th a n e s . T a b le  2 .2  s h o w n  m a in  a p p lic a tio n s  o f  p o ly u r e th a n e  w h ic h  

are a ffe c te d  fro m  d ifferen t ty p e s  o f  M D I.

2 )  P o ly o ls
M o s t  o f  th e  p o ly o ls  u se d  in  p o ly u r e th a n e  m a n u fa c tu re  are c la s s i f ie d  

in to  tw o  c la s s e s  ะ h y d r o x y l-te r m in a te d  p o ly e th e r s  an d  h y d r o x y l-  

term in a ted  p o ly e s te r s . T h e  stru ctu re o f  p o ly o l  p la y s  a  la rg e  part in  

d e te r m in in g  th e  p ro p er tie s  o f  th e  f in a l u reth a n e p o ly m e r . T h e  m o le c u la r
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w e ig h t  an d  fu n tio n a lity  o f  th e  p o ly o l  are th e  m a in  fa cto rs; h o w e v e r  th e  

stru ctu re o f  th e  p o ly o l  c h a in s  is  a ls o  im p ortan t.
T a b le  2 .2  R a n g e  o f  M D I  va ria n ts . (W o o d s , 1 9 8 7 )

Average
functionality

Product
description

Polyuretiane
type

Main
applications

2.0 Pure MDI High performance 
elastomers

Shoe-soling. 
Spandex fibres. 
Flexible coatings. 
Thermoplastics.

2.01-2.1 Modified, liquid 
pure MDI

High performance 
elastomers. 
Microcdlular 
elastomers.

Shoe-soling. 
Flexible coatings. 
RIM and RRIM. 
Cast elastomers.

2.1-2.3 Liquid, low
functionality
polyisocyanates.

Flexible, semi-rigid 
and rigid foams.

Automotive parts. 
Insulating sealants. 
Cast elastomers.

2.5 Low viscosity 
liquid
polyisocyanates.

High density 
flexible foams. 
Structural foams.

Foam-backs for 
carpets/vinyls. 
Computer cabinets.

2.7 Low viscosity 
polymeric MDI.

Low density rigid 
foams. Semi-rigid 
foams.Isocyanurate 
foams. Particle 
binders.

Insulating foams. 
Energy absorbing 
foams. Chipboard 
and foundry sand 
binders.

2.8-3.1 High functionality 
polymeric MDI.

Rigid polyurethane 
and isocyanurate 
foams.

Continuous 
lamination of rigid 
foam and rigid 
foam slabstock.
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P o ly e th e r  p o ly o ls
A b o u t 90 %  o f  th e  p o ly o ls  u se d  in  p o ly u re th a n e  m a n u fa c tu re  are 

h y d ro x y -term in a ted  p o ly e th e r s . T h e s e  are m a d e  b y  th e  a d d itio n  o f  

a lk y le n e  o x id e s ,  u su a lly  p r o p y le n e  o x id e , o n to  a lc o h o ls  or a m in e s  w h ic h  

are in itia to rs . T h e  c o m m e r c ia l p o ly o l  p ro d u c tio n  is  u su a lly  b y  b a se  

c a ta ly s is .

T h e  e p o x id e  r in g  o f  p r o p y le n e  o x id e  m a y  th e o r e t ic a lly  o p e n  at 

e ith er  o f  tw o  p o s it io n s  o n  rea c tio n  but, in  p ra c tice , th e  r in g  o p e n s  

p r e fe r e n tia lly  at th e  le s s  s te r ic a lly -h in d e r sd  p o s it io n  w ith  th e  b a se  

c a ta ly s is . P o ly e th e r s  b a sed  o n  p r o p y le n e  o x id e  th u s  c o n ta in  

p r e d o m in a n tly  se c o n d a r y  h y d r o x y l e n d -g r o u p s , w h ic h  are se v e r a l t im e s  

le s s  r e a c tiv e  w ith  iso c y a n a te s  th an  th e p rim ary  g ro u p s. F or  s o m e  

a p p lic a tio n s  p o ly e th e r  p o ly o ls  b a se d  o n ly  o n  p r o p y le n e  o x id e  m a y  h a v e
in c o n v e n ie n t ly  lo w  r ea c tiv ity .
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In itia tor +
P o ly fu n c t io n a l  

a lc o h o l or a m in e

A ikylene oxide
P r o p y le n e  o x id e  
a lo n e  or c o p o ly m e r is e d  
w ith  e th y le n e  o x id e

*  P olyether polyol
P o ly e th e r  p o ly o l  
w ith  b o th  p rim ary  
an d  se c o n d a r y  
h y d r o x y l e n d -g r o u p s

T he polym erization  o f  propylene oxide and ethylene oxide

r c h 2o  +  c h 3- c h - c h 2
r - c h 2- o - c h 2- c h

XO H

R -C H 2- O C H - C H 2-O H
c h 3

S e c o n d a r y  
h y d r o x y l (9 5 % )  

e n d -g r o u p
P rim ary  
h y d r o x y l (5% )  
en d -g r o u p

R -C H 2- o - C H 2-C H  +
no h

c h 2- c h — ► R -C H 2- 0 - C H 2- C H - 0 - C H 2-C H 2- 0 H
S e c o n d a r y  h y d r o x y l E th y le n e  o x id e  P rim ary  h y d r o x y l e n d  gro u p

FiR ure 2 .1 0  T h e  m a n u fa c tu re  o f  p o ly e th e r  p o ly o ls .  (W o o d s , 1 9 8 7 )
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P o ly e s te r  p o ly o ls
S atu ra ted  p o ly e s te r s  w ith  term in a l h y d r o x y l-g r o u p s  are u se d  to  

m ak e b o th  f le x ib le  an d  r ig id  p o ly u r e th a n e  p o ly m e r s . P o ly e s te r  p o ly o ls  

ten d  to  b e  m o re  e x p e n s iv e  th a n  p o ly e th e r  p o ly o ls  an d  th e y  are u su a lly  

m o re  v is c o u s  an d  th e r e fo r e  m o re  d if f ic u lt  to  h a n d le . P o ly e s te r  p o ly o ls  

h a v e  cer ta in  p rop erty  a d v a n ta g e s  o v e r  p o ly e th e r  p o ly o ls  w ith  r e sp e c t  to  

stren g th , o i l  r e s is ta n c e , e tc ., b u t th e y  h a v e  le s s  h y d r o ly t ic  s ta b ility  than  

p o ly e th e r  p o ly o ls .

P rep a ration  o f  p o ly e s te r  p o ly o ls ,  is  to  u se  c o n v e n t io n a l m e th o d s  o f  

p o ly e s te r if ic a t io n , i .e . r e a c tio n  b e tw e e n  a c id  an d  d io l or p o ly o l .  T h e  

w a ter  o f  c o n d e n sa t io n  b e in g  r e m o v e d  b y  d is t il la t io n  an d  th e  r e a c tio n  

a ss is te d  b y  th e  u s a g e  o f  v a c u u m  or  a z e o tr o p e . T h e  m o le c u la r  w e ig h t  ca n  

b e  c o n tr o lle d  fro m  th e  m o la r  ra tio  o f  th e  rea c ta n ts  an d  th e  r e a c tio n  

c o n d it io n s . It is  e s s e n t ia l  th a t th e  term in a l g ro u p s  s h o u ld  b e  h y d r o x y l  
g ro u p  so  a s  to  en su re  fo r  u lt im a te d  rea c tio n  w ith  iso c y a n a te s .

A s  th e  p o ly e s te r s  are req u ired  to  b e  h y d r o x y l-te r m in a te d  it is  u su a l  
to  rea c t in  an  e x c e s s  o f  th e  s to ic h io m e tr ic  a m o u n t o f  th e  d ifu n c tio n a l
g ly c o l  w ith  th e  d ib a s ic  acid :
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( n + l) R ( O H ) 2 +  n R '(C O O H )2 -" H [O R O O C R 'C O ]nO R O H  +  2 n  H 20  (9 )

Caprolactone polyester \ a n o th er  ty p e  o f  p o ly e s te r  w h ic h  is  o f  in terest  

in  p o ly u r e th a n e s  is  th a t o b ta in e d  b y  th e  a d d itio n  p o ly m e r iz a t io n  o f  

c a p r o la c to n e  in  th e  p r e se n c e  o f  an  in itia to r  ะ

2 n C H 2(C H 2)4C O + H O R O  -  HO[(CH2)5COO]mR[OOC(CH2)5]nOH (10)

A  ty p ic a l se r ie s  o f  c o m m e r c ia l p o ly c a p r o la c to n e  p o ly e s te r s  fo r  P U
s y n th e s is  is  g iv e n  in  T a b le  2 .3 .
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T a b le  2 .3 C o n v e n tio n a l an d  h ig h  m o lecu la r  w e ig h t  p o ly c a p r o la c to n e  
p o ly e s te r s  for  P U  s y n th e s is , w h ere  f  is  an  a v e r a g e -fu n c t io n a lity .  
(H ep b u rn , 1 9 9 1 )

Molecular OH Structure Form Approximate
weight value melting point (°C)

550 204 Linear Liquid 20
830 135 Linear Liquid-solid 25

1000 112 Linear Paste 38
1250 90 Linear Wax-like 40
2000 56 Linear Wax-like 47
3000 36 Linear Wax-like 55
4000 28 Linear Wax-like 58
250 540 Branched, f=2.4 L.quid -
540 310 Branched, f=2.3 Liquid -

25000 5 Linear Tcugh polymer 60
45000 2 Linear Tcugh polymer

3 )  A d d it iv e s
In a d d itio n  to  iso c y a n a te s  an d  p o ly o ls ,  th e  b a s ic  m a ter ia ls  for  

m a k in g  p o ly u r e th a n e s , a  w id e  ra n g e  o f  a u x ilia ry  c h e m ic a ls  m a y  b e  a d d ed  

to  c o n tr o l an d  m o d ify  b o th  th e  p o ly u re th a n e  r e a c tio n  an d  th e  p ro p er tie s
o f  th e  f in a l p o ly m e r .
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T h e se  a d d it iv e s  in c lu d e  c a ta ly st , ch a in  e x te n d e r s , c r o s s lin k in g  

a g e n ts , f la m e  retard an ts, c o lo u r in g  m ater ia l an d  f ille r s  w h ic h  are sh o w n  

in  T a b le  2 .4 .

T a b le  2 .4  R e a so n s  fo r  u s in g  a d d itiv e . (W o o d s , 1 9 8 7 )
Additives Type of material Purpose

Catalyst Tertiary amines 
Organometallic compounds

To speed up the reaction 
of isocyanate and polyol

Crosslinking agent 
Chain extender

Polyols
Polyamines

To give polymer crosslinks 
or introduce specialised 
polymer segments

Blowing agents Water (reacts with isocyanate 
giving C02 gas). 
Chlorofluoromethanes

To produce foamed 
structures

Surfactants Silicone fluids To aid and help 
foam-forming processes

Colours Various pigments 
Carbon black

To identify different foam 
grades and for aesthetic 
reasons

Fillers Particulate inorganic 
materials
Fibres (chopped, milled or 
continuous fibres,nets)

To modify properties 
(stiffness, fire performance 
etc.)

Flame retardants Phosphorus or halogen-
containing molecules

To reduce flammability
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(a ) C h a in -e x te n d e r s  an d  c r o s s lin k in g  a g en ts
T h e se  are lo w  m o le c u la r  w e ig h t  p o ly o ls  or p o ly  a m in e s . T h e y  react 

w ith  d iiso c y a n a te  to  fo rm  a p o ly u r e th a n e  or p o ly u r e a  s e g m e n t  in  th e  

u reth an e p o ly m er . T h e y  are u su a lly  a d d ed  in  s u f f ic ie n t  a m o u n t to  p erm it  

h a r d -se g m e n t se g r e g a t io n  that re su lts  in  an  in c r e a se  in  m o d u lu s  an d  th e  

h a r d -se g m e n t g la s s  tra n s itio n  tem p eratu re  (Tg) o f  th e  p o ly m e r .

W h en  d ia m in e s  are u se d  as a d d it iv e s , in stea d  o f  g ly c o ls  o f  s im ila r  

m o le c u la r  w e ig h t , th e y  g iv e  fa ster  r ea c tio n  w ith  iso c y a n a te s . T h e y  

r e su lt in g  p o ly u r e a  h a r d -se g m e n t h a s a h ig h e r  d e n s ity  o f  se c o n d a r y  

b o n d in g  s o  that th e  T g  an d  th e  th erm a l s ta b ility  o f  th e  p o ly m e r  are b o th  

in cre a sed .

S o m e  c h a in -e x te n d in g  a g e n ts  an d  c r o s s lin k in g  a g e n ts  are s h o w n  in
T a b le  2 .5 .
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T a b le  2 .5  C h a in - e x t e n d in g  a g e n t s ,  c r a s s l in k in g  a g e n t s  a n d  th e ir  
d iiso c y a n a te  e q u iv a le n ts . (W o o d s , 1 9 8 7 )

Additive Functionality MW. OH value 
(mgKOH/g) 

or
NH value

Weight of diisocyanate 
(g / 100g of required 

additive)
TDI MDI

Ethylene glycol 2 62.07 1801 280 401
Diethylene glycol 2 106.12 1057 164 235
Propylene glycol 2 76.11 1474 229 329
Dipropylene 2 134.18 836 130 186
glycol 2 90.12 1245 193 278
1,4-Butane diol 2 400 280 43.5 62
Polypropylene
glycol 400 2 108.15 1037 161 231
m-Phenylene
diamine 2 178.27 629 97.7 140
Diethyl toluene
diamine 2 18.01 6230 968 1389
Water 3 105.14 1601 248 357
Diethanolamine 3 149.19 1128 175 252
Triethanolamine 3 92.11 1827 284 407
Glycerol
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(b )  C a ta ly s ts
T h e  c a ta ly s ts  a ffe c ts  b o th  th e  rate and  th e  d irec tio n  o f  th e  p o ly m e r 

fo rm in g  p r o c e s s . T h e  c a ta ly s ts  m o s t  w id e ly  u se d  c o m m e r c ia lly  in  

p o ly u re th a n e  p r o c e s s e s  are tertiary  a m in e s  an d  o rg a n o tin  c o m p o u n d s .

1. T ertiary  a m in e s  are th e  c a ta ly s ts  m o s t  w id e ly  u se d  in  m a k in g  

p o ly u r e th a n e  fo a m s . T h e  m e c h a n ism  o f  c a ta ly s is  b y  a tertiary  a m in e  

in v o lv e s  th e  d o n a tio n  o f  e le c tr o n s  b y  th e  tertiary  n itr o g e n  to  th e  ca rb o n y l  
ca rb o n  o f  th e  iso c y a n a te  g ro u p  th u s fo r m in g  a c o m p le x  in term ed ia te . T h e  

e f f ic ie n c y  o f  tertiary  a m in e  in c r e a se  w ith  th e  b a s ic ity  o f  th e  a m in e , b u t 

d e c r e a se s  w ith  s ter ic  h in d ra n ce  o f  th e  a m in ic  n itro g en .

S o m e  ter tia ry -a m in e  c a ta ly s ts  are N ,N -D im e th y la m in o e th a n o l ,  
N ,N - D im e th y lc y c lo h e x y la m in e , D ia m in ib ic y c lo o c ta n e (D A B C O ),  
N -E th y lm o r p h o lin e

2 . O r g a n o m e ta llic  c o m p o u n d s  are u se d  to  a c c e le r a te  th e  u reth a n e  

rea c tio n . T h e  m o s t  p o p u la r  are s ta n n o u s  o c to a te  and  d ib u ty lt in  d ilau rate . 
T h e  fo rm er  is  u se d  in  m o s t  f le x ib le  fo a m  s y s te m s , w h ile  th e  la tter  in  R IM  

an d  c a s t  e la s to m e r s  s y s te m s . O r g a n o m e ta llic  c a ta ly s ts  fo rm  an
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in term ed ia te  c o m p le x  w ith  th e  iso c y a n a te  and  a th e  h y d r o x y l g ro u p s  o f  

th e  p o ly o l .  T h is  c o m p le x  fo rm a tio n  in h ib ite d  b y  s ter ic  h in d ra n ce  o f  th e  

รท a to m .(W o o d s , 1 9 8 7 )

2 .2 .3  M e th o d s  fo r  p rep a ration  o f  p o ly u r e th a n e s
In th e  p rep a ration  o f  f le x ib le  fo a m s, r ig id  fo a m s  an d  e la s to m e r  

p o ly u r e th a n e s  are c la s s i f ie d  to  tw o  p r o c e s s e s  ะ p r e p o ly m e r  p r o c e ss  and  

o n e -sh o t  p r o c e s s . (O er te l, 1 9 8 5 )

a) P r e p o ly m e r  p r o c e s s
T h e  p r e p o ly m e r  ro u te  for  th e  fo rm a tio n  o f  p o ly u r e th a n e  an d  th e  

p r e p o ly m e r  r e a c tio n  are illu stra ted  in  F ig u re  2 .1 1 . T h e  f in a l p o ly m e r  is  

fo rm ed  d u e  to  tw o  sep ara te  s tep s . In it ia lly  th e  d iis o c y a n a te  an d  p o ly o l  
are rea c ted  to g e th e r  to  form  an  in term ed ia te  p o ly m e r  w h ic h  is  c a l le d  a 

‘p r e p o ly m e r ’, an d  is  n o r m a lly  a th ic k  v is c o u s  liq u id  or lo w -m e lt in g -p o in t  

so l id  o f  lo w  or  n o  stren gth . T h e n  th e  p r e p o ly m e r  is  c o n v e r te d  in to  th e  

f in a l h ig h  m o le c u la r  w e ig h t  p o ly m e r  b y  further r e a c tio n  w ith  a d io l  or  

d ia m in e  c h a in -e x te n d e r  or c r o ss lin k e r , a lso  c a ta ly s t  m a y  b e  u s e d  in  th is
step .
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Polyol
P o ly e s te r  or  
p o ly e th e r

O CN-1
Diisocyanate
' -N C O O C N - -1-N C O

Diisocyanate

O C N -
H  o  P o ly e s te r  or  

c  -O — p o ly e th e r — - N C O
Urethane group Urethane group

P R E P O L Y M E R
Chain extension /  
with diol

P o ly u r e th a n e  w ith  
u reth a n e  l in k a g e s

Chain extension 
Nwith diamine

P o ly u r e th a n e  w ith  
u rea  l in k a g e s

F ig u r e  2 .1 1  P re p o ly m e r  rou te  for  th e  fo rm a tio n  o f  a  p o ly u r e th a n e . 
(H ep b u rn , 1 9 9 1 )

b ) O n e -sh o t  p r o c e ss
T h e  p o ly u r e th a n e  fo rm a tio n  ca n  b e  a c h e iv e d  b y  s im u lta n e o u s ly  

m ix in g  o f  p o ly o l ,  d iiso c y a n a te  an d  c h a in -e x te n d e r  in  th e  p r e s e n c e  or  

a b se n c e  o f  c a ta ly s ts , s c h e m a tic  r ep resen ta tio n  g iv e n  in  F ig u r e  2 .1 2 .

แ พ Y ^02-
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F ig u re  2 .1 2  O n e -sh o t  p r o c e s s  for  p o ly u r e th a n e  p rep aration . 
(H ep b u rn , 1 9 9 1 )

2 .2 .3  B a s ic  stru ctu re o f  P o ly u re th a n es
T h e  u reth a n e  e la s to m e r  ca n  b e  rega rd ed  as a lin ea r  b lo c k  c o p o ly m e r  

(F ig u r e  2 .1 3 ) .  T h is  s e g m e n te d  p o ly m e r  ca n  v a ry  a w id e  ra n g e  o f  

p ro p er tie s  b y  m o d if ic a t io n  o f  its  th ree  b a s ic  c h e m ic a ls , th e  p o ly o l ,  
d iiso c y a n a te  an d  c h a in  e x te n d e r , w h ic h  are b u ild in g  b lo c k s .

_— A — โ-( B — B )n------ A ------------ c - - - - - - 1 — A ----- ( B — B ) „ — A
Iso c y a n a te  P o ly o l  M o n o -  or C h a in  

r ig id  b lo c k  f le x ib le  p o ly m e r ic  ex te n d e r  
b lo c k  iso c y a n a te  m a y  b e  

r ig id  f le x ib le
b lo c k  or r ig id

F ig u r e  2 ,1 3  T h e  b a s ic  u n it  in  a u r e th a n e  b lo c k  c o p o ly m e r .
(H ep b u rn , 1 9 9 1 )
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E v id e n c e  fro m  x -ra y  d iffr a c t io n , th erm al a n a ly s is , b ir e fr in g e n c e  and  

m e h a n ic a l p ro p er tie s  su p p o rts  th a t th e s e  p o ly m e r s  h a v e  a tw o -p h a se  

stru ctu re, lo n g  ( 1 0 0 0 - 2 0 0 0  m m .) f le x ib le  s e g m e n ts  (a ls o  k n o w n  as s o ft  

se g m e n t)  an d  m u ch  sh orter  (1 5 0  n m .) r ig id  s e g m e n t(a ls o  k n o w n  as hard  

se g m e n t) , th e  w h o le  u n d e r g o in g  o r ien ta tio n  o n  e x te n t io n  as in d ic a te d  in  

F ig u re  2 .1 4 .

S tre tch in g
d irec tio n

H ard  se g m e n ts

S o ft  s e g m e n ts

F ig u r e  2 .1 4  F le x ib le  an d  r ig id  s e g m e n ts  in  a p o ly u r e th a n e  e la s to m e r .  
(H ep b u rn , 1 9 9 1 )

T h e  r ig id  s e g m e n ts  sep ara te  to  fo rm  d o m a in s  in  a m a tr ix  o f  so f t  

s e g m e n ts . T h e y  fu n c t io n  as p h y s ic a l c r o s s lin k  s ite s  an d  a s  r e in fo r c in g  

f i lle r  p a r tic le s  in  th e  so f t  s e g m e n t  m atr ix . T h is  c o n c e p t  is  illu stra ted  in



38

F ig u re  2 .1 5 . S tr a in -in d u c e d  c r y s ta lliz a t io n  o ccu rs  in  th e  s o f t  s e g m e n ts  

d u e to  str e tc h in g  an d  d ise n ta n g le m e n t , th e  r ig id  d o m a in s  th e n  l ie  in  a  

d iso r ien ta ted  m an n er  tra n sv erse  to  th e  d irec tio n  o f  s tre tch in g .

H y d r o g e n  b o n d in g  o c c u r s  b e tw e e n  the N H -g r o u p s  (p ro to n  d o n o r)  

and  th e  ca rb o n y l g ro u p s  (e le c tr o n  d o n o r) o f  th e  u reth a n e  an d  u rea  

l in k a g e  in  th e  r ig id  d o m a in s , an d  a lso  fo rm ed  b e tw e e n  th e  N H -g r o u p  o f  

th e  u reth a n e  an d  u rea  lin k a g e s  an d  th e  ca rb o n y l o x y g e n  a to m s o f  

p o ly e s te r  c h a in s  in  th e  s o f t  s e g m e n ts . T h e y  a lso  te n d  to  a lig n  b y  w e a k e r  

h y d r o g e n -b o n d in g  w ith  th e  N H -g r o u p s;  w h ic h  are m o re  la b ile  th a n  th o se  

fo rm ed  w ith  ca rb o n y l o x y g e n  a to m s.

F ig u re  2 .1 5  S tr a in -in d u c e d  e lo n g a t io n  c r y s ta ll iz a t io n  o f  p o ly e th e r  s o ft  
se g m e n ts  in  s e g m e n te d  p o ly u r e th a n e  e la s to m e r  b y  e lo n g a t in g  it to  2 0 0 %  
e x te n s io n . (H ep b u rn , 1 9 9 1 )
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F le x ib le  se g m e n ts
A m o r p h o u s  a lip h a tic  p o ly e th e r  or a lip h a tic  p o ly e s te r  p o ly o ls  are th e  

u su a l m a ter ia ls  u se d  as f le x ib le  se g m e n ts  in  c o m m e r c ia l e la s to m e r ic  

p o ly u re th a n es . T h e se  h a v e  g la s s  tra n sitio n  tem p eratu re  (Tg) b e lo w  ro o m  

tem p eratu re  an d  are lo w -m e lt in g -p o in t  s o lid s  or l iq u id s  w ith  m o le c u la r  

w e ig h t  r a n g in g  fro m  a b o u t 6 0 0  to  a b o u t 3 0 0 0 .

T h o se  h a v in g  h ig h e r  m o le c u la r  w e ig h ts  g iv e  th e  f in a l  
p o ly u r e th a n e s  w ith  b etter  te n s ile  p ro p er tie s  b u t w ith  an  in c r e a s in g  

te n d e n c y  to  c o ld -h a r d e n , an d  th is  is  a p h e n o m e n o n  w h ic h  is  d u e  to  s lo w  

c r y s ta ll iz a t io n  o f  th e  f le x ib le  b lo c k s  d u r in g  s to ra g e . T h e r e fo r e  an  

in c r e a se  in  th e  m o le c u la r  w e ig h t  o f  th e  f le x ib le  b lo c k s  fo r  a g iv e n  o v e r a ll  
m o la r  ra tio  o f  p o ly o l  b lo c k  to  iso c y a n a te  p lu s  c h a in  e x te n d e r  are a  fa ll in  

m o d u lu s  an d  an  in c r e a se  in  th e  e lo n g a t io n  at break .

P h a se  m ix in g  is  grea ter  in  p o ly e s te r  b a se d  p o ly u r e th a n e s  than  

p o ly  e th er  b a se d  o n e s  b e c a u s e  th e  N H -e s te r  ca rb o n y l h y d r o g e n  b o n d s  are  

stro n g er  th an  th e  u reth a n e  N H -e th e r  o x y g e n  b o n d s . B e c a u s e  o f  th e s e  

w e a k e r  in terch a in  fo r c e s , th e  la tters h a v e  so m e w h a t  in fe r io r  p h y s ic a l  
p ro p ertie s; th e y  d o  h o w e v e r  p o s s e s s  a su p er io r  h y d r o ly t ic  s ta b ility .
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P o ly c a p r o la c to n e  p o ly o l  are c o n s id e r e d  to  b e  a g o o d  c o m p r o m is e  s in c e  

th e y  a l lo w  fo r  e la s to m e r s  to  b e  sy n th e s iz e d  w ith  b o th  e x c e l le n t  p h y s ic a l  
p ro p erties  an d  h y d r o ly t ic  s ta b ility .

R ig id  s e g m e n ts
T h e  r e a c tio n  o f  d iiso c y a n a te  w ith  a g ly c o l  or a d ia m in e  is  to  form  

r e s p e c t iv e ly  th e  u reth a n e  or th e  u rea  l in k a g e s , w h ic h  p r o v id e s  th e  

p rop erty  o f  hard  s e g m e n ts , w h ic h  d e term in e  th e  in terch a in  in te r a c tio n s  in  

th e  e la s to m e r s  to  a la rg e  e x te n t  an d  so  d e te rm in e  th e  n e tw o r k  stru ctu re in  

th e s e  m a ter ia ls .

M o r p h o lo g ic a l  stru ctu re in  u reth a n e e la s to m e r s  ca n  b e  co rr e la te d  

w ith  s tre ss-s tra in  b e h a v io r  as m o d u lu s  d e c r e a se s  an d  e x te n s ib i l i ty  

in c r e a se s  w ith  d e c r e a s in g  r ig id  se g m e n t  co n ten t. In c r e a se s  in  m o d u lu s  

an d  t e n s ile  s tren g th  w ith  in c r e a s in g  r ig id  s e g m e n t  c o n te n t  are w e l l -  

e s ta b lish e d  p ro p erty  tren d s in  u reth a n e  e la s to m e r s . In  lo w  r ig id  s e g m e n t  

c o n te n t, p o o r  d o m a in  fo rm a tio n  re su lts , an d  stra in  c r y s ta ll iz a t io n  o f  th e  

f le x ib le  s e g m e n t  is  u se d  to  a c c o u n t fo r  th e  h ig h  m o d u lu s  o b se r v e d .
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P o ly (v in y l  c h lo r id e )  (P V C ) is  lo w  c o st  an d  c o m p a tib le  w ith  m a n y  

a d d it iv e s  and  o th er  p o ly m e r s . T h e  a d d it iv e s , su c h  as p la s t ic iz e r s , h ea t  

s ta b iliz e r s , f i lle r s , h e lp  P V C  b e  p r o c e s se d  e a s i ly  an d  p ro d u ce  p ro d u cts  

w ith  a v a r ie ty  o f  p ro p er tie s  ( s e e  T a b le  2 .6 )  . T h e  p ro d u c ts  m a y  b e  r ig id , 
su c h  as p ip e s , ra in  g u tters an d  w in d o w  fra m es, or  f le x ib le  su c h  as in  

c a b le  in su la t io n , m e d ic a l tu b in g  an d  p la s t ic  g lo v e s .(T o ts c h , 1 9 9 0 )

2.3 Poly( vinyl chloride)

T a b le  2 .6  E f fe c t  o f  P V C  a d d it iv e s  o n  p ro d u ct p ro p er tie s . (T o tsc h , 1 9 9 0 )

Auxiliary Affected property of the PVC article
Stabilizer Prevents decomposition during processing, imparts light 

and weathering resistance
Colorant Colour, weathering resistance
Plasticizer Mechanical properties, burning behaviour
Impact modifier Impact strength and other mechanicalproperties
Lubricants Rheology of the PVC melt, also affects transparency, 

gloss, surface finish and printability
Fillers Mechanical properties
Flame retardants Burning behaviour
Antistatic agents Electrical properties
Blowing agents Processing to expanded products
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T h e  th ree  p r o c e s s e s  to  m a n u fa c tu re  P V C  are th e  s u s p e n s io n  p r o c e s s ,  
th e  m a ss  or b u lk  p r o c e s s  an d  th e  e m u ls io n  p r o c e ss . A l l  are b a se d  o n  free  

ra d ica l- in it ia te d  p o ly m e r iz a t io n  o f  v in y l  c h lo r id e  m o n o m e r  (V C M ). T h e  

p r o c e s s  d iffe r  in  th e  fo rm  in  w h ic h  th e  V C M  en ters in to  th e  rea c tio n . T h e  

m a n u fa c tu r in g  p r o c e s s  a f fe c ts  th e  p ro p er tie s  o f  th e  P V C  an d  its  

a p p lic a tio n s .

T h e  s u s p e n s io n  p r o c e s s  is  th e  m o s t  im p ortan t o n e . It a c c o u n ts  for  

a p p r o x im a te ly  15%  o f  P V C  p r o d u c e d  arou n d  th e  w o r ld . V C M  is  stirred  

in  w a ter  to  p r o d u c e  a f in e  d isp e r s io n . T h e  in itia to r , w h ic h  m o s t  

fr e q u e n tly  is  an  o r g a n ic  p e r o x id e , d is s o lv e s  in  th e  V C M  d ro p le ts . T h e  

s u sp e n d in g  a g e n t p r e v e n ts  th e  a g g lo m e r a tio n  o f  th e  n e w ly  fo rm ed  

p a r tic le s . T h e  r e a c tio n  p a ram eters ca n  b e  c o n tr o lle d  an d  p ro d u c t  

p ro p er tie s  su c h  a s  m o le c u la r  w e ig h t  ca n  b e  a lso  c o n tr o lle d  w ith  v a r ia tio n  

w ith in  a  w id e  ra n g es .

2.3.1 Polymerization Process

In  th e  e m u ls io n  p r o c e s s , an  e m u ls if ie r  is  u s e d  to  fo rm  a f in e  

d isp e r s io n  o f  V C M  in  w a ter . T h e  in itia to r  is  d is s o lv e d  in  th e  w ater .
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P o ly m e r iz a t io n  re su lts  is  p rec ip ita ted  an d  sp ray  d ried . E m u ls io n  P V C  is  

th e  p referred  p ro d u ct for  th e  m a n u fa ctu re  o f  p a stes .

T h e  m a ss  or  b u lk  p r o c e s s  is  very s im p le , it in v o lv e s  th e  

p o ly m e r iz a t io n  o f  p u re V C M . A s  n o  e m u ls if ie r s  or su sp e n d in g  a g e n ts  are  

u se d , th e  resu lta n t p ro d u ct is  v e r y  p ure. A  d isa d v a n ta g e  is  th e  

in f le x ib il i ty  o f  th e  p r o c e s s , w h ic h  is  d ifferen t to  c o n tr o ll h e a t o f  r ea c tio n . 
(H erm a n , 1 9 8 9 )

2 .3 .2  S tru ctu re an d  P ro p erty  o f  P V C
T h e  r e p e a tin g  u n it  o f  th e  P V C  c h a in  is

[-C H 2-C H -] ท 
C l

W h ere  ท (th e  d e g r e e  o f  p o ly m e r iz a t io n )  h a s v a lu e s  b e tw e e n  a b o u t  

5 0 0  an d  2 0 0 0 ,  i .e . th e  m o le c u la r  w e ig h t  ra n g e  is  a b o u t 3 0 0 0 0  - 1 0 0 0 0 0 .  
T h e  m o le c u la r  w e ig h t  o f  P V C  a ffe c ts  b o th  th e  p r o c e s sa b ility  an d  th e  

p h y s ic a l p ro p er tie s . In  g e n e r a l, th e  h ig h e r  th e  m o le c u la r  w e ig h t , th e  

grea ter  th e  d if f ic u lty  in  p r o c e s s in g  an d  th e  h ig h e r  th e  p h y s ic a l  p ro p er tie s .
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T h e  p h y s ic a l p ro p er tie s  o f  P V C  are d ep en d en t o n  th e  n atu re and  

ty p e  o f  p la s t ic is e r s , a lso  o n  o th er  c o m p o u n d in g  in g red ien ts .

F or  c h e m ic a l p ro p er tie s , p u re  P V C  is  res ista n t to  m o s t  a c id s  and  

a lk a lis , a lth o u g h  it is  d e c o m p o s e d  b y  co n cen tra ted  su lp h u r ic , n itr ic  and  

c h r o m ic  a c id s . It is  d is s o lv e d  b y  te trah yd rofu ran  an d  iso p h o r o n e , s w o l le n  

to  v a r y in g  e x te n ts  b y  k e to n e s , e s ter s  and a ro m a tic  an d  c h lo r in a te d  

h y d ro ca rb o n s , b u t is  r e s is ta n t to  a lip h a tic  h y d ro ca rb o n s an d  o ils .

T h e  g la s s  tra n sitio n  tem p era tu re  (Tg) o f  c o n v e n tio n a l P V C  is  a b o u t  

80°c, an d  c r y s ta llin e  P V C  is  up  to  a b o u t 110°c, d e p e n d in g  o n  

tem p era tu re  o f  p o ly m e r iz a t io n . T h e  p la s t ic isa t io n  lo w e r s  th e  Tg a n d  th e  

s o f te n in g  p o in t. T h e  m e lt in g  p o in t  o f  c r y s ta llin e  P V C  m a y  b e  as h ig h  as  

273°c. It starts to  d e c o m p o s e  at a b o u t 100°c, an d  h a s a  lo w  s o f te n in g  

p o in t, b e tw e e n  7 0  an d  8 0 °C .(P e n n , 1971)

2 .3 .3  M is c ib il i ty  o f  P V C
B e c a u s e  o f  its  lo w  c o s t  an d  v e r sa tility , P V C  w a s  u s e d  in  b le n d in g  

w ith  o th er  p o ly m e r s  to  im p r o v e  p r o c e s sa b ility  an d  p r o p er tie s , su c h  as  

h ea t d is to r tio n  tem p era tu re , im p a c t stren g th , an d  s e r v ic e  l ife .
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U s u a lly , m e lt  m ix in g  an d  b le n d in g  o f  s o lu t io n s  is  u sed . I f  b le n d in g  

is  a c h ie v e d  o n  in tim a te  s c a le , a  ty p e  o f  in terp en etra tin g  p o ly m e r  n e tw o r k  

(IP N ) m a y  b e  o b ta in e d .

T h e  m is c ib i l i ty  o f  P V C  w ith  o th er  p o ly m e r s  w a s  c o n tr o lle d  b y  

s p e c if ic  in te r a c tio n s  [e .g ., h y d r o g e n -b o n d in g  or m o r e  g e n e r a liz e d  

e le c tr o n  d o n o r / e le c tr o n  a c c e p to r (L e w is  a c id -b a se )  in te r a c tio n s  ]. S u c h  

in tera c tio n s  d o m in a te  in  th e  m ix in g  o f  tw o  p o la r  s p e c ie s . P V C  b e h a v e s  

g e n e r a lly  as an  e le c tr o n  a cce p to r , an d  th u s  in tera ct s tr o n g ly  w ith  e le c tr o n  

d o n o rs  su c h  a s  c a r b o n y l, e th er , n itr ile , an d  su lfo n y l  g ro u p s  in  th e  s e c o n d  

p o ly m e r .

T h e  m o s t  o b v io u s  s p e c if ic  in tera c tio n s  is  th e  a b ility  o f  th e  oc- 
h y d r o g e n  in  P V C  to  fo rm  a h y d r o g e n -b o n d  w ith  a  c a r b o n y l u n it  in  an  

e s te r  or a m id e  gro u p .

c = 0 ----- H-C-Cl
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PVC is the most miscible with different homopolymers and
copolymers. Table 2.7 lists some of the typical modifier polymers for
PVC of current technological interest.(Leonard, 1986)

T a b le  2 .7  T y p ic a l M o d if ie r s  fo r  P V C . (L eo n a rd , 1 9 8 6 )
Purpose % Modifier
Impact strength 5-10 Ethylene/vinyl acetate copolymer (EVA)

or toughness Polybutyl acrylare (PBA)
5-15 Acrylonitrile-butadiene-styrene (ABร) 

Methacrylate-butadiene-styrene (MBS)
10-20 Chlorinated polyethylene (CPE) 

Acrylonitrile-butadiene copolymer (NBR)
“ Ethylene-propylene-diene terpolymer (EPDM) 

Ethylene-propylene rubber (EPR)
Permanent often EVA, NBR, poly-s-caprolactone (PCL),

plasticization 40-50% Polyurethane (PU), polyester (PES), 
PCL graft with polystyrene (PCL-g-PS)

Processability 1-10 PMMA, acrylate-methacrylate (AMA), 
MMA/ethyl acrylate copolymer (MMA/EA), 
Styrene-acrylonitrile copolymer (SAN)

To 30 Vinyl chloride/vinyl acetate copolymer (VC/VA)
7-12 SAN (foam extrusion)

To raise heat To 50 SAN, styrene-acrylonitrile-methacrylate-
distortion
temperature

butadiene copolymer (SAMB)

Chemical resistance 30-50 NBR
Weathering 5-20 EVA (sometimes grafted), CPE
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P o ly m e r  are an  im p ortan t m ater ia l u se d  in  a u to m o tiv e  in d u stry  

b e c a u se  o f  its  u n iq u e  p ro p er tie s  su ch  as lo w e r  c o s t s , lig h ter  w e ig h t ,  
s tro n g er  an d  m o re  d u rab le  th an  m e ta ls  m a ter ia ls . T h e  p la s t ic  u sa g e  o f  th e  

U n ite d  S ta tes  in  a u to m o tiv e  in d u stry  in  19 8 3  th ro u g h  1 9 9 3  is  s h o w n  in  

T a b le  2 .8 , it ca n  b e  u se d  to  rep resen t th e  w o r ld ’ร p la s t ic  u sa g e  in  

a u to m o tiv e  (H erm a n , 1 9 8 9 ) .

2.4 Polymers in Automotive Industry

T a b le  2 .8  บ .ร .  P la s t ic s  u sa g e  in  th e  a u to m o tiv e  in d u stry  1 9 8 3 -1 9 9 3 .  
(H erm a n , 1 9 8 9 )

Material
1000 t

1983 1988 1993
thermoset polyester . 52.4 81.9 123.7
polyurethane 105.1 122.7 127.5
polypropylene 108.5 112.7 103.9
polyethylene 21.8 27.4 31.3
ABS 27.9 24.6 22.9
styrene-maleic anhydride 17.7 19.3 7.7
modified polypropylene oxide) 5.9 8.0 8.9
polystyrene 2.4 3.6 1.4
nylon 39.1 46.2 48.5
thermoplastic polyester 8.9 12.4 17.3
polycarbonate 5.1 11.1 22.9
acetal resins 7.5 8.6 8.8
acrylics 9.5 10.9 _ 10.8
PVC 58.4 59.0 58.4
phenolic resins 6.4 8.3 23.9
other 15.3 18.6 23.9

T o ta l 4 9 1 .9 5 5 6 . 7 6 3 6 .9
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S in c e  th e s e  s tu d ie d  w e r e  a im e d  to  d e v e lo p  a m a ter ia l for  

a u to m o tiv e  in d u stry , s o m e  p o ly m e r s  w h ic h  are fr e q u e n tly  u s e d  are 

d is c u s s e d  in  d e ta ils .

P o ly  (v in y l  c h lo r id e )
P o ly (v in y l  c h lo r id e )  (P V C ) is  u se d  in  m a n y  fo rm s, e .g . ,  p la s t ic iz e d ,  

c a le n d e r e d  sh e e t , in je c t io n -m o ld e d  p arts, an d  ex tru d ed  sh e e t . It is  o fte n  

c o m b in e d  w ith  o th er  p o ly m e r s  to  im p r o v e  s p e c if ic  p ro p er tie s . E x a m p le  

o f  P V C  a p p lic a t io n s  as a m a ter ia ls  in  a u to m o b ile s  are u p h o ls te r y  an d  

tr im , rubb er str ip s, w e lt in g , crash  p ad  an d  arm  rest, g a sk e t in g , s treer in g  

w h e e ls ,  in su la t io n  an d  h a rn ess , b attery  sep arator.

P o ly p r o p y le n e
P o ly p r o p y le n e  h a s  b e c o m e  th e  m o s t  w id e ly  u se d  th e r m o p la s t ic  in  

a u to m o b ile s  b e c a u s e  o f  its  v e r s a t il ity  an d  lo w  c o s t . E x a m p le  o f  its  

a p p lic a t io n s  are tr im , c lim a te -c o n tr o l d u c ts , s te e r in g  w h e e ls ,  fa n  sh ro u d s, 
e le c tr ic  b o x  c o n n e c to r s , b attery  c a se s .
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A c r y lo n itr ile  B u ta d ie n e  S ty ren e  (A B S )
A B S  is  a lso  th e  m o s t  w id e ly  u se d  as in stru m en t p a n e ls , in ter io r  trim , 

p la ted  part, crash  p a d s, sk in s  ( in  c o m b in a tio n  w ith  P V C ), e tc . T h e  o th er  

s ty ren ic  b a se d  p o ly m e r , su c h  as p o ly (s ty r e n e -a c r y lo n itr ile )  ( S A N ) ,  
sty ren e  m a le ic  a n h y d r id e (S M A ) are a lso  u se d  fo r  in stru m en t p a n e ls .

N y lo n
U n f i l le d  n y lo n -6 , n y lo n -6 /6 ,  an d  n y lo n s  11 an d  12  are u se d  as  

e le c tr ic a l, fu e l sy s te m , an d  m e c h a n ic a l parts, e .g . g ea rs , d o o r  h a n d le , 
b r a k e -flu id  r e serv o ir  an d  e le c tr ic a l p arts, e .g . c a b le  ja c k e t in g , la m p  

s o c k e ts  an d  p lu g s .

N y lo n  f i l le d  w ith  g la s s  h a s  b e e n  u s e d  fo r  stru ctu ra l a p p lic a t io n s  

su c h  a s  h ea d la m p  h o u s in g s , k e y lo c k  h o u s in g s , fen d er  e x te n s io n s ,  an d  

w in d o w  lo u v e r s .

P o ly u r e th a n e
P o ly u r e th a n e  (P U )  is  a lso  c o m m o n ly  u s e d  in  a u to m o b ile . 

A p p lic a t io n s  in c lu d e  s e a tin g , in ter io r  p a d d in g , e x te r io r  b o d y  p a n e ls ,
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c o m p le te  so f t  fro n t e n d s , c o m p o n e n ts  m o u n ted  in  th e  e n g in e  sp a c e  and  

a c c e s s o r ie s  su c h  a s  m irror su rrou n d s an d  sp o ile r s .

O ther p o ly m e r s
O th er  p o ly m e r s  an d  th e ir  a p p lic a tio n s  u se d  in  a u to m o b ile  are le s s  

c o m m o n  su c h  as
- a c e ta l ะ fu e l s y s te m  p arts, s e a t-b e lt  r e le a se  m e c h a n ism
- p o ly c a r b o n a te  : b u m p er  fa sc ia
-  g la s s  r e in fo r c e d  p o ly (e th y le n e  terep h th a la te ) (P E T ) : s id e  r o o f  rail
- p o ly s u lfo n e  (P S F ) ะ c lim a te -c o n tr o l p a n e l
- g la s s  r e in fo r c e d  p o ly p h e n y le n e  o x id e  (P P O ) ะ in stru m en t p a n e l

- a c r y lic  ะ le n s e s
- p o ly e th y le n e  ะ g a s  ta n k s , v a le n c e  p a n e l
- c e l lu lo s ic  ะ s te e r in g  w h e e l  c o v e r
- g la s s  r e in fo r c e d  p h e n o lic  ะ T r a n sm iss io n  reac to r
- th e r m o p la s t ic  e la s to m e r s  : fa sc ia , p is to n  se a l, v a c u u m -d r iv e n  

d ia p h ra g m  m o to r
- g la s s  a n d  g r a p h ite  f ib e r s  r e in fo r c e d  v in y l  e s te r  ะ c o m p o s it e -

d r iv e sh a ft  (K le in , 1 9 8 8  an d  W ig o tsk y , 1 9 9 2 )
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E x a m p le  o f  th e  car w h ic h  u se d  p la s t ic  m a ter ia ls  is  s h o w e d  in  F ig u re
2 .1 6 .

F ig u re  2 .1 6  L o c a tio n  o f  p la s t ic  parts in  T o y o ta  C am ry  car. 
(T o y o ta  C o .,L td )
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R e le v a n t  litera tu re r e v ie w
M .O m o to , J .K u sters , D .S o p h ie a , D .K le m p n e r  an d  K .C .F r isc h  ( 1 9 8 8 )  

p rep ared  a p se u d o -in te r p e n e tr a tin g  p o ly m e r  n e tw o rk  (p s e u d o -IP N )  o f  

p o ly u re th a n e  (P U )  an d  p o ly  (v in y l  c h lo r id e )  (P V C ). T h e  p o ly u r e th a n e  

u se d  is  b a se d  o n  a m ix tu re  o f  p o ly c a p r o la c to n e  g ly c o l  (P C L ), m is c ib le  

w ith  P V C , an d  p o ly (o x y p r o p y le n e  g ly c o l)  (P P G ), im m is c ib le  w ith  P V C . 
E x p e r im e n ta l d ata  fro m  d y n a m ic  m e c h a n ic a l sp e c tr o sc o p y  in d ic a te d  that 

in c r e a s in g  th e  c o n te n t  o f  P P G -b a se d  P U  d e c r e a se d  th e  c o m p a tib il ity  o f  

th e  r e su lt in g  P U  w ith  P V C . T e n s ile  stren gth  in c r e a se s  at lo w e r  P U  

c o n te n t  d u e  to  in c r e a s in g  P V C  c o n te n t and  an  in terp en etra tin g  e f fe c t .

P .K .B a n d y o p a d h y a y  an d  M .T .S h a w  ( 1 9 8 2 )  in v e s t ig a te d  th e  

p la s t ic iz a t io n  o f  p o ly (v in y l  c h lo r id e )  (P V C ) b y  p o ly u r e th a n e s  (P U )  m a d e  

from  p o ly c a p r o la c to n e  (P C L ) d io l  an d  p ,p '-d ip h e n y lm e th a n e  

d iiso c y a n a te  (M D I) . B y  v a r y in g  th e  P C L  ch a in  le n g th , th e  m is c ib i l i ty  o f  

P U  in  P V C  in c r e a se d  b y  in c r e a s in g  th e  P C L  c h a in  le n g th , i .e . ,  d e c r e a s in g  

th e  M D I  c o n te n t. P U  c o n ta in in g  h ig h  m o le c u la r  w e ig h t  P C L  s lo w ly  

c r y s ta ll iz e  fro m  th e  5 0 :5 0  b len d . T h e  rate o f  c r y s ta ll iz a t io n  d e p e n d s  o n  

P V C /P U  ra tio . T h e  r e p la c e m e n t o f  P C L -2 0 0 0  s e g m e n t  b v  p o lv e th e r  

g ly c o l  p r o d u c e d  P U  w ith  d e c r e a se d  m is c ib i l i ty  in  P V C . T h is  e v id e n c e
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r e v e a le d  b y  a b ro a d en ed  g la s s  tra n s itio n s  and  h ig h  d a m p in g  p ro p er tie s  

o v e r  w id e  r a n g es  o f  tem p eratu re .

N .N a tc h im u th u , P .R a ja lin g a m  an d  G .R a n h a k r ish n a n  ( 1 9 9 2 )  

sy n th e s iz e d  tern ary  s e m i-I P N  o f  n itr o c e llu lo se  (N C ), p o ly ( v in y l  c h lo r id e -  

c o -v in y l  a c e ta te )  (V c -V a c  c o p o ly m e r )  an d  p o ly p r o p y le n e  g ly c o l-b a s e d  

p o ly u re th a n e  (P U ). T h e  r e su lt in g  p o ly m e r s  w e r e  ch a ra c ter ized  u s in g  

F T -IR , S E M  an d  D S C . T h e  s e m i-IP N  o f  N C /P U  w a s  fo u n d  to  b e  

in c o m p a tib le  w h e r e a s  tern ary  s e m i-IP N  o f  N C /V c - V A c  c o p o ly m e r /P U  

w a s  p a r tia lly  c o m p a tib le . F T -IR  in d ic a te d  h y d r o g e n  b o n d in g  b e tw e e n  th e  

u reth a n e g ro u p s  and  th e  c a rb o n y l g ro u p s o f  th e  c o p o ly m e r . S E M  an d  

D S C  resu lts  in d ic a te d  im p r o v e d  c o m p a tib ility  fo r  th e  tern ary  

s y s te m .T e n s i le  stren g th  in c r e a se d  w h e n  th e  p ro p o rtio n  o f  N C  to  V c - V A c  

c o p o ly m e r  in c r e a se d , an d  N C O /O H  ratio  in crea sed .

S .J .K im , B .K .K im  an d  H .M .J e o n g  ( 1 9 9 4 )  s tu d ie d  th e  m is c ib i l i ty  o f  

th e r m o p la st ic  e la s to m e r ic  p o ly u r e th a n e  (T P U ) w ith  p o ly ( v in y l  c h lo r id e )  

(P V C ). T h e  fo rm er  w e r e  p rep ared  fro m  4 ,4 '-d ip h e n y lm e th a n e  

d iiso c y a n a te  (M D I) , h y d r o x y -te r m in a te d  p o ly (b u ty le n e  a d ip a te ) (P B A )  

an d  d im e th y lo lp r o p io n ic  a c id  (D M P A ). T h e  r e su ltin g  p o ly m e r  s h o w e d  a
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s in g le  T g , ir r e sp e c t iv e  o f  n e u tr a liz a tio n  o f  c a r b o x y lic  a c id  g ro u p s  o f  th e  

D M P A  u n it  in  T P U  b y  T E A . W h e n  h y d r o x v -te r m in a te d  p o ly p r o p y le n e  

g ly c o l)  (P P G ) w a s  u se d  as th e  so ft  s e g m e n t  in s te a d  o f  h y d r o x y -  

term in a ted  P B A , tw o  sep ara te  T g ’s o f  P V C  an d  T P U  w e r e  o b se r v e d , 
ir r e sp e c tiv e  o f  n eu tra liza tio n .

H .X .X ia o , K .C .F r isc h , H .L .F r isc h  ( 1 9 8 3 )  in v e s t ig a te d  th e  e f f e c t  o f  

v a r ia tio n  o f  th e  N C O /O H  ratio  o f  th e  p o ly u r e th a n e (P U ) p r e p o ly m e r , and  

th e  m o le c u la r  w e ig h t  (M W ) o f  th e  p o ly o ls  in  th e  P U  c o m p o n e n t  o n  th e  

m e c h a n ic a l p ro p er tie s  an d  m o r p h o lo g y  o f  P U -P o ly (m e th y l  m e th a cry la te )  

IP N s . P U  p r e p o ly m e r s  w e r e  p rep ared  from  th e  r e a c tio n  o f  p o ly  

(o x y te tr a m e th y le n e )g ly c o l  an d  4 ,4 '-d ip h e n y lm e th a n e  d iiso c y a n a te . T h e  

m e c h a n ic a l p ro p er tie s  in c r e a se d  w ith  in c r e a s in g  N C O /O H  ra tio  an d  

d e c r e a se d  w ith  in c r e a s in g  M W  o f  th e  p o ly o l  in  P U . T h e  m o r p h o lo g y  w a s  

s tu d ie d  u s in g  D S C  an d  S E M . Im p ro v ed  p h a se  c o m p a tib il ity  w a s  

o b se r v e d  w h e n  N C O /O H  ratio  in c r e a se d  an d  M W  o f  th e  p o ly o l  

d e crea sed .

D .S .L e e  an d  S .C .K im  ( 1 9 8 4 )  s y n th e s iz e d  a s im u lta n e o u s  

in terp en etra tin g  p o ly m e r  n e tw o r k s  o f  p o ly u r e th a n e  (P U )  - p o ly (m e th y l
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m eth a cry la te )  (P M M A ) u n d er  h ig h  p ressu re . T h e  m o r p h o lo g y  w a s  

s tu d ie d  u s in g  T E M , an d  th e  T g  b e h a v io r  u s in g  D M A  an d  D S C . T h e  

c o m p o s it io n  o f  th e  P U  an d  P M M A  w a s  f ix e d  at 5 0 /5 0 %  b y  w e ig h t . T h e  

d o m a in  s iz e s  o f  P U  p h a se  d e c r e a se d  fro m  a b o u t 3 0 0  to  3 0 °  w ith  

in c r e a s in g  sy n th e s is  p ressu re  fro m  1 2 5 0  to  2 0 0 0 0  k g /c m 2. A  b road  T g  

w a s  o b se r v e d  w h e n  I P N ’s w e r e  sy n th e s iz e d  u n d er  h ig h  p ressu re  w h ic h  

sh o w e d  th e  in c r e a se d  d e g r e e  o f  in terp en etra tio n  o f  th e  c o m p o n e n t  

n etw o rk s .

G .B .G u is e  an d  G.c.S m ith  in v e s t ig a te d  th e  in f lu e n c e  o f  c o m p o s it io n
o n  th e  p ro p er tie s  o f  c a s t  p o ly u r e th a n e s  p rep ared  in  a o n e -s te p
s to ic h io m e tr ic  r e a c tio n  o f  d iiso c y a n a te  w ith  p o ly c a p r o la c to n e (P C L ) d io l,
an d  P C L  tr io l c r o s s lin k in g  a g e n t w ith  1 ะ 1 h y d r o x y l- is o c y a n a te . In  s o m e
fo r m u la tio n s  th e  e la s to m e r ic  p ro p er tie s  w e r e  lo s t  d u e  to  th e
c r y s ta ll iz a t io n  o f  P C L  so f t  s e g m e n ts , w h ic h  te n d e d  to  c r y s ta ll iz e  m o re

♦

r e a d ily  th a n  h arder o n e s . T h e se  m a ter ia ls  sh o w e d  th e  m e lt in g  a n d  g la s s  

tr a n s itio n s  w h e n  e x a m in e d  b y  D S C  an d  T M A . T h e  m o le c u la r  w e ig h t  o f  

th e  P C L  d io l h ad  a grea ter  in f lu e n c e  o n  th e  T g  th a n  th e  d io l
c o n cen tra tio n .
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