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N a tu ra l r u b b e r  (NR) i s  a  h ig h  m o le c u la r  w e ig h t p o iy m e r . irh o se  

c h e m ic a l s t r u c tu r e  i s  c i s - l ,4 - p o l y i s o p r e n e .  T h e  c ru d e  r u b b e r  a s  o b ta in e d  

from  th e  t r e e  c o n ta in s , in  a d d i t io n  to  th e  p u re  r u b b e r  h y d ro c a rb o n , v a r io u s  

o th e r  su b s ta n c e s  l ik e  p r o t e in s ,  f a t s  and  f a t ty  a c id s ,  c a r b o h y d r a te s ,  m inera l 

m a tte r  e tc .  T he h y d ro c a rb o n  c o n ten t i s  r e p o r te d  to  b e  abo u t 94% (A llen  

and  B lo o m fie ld . 19 6 3 ). T h e  n o n - ru b b e r  . s u b s ta n c e s ,  a lth o u g h  o n ly  p re se n t 

in  low c o n c e n tra t io n s , in f lu e n c e  th e  ch e m ic a l and  p h y s ic a l  p r o p e r t i e s  of 

th e  h y d ro ca rb ff li p o ly m e r . T he c is  co n ten t o f th e  p o ly m e r  w as r e p o r te d  

to b e  a lm o s t 100%. But a  re c e n t  w o rk  (T an ak a . 1985) in d ic a te d  th e  p re se n c e  

o f ab o u t th r e e  t r a n s  u n i t s  p e r  c h a in . T he p r o p e r t i e s  o f NR d ep en d  v e ry  

much upon th e  s t a te  o f c r o s s l in k in g .  T h e re fo re ,  th e  im p o rta n t p r o p e r t i e s  

o f th e  raw  u n v u lc a n iz e d  r u b b e r  and  th o se  o f  th e  v u lc a n iz e d  r u b b e r  a re  

d is c u s se d  s e p a r a te ly .  ^

UNVULCANIZED RUBBER

M olecu lar w eigh t

As n a tu ra l  r u b b e r  i s  a l in e a r  lon^ c h a in  p o ly m e r , i t  i s  com posed 

o f m o lecu les o f d i f f e r e n t  s iz e .  T h e re fo re , th e  n u m e ric a l v a lu e  of I ts  

m o lecu la r  w eig h t d e p e n d s  on how th e  n o te ro e e n e l ty  i s  a v e ra g e d . T hus i t  

can  be e x p r e s s e d  e i t h e r  a s  num ber averagie m o lecu la r  w e ig h t, Mn o r  as 

w e ig h t a v e ra g e  m o le c u la r  w e ig h t, Mw. T he r e la t io n  betw een  Mn and Mw 

d e p e n d s  on th e  m o le c u la r  w eigh t d i s t r ib u t io n .  T h e  tw o a v e ra g e s  a r e  eq u a l 

o n ly  w hen th e  p o ly m e r  i s  hom ogeneous. In o th e r  c a s e s ,  i t  i s  found th a t 

Mw > Mn. T he w e ig h t a v e ra g e  m o lecu la r  w e ig h t o f n a tu r a l  r u b b e r  ran g es 

from  30000 to abo u t 10 m ill io n . A random  b le n d  w ould  h a v e  a  w eig h t a v e ra g e  

m o lecu la r  w e ig h t o f  ab o u t 2 x  10^ and a n u m b er a v e ra g e  m o lecu la r w eight 

of ab o u t 5 X 10^. D ete rm in a tio n  o f Mn of n a tu ra l  r u b b e r  in v o lv e s  m easurem ent 

of c o l l ig a t iv e  p r o p e r t i e s ,  l ik e  o sm o tic  p r e s s u re  (B ris to w  and P la c e . 1962). 

M easurem ent o f Mw Is  p o s s ib le  b y  th e  l i g h t - s c a t t e r in g  m ethod  w h ic h  is



p a r t i c u l a r ly  u se fu l f o r  p o ly m e rs  w ith  m o le c u la r  w e ig h ts  in  th e  re g io n  of 

10® (S ch u lz  e t  a l .  1956).

I n t r in s ic  v is c o s i ty  m easu rem en ts  h a v e  been  w id e ly  u sed  fo r  th e  d e t e r ­

m in a tio n  o f m o lecu la r  w e ig h t o f  n a tu r a l  r u b b e r  u sin g  to lu en e  a s  s o lv e n t  

(O nyon, 1959).

M olecu la r w e ig h t d i s t r ib u t io n

In a d d i t io n  to  th e  m easu rem en ts  o f Mn and Mw, a  fu l l  c h a r a c te r iz a t io n  

of a  p o ly m e r  l i k e  n a tu ra l  r u b b e r  r e q u i r e s  d e te rm in a tio n  o f I t s  m o le c u la r  

w e ig h t d i s t r ib u t io n  (MWD). U sing d i r e c t  v is u a l  m easurem ent o f  s i z e s  o f 

n a tu r a l  r u b b e r  m o le c u le s . S ch u lz  and  Mula (1960) d e te rm in e d  I t s  m o le c u la r  

w e ig h t d i s t r ib u t io n .  T h is  m ethod  i s  r e s t r i c t e d  to  m o lecu la r w e ig h ts  in  e x c e s s  

o f a p p ro x im a te ly  5 x  10^ . L a te r ,  u sin g  m o re  ad v an ce d  te c h n iq u e s  l i k e  g e l 

p e rm e a tio n  c h ro m a to g ra p h y  (G P C ), S ubram anlam  (1972) d e m o n s tra te d  th a t  

th e  m o lecu la r  w eig h t d i s t r ib u t io n  o f u n m a s tic a te d  n a tu ra l  r u b b e r  I s  d i s t i n c t ly  

b lm o d a l. T h e  MWD c u rv e  sh o w s th a t  th e  p e a k  a t  lo w e r  m o le c u la r  w e ig h t 

Is  l e s s  p ronounced  th a n  th a t  o f th e  h ig h e r  m o le c u la r  w e ig h t. T h e  d i s t r i c tu io n  

Is  w id e , th e  r a t i o  M/Mn bein g  In th e  ra n g e  of 2 .5  to  10. T h e  v a r io u s

co inm ercia l g ra d e s  o f  NR show  d if fe r e n c e s  in  m o lecu la r  w eigh t and  I t s  d i s t r i ­

b u tio n . S to rag e  h a rd e n in g  of NR te n d s  to  ch an g e  th e  sh a p e  o f i t s  MWD c u rv e  

from  b im o d al to  un lm odal and  to  r a i s e  jiiw s l i g h t l y .

I t  h a s  long b e e n  know n th a t  p r o p e r t i e s  o f raw  NR a r e  c h a r a c t e r i s t i c  

of th e  c lo n e s  from  w h ic h  th e  r u b b e r  i s  o b ta in e d .  Subramciniam (1975) s tu d ie d  

c lo n a l v a r ia t io n  in  m o le c u la r  w e ig h t and i t s  d i s t r ib u t io n  u s in g  GPC. T hough  

th e  ran g e  of m o le c u la r  w e ig h t i s  n e a r ly  th e  sam e f o r  a l l  th e  c lo n e s , th e  

m ean v a lu e s  and th e  s h a p e s  o f th e  MWD c u rv e s  a r e  d i f f e r e n t .  W hile th e  

low and a v e ra g e  m o le c u la r  w e ig h t c lo n a l r u b b e r s  show  d i s t i n c t  b im o d a l 

d i s t r ib u t io n ,  th e  h ig h  m o le c u la r  w e ig h t c lo n a l r o b b e r s  u su a lly  show  a u n i-

m odal d i s t r ib u t io n  w ith  a  s h o u ld e r  o f  s h a llo w  p la te a u  in  th e  low  m o le c u la r  

w e ig h t re g io n . T he e f fe c t  o f  th e  y ie ld  s t im u la n t  'e t h r e l '  on th e  m o le c u la r  

w e ig h t and  i t s  d i s t r i b u t io n  w as s tu d ie d  b y  S ubram anlam  (1971) and i t  w as

show n  th a t  th e  a v e ra g e  m o lecu la r  w e ig h t d e c re a s e s  q u ite  s h a r p l y  a  few  

d a y s  a f t e r  s t im u la tio n . As th e  e f fe c t  o f th e  s tim u la n t w e a rs  o f f ,  th e  m o le c u la r  
w e ig h t r e c o v e r s  to  r e a c h  norm al v a lu e s .  MWD s tu d ie s  in d ic a te d  t h a t  th e  

a d d i t io n a l  la te x  o b ta in e d  from  th e  s t im u la te d  t r e e s  co n ta in s  a g r e a te r  p r o ­

p o r t io n  of lo w e r n '.o lecu lar w e ig h t m a te r ia l .

M acro and m icro  gel

When NR i s  im m ersed  in  a  s o lv e n t ,  th e  r u b b e r  f i r s t  s w rU s .  On

p ro lo n g ed  s ta n d in g  som e s o lu b le  r u b b e r  i s  e x t r a c te d  from  th e  sw o lle n  g e l .T h is 

phenom enon g iv e s  r i s e  to  a tw o -p h a se  th e o r y  o f  r u b b e r ,  c o m p ris in g  's o l*



and  'g e l '  p h a s e s  and  v a r io u s  f a c to r s  a r e  r e s p o n s ib le  fo r  in c r e a s in g  th e

p r o p o r t io n  of e i t h e r  o f  t h e s e  p h a s e s  a t  th e  e x p e n s e  o f th e  o th e r .  T he gel

p h a s e  c o n s is ts  o f  th e  m o re  h ig h ly  b ra n c h e d  and  l i g h t l y  c r o s s l in k e d  

com ponents o f th e  r u b b e r  c lo s e ly  in te r tw in e d  w ith  in so lu b le  h ig h -m o le c u la r  

n o n - ru b b e r  su b s ta n c e s  l i k e  p r o te in s .  T h e  p h a s e  th u s  o b s e rv e d  in  s o l id

o r  la te x  r u b b e r  w h ic h , u n d e rw en t p ro lo n g e d  s to r a g e  i s  known a s  m acro g e l.

T h e  in c r e a s e  in  th e  m acrogeJ co n ten t d u r in g  s to r a g e  i s  r e s p o n s ib le  fo r  th e

h a rd e n in g  o f r u b b e r  s to r e d  in  b u lk  (W ood. 1 9 5 3 ). F a c to rs  su c h  a s  m ech an ica l 

s h e a r  o r  o x id a t iv e  d e g ra d a tio n  e t c .  a r e  know n to  d isa g g re g a te  th e  m dcro 

g e l a n d  to  m ake I t  s o lu b le .

F re s h  NR la t e x  ccx italns c r o s s l in k e d  p a r t i c l e s  o f c o l lo id a l  d im e n s io n s . 

B lo o m fie ld  (1951) co in ed  th e  nam e m ic ro g e l fo r  th i s  c ro s s l in k e d  f ra c tio n  

in  H evea la te x  c o n s id e r in g  t h e i r  s i m i l a r i t y  w ith  th e  m icro g e l in  SBR la te x .  

T h e  u su a l c o n c e n tra tio n  o f m ic ro g e l in  n o rm a l H eves la te x  i s  o f  th e  o rd e r  

of 7-30%. bu t in  long r e s t e d ,  and p a r t i c u l a r l y  new ly  o p ened  t r e e s ,  i t  may 

be  a s  h ig h  a s  60-S0%. B oth  m ic ro g e l an d  m acrogel in  r u b b e r  h a v e  

te c h n o lo g ic a l im p lic a t io n s .  W hile m acro g e l i s  r e s p o n s ib le  f o r  s to ra g e  

h a rd e n in g , fo rm a tio n  o f m ic ro g e l in  l a te x  a f f e c t s  o n ly  th e  o r ig in a l  le v e l  

m elt v i s c o s i ty  o f th e  r e s u l t in g  r u b t ie r .  U n lik e  m ac ro g e l, w h ich  i s  fo rm ed  

in  d r y  r u b b e r  cm s to r a g e ,  m ic ro g e l i s  fo rm ed  in  th e  la te x  p r e s e n t  w ith in  

th e  v e s s e l s  o f  th e  t r e e .  S e k h a r  (1962) r e p o r te d  th a t  m icrogel fo rm atio n  

in  la te x  i s  in i t i a t e d  b y  a ld e h y d e  co n d e n s in g  g ro u p s , num bering  betw een  

100 and  420 p e r  p o ly is o p re n e  m o lecu le .

C ha in  b ra n c h in g

T h e  p re s e n c e  o f ab n o rm a l c h e m ic a l g ro u p s  on th e  ru b t ie r  c h a in  i s  

b e l ie v e d  to  c a u s e  fo rm a tio n  o f b ra n c h e d  c h a in s .  B ris to w  (1962) sh o w ed  

th e  e x is te n c e  o f b ra n c h e d  c h a in s  in  n a tu r a l  r u b b e r  th ro u g h  d i lu te  so lu tio n  

v is c o m e try .  C h a in  b ra n c h in g  i s  r e s p o n s ib le  f o r  th e  lo w er v a lu e s  of m o lecu la r  

w e ig h t d e te rm in e d  by  GPC te c h n iq u e s . T h e  rh e o lo g ic a l  p r o p e r t i e s  o f NR 

a r e  s t r o n g ly  in flu e n ced  b y  lonp c h a in  b r a n c h in g . T he slow  r a t e  o f s t r e s s  

r e la x a t io n  o f H evea rub t> e r co m p ared  to  g u a y u le  and s y n th e t ic  p o ly is o p re n e  

rub t> e r h a s  a ls o  been  a t t r ib u t e d  to  c h a in  b ra n c h in g  (M ontes and W h ite .19 8 2 ).

S to ra g e  h a rd e n in g

N a tu ra l r u b b e r ,  e i t h e r  in  th e  form  o f  l a te x  o r  s o l id  r u b b e r ,  w hen 

s to r e d  fo r  long p e r io d s ,  d e v e lo p s  h ig h e r  h a r d n e s s ,  a s  m easu red  b y  Mooney 

v i s c o s i ty  o r  W allace p l a s t i c i t y  I t  i s  a ls o  know .: th a t  th e  change in  v i s c o s i ty  

i s  g r e a te r  i f  th e  i n i t i a l  v i s c o s i ty  i s  lo w e r .  T he h a rd e n in g  p r o c e s s  i s  

a c c e le ra te d  b y  low  r e l a t i v e  h u m id ity  an d  h ig h e r  te m p e ra tu re  o f s to r a g e .



T he in c r e a s e  in  h a r d n e s s  o c c u rr in g  w hen am m onlated  l a te x  i s  s to r e d  i s  

b e l ie v e d  to  b e  th e  r e s u l t  o f i n t r a - p a r t i c l e  c ro s s l in k in g  an d  m ic ro g e l 

fo rm a tio n . H ow ever, w ith  s o l id  r u b b e r  th e  c ro s s l in k in g  p r o c e s s  i s  no t 

c o n fin ed  to  th e  o r ig in a l  la te x  p a r t i c l e .

T h e  m echanism  of s to r a g e  h a rd e n in g  i s  know n to  in v o lv e  c a rb o n y l 

g ro u p s  in  r u b b e r ,  s in c e  h a rd e n in g  i s  a lm o st f u l ly  s u p p re s s e d  b y  th e  a d d i t io n  

to  l a t e x  o f r e a g e n ts  t h a t  co u ld  b lo c k  c a rb o n y l g ro u p s  (S e k h a r ,  195 8 ). I t  

i s  p o s s ib le  to  e s t im a te  th e  n u m b er o f  su c h  c a rb o n y l  g ro u p s  p e r  r u b b e r  

m o lecu le  b y  m easu rin g  th e  c o n c e n tra tio n  o f  h y d ro x y Ja ro in e  r e q u i r e d  to  f u l ly  

i n h i b i t  s to r a g e  h a rd e n in g , and v a lu e s  o f  9 -29  w e re  found fo r  a  n u m b er of 

c lo n a l  r u b b e r s .  T h e  am ino a c id s  p r e s e n t  among th e  n o n - ru b b e r  c o n s t itu e n ts  

a r e  a l s o  b e l ie v e d  to  b e  p la y in g  a  r o le  in  th e  h a rd e n in g  r e a c t io n  (G re g o ry  

and T an , 1975). T he ch an g e  in  h a rd n e s s  co u ld  be  q u i te  la r g e .  N a ir  (1970) 

co m p ared  m elt v i s c o s i ty  o f ru b t> e rs  p r e p a r e d  from  o r d in a ry  and  v i s c o s i ty -  

s t a b i l i s e d  l a t i c e s  of d i f f e r e n t  c lo n e s . F o r  th e  fo rm e r , W allace p l a s t i c i t y  

v a lu e s  w ere  found to  be 10-45% h ig h e r ,  d ep e n d in g  u p o n  th e  c lo n a l so u rc e .

Low te m p e ra tu re  c r y s ta l l i z a t io n

In  th e  raw  fo rm , n a tu r a l  r u b b e r  f re e z e s  ev e n  a t  0°C i f  th e  e x p o s u re  

tim e  i s  s u f f ic ie n t ly  long ( s a y .  one w e e k ) . T h is  a ls o  c a u se s  s t i f f e n in g  of 

raw  r u b b e r  d u r in g  s to r a g e  (B ris to w  and S e a r s ,  19 8 2 ). T he maximum r a t e  

of c r y s t a l l i z a t i o n  o c c u rs  a t  ab o u t -24®C w hen c r y s t a l l i z a t i o n  i s  v i r tu a l l y  

c o m p le te  in  ab o u t e ig h t  h o u r s . Such f ro z e n  r u b b e r  can  be  th a w e d  to  i t s  

o r ig in a l  am o rp h o u s c o n d itio n  in  s e v e ra l  h o u rs  a t  70-100°C . Any s ig n if ic a n t  

s t i f f e n in g  d ue  to  c r y s t a l l i z a t i o n  can  b e  a v o id e d  b y  e n su rin g  s to r a g e  ab o v e  

15°C . I t  m ay b e  n o ted  th a t  l a b o r a to ry  m easu rem en ts  a t  room  te m p e ra tu re  

can  be  in f lu e n c e d  b y  v e r y  sm a ll am ounts o f p r e - e x is t in g  c r y s ta l l i z a t io n .

M elting  te m p e ra tu re . Tm

T h e  te m p e ra tu re  a t  w h ic h  th e  l a s t  t r a c e s  o f  c r y s t a l l i n l t y  d i s a p p e a r  

i s  u s u a l ly  d e s c r ib e d  a s  m e ltin g  te m p e ra tu re , Tm. T he e x p e r im e n ta l  

p ro c e d u re s  u se d  fo r  th e  d e te rm in a tio n  o f Tm p r e s e n t  d i f f i c u l t i e s  and  th e  

o b s e rv e d  v a lu e s  a r e  in flu e n ced  b y  f a c to r s  l i k e  c h e m ic a l m o d if ic a tio n , 

p re s e n c e  o f d i lu e n ts ,  d e g re e  o f d e fo rm a tio n  of th e  am o rphous m a te r ia l  e tc .  

T h e  o b s e rv e d  m elting  te m p e ra tu re  a ls o  d e p e n d s  m a rk e d ly  on th e  te m p e ra tu re  

a t  w h ic h  c r y s t a l l i z a t i o n  o c c u rs .  I t  i s  p ro b a b le  th a t  in  th e  c a s e  o f NR, 

th e  low  m eltin g  te m p e ra tu re s  o b s e rv e d  w hen th e  c r y s t a l l i z a t i o n  ta k e s  p la c e  

a t  a  r e l a t i v e l y  low te m p e ra tu re , r e f l e c t  th e  im p ro b a b i l i ty  o f fo rm ing  la rg e  

c r y s t a l s  u n d e r  th e s e  c o n d i t io n s . A lthough  a  v a lu e  o f 28°C h a s  been  a s s ig n e d  

fo r  th e  Tm of NR, a  v a lu e  o f 30°C and  h ig h e r  h a v e  been  o c c a s io n a lly
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r e p o r t e d .  H ow ever, th e y  h a v e  been  a t t r ib u t e d  to  th e  p re se n c e  o f som e d eg ree  

o f o r ie n ta t io n  in  th e  am o rp h o u s r u b b e r  p r i o r  to  c r y s ta l l i z a t io n  {Andrews 

and G en t, 1963h

T ra n s i t io n  te m p e ra tu re s

One of th e  m ost fundam en ta l m e asu rem en ts  on an y  p o ly m e r  Is  th e

m easu rem en t o f th e  te m p e ra tu re C s)  a t  w h ic h  s o l id  s t a te  t r a n s i t io n s  o ccu r, 

s in c e  s p e c i f ic  p r o p e r t i e s  and th e  m anner o f  u sa g e  d e p e n d  to  a  la rg e  e x te n t 

on th e  r e la t io n  o f  th e s e  t r a n s i t io n  te m p e ra tu re s  to  th e  te m p e ra tu re  a t  w hich 

th e  m a te r ia l  I s  to  be u s e d . A ll p o ly m e r ic  m a te r ia ls  w i l l ,  a t  som e tem pe­

r a t u r e .  u n d e rg o  a  'g l a s s  t r a n s i t io n  (T g) ch an g e  from  a  p la s t i c  to  a ru b b e ry  

s t a te .  In  a d d i t io n ,  many p o ly m e r ic  m a te r ia ls  e x h i b i t  a  f i r s t  o r d e r  tr a n s i t io n  

a t  a  te m p e ra tu re  (T m ], r e s u l t in g  from  th e  m eltin g  o f  th e  p o ly m e r  c r y s ta l s  

to  form  an  am o rp h o u s r u b b e r .  In g e n e ra l ,  a  u se fu l r u b b e r  s h o u ld  h a v e  a  

Tg c o n s id e ra b ly  below  th e  te m p e ra tu re  o f a p p l ic a t io n  and  h a v e  su c h  a 

s t r u c tu r e  th a t  c r y s t a l l i z a t i o n  w ith  I t s  a s s o c ia te d  in c r e a s e  in  h a rd n e s s  does 

no t t a k e  p la c e  on long te rm  s ta n d in g  of th e  f i n is h e d  p ro d u c t .

S p e c if ic  volum e m easu rem en ts on NR h a v e  e s ta b l i s h e d  a  Tg of -72*C.

B o y e r (1963) r e p o r te d  many of th e  c o m p le x i t ie s  a s s o c ia te d  w ith  s o l id  s ta te  

t r a n s i t i o n s .  S in ce  su c h  t r a n s i t io n s  a r e  a s s o c ia te d  w ith  th e  a llo w an ce  of 

som e h i t h e r to  r e s t r i c t e d  c h a in  se g m en ta l m o tio n , i t  h a s  been  found to  change 

w ith  d e g re e  o f  c ro s s l in k in g  in  NR s to c k s  (W ood e t  a l .  1972). P re se n c e  o f 

c a rb o n  b la c k  h a s  r e l a t i v e l y  l i t t l e  e f fe c t  on T g . I f  low o p e ra tin g  te m p e ra tu re s  

a r e  d e s i r e d ,  p l a s t l c i s e r s  m ay b e  in c o r p o ra te d  and  t h i s  i s  found to  d e p re s s  

th e  Tg of NR, th e  d e g re e  o f d e p r e s s io n  b e in g  d e p e n d e n t on th e  v is c o s i ty  

o f th e  p l a s t i c l s e r .  Of a l l  th e  e la s to m e r ic  m a te r ia ls  show ing  f i r s t  o rd e r  

t r a n s i t i o n ,  ncNie h a s  been  s tu d ie d  a s  e x te n s iv e ly  a s  NR. T h is  s i tu a t io n  a r i s e s  

from  a  num ber o f  f a c to r s ,  p a r t i c u l a r ly  th e  f a c t  th a t  NR w as found to  undergo  

c r y s t a l l i z a t i o n  a t  a r e a d i ly  m e a su ra b le  r a t e  a t  co n v en ien t te m p e ra tu re s  and 

h e n c e  s e rv e d  a s  a modeJ fo r  th e  d e v e lo p m e n t o f e x p e r im e n ta l  and  th e o re tic a l  

t r e a tm e n ts  o f c r y s ta l l i z a t io n  o f p o ly m e rs  in  g e n e ra l .  A d e ta i le d  sum m ary 

of a  v a r i e ty  o f e x p e r im e n ta l  w ork  on th e  c r y s t a l l i z a t i o n  o f NR was made 

b y  A n d rew s and  Gent (19 6 3 ).

R u b b e r  s o lv e n t  in te ra c tio n s

In fo rm a tio n  on th e  in te r a c t io n s  o f a p o ly m e r  w ith  a  g iv e n  so lv e n t 

can  b e  o b ta in e d  from  m easu rem en ts  o f p r o p e r t i e s  o f d i lu te  so lu tio n s  such  

a s  v i s c o s i ty ,  o sm o tic  p r e s s u re ,  l i g h t  s c a t t e r in g  e tc .  H ow ever, m easu-'em ents 

m ade o v e r  a  much b r o a d e r  c o n c e n tra t io n  ra n g e  p r o v id e  d a ta  on so lv e n t 

r e s i s t a n c e  o f p o ly m e rs  and on th e  c h a r a c t e r i s t i c s  o f  v u lc a n iz a te s  p re p a re d



th e re f ro m . T h e  m ost g e n e ra l ly  a p p l ie d  te c h n iq u e  fo r  m easu rin g  su c h  in t e r ­

a c tio n s  in v o lv e s  com bin ing  e q u il ib r iu m  s w e ll in g  m e asu rem en ts  on v u lc a n is e d  

r u b b e r  w ith  som e p a ra m e te r s  c h a r a c ie r i s in g  th e  v u lc a n iz a te  n e tw o rk  by

m eans o f th e  fo llo w in g  e q u a tio n  (F lo r y  and  R e h n e r, 19 4 3 ).

-  ln ( l - V  ) -  V -  y v l  = (1 )
^ RT

w h e re  i s  th e  volum e f ra c tio n  o f r u b b e r  a t  e q u i l ib r iu m  s w e ll in g , Vo i s  

th e  m o lar volum e of th e  sw e ll in g  l i q u id ,  C j  i s  a  n e tw o rk  p a ra m e te r  from  

e l a s t i c i t y  m easu rem en ts an d  x i s  th e  s o lv e n t-p o ly m e r  In te ra c tio n  p a ra m e te r .

A m o d ific a tio n  o f  th i s  e q u a tio n  in c lu d e s  th e  te rm  in v o lv in g  th e  fu n c tio n a lity  

( f j  o f  th e  c r o s s l in k  p o in ts  ( F lo r y .  1950).

.  - v_ -yV ? .  ,2,
 ̂  ̂  ̂ -r~

T he a p p l ic a t io n  o f  g as  l i q u id  c h ro m a to g ra p h y  to  s o lv e n t-p o ly m e r  in te ra c tio n s  

r e s u l te d  in  th e  r a p id  g e n e ra tio n  o f d a ta  on many s o lv e n ts  and in to  h ig h

p o ly m e r  c o n c e n tra tio n  ra n g e s  (Sum m ers e t  a l .  1972).

Among a l l  th e  m easu rem en ts  th a t  h a v e  been  m ade com bin ing  s t r e s s -

s t r a i n  and sw e ll in g  m easu rem en ts  on NR, th e  m ost e x te n s iv e  a p p e a r  to  be

th o se  of B ris to w  (1965) w ith  th e  fo llo w in g  r e s u l t s  f o r  NR.

X ® 0 .4 1 1  (d e c a n e , 25®C, e q u a tio n  [ 1 ] )

X = 0 .4 0  + 0 .2 0  Vj. (d e c a n e , 25®C, e q u a tio n  [ 2 ] )

Much le s s  e x te n s iv e  d a ta  g iv e  th e  fo llo w in g  r e s u l t^ .

X = 0 .4 2  (b e n z e n e , 25°C . e q u a tio n  (1 1 )

X = 0 .4 1  + 0 .2 0  Vj. (b en zen e , 25°C, e q u a tio n  [ 2 ] )

X = 0 .4 2 5  ♦ 0 .2 0  (h e p ta n e , 25'’C , e q u a tio n  [ 1 ] )

X = 0 .4 1 5  ♦ 0 .3 5  (h e p ta n e , 25°C , e q u a tio n  [ 2 ] )



C o h e siv e  e n e rg y  d e n s i ty

T h e  p o ly jn e r - s o lv e r t  in te r a c t io n s ,  a s  d e s c r ib e d  in  th e  p r e v io u s  se c tio n  

c o v e r  s p e c i f i c  p o ly m e r -s o lv e n t  s y s te m s . H o w ev er, i t  I s  h ig h ly  d e s i r a b le  

to  b e  a b le  to  c o n s id e r  a  m ore g e n e ra l c a s e  w h e re  i t  i s  p o s s ib le  to  p r e d ic t  

th e  s o lv e n t-p o ly m e r  b e h a v io u r  o f a p a r t i c u l a r  c o m b in a tio n  froin a  know ledge 

o f tw o p a ra m e te r s  e a c h  r e p re s e n t in g  a  g iv e n  p o ly m e r  an d  a  g iv e n  s o lv e n t.  

Such p a ra m e te r s  can  b e  d e r i v e d . from  m easu rem en ts  of h e a t  of m ix in g . The 

p a ra m e te r  u su a lly  em p lo y ed  i s  th e  c o h e s iv e  e n e rg y  d e n s i ty  (CED) o r  more 

com m only i t s  s q u a re  ro o t 6 . th e  s o lu b i l i t y  p c ra m ^ J o r . T h e  v a lu e s  r e p o r te d  

fo r  n a tu ra l  r u b b e r  a r e  8 .0 8  and  fl.lO  ( T r ic k ,  19 7 7 ).

F low  p r o p e r t i e s

S tu d ie s  on flow  p r o p e r t i e s  o f r u b b e r s  s t a r t e d  w ith  th e  a d v e n t of 

th e  p a r a l l e l - p l a t e  p la s t im e te r s  l i k e  th e  W allace r a p i d  p la s t im e te r ,  and th e  

ro ta t in g  d i s c  v is c o m e te rs  l i k e  th e  Mooney v is c o m e te r .  T h e  fo rm e r p r o v id e s  

a  m easu re  o f th e  flow  p ro d u c e d  d u r in g  a  s im p le  c o m p re ss io n  a t  100°C, w h ile  

th e  l a t t e r  a  m easu re  o f th e  s h e a r  v i s c o s i ty  a t  a  p a r t i c u l a r  s t r a in  r a t e  a lso  

a t  1D0°C. B o th  in s t i lm e n ts  p r o v id e  a  m e a su re  o f  th e  flow  b e h a v io u r  a l ­

low s t r a i n  r a te s  and  th e r e  i s  a  b ro a d  c o r r e la t io n  b e tw e e n  th e  r e s u l t s  of 

th e  tw o t e s t s  (Anon, 1981: S u bram an iam , 1 9 7 5 ) . F r e s h ly  p r e p a r e d  n a tu ra l 

r u b b e r  i s  v a r ia b le  in  p l a s t i c i t y  an d  v i s c o s i t y .  N orm al m o d ific a tio n s  of 

th e  m e th o d  o f  p r e p a r a t io n  h a v e  o n ly  m inor e f f e c t s .  I t  i s  now c l e a r  th a t  

v a r ia t io n s  in  p l a s t i c i t y  and  v i s c o s i ty  o f raw  NR a r e  d u e  to  th e  d if fe re n c e s

in  th e  m o lecu la r  s iz e  and s t r u c tu r a l  a r ra n g e m e n ts  o f th e  r u b b e r  h y d ro c a rb w i.

and  th e s e  c h a r a c t e r i s t i c s  a r e  s p e c i f i c  to  t h e  c lo n e . R u b b e r  w ith  a  low 

Mooney v i s c o s i ty  n o rm a lly  h a s  a  low  i n t r i n s i c  v i s c o s i ty  in  so lu tio n  and 

v ic e  v e r s a ,  b u t t h i s  c o r re la t io n  i s  n o t a s  good a s  m ig h t b e  e x p e c te d ,  due 

to  th e  p re se n c e  o f m ic ro g e l, a s  d is c u s s e d  e a r l i e r  in  t h i s  c h a p te r .  The 

p re se n c e  of m icrogel c a u se s  in c r e a s e  In Mooney v i s c o s i ty  w ith o u t c o n tr ib u tin g  

much to  so lu tio n  v i s c o s i ty .  S ubram aniam  (19 7 5 ) s tu d ie d  c lo n a l v a r ia t io n  

in  Mooney v i s c o s i ty  and r e p o r te d  th a t  th e  v a lu e  n o rm a lly  ran g es  from  63 to 

94, s e a so n a l  v a r ia t io n  b e in g  a p p a r e n t  in  a  few  c a s e s .  T h e  W allace r a p id  

p l a s t i c i t y  v a lu e s  fo r  th e  sam e s e t  o f c lo n e s  r a n g e s  from  42 to  68.

Ong and  Subram aniam  (1975) d e r iv e d  a  l i n e a r  c o r re la t io n  b e tw een  th e

in it ia l maximum to rq u e  V. and  th e  Mooney v isc o s ity  V of raw  NR.
1 R la X  r

M a stic a tio n , s to ra g e  h a rd e n in g  and  m eth o d  o f  c o a g u la tio n  d id  no t a l t e r  th e  

l in e a r  r e la t ic o is h ip . A h y p o th e s is  in v o lv in g  th e  m echan ism  of d ise n ta n g le m e n t 

o r ie n ta t io n  o f p o ly m e r  c h a in s  w ith  c h a in  s l ip p a g e  w as p ro p o se d  to  e x p la in  

th e  v a r ia t ic m  of to rq u e  w ith  tim e  o f  s h e a r in g .  I t  w as a ls o  su g g e s te d  th a t



th e  i n i t i a l  maximum in c re a s e  in  to rq u e  in  Mooney v i s c o s i ty  d e te rm in a tio n  

and th e  su b se q u e n t th ix o t ro p ic  phenom enon a r e  o f th e  sam e o r ig in .

T h e  in h e re n t  d is a d v a n ta g e s  o f flow  m easu rem en ts  a t  low s h e a r  r a t e s  

a s  i n  W allace r a p id  p la s t im e te r  and  Mooney v is c o m e te r ,  le d  to  th e  d e v e lo p ­

m ent o f c a p i l l a r y  rh e o m e te rs  w h ic h  a r e  t>eing e x te n s iv e ly  u se d  to  e x te n d  

m easu rem en ts  to  h ig h  s h e a r  r a t e s  (10^ s  ^ ) .  In v e s t ig a t io n s  on th e  c a p i l l a r y

flow  b e h a v io u r  o f raw  and  f i l l e d  NR s to c k s  h a v e  been  r e p o r te d  (Ong and

L im , 1983; B r is to w . 1985; G u p ta , 198 9 ). T h e  r e la t io n  b e tw een  v i s c o s i ty

and  s h e a r  s t r e s s  d e p e n d e d  upon  th e  n a tu r a l  r u b b e r  g ra d e  and  s a m p le s  of

d i f f e r e n t  g ra d e s  w ith  s im i la r  Mooney v i s c o s i t i e s  e x h ib i te d  s ig n i f ic a n t ly  

d i f f e r e n t  flow  b e h a v io u r  a t  h ig h  s h e a r  r a t e s  (B ris to w  and S e a r s ,  1988; 198 9 ). 

T h is  ag a in  su g g e s ts  t h a t  u se fu l a d d i t io n a l  in fo rm a tio n  co u ld  b e  g a in ed  b y  

h ig h  s h e a r  r a t e  t e s t s .

V isc o e la s t ic  b e h a v io u r

N a tu ra l r u b b e r  sh o w s v is c o e la s t i c  b e h a v io u r  in d ic a tin g  th a t  i t s  p h y s ic a l  

p r o p e r t i e s  a r e  p a r t l y  l i q u l d - l i k e  (v is c o u s )  and  p a r t l y  s o l i d - l i k e  ( e l a s t i c ) .  

T h is  in  f a c t ,  i s  th e  c a s e  f o r  a l l  r j b b e r s .  R u b b e rs  b e h a v e  in  many w ays

l ik e  h ig h ly  v isc o u s  l i q u id s  b e fo re  th e y  a r e  c r o s s l in k e d .  T he v u lc a n iz a tio n

p r o c e s s  w h ich  in tro d u c e s  c r o s s l in k s  r e d u c e s  th e  flow  p r o p e r t i e s  and m akes 

a  r u b b e r  m ore e l a s t i c .  N e v e r th e le s s ,  t h e r e  i s  s t i l l  e v id e n c e  o f flow  

b e h a v io u r  ev e n  in  a  c r o s s l in k e d  r u b b e r .  T h is  i s  d e m m s tr a te d  in  th e  c r e e p  

and  s t r e s s - r e l a x a t io n  b e h a v io u r  o f  r u b b e r s .

T ack  and  g reen  s tr e n g th

T h e  te rm  p r o c e s s a b i l i ty  r e f e r s  to  th e  w ay in  w h ic h  a  r u b b e r  b e h a v e s  

th ro u g h  a  s e r i e s  of p ro c e s s in g  o p e ra t io n s  o r  to  th e  r e p r o d u c ib i l i ty  o f th a t  

b e h a v io u r .  E asy  p r o c e s s a b i l i ty  o f NR h a s  been  re g a rd e d  a s  one o f i t s  m ain  

a t t r i b u t e s .  T h e  m ost im p o rta n t a s p e c ts  o f p r o c e s s a b i l i ty  o f NR a r e  i t s  h ig h  

in h e re n t  ta c k  and  good g re e n  s t r e n g th .  T h e se  tw o c h a r a c t e r i s t i c s  a r e  o f 

u tm o st im p o rta n c e  in  th e  m an u fac tu re  o f  p ro d u c ts  l i k e  t y r e s .  T ack  i s

im p o rta n t  so  th a t  th e  co m ponen ts o f a g re e n  ty r e  w il l  h o ld  to g e th e r  u n t i l

m o u ld in g . G reen s t r e n g th  i s  n e e d e d  so  th a t  th e  u n cu red  ty r e s  w il l  not c r e e p  

and  h en ce  d i s t o r t  e x c e s s iv e ly  b e fo re  m ou ld ing , o r  t e a r  d u rin g  th e  ex p a n s io n  

th a t  o c c u rs  upon m ou ld ing . A p r a c t i c a l  d e f in i tio n  o f ta c k  I s  th e  a b i l i t y  

f o r  tw o s im i la r  m a te r ia ls  to  r e s i s t  s e p a ra t io n  a f t e r  th e y  a r e  b ro u g h t in to  

c o n ta c t  fo r  a  s h o r t  tim e  u n d e r  a  l ig h t  p r e s s u r e .  T he ta c k  o f NR and  NR/SBR 

b le n d s  h a v e  been  co m p ared  w ith  th a t  of SBR b y  Hamed (1 9 8 1 ). T h e  h ig h e r  

ta c k  o f NR com p ared  to  th e  SBR s to c k  h a s  been  a t t r ib u t e d  to  i t s  g r e a t e r  

a b i l i t y  to  flow  u n d e r  c o m p re s s iv e  lo ad  an d  i t s  h ig h e r  g reen  s t r e n g th .  NR



i s  an  id e a l  m a te r ia l  f o r  d e v e lo p in g  h ig h  t a c k .  I t  can  be  p ro c e s s e d  to  a 

low v i s c o s i ty  and  s t i l l  m a in ta in  h ig h  g re e n  s t r e n g th .  F u r th e rm o re , th e  

m echanism  r e s p o n s ib le  fo r  h ig h  g re e n  s t r e n g th  ( s t r a in  c r y s ta l l i z a t io n )  is  

n o t a c t iv e  in  th e  bond fo rm a tio n  s t e p ,  and  h en ce  d o es not in te r f e r e  w ith

co n ta c t and  in te r - d i f f u s io n ,  b u t r a t h e r  d e v e lo p s  upon s t r e s s in g .  T he h ig h  

le v e l  o f m o lecu la r  i n te r - d i f f u s io n  i s  a ls o  r e s p o n s ib le  fo r  th e  h ig h  tack  

o f  NR (S k e w is , 1966). T a c k  and  s t i c k in e s s ,  a lth o u g h  i n t e r - r e l a t e d ,  a re  

not th e  sa m e . J u v e  (1944) w as one of th e  f i r s t  to  t r y  to  d i f f e r e n t ia te  

b e tw e e n  ta c k  and  s t i c k in e s s .  A cco rd in g  to  h im , i f  two p ie c e s  o f a r u b b e r  

com pound a r e  p r e s s e d  f i rm ly  to g e th e r  and form  a  jo in t  so  s tro n g  th a t

a t te m p ts  to  s e p a ra te  them  c a u se  a  f a i lu r e  a t  a n o th e r  p o in t ,  th a t  i s  e x c e lle n t  

ta c k . I f  o n ly  p a r t i a l  te a r in g  a t  th e  fo rm e r  in te r fa c e s  o c c u rs , ta c k  i s  f a i r .  

I f  separa ticK i o c c u rs  a t  th e  in te r f a c e ,  i t  i s  s t i c k in e s s ,  and th e  d e g re e  of 

s t i c k in e s s  i s  d e p e n d e n t on th e  fo rc e  r e q u i r e d  to  s e p a ra te  th e  in te r fa c e .  

Tack i s  a ls o  d e n o te d  a s  a u to a d h e s io n  o r  a u to h e s io n , g reen  s t r e n g th  as

cohesiO T and  - s t ic k in e s s  a s  a d h e s io n . A ll m easu rem en ts  of ta c k  in v o lv e  g reen

s t r e n g th  o r  c o h e s iv e  s t r e n g th  o f th e  r u b b e r  com pound, and  a l l  r u b b e r  

com pounds w ith  h ig h  ta c k  v a lu e s  h a v e  good g re e n  s t r e n g th  and t h i s  a p p l ie s  

w ell to  NR.

VULCANIZED RUBBER

S tre n g th  p r o p e r t i e s

As in  th e  c a s e  o f  o th e r  e n g in e e rin g  m a te r ia ls ,  s t r e n g th  p r o p e r t i e s  

a r e  o f g re a t  im p o rta n c e  in  m ost o f th e  p r a c t i c a l  a p p l ic a t im s  o f  r u b b e r .  

A n um ber of s t r e n g th  p r o p e r t i e s  can  be  d e f in e d  and m e a su re d . T he m ost 

im p o rta n t among th e s e  a r e  t e n s i l e  s t r e n g th ,  t e a r  s tr e n g th  and r e s is ta n c e  

to fa t ig u e .

T e n s ile  s tr e n g th

T e n s ile  s t r e n g th ,  in  w h ic h  th e  m a te r ia l  i s  su b je c te d  to  a uniforoi 

u n ia x ia l  te n s ile  s t r e s s ,  i s  th e  s im p le s t  s t r e n g th  p ro p e r ty  a s  fa r  a s  m easu re­

ment i s  c o n c e rn e d . P e rh a p s  th e  m ost s t r ik in g  c h a r a c t e r i s t i c  o f n a tu ra l  r u b b e r ,  

co m p ared  w ith  m ost s y n th e t ic  e la s to m e rs  i s  i t s  v e ry  h ig h  te n s ile  s t r e n g th  

ev e n  w ith o u t th e  h e lp  o f  r e in fo rc in g  a g e n ts .  T h is  i s  u n d o u b te d ly  d ue  to 

i t s  a b i l i t y  to  c r y s t a l l i z e  c o n s id e ra b ly  on e x te n s io n  a t  norm al te m p e ra tu re s .  

S tra in  in d u ced  c r y s t a l l i z a t i o n  in  r u b b e r s  h a s  been  d i r e c t l y  In v e s tig a te d  

b y  X - ra y .  d e n s i ty  and o th e r  m e th o d s . T e n s ile  s t r e n g th  o f NR v u lc a n iz a te s  

f re q u e n tly  e x c e e d s  30 MPa w h ic h  i s  a lm o st ten  tim e s  th e  v a lu e s  r e p o r te d  

fo r  gum v u lc a n iz a te s  o f  n o n c r y s ta l l iz in g  r u b b e r s  s u c h  a s  SBR, u n d e r  s im i la r



te s t  co n d itio n s  (T h o m as. 1960: G reen sm ith  e t  a l .  19 6 3 ). T he te n s i l e  s t r e n g th  

of NR gum v u lc a n iz a te s  d e p e n d s  on v a r io u s  f a c to r s  (H ofm ann. 1967) in c lu d in g  

th e  ty p e  and e x te n t  o f c ro s s l in k in g :  a p e r o x id e -c u re d  v u lc a n iz a te  show ing

a  maximum te n s i l e  s t r e n g th  o f 15 M pa. a TM TD -cured r u b b e r ,  co n ta in in g  

m o stly  m o n o su lp h id ic  c r o s s l in k s ,  h a v in g  te n s i l e  s t r e n g th  v a lu e s  u p to  25 MPa 

and a c c e le ra te d  s u lp h u r  v u lc a n iz a te s  g iv in g  v a lu e s  ab o v e  30 MPa. T he e f fe c t  

of re in fo rc in g  f i l l e r s  on th e  te n s ile  s t r e n g th  o f NR i s  not a s  s ig n if ic a n t  

a s  in  th e  c a s e  o f n o n c ry s ta l l iz in g  r u b t ie r s .  T e m p e ra tu re  i s  found to  in flu en ce  

s ig n if ic a n t ly  t h e  t e n s i l e  s t r e n g th  o i gum NR v u lc a n iz a te s  and  th e r e  i s  a 

c r i t i c a l  te m p e ra tu re  a ro u n d  100“C. ab o v e  w h ic h  th e  s t r e n g th  f a l l s  a b r u p t ly ,  

c r y s ta l l i z a t io n  b e in g  s u p p re s s e d  a t  th a t  te m p e r a tu re .  H ow ever, te n s i le

s t r e n g th  o f r e in fo rc e d  NR v u lc a n iz a te s  i s  found to  b e  l e s s  te m p e ra tu re  

d e p e n d e n t.

T e a r  r e s is ta n c e

T he t e a r  r e s is ta n c e  o f e la s to m e rs  r e f l e c t s  t h e i r  te n s i l e  s t r e n g th  

c h a r a c t e r i s t i c s .  As th e  t i p  o f th e  t e a r  s u s ta in s  h ig h  s t r a i n s ,  c r y s ta l l i z a t io n  

o c c u rs  and h ig h  te a r  r e s is ta n c e  i s  o b s e rv e d  in  NR. T h e  e n e rg y  p a ra m e te r

fo r  t e a r  f r a c tu r e  Is  te rm ed  te a r in g  e n e rg y . T . and i s  d e f in e d  m a th e m a tic a lly  

as:

- ( f i l l )
^ - " ( W T

w h e re  U i s  th e  to ta l  s t r a i n  e n e rg y  s to r e d  in  th e  sp e c im e n  co n ta in in g  a c r a c k .  

A th e  a r e a  o f one f r a c tu r e  s u r f a c e ,  and th e  p a r t i a l  d e r iv a t iv e  in d ic a te s  

th a t  th e  sp e c im en  i s  c o n s id e re d  to  be  h e ld  a t  c o n s ta n t le n g th .  1. so  th a t

th e  e x te r n a l  fo rc e s  do  no w o rk . From  m easu rem en t o f  te a r in g  fo rc e s  th e  

v a lu e s  o f T a t  w h ich  te a r in g  o c c u rs  can  b e  c a lc u la te d .  F o r n o n c ry s ta l l iz in g  

r u b b e r s  te a r in g  e n e rg y  sh o w s a  s tro n g  d e p e n d e n c e  on r a t e  of te a r in g .  T earin g  

in  su c h  r u b b e r s  o ften  p ro c e e d s  in  a 's t e a d y '  m anner in  th e  s e n s e  th a t  th e  

fo rc e , when a ' t r o u s e r s '  ty p e  t e s t  p ie c e  i s  te s te d  a t  a co n s ta n t r a te  of 

s e p a ra tio n  o f le g s ,  re m a in s  r e l a t i v e l y  c o n s ta n t .  H o w ev er, in  th e  c a s e  of 

c r y s ta l l i z in g  r u b b e r s  l i k e  NR. te a r in g  g e n e ra l ly  p ro c e e d s  in  a  ' s t i c k - s l i p '  

m anner w ith  th e  fo rc e  in c re a s in g  d u r in g  th e  's t i c k 'p e r i o d s  u n t i l  a c a ta ­

s t r o p h ic  f a i lu r e  p o in t i s  r e a c h e d  a t  w h ic h  th e  t e a r  ju m p s fo rw a rd . O ver 

w ide  ra n g e s , th e  c a ta s t r o p h ic  te a r in g  e n e rg y  i s  in s e n s i t iv e  to r a t e  and tem pe­

r a tu r e  fo r a c r y s ta l l i z in g  r u b b e r  l i k e  NR (H rounsm ith  e t  a l .  196 3 ). Tt a p p e a r s  

th a t  in  su c h  m a te r ia ls  th e  e f fe c t  of c r y s t a l l i z a t i o n  w h ich  can  in d u c e  s u b ­

s ta n t i a l  h y s t e r e s i s  a t  h ig h  s t r a i n s ,  o v e rsh a d o w s  v i s c o e la s t ic  e f f e c ts .  A no ther



f a c to r  p ro m o tin c  h ig h  t e a r  r e s is ta n c e  i s  rou g h en in g  o r  b ra n c h in g  of th e  

te a r  t i p .  In e x tre m e  c a s e s  roug h en in g  can  le a d  to  'k n o t ty ' te a r in g  in  w hich  

th e  t e a r  t ip  c i r c l e s  a ro u n d  on i t s e l f  u n d e r  in c re a s in g  fo rc e  untU  f in a lly

a new te a r  b r e a k s  a h e a d .  A lth o u g h  k n o tty  te a r in g  i s  no t e x c lu s iv e  to  f i l le d  

r u b b e r s ,  th e  ten d e n c y  f o r  i t  to  o c c u r  can  b e  g r e a t ly  in c re a s e d  b y  r e ­

in fo rc in g  f i l l e r s  (G en t. 197 8 ). I t  se em s p ro b a b le  th a t  a  s t r e n g th  a n iso tro p y  

a r is in g  from  o r ie n ta t io n  e f fe c ts  i s  a t  l e a s t  p a r t l y  r e s p o n s ib le  fo r  te a r

d e v ia tio n  {Cent and  Kim, 1978). A n o th e r  f a c to r  th a t  may in flu e n c e  te a r

d e v ia t io n  i s  c o v l ia t io n  a h e a d  of th e  c r a c k  t i p  d u e  lo  th e  h y d r o s ta t ic

com ponent o f th e  te n s i le  s t r e s s e s .

C rack  g ro w th  and  fa tig u e

F a tig u e  f a i lu r e  o f r u b b e r  u n d e r  c y c l i c  d e fo rm a tio n  h a s  been  shown

to be  a  c r a c k  g ro w th  p ro c e s s  in i t ia t in g  from  sm a ll p r e - e x is t in g  f la w s ,

u su a lly  o f s iz e  2 x  10"^ cm (G ent e t  a l .  1964; Lake and  L in d le y , 1964a:

Mathew and De, 1 9 8 3 a). T hus c r a c k  g ro w th  b e h a v io u r  and fa tig u e  a re

in tim a te ly  r e l a t e d .  T h e  s t r a in  d e p e n d e n c e  o f f a tig u e  l i f e  o f  d if fe re n t  

e la s to m e rs  v a r y  w id e ly . N atu ra l r u b b e r  i s  v e r y  good a t  h ig h  s t r a in s ,  

co m p ared  w ith  n o n c ry s ta lU z in g  e la s to m e rs . T h e  d if fe re n c e  i s  m ore pronounced 

u n d e r n o n re la x in g  c o n d it io n s , th a t  i s ,  w hen th e  d e fo rm a tio n  c y c le  is  

r e p e a te d ,  s t r e s s  d o e s  no t r e tu rn  to  z e ro  (F ie ld in g ,  1943: L ake and  L in d le y , 

1 9 6 4 b l. T h is  e f fe c t  co u ld  b e  u t i l i z e d  to  a d v a n ta g e  in  c e r ta in  eng ineering

a p p l ic a t io n s  su c h  a s  s p r in g s .  In  th e s e  a p p l ic a t io n s ,  s u i ta b le  d e s ig n s  en su rin g  

in c o m p le te  r e la x a t io n  co u ld  e x p lo i t  t h i s  d e s i r a b l e  f e a tu re .  E ven fo r  non- 

c r y s ta l l i z in g  e la s to m e rs ,  fa tig u e  l i f e  u n d e r  n o n re la x in g  c o n d itio n  i s  found 

to be lo n g e r w h ic h  i s  e s s e n t ia l ly  a t t r ib u t a b l e  to  th e  r e d u c t io n  in  th e  s t r a in  

en e rg y  of th e  c y c le  (L in d le y , 19 7 4 ). F o r  a  c r y s ta l l i z in g  r u b b e r ,  th e  much 

l a r e e r  enhancem en t i s  a t t r ib u t e d  to  two a d d i t io n a l  f a c to r s :  an  e f fe c t iv e

in c re a s e  in  th e  th r e s h o ld  en e rg y  (T o ) , r e q u i r e d  fo r  th e  in i t ia t io n  of 

m ecn an ica l c ra c k  g ro w th , and  a r e d u c tio n  in  th e  r a t e  o f g ro w th  once th e

opv. To i s  e x c e e d e d . T h e  minimum te a r in g  e n e rg y  n e e d s  to be a sm a ll bu t

d e f in i te  f ra c tio n  o f th e  maximum fo r  th e s e  e f fe c ts  to  becom e a p p a r e n t .  It 

h a s  been  show n th a t  To can  be a p p ro x im a te ly  c a lc u la te d  from  th e  m olecu lar 

s t r u c tu r e  o f th e  v u lc a n iz a te  and  from  th e  s t r e n g th  o f th e  c h e m ic a l bonds

(L ak e  and  T hom as. 196 7 ). I t  h a s  a ls o  been  show n  th a t  To fo r  NR in c re .ise s  

s u b s ta n t ia l ly  i f  a to m o sp h e r ic  o x y g en  i s  e x c lu d e d  a n d /o r  if  c e r ta in  a n t i ­

o x id a n ts  a r e  in c o rp o ra te d  in  th e  v u lc a n iz a te .  T h is  b e h a v io u r  i s  r e f le c te d  

in  pnhan ced  l i f e ,  p a r t i c u l a r ly  in  th e  re g io n  of th e  'f a t ig 'je  l i m i t ' ,  th a t  

i s  a  s t r a i n  below  w h ic h  th e  f a tig u e  l i f e  o f e la s to m e rs  i s  v e ry  Icng .



F re q u e n c y  of d e fo rm a tio n  i s  found to  h a v e  v e r y  U t t le  in f lu e n c e  on 

th e  fa tig u e  l i f e  o f NR v u lc a n lz a te s .  T h e  e f fe c t  o f te m p e ra tu re  on c r a c k  g ro w th  

and fa tig u e  i s  a ls o  found to  b e  m uch l e s s  f o r  NR th an  fo r  n o n c ry s ta l l iz in g  

r u b b e r s .  T h is  d if f e r e n c e  i s  b e l ie v e d  to  be  a s s o c ia te d  w ith  th e  o r ig in  o f 

m e ch an ica l h y s t e r e s i s .  In NR, h y s t e r e s i s  d ue  to  s t r a in - in d u c e d  c r y s t a l l i z a t i o n ,  

w h ic h  d o e s  no t v a r y  g r e a t ly  w ith  te m p e r a tu re ,  f a r  o u tw e ig h s  th e  v is c o e la s t ic  

c o n tr ib u tio n . C arbon  b la c k  and o th e r  f i l l e r s  p ro v id e  an a d d i t io n a l  so u rc e  

o f h y s t e r e s i s  and  t h e i r  in c lu s io n  can  g r e a t ly  m o d ify  th e  te m p e ra tu re  

d e p e n d e n c e  o f c r a c k  g ro w th  and  fa t ig u e  o f  n o n c ry s ta lU z ln g  r u b b e r s .  F o r  

b o th  c r y s t a l l i z in g  and  n o n c ry s ta l l iz in g  r u b b e r s ,  r e s i s t a n c e  to  c r a c k  g ro w th  

c o u ld  be  in c re a s e d  b y  f in e  p a r t i c l e  s i z e  f i l l e r s ,  th e  e f fe c t  being  a t t r ib u t a b l e  

to b lu n tin g  o f th e  c r a c k  t i p  d ue  to  b ra n c h in g .

ELASTIC PROPERTIES

M odulus and  h a rd n e s s

A cco rd in g  to  th e  s t a t i s t i c a l  th e o ry  o f e l a s t i c i t y  ( T r e lo r ,  197S), in  

s im p le  s h e a r  th e  s t r e s s ,  t  , i s  p r o p o r t io n a l  to  th e  s t r a in ,  y , e v e n  fo r  

l a rg e  d e fo rm a tio n s . Thus

T .  Gy (4)

w h e re  G i s  th e  s h e a r  m odu lus. In  s im p le  te n s io n  o r  c o m p re ss io n  th e  nom inal 

s t r e s s ,  a  , i s  r e la te d  as

0 -  G (X -1/X ^) ' ( 5 )

w h e re  X i s  th e  e x te n s io n  r a t i o .  At a  low  e lo n g a tio n , e .  t h i s  becom es
t

a a 3 Ge “ Eoe

•vhere Eo i s  th e  Y oung 's m o d u lu s . T h e  tw o m oduli a t  low  s t r a i n  o b e y  th e  

re la t io n r .h ip  Eo « 3G fo r  an  in c o m p re s s ib le  s o l id .  T h e  s t a t i s t i c a l  th e o ry  

e x p la in s  r e a so n a b ly  w e ll th e  s t r e s s - s t r a i n  b e h a v io u r  of u n f i l le d  r u b b e r  

u p to  s t r a in s  o f a few h u n d re d  p e r  cen t w hen th e  s t r e s s  r i s e s  m uch m ore 

s t e e p ly  th an  th e  th e o ry  p r e d i c t s .  T h is  i s  e i t h e r  d ue  to  th e  m o le c u la r  c h a in s  

b e tw een  c r o s s l in k s  a p p ro a c h in g  t h e i r  l im itin g  e x te n s io n  o r ,  in  th e  c a s e  o f

c r y s ta l l i z in g  e la s to m e rs  l i k e  n a tu r a l  r u b b e r ,  to  th e  o n se t o f s t r a in - in d u c e d  

c r y s t a l l i z a t i o n .  H ow ever, t h e  s t a t i s t i c a l  th e o ry  o t  e l a s t i c i t y  i s  n o t o b e y e d  

b y  f i l l e d  r u b b e r s .  T h e  v a lu e s  o f  G d e r iv e d  from  b o th  s h e a r  and  te n s io n /



H

c o m p re ss io n  t e s t s  d e c r e a s e  w ith  In c re a s in g  s t r a i n ,  though th e  v a lu e s  o b ta in e d  

a re  s im i la r  w hen e  e q u a ls  y up  to  s t r a in s  o f  ab o u t 50%. At h ig h e r  s t r a in s  

th e  d e fo rm a tio n  w ith in  th e  r u b b e r  m a tr ix  becom es su f f ic ie n t  fo r  s t r a in -  

c r y s ta l l l z a t lo n  o r  l im itin g  c h a in  e x t e n s i b i l i t y ,  to  s te e p e n  th e  s t r e s s - s t r a i n  

c u rv e .
G e n e ra lly  h a rd n e s s  m easu rem en ts  a r e  u se d  to  c h a r a c te r iz e  v u lc a n iz e d  

r u b b e r s  a p p ro x im a te ly .  In  th e  c a s e  o f  r u b b e r s ,  h a rd n e s s  i s  e s s e n t ia l ly  

a m easu rem en t o f  th e  r e v e r s i b l e ,  e l a s t i c  d e fo rm a tio n  p ro d u c e d  by  a  s p e c ia l ly  

s h a p e d  in d e n to r  u n d e r  a  s p e c i f i e d  lo a d  and  I s  th e r e fo r e  r e la te d  to  th e  low 

s t r a in  m odulus o f th e  r u b b e r .  R ead in g s a r e  u s u a l ly  in  In te rn a tio n a l R ubber 

H a rd n e ss  D egree (IR H D ). H a rd n e ss  i s  r e l a t i v e l y  s im p le  and e a sy  to  m easu re , 

b u t i s  s u b je c t  to  som e u n c e r ta in ty  in  m easu rem en t and  hence  ±2 d e g re e s  

to le ra n c e  I s  g iv e n . S h e a r  m odulus v a lu e s  a r e  m uch m ore a c c u ra te , bu t a re  

m ore d i f f i c u l t  to  m e a su re . H o w ev er, th e y  a r e  p r e f e r r e d  a s  a  b a s is  fo r  d e s lp t  

c a lc u la t io n s ,  p a r t i c u l a r l y  f o r  f i l l e d  r u b b e r s  a s  th e  m odulus i s  d ep en d en t 

on s t r a in .

T h e  bullc m odulus o f r u b b e r ,  S .  i s  many tim e s la rg e r  th an  I t s  Y oung 's 

m odu lus, Eo. F o r  m ost p u rp o se s  th e  P o is s o n 's  r a t io  can  b e  ta k e n  a s  

T he much la r g e r  b u lk  m odulus In d ic a te s  th a t  r u b b e r  h a r d ly  ch an g es in  volum e 

ev en  u n d e r  h ig h  lo a d s ,  so  th a t  f o r  m ost ty p e s  o f d e fo rm a tio n , th e r e  m ust 

b e  s p a c e  in to  w h ic h  r u b b e r  can  d e fo rm . T h e  m ore r e s t r i c t io n  th a t  i s  m ade 

on i t s  freedom  to  d e fo rm , th e  s t i f f e r  i t  w i l l  becom e, a c h a r a c te r i s t i c  used  

in  th e  d e s ig n  of c o m p re ss io n  s p r in g s .

R e s ilie n c e , h y s t e r e s i s  and  h e a t  b u i ld  »up

R e s ilie n c e  I s  a b a s ic  form  of d y n am ic  t e s t  on r u b b e r  in  w h ich  th e  

s t r a in  i s  a p p l ie d  b y  im p a c tin g  th e  t e s t  p ie c e  w ith  an in d e n to r  w h ic h  is  

f r e e  to  reb o u n d  a f t e r  th e  im p a c t. Rebound r e s i l i e n c e  i s  d e fin e d  a s  th e  r a t io  

of th e  en e rg y  g iv e n  up  on r e c o v e r y  from  d e fo rm a tio n  to  th e  en e rg y  r e q u ire d  

to p ro d u c e  th e  d e fo rm a tio n  and  i s  u s u a l ly  e x p r e s s e d  in  p e rc e n ta g e . R e s ilie n c e  

i s  no t an  a r b i t r a r y  p a r a m e te r ,  b u t i s  a p p ro x im a te ly  r e la te d  to  th e  lo ss  

ta n g e n t;

R .  U  « n ta n f i  (6)

w h e re  ER » r e f le c te d  energ .y .

EA ■ a b s o rb e d  e n e rg y  = E j  -  ER

w h e re  ET * in c id e n t e n e rg y

The r e la t io n s h ip  i s  not p a r t i c u l a r l y  a c c u ra te  b ecau se  ta n £  i s  s t r a in  d e p en d en t



and  In an Im p ac t t e s t ,  th e  form  of a p p l ie d  s t r a i n  I s  com plex  and I t s  m agni­

tu d e  not c o n tro l le d .

H y s te re s is  Is  th e  e n e rg y  lo s t  p e r  c y c le  of d e fo rm a tio n . I t  I s  th e  

r e s u l t  o f I n te rn a l  f r i c t io n  and i s  m a n ife s te d  b y  th e  c o n v e rs io n  of m echan ica l 

e n e rg y  in to  h e a t .  Heat b u ild ~ u p  Is  th e  te m p e ra tu re  r i s e  in a r u b b e r  b o d y  

r e s u l t in g  from  h y s t e r e s i s .  As th e  h e a t  g e n e ra te d  i s  not e a s i ly  cond u c ted  

aw ay in  a  m a te r ia l  o f low  th e rm a l c o n d u c t iv i ty  su c h  a s  r u b b e r ,  th e  r i s e  in 

te m p e ra tu re  m ay a ssu m e b o  m uch m ag n itu d e  in  p ro d u c ts  l ik e  h e a v y  d u ty  

t ru c k  ty r e s  a s  to  cau se  f a i lu r e  th ro u g h  t r e a d  l i f t ,  b lo w -o u t and o th e r  d e ­

lam in a tio n  o r  c r a c k  g ro w th  p r o c e s s e s .  I t  i s  b e c a u s e  o f  su c h  r i s k s  th a t  

h e a t  b u i ld -u p  in f lu e n c e s  th e  d e s ig n , com pounding  and  u se  o f la rg e  t y r e s .  

N a tu ra l r u b b e r  h a s  been  th e  p r e f e r r e d  p o ly m e r  in su c h  a p p l ic a t io n s ,  c o n s id e r ­

ing i t s  o u ts ta n d in g  r e s i l i e n c e ,  low h y s t e r e s i s  and h e a t b u ild -u p  

c h a r a c t e r i s t i c s .  U nlike in  SBR. h y s t e r e s i s  in  NR i s  c o n tr ib u te d  m o stly  by  

s t r a i n  in d u ced  c r y s t a l l i z a t i o n ,  w h ic h  d o e s  n o t v a r y  much w ith  te m p e ra tu re  

and th e r e fo re  th e  e f fe c t  o f te m p e ra tu re  on c r a c k  g ro w th  and fa tig u e  te n d s  

to  be  much le s s  in  th e  c a s e  o f NR.

C re e p , s t r e s s  r e la x a t io n  and s e t

When a  v u lc a n iz e d  r u b b e r  i s  h e ld  u n d e r  c o n s ta n t s t r a i n ,  th e  s t r e s s  

i s  found to  d e c re a s e  g r a d u a l ly  w ith  tim e  a s  th e  c ro s s l in k e d  n e tw o rk  

a p p ro a c h e s  an  e q u i l ib r iu m  c o n d it io n . T h is  phenom enon i s  c a l le d  s t r e s s

re la x a t io n .  T h e  sam e p r o c e s s  le a d s  to  c r e e p ,  w h ic h  i s  d e f in e d  a s  th e  

a d d it io n a l  s t r a in  o c c u r r in g , a f t e r  a  la p s e  o f tim e , beyond  th e  im m ed ia te

e l a s t ic  d e fo rm a tio n . A lthough  a l l  bu t a  few  p e r  cen t o f th e  o r ig in a l

d e fo rm a tio n  i s  r e c o v e re d  im m e d ia te ly  on re m o v a l o f th e  lo a d , f u r th e r

r e c o v e ry  ta k e s  much lo n g e r  and m ay n e v e r  b e  c o m p le te . T h e  e x te n t  of 

d e fo rm a tio n  no t r e c o v e re d  i s  known a s  p erm an en t s e t .  I f  th e  tim e s c a le  

and th e  te m p e ra tu re  a r e  su c h  th a t  c h e m ic a l e f fe c ts  a r e  n e g lig ib le , c re e p  

and s t r e s s  r e la x a t io n  a r e  a p p ro x im a te ly  p r o p o r t io n a l  to  th e  lo g a rith m  of 

th e  tim e a f te r  lo ad in g .

One of th e  m ost n o ta b le  f e a tu re s  o f n a tu r a l  r u b b e r ,  com p ared  w ith  

m ost o th e r  e la s to m e rs , i s  i t s  good e l a s t ic  b e h a v io u r .  T h is  r e s u l t s  in  low 

c r e e p  and a  lo w e r s t r e s s  r e la x a t io n  r a t e .  I f  th e  s t r e s s  r e la x a t io n  r a te  i s  

e x p r e s s e d  a s  p e r  cen t s t r e s s  r e la x a t io n  p e r  d e c a d e  o f tim e , a  ty p ic a l  NR 

gum v u lc a n iz a te  may g iv e  a  v a lu e  o f  abo u t tw o p e r  c e n t p e r  d e c a d e . I f  c a rb o n  

b la c k  i s  p r e s e n t ,  th e  r a t e  w il l  h e  h ig h e r ,  ab o u t se v e n  p e r  cen t p e r  d ecad e  

lo r  <2 70 IRHD r u b b e r  co n ta in in g  50 p n r  o f a n o n re in fo rc iiig  b la c k .  H ow ever, 

p r e s t r e s s in g  of su c h  a f i l l e d  r u b b e r  can  re d u c e  th e  s t r e s s  re la x a t io n  r a te  

to a l i t t l e  m ore th an  th e  gum v a lu e . T h is  s u p e r io r  e la s t ic  b e h a v io u r  of



NR i s  a  conseqLience o f th e  h ig h  m o b il i ty  o f th e  m o lecu le s , w h ich  i s  a lso

re f le c te d  in th e  r e l a t i v e l y  low g la s s  t r a n s i t io n  te m p e ra tu re .

S t re s s  r e la x a t io n  r a t e s  a re  s u b s t a n t i a l l y  in d e p e n d e n t o f th e  ty p e  o r 

amount o f d e fo rm a tio n , b u t  c re e p  r a t e s  d e p e n d  on b o th  th e  r a t e  of s t r e s s  

r e la x a t io n  and th e  lo a d -d e f le c tio n  c h a r a c t e r i s t i c s .  In  te n s io n  th e  c re e p  ra te  

may re a c h  d o u b le  th e  r a t e  of s t r e s s  r e la x a t io n ,  in  s h e a r  i t  i s  abo u t th e  

sam e and  in  c o m p re s s io n , i t  i s  lo w e r . F o r u n f i l le d  r u b b e r s  h a v in g  th e  sam e 

ty p e  o f v u lc a n iz in g  sy s te m  th e  r e la x a t io n  r a t e  d e c r e a s e s  w ith  in c reas in g  

h a rd n e s s .  O v er th e  u su a l ran g e  o f h a r d n e s s  p o s s ib le  w ith  gum v u lc a n iz a te s  

t h i s  w il l  not a l t e r  th e  r a t e  b y  m ore th a n  ab o u t a t h i r d ,  in  f i l l e d  ru b b e rs  

th e  re la x a t io n  r a t e s  in c r e a s e  w ith  th e  am ount o f f i l l e r .  T he am ount o f c reep  

i s  th e  la rg e s t  d u r in g  th e  f i r s t  few w eeks u n d e r  lo a d  b u t sh o u ld  not exceed  

20% ( fo r  70 IRHD) of th e  in i t i a l  d e f le c t io n  in  t h i s  p e r io d .  T h e re a f te r ,  only

a f u r th e r  5-10% in c re a s e  in  d e f le c t io n  s h o u ld  o c c u r  o v e r  a  p e r io d  o f many

y e a r s .
M easurem ent o f  s e t  u n d e r  c o m p re ss io n  p r o v id e s  a p r a c t ic a l  ev a lu a tio n  

of e i t h e r  th e  c r e e p  o r  th e  s t r e s s  r e la x a t io n  o f r u b b e r  and h a s  been  v e ry  

u se fu l fo r  th o se  p u rp o s e s  w h e re  a  h ig h  d e g re e  o f p r e c is io n  i s  no t e x p e c te d . 

To g e t q u ic k  r e s u l t s  th e  te s t  c o n d it io n s  a r e  m ade much m ore s e v e re  than 

th e  a n t ic ip a te d  c o n d it io n s  o f s e r v i c e  b y  e i t h e r  in c re a s in g  th e  te m p e ra tu re  

o r  th e  d e fo rm a tio n , o r  b o th .

C reep  and s t r e s s  r e la x a t io n  a r e  p a r t i c i / l a r ly  im p o rta n t in  lo a d -b e a r in g  

a p p l ic a t io n s  su c h  a s  s p r in g s .  P a r t ly  b e c a u se  o f i t s  good c r e e p  c h a r a c te r i ­

s t i c s .  NR i s  th e  m ost w id e ly  u se d  r u b b e r  in  t h i s  f i e ld .

R e s is ta n c e  to  a b ra s io n
The te rm s w ea r and  a b ra s io n  a r e  v e r y  o f te n  u sed  sy n o n y m o t...y . Wear 

i s  a  g en e ra l term  c o v e r in g  th e  lo s s  o f m a te r ia l  b y  v i r tu a l ly  any  means. 

As w ear u su a lly  o c c u rs  b y  th e  ru b b in g  to g e th e r  o f tw o s u r f a c e s ,  a b ra s io n  

i s  u s u a lly  u sed  to  m ean w e a r . A b ra s io n  r e s i s t a n c e  i s  th e  r e c ip ro c a l  of 

a b ra s io n  lo s s .  T he m echan ism s b y  w h ich  a b ra s io n  o c c u rs  w hen a  ru b b e r  

i s  in  moving c o n tac t w ith  any  s u r f a c e ,  a r e  som ew hat co m p lex , invo lv ing  

p r in c ip a l ly  cu ttin g  o f th e  rub t> e r and  i t s  f a t ig u e . T h e se  m echan ism s have 

t>een e x te n s iv e ly  re v ie w e d  ( Ja m e s , 1967; Z hang . 1984; Gent a n d  P u lfo rd . 

1983; G rosch  and  S c h a lla m a c h , 1969; M athew and De, 1983 b ). I t  i s  p o s s ib le  

to  c a te g o r is e  w ear m ech an ism s of r u b b e r  in  v a r io u s  w ay s and one conven ien t 

sy s te m  is  to  d i f f e r e n t i a te  b e tw een  fo u r  m ain fa c to rs :

( a )  A b ra s iv e  w e a r , w h ic h  i s  c a u s e d  b y  h a r d  a s p e r i t i e s  c u tt in g  th e  ru b b e r .

( b )  F atig u e  w e a r , w h ic h  i s  c a u se d  b y  p a r t i c l e s  o f r u b b e r  b e in g  d e ta c h e d  

a s  a r e s u l t  of dy n am ic  s t r e s s  on a  lo c a l iz e d  s c a le .



(c )  Wear th ro u g h  r o l l  fo rm a tio n , w h ic h  o c c u rs  w ith  a r e l a t i v e l y  h ig h

c o e ff ic ie n t  o f f r i c t io n  b e tw een  th e  r u b b e r  and th e  a b ra d in g  s u r f a c e .

(d )  Sm earing  re s u l t in g  from  d e g ra d a tio n  o f r u b b e r  from  e i t h e r  th e rm a l

o r  m ech an ica l s t r e s s .

One of th e  m ost im p o rta n t a p p l ic a t io n s  of ru b t^ e r  w h e re  r e s is ta n c e  

to  a b ra s io n  i s  of g re a t  im p o rta n c e  i s  ty r e  t r e a d .  I t  i s  g e n e ra l ly  a c c e p te d

th a t  som e of th e  s y n th e t i c  r u b b e r s  su ch  a s  SBR and BR a r e  s u p e r io r  to

NR in  a b ra s io n  r e s i s t a n c e .  H ow ever, i t  may b e  p o in te d  out th a t  th e  r e l a t i v e

w ear r a t in g  o f com pounds d e p e n d s  on th e  n a tu re  o f th e  t r a c k  a s  w e ll a s

lo a d .  On v e r y  sm oo th  s u r f a c e s  SBR i s  s u p e r io r  to  NR. b u t w ith  in c re a s in g

s h a rp n e s s  th e  d if fe re n c e  b e tw een  th e  two i s  re d u c e d  and  r e v e r s a l s  in  ra n k in g

can  in  fa c t b e  o b s e rv e d .  T h e se  e f f e c ts  co u ld  b e  se e n  in  ty r e  t e s t s  on a c tu a l  

ro a d  su r f a c e s  and  on v e h ic le s  o f v a ry in g  lo a d . In  going from  p a s se n g e r  

c a r  t y r e s  to  tru c k  t y r e s  and  to  a i r c r a f t  t y r e s ,  lo a d in g  in c r e a s e s  and  th e

p r o p o r t io n  o f NR I n c re a s e s .  C a r ty r e  t r e a d s  a r e  in  g e n e ra l b a s e d  on 

s y n th e t ic  r u b b e r .  H ow ever, t ru c k  t y r e  t r e a d s  co n ta in  50-100% NR and  a i r c r a f t  

t y r e s ,  in  g e n e ra l ,  a r e  m ade e n t i r e ly  o f NR.

T y re  su r fa c e  te m p e ra tu re  i s  a n o th e r  im p o rta n t f a c to r  in flu e n c in g  th e

r e l a t i v e  w ea r r a t in g  o f  NR and  SBR (G ro sc h , 1967). At low t y r e  su r fa c e  

te m p e ra tu re s ,  a s  en c o u n te re d  d u r in g  w in te r .  NR i s  s u p e r io r ;  a t  h ig h  su r fa c e  

te m p e ra tu re s  th e  r e v e r s e  i s  t r u e ,  th e  r e v e r s a l  o c c u r r in g  a t  ab o u t 35^C.

R e s is ta n c e  to  d e g ra d a tio n

N atu ra l r u b b e r  b e in g  an u n s a tu ra te d  p o ly m e r , i s  h ig h ly  s u s c e p t ib le  

to  d eg ra d a tio D  b y  o x y g e n , o zo n e , r a d ia t io n ,  h e a t ,  c h e m ic a ls  e t c .  - H evea 

r u b b e r  c o n ta in s  n a tu r a l  a n t io x id a n ts ,  p ro te in s  and co m p lex  p h e n o ls , w h ic h

p ro te c t  i t  from  d e te r io r a t io n  d u r in g  co ag u la tio n  o f  th e  la te x  and  th e

su b s e q u e n t p ro c e ss in g  and  d ry in g  o f  th e  coagulum . T h e se  n a tu r a l  a n t i -

d e g ra d a n ts  a r e  lo s t  o r  d e s t ro y e d  d u r in g  f u r th e r  p ro c e ss in g  and  h en ce

a d d i t io n a l  p r o te c ta n ts  a r e  n eed ed  to  e n s u re  a d e q u a te  s e r v ic e  l i f e  o f end 

p ro d u c ts .

T h e  ch an g es  o c c u r r in g  d u r in g  th e  d e g ra d a tio n  o f r u b b e r s  cou ld  be 

d e s c r ib e d  in  th r e e  w ay s .

( a )  C ha in  s c is s io n ,  r e s u l t in g  in  a  r e d u c tio n  in  c h a in  le n g th  and  a v e ra g e

m o lecu la r w e ig h t.

( b )  C ro ss lin k in g  r e s u l t in g  in  a th re e -d im e n s io n a l  s t r u c tu r e  and h ig h e r  

m o lecu lar w e ig h t.

( c )  C hem ical a l t e r a t io n  o f th e  m o lecu les b y  in tro d u c tio n  o f  new  ch e m ic a l 

g ro u p s .



N atu ra l and b u ty l  r u b b e r s  d e g ra d e  m o stly  by  c h a in  s c is s io n ,  re su lt in g  

in  a  w eak so f te n e d  s to c k ,  o f te n  sh o w in g  su r fa c e  ta c k in e s s .  C hem ica l a n a ly s is  

sh o w s th e  p re se n c e  o f a ld e h y d e ,  k e to n e , a lc o h o l and o th e r  g ro u p s , re su lt in g  

from  o x id a t iv e  a t ta c k  a t  a lp h a  h y d ro g e n s  and  d o u b le  b o n d s . S y n th e tic  

r u b b e r s  su c h  a s  SBR, p o ly c h lo ro p re n e  and n l t r i l e  r u b b e r  d e g ra d e  b y  c ro s s -  

l in k in g , r e s u l t in g  in  b r i t t l e  s to c k s .

O x id a tiv e  ageing

O xygen i s  c o n s id e re d  to  b e  th e  m ost im p o rta n t d e g ra d a n t fo r  NR. 

A sm a ll  amount o f one to  two p e r  c e n t o f com bined  oxygen  in  r u b b e r  s e rv e s  

to  r e n d e r  i t  u s e le s s  f o r  m ost a p p l ic a t io n s .  T he o x id a tio n  o f  r u b b e r  i s

b e l ie v e d  to  ta k e  p la c e  th ro u g h  a f r e e - r a d i c a l  c h a in  r e a c tio n  w hose m echanism  

w as f i r s t  p ro p o se d  b y  B o llan d  and  Gee (1 9 4 6 ). In o r d e r  to  p re v e n t  e x te n s iv e  

d e te r io r a t io n  o f th e  r u b b e r ,  i t  i s  n e c e s s a ry  to  i n te r r u p t  th e  c h a in  re a c tio n  

and  s to p  a u to c a ta ly s is .  T h is  co u ld  b e  a c c o m p lish e d  b y  e i t h e r  te rm in a tin g  

th e  f r e e  r a d ic a l s  o r  b y  deco m p o sin g  th e  p e ro x id e s  in to  h a rm le s s  p ro d u c ts .

A n tio x id a n ts ,  in  f a c t ,  fu n c tio n  t h i s  w ay . I t  i s  e s ta b l is h e d  th a t  am ine a n tl-  

o x id a n ts  a c t  b o th  b y  r e a c t in g  w ith  f r e e  r a d i c a l s  and  by  decom posing 

p e r o x id e s .  P h e n o lic  a n t lo x ld a n t s ,  on th e  o th e r  h a n d , r e a c t  p r im a r i ly  as 

f r e e  r a d ic a l  s in k s  o r  c h a in  s t o p p e r s .  P h o s p h i te s  r e a c t  r e a d i ly  w ith  f re e  

p e r o x id e s  su c h  a s  ROOK to  g iv e  ROH and  a p h o s p h a te .

T h e  a t ta c k  b y  o x y g en  on raw  r u b b e r  Is  d i f f e r e n t  from  th a t  on

v u lc a n iz e d  r u b b e r .  In t h e  fo rm e r c a s e ,  an i n i t i a l  in d u c tio n  p e r io d  Is  fo llow ed 

b y  r a p id  u p ta k e  o f o x y g e n . W ith v u lc a n iz e d  r u b b e r ,  th e r e  i s  no indu c tio n  

p e r io d  and th e  oxygen  u p ta k e  i s  e s s e n t ia l ly  l in e a r  w ith  tim e . T he n e t r e s u lt  

o f o x y g en  a t ta c k  on NR i s  an o v e r a l l  d e c r e a s e  in  a l l  p r o p e r t i e s .  T en sile

s t r e n g th ,  e lo n g a tio n , f le x  l i f e  and  a b ra s io n  r e s is ta n c e  d e c re a s e  p ro g re s s iv e ly

a s  o x id a t iv e  ageing  in c r e a s e s .  I n i t i a l l y  m odulus and h a rd n e s s  In c re a se  

s l i g h t ly  bu t th e n  f a l l  o f f .  A n tlo x ld a n ts  h a v e  g re a t  e f fe c t  on th e  o x id a tio n

of r u b b e r  and a s  l i t t l e  a s  0 .001  p e r  cen t o f a  good am ine a n tlo x ld a n t can

p r o te c t  r u b b e r  a g a in s t o x id a tio n  fo r  long p e r io d s .  ^

M a te ria ls  l ik e  h e a v y  m eta l io n s and p e ro x id e s  c a ta ly s e  o x id a t iv e  

ageing  o f r u b b e r s  and th e s e  a r e  c a l le d  p r o -o x id a n ts .  H eavy m eta l ions such  

a s  c o p p e r ,  m anganese and  Iro n  a r e  p ro -o x ld a n ts  o f NR. Some of th e  s ta n d a rd  

a n t lo x ld a n ts ,  n o ta b ly  th e  a ro m a tic  d ia m in e s , a r e  e f f e c t iv e  a g a in s t m etal

c a ta ly s e d  o x id a t io n  o f r u b b e r ,  b y  fo rm ing  s ta b le  c o o rd in a tio n  com plexes

w ith  th e  Io n s.

T h e  e f fe c t  o f  h e a t  and  o x y g en  on  r u b b e r ,  in  g e n e ra l p r a c t i c e ,  a re

n e v e r  s e p a ra te d  and th e  p r a c t i c a l  r e s u l t  o f h e a t  on r u b b e r  I s  a  com bination

of c ro s s l in k ln g  and an in c r e a s e  in  th e  r a te  o f  o x id a tio n .



Ozone
Ozone r e a c t s  r e a d i ly  w ith  NR and  th e  e f fe c t  m a n ife s ts  i t s e l f  in  two w ays.

(a )  C ra c k s  a p p e a r  on th e  s u r f a c e  o f rub l>er p e r p e n d ic u la r  to  th e  d ir e c t io n  

of s t r e s s  in  r u b b e r .

(b )  A s i l v e r y  film  a p p e a r s  on th e  s u r f a c e  in  u n s t r e s s e d  r u b b e r .  T h is  

i s  u su a lly  c a l le d  f ro s t in g .

T he m echanism  of ozone a t t a c k  i s  th o u g h t to  b e  th e  r e a c t io n  o f ozone 

w ith  th e  d o u b le  b o n d s  in  r u b b e r  to  fo rm  o z o iiid e s . T h e se  a r e  e a s i ly  

d ecom posed  to  b re a k  th e  d o u b le  b o n d , and  u n d e r  s t r a i n ,  a  c r a c k  a p p e a r s .  

As th e  r e a c t io n  p ro c e e d s  th e  c r a c k s  becom e d e e p e r .

Two f a c to r s  w h ic h  g r e a t ly  in f lu e n c e  ozone c ra c k in g  a r e  ozone ccm- 

c e n tr a t io n  and  th e  s t r a i n  in  th e  ru b t> e r. I n i t ia t io n  o f c r a c k  i s  fav o u re d  

b y  h ig h  s t r a in  and  h ig h  ozone c o n c e n tra tio n .

P ro te c tio n  o f  NR s to c k s  from  ozone c ra c k in g  can  b e  a c c o m p lish e d  

b y  u sin g  a n tio z o n a n ts . U nder s t a t i c  c o n d it io n s  p h y s ic a l  a n tio z o n a n ts  l ik e  

wax w h ich  fo rm s a  bloom  co u ld  b e  u se d . T h e  bloom  cam a c t  a s  a  su r fa c e  

b a r r i e r  a g a in s t  ozone. U n d er d y n am ic  c o n d i t io n s , w ax es  a r e  u n s u i ta b le  and 

h en ce  c h e m ic a l a n tio z o n a n ts  a r e  e m p lo y e d . B lend ing  o f  NR w ith  m ore s a tu r a te d  

r u b b e r  su c h  a s  EPDM o r  EPM h a s  a ls o  been  found  to b e  e f f e c t iv e  in  

p ro te c tin g  NR from  ozone a t ta c k  (M ath ew , 1983; M athew  e t  a l .  1988).

L ig h t and w e a th e rin g

L ig h t p ro m o te s  th e  a c tio n  o f o x y g en  a t  t h e  s u r f a c e  o f r u b b e r ,  

p ro d u c in g  a f ilm  of o x id iz e d  r u b b e r ,  h a v in g  p h y s ic a l  p r o p e r t i e s  d i f f e r e n t

from  th o se  o f th e  o r ig in a l  s to c k .  T h e  f ilm  th e n  u n d e rg o e s  a c t io n  b y  w a te r  

v a p o u r  and h e a t  to p ro d u c e  c r a z in g . T h e  o x id iz e d  l a y e r  e x p a n d s  and

c o n tr a c ts  on h e a tin g  and d r y in g .  F in a l ly ,  t h e  o x id iz e d  l a y e r  w a sh e s  aw ay ,

le a v in g  th e  f i l l e r  e x p o s e d . T h e  g r e a te s t  am ount o f l ig h t  dam age i s  dene 

b y  UV l ig h t .  A fa m ilia r  form  o f  l i g h t  ag e in g  Is  th e  s t if f e n in g  of th e  su r fa c e  

of r u b b e r  p ro d u c ts .  P ro d u c ts  m ay b e  p ro te c te d  a g a in s t  l i g h t  and  w e a th e rin g  

b y  th e  u se  o f o p aque p ig m en ts  su c h  a s  z in c  o x id e ,  titan iu m  d io x id e ,  c a rb o n  

b la c k  e tc .  and a ls o  b y  c e r ta in  c h e m ic a ls .

A tom ic r a d ia t io n

T h e  e f fe c t  o f r a d ia t io n  dam age i s  v e r y  s im i la r  to  th a t  o f h e a t  ag e in g  

of v u lc a n iz a te s .  Loss o f te n s ile  s t r e n g th  and  in c r e a s e  in  m odulus h a v e  been  

o b s e rv e d .  R a d ia tio n  d e g ra d a tio n  o f NR h a s  been  found to  be a c c e le ra te d  

i f  th e  r u b b e r  i s  u n d e r  s t r a in  (A lex  e t  a l .  1 9 8 9 ). A n tid e g ra d a n ts  l ik e



p -p h e n y le n e  d iam in e  d e r iv a t iv e s  an d  f i l l e r s  l ik e  c a rb o n  b la c k  h a v e  b e e n

found to  Im p ro v e  r a d ia t io n  r e s i s t a n c e  o f  NR.

P e rm e a b il ity
P e rm e a b il ity  of a  r u b b e r  f ilm  i s  a  m easu re  o f  th e  e a s e  w ith  w h ic h  

a  l iq u id  o r  g as  p a s s e s  th ro u g h  i t .  T h e  p r o e m s  o f  p e rm e a tio n  in v o lv e s

a b s o rp t io n  o r  so lu tio n  on one s id e  o f  th e  r u b b e r  f ilm  fo llo w ed  b y  d if fu s io n  

th ro u g h  th e  f ilm  to  th e  opEWSite s i d e  w h e re  e v a p o ra tio n  ta k e s  p la c e .  In  a n

id e a l  c a s e ,  t h e  q u a n t i ty  o f $as  o r  vapMSur b e in g  t r a n s m it te d  b u i ld s  up  to

a  co n s ta n t s te a d y  le v e l  a f t e r  a  p e r io d  o f tim e  and th e n .

q  = ^  (7 )

w h e re  q  = volum e of g as  t r a n s m it te d

P  s  p e r m e a b i l i ty  c o e f f ic ie n t

t  = tim e
. p  '  s  " p a r t i a l  p r e s s u r e  d i f fe r e n c e  a c r o s s  th e  t e s t  p ie c e  

A B te s t  p ie c e  a r e a ,  and

b  = t e s t  p ie c e  th ic k n e s s

In  m any c a s e s  P i s  a  c o n s ta n t f o r  a  g iv e n  gas and  p o ly m er comblnaticM i. 

T h e  - p e rm ea tio n  o f a  g as  th ro u g h  a  p o ly m e r  ta k e s  p la c e  in  two s t e p s ,  t h e  

g as  d is s o lv in g  in  th e  p o ly m e r  an d  th e n  th e  d is s o lv e d  g as  d if fu s in g  th ro u g h  

th e  p o ly m e r . T h e  s o l u b i l i t y  c o n s ta n t  i s  th e  am ount o f a  su b s ta n c e  w h ic lj 

w il l  d is s o lv e  In  u n it  q u a n t i ty  o f  t h e  p o ly m e rs  u n d e r  s p e c i f ie d  c o n d i t io n s ,  

and th e  d if fu s io n  co n s ta n t i s  th e  am ount o f  su b s ta n c e  p a s s in g  th ro u g h  u n it  

a r e a  o f a  g iv en  p la n e  in  th e  p o ly m e r  in  u n i t  tim e fo r  a  u n it c o n c e n tra t io n  

g r a d ie n t  o f th e  su b s ta n c e  a c r o s s  th e  .p la n e . I t  can  be  show n  th a t :

p  * SD (8)

w h e re  S = th e  s o lu b i l i t y  c o n s ta n t ,  and

D = th e  d if fu s io n  co n s ta n t

G ases d i f f e r  c o n s id e ra b ly  in  p e r m e a b i l i ty  r a te  s in c e  t h i s  i s  a f fe c te d  

b y  th e  s iz e  o f th e  g as  m o lecu le  and  i t s  s o lu b i l i t y  in  r u b b e r .  By f a r  t h e  

lo w e s t  g as  p e r m e a b i l i ty  among th e  common r u b b e r s  i s  show n  b y  b u ty l  r u b b e r .  

A ir  p e r m e a b i l i ty  o f NR i s  a lm o s t tw e n ty  tim e s  th a t  o f  b u ty l  r u b b e r .  N ir '‘l l e  

and  c h lo ro p re n e  r u b b e r s  a r e  in  b e tw e e n . E p o x id ls e d  NR, a c h e m ic a lly



m o d ifie d  form  of n a tu ra l  r u b b e r ,  h a s  much lo w e r a i r  p e r m e a b i l i ty  th a n  NR 
i t s e l f  (G ellin g  and  P o r te r ,  1989).

E le c t r ic a l  p r o p e r t ie s

In  g e n e ra l r u b b e r s  a r e  e l e c t r i c a l l y  in su la tin g  and  th i s  p r o p e r ty  i s  

w id e ly  ta k e n  a d v a n ta g e  o f  in  c a b le s  and  In  v a r io u s  com ponents in  e le c t r i c a l  

a p p l ia n c e s .  T hey  can  a ls o  be  m ade a n t i - s t a t i c  and ev e n  co n d u c tin g  by  

s u i t a b le  com pounding. In  a l l  c a s e s ,  i t  i s  th e  com b in a tio n  o f th e  e l e c t r i c a l  

p r o p e r t i e s  and th e  in h e re n t  f l e x i b i l i t y  o f r u b b e r s  w h ic h  m ake them  a t t r a c t i v e  

fo r  e le c t r i c a l  a p p l ic a t io n s .  T h e  e l e c t r i c a l  p r o p e r t i e s  m ost com m only c o n s id e re d  
a r e :

R e s is ta n c e  o r  r e s i s t i v i t y .

Pow er f a c to r ,  and

D ie le c tr ic  s t r e n g th .

M aintenance o f e l e c t r i c a l  p r o p e r t i e s  on e x p o s u re  to  w a te r  i s  e s p e c ia l ly  
im p o rta n t w hen th e  p ro d u c t  i s  to  b e  u se d  in  w et e n v iro n m e n ts .

R e s is ta n c e  and r e s i s t i v i t y ; As th e  su r f a c e  o f r u b b e r s  m ay conduct 

e l e c t r i c i t y  m ore e a s i ly  th a n  th e  b u lk ,  i t  i s  u su a l to d is t in g u is h  betw een  

volum e r e s i s t i v i t y  and  s u r f a c e  r e s i s t i v i t y .  Volume r e s i s t i v i t y  i s  d e f in e d  

a s  th e  e le c t r i c a l  r e s is ta n c e  b e tw een  o p p o s i te  fa c e s  o f a  u n it  c u b e , w h e re a s  

su r f a c e  r e s i s t i v i t y  Is  d e f in e d  a s  th e  r e s i s t a n c e  b e tw een  o p p o s i te  s id e s  of 

a  s q u a re  on th e  s u r f a c e .  In s u la t io n  r e s i s t a n c e  i s  th e  r e s is ta n c e  m easu red

betw een  any  two p a r t i c u la r  e le c t r o d e s  on o r  in  th e  r u b b e r  and  h en ce  i s  

a fu n c tio n  o f b o th  s u r f a c e  and vo lum e r e s i s t i v i t i e s  and o f th e  t e s t  p ie c e  

g eo m etry . C onductance and  c o n d u c t iv i ty  a r e  s im p ly  th e  r e c ip r o c a l s  o f 
r e s is ta n c e  and  r e s i s t i v i t y  r e s p e c t iv e ly .  >

I t  i s  no t e a s y  to  m ake a  c le a r  d i s t in c t io n  among in s u la t in g , a n ti­

s t a t i c  and co n d u c tin g  r u b b e r s .  T h e  d e f in i t io n s  sh o u ld  be  m ade w ith  r e s p e c t  

to  th e  r e s i s t a n c e  b e tw een  tw o r e le v a n t  p o in ts  on a  p ro d u c t r a t h e r  th an

to  th e  r e s i s t i v i t y  o f th e  r u b b e r .  G e n e ra lly , r e s i s ta n c e s  o f up  to  10^ ohm s 

a r e  c o n s id e re d  c o n d u c tiv e , b e tw een  10^ and  10® ohm s a n t i - s t a t i c  and ab o v e  g
10 ohm s In s u la tin g .

D ie le c tr ic  s t r e n g th : T he d i e l e c t r i c  s t r e n g th  o f an  e la s to m e r  i s  th e

v o lta g e  r e q u i r e d  to  p u n c tu re  a  sa m p le  o f know n th ic k n e s s  and  I s  e x p re s s e d

a s  v o l t s  p e r  m il of th ic k n e s s .  T h e  r a t e  o f v o lta g e  a p p l ic a t io n ,  th e  geom etry  

of th e  e le c t r o d e s  and of th e  t e s t  sp e c im en  h a v e  p ro fo u n d  in flu e n c e  on th e  
r e s u l t s  o b ta in e d .



D ie le c tr ic  c o n s tan t an d  p o w e r  f a c to r : T he d i e l e c t r i c  co n s ta n t o r

s p e c i f ic  c o n d u c tiv e  c a p a c i ty  i s  a m ea su re  o f an in s u la t io n 's  a b i l i t y  to  s to r e  

e l e c t r i c a l  e n e rg y . T he d i e l e c t r i c  c o n s ta n t i s  th e  r a t i o  o f th e  e le c t r i c a l  

c a p a c ity  of a  c o n d e n se r  u s in g  th e  e la s to m e r  u n d e r  t e s t  a s  th e  d i e l e c t r i c ,  

to  th e  c a p a c ity  o f a s im i la r  c o n d e n s e r  u sin g  a i r  as th e  d i e l e c t r i c .

T he p o w er f a c to r  o f  an  in s u la t in g  m a te r ia l  in d ic a te s  i t s  tendency

to  g e n e ra te  h e a t in  s e r v i c e .  I f  a  c a p a c ito r  u sing  an  e la s to m e r  a s  th e  

d i e l e c t r i c  i s  c h a rg e d  b y  a  d i r e c t  c u r re n t  and  th e n  im m e d ia te ly  d is c h a rg e d ,  

th e r e  i s  an e n e rg y  lo s s  in  th e  form  o f  h e a t .  I f  th i s  c a p a c ito r  i s  r e p e a te d ly  

c h a rg e d  and d is c h a rg e d  b y  an a l te r n a t in g  c u r r e n t ,  th e  e le c t r i c a l  lo s s  r e s u l t s  

in  h e a tin g  o f th e  d i e l e c t r i c .  T h e  r a t i o  o f t h i s  lo s s  to  th e  en e rg y  r e q u ire d

to  c h a rg e  th e  c a p a c i to r  i s  know n a s  p o w er f a c to r .

T h e  t)e s t e l e c t r i c a l  p r o p e r t i e s  a r e  o b ta in e d  w ith  h y d ro c a rb o n  r u b b e rs  

su c h  a s  NR. b u ty l .  EPDM e t c .  N a tu ra l r u b b e r  v u lc a n iz a te s . In  p a r t ic u la r  

can  b e  m ade to  g iv e  v e r y  h ig h  e l e c t r i c a l  r e s is ta n c e .  A c o m p a ra tiv e  

a s se ssm e n t of., e l e c t r i c a l  p r o p e r t i e s  o f  NR and c h io ro p re n e  r u b b e r  h a s  been 

r e p o r te d  (Ancvi. 1963) and  th e  d a ta  a r e  g iv en  in  T a b le  1 . ^

TABLE 1

C h io ro p ren e
ru b b e r

N atu ra l
r u b b e r

In su la tio n  r e s is ta n c e  o f 1 .1 5  mm c o v e r  on 
No. 12 AWG w ire , m egohm s p e r  300 m e te r s . 4 4000

D .C . r e s i s t i v i t y ,  ohm -cm 10^2 10^5

D ie le c tr ic  s t r e n g th ,  V p e r  m il 400-600 400-600

D ie le c tr ic  co n stan t 6 .7 2 .3

Pow er fa c to r ,  ^ 2 .S 0 .5

T herm al p r o p e r t i e s

P ro p e r t ie s  l i k e  s p e c i f i c  h e a t ,  th e rm a l c o n d u c t iv i ty , th e rm a l ex p an s io n  

and Jo u le  e f fe c t  in  r u b b e r s  a r e  o f g r e a t  p r a c t ic a l  im p o rtan c e  to  th e  d e s ig n e r  

of r u b b e r  p r o d u c ts ,  b u t h a v e  no t b e e n  p r o p e r ly  r e c o g n ise d .

S p e c if ic  h e a t ; S p e c if ic  h e a t  i s  th e  q u a n t i ty  o f h e a t  r e q u i re d  to  r a is e  

u n it m ass o f th e  m a te r ia l  th ro u g h  1*’C . I t  I s  u s u a lly  d e te rm in e d  b y  su p p ly in g  

h e a t to  a c a lo r im e te r  c o n ta in in g  th e  t e s t  p ie c e  and m easu ring  th e  re su lt in g  

te m p e ra tu re  r i s e .  E x c e p t w hen th e  h ig h e s t  p re c is io n  i s  r e q u i r e d ,  w h a t



P ro p e r ty l/n v u lcan lzed P u re  gum 
v u lc a n iz a te

V u lcan iza te  w ith  
50 p h r  c a rb o n  

b la c k

H ard  r u b b e r  
(E b o n ite )

D e n s ity , Mg ra” ^ 0 .9 1 3
(0 .9 0 6 -0 .9 1 6 )

0 .9 7 0
(0 .9 2 0 -1 .0 0 0 )

1 .1 2 0
(1 .1 2 0 -1 .1 8 0 )

1 .170
(1 .1 3 0 -1 .1 8 0 )

T h erm a l c o e f f ic ie n t  o f  vo lum e e x p a n s io n , 
B- (1 /V ) ( 6 V /J T ) .  K -1

670x10’ ® 660xl0~® 530x10"® .  
(450-550x10"'*)

190x10“ ®

C la s s  t r a n s i t io n  te m p e ra tu re . K 210
(199-204)

210
(201-212)

208 353

S p e c if ic  h e a t ,  C p . Cal g"^ 0 .4 4 9 0 .4 3 7 0 .3 5 7 0 .331
H eat c a p a c i ty .  C o . k J  kg"*^. K"^ 
6 C p /6 T . k J  k g - i  K-2

T h erm a l c w id u c t iv i ty .  W K~^

1 .905  ,  
3 .5 4 x 1 0 '’*

0 .134

1.828

0 .153
(0 .1 4 -0 .1 5 )

1.404

0 .2 8 0

1.385

0 .163
(0 .1 6 0 -0 .1 8 0 )

H eat o f  c o m b u s tio n , MJ kg“ ^ 
E q u ilib r iu m  m eltin g  te m p e ra tu re , K

-4 5 .2  
301 (303-312)

-4 4 ,4 -3 3 .0

H eat o f  (u a io n  of c r y s t a l .  k J  k g ” ^ 
O o tic a l ;  R e f r a c t iv e  in d e x . nD 
d n y d T .  K -1
E le c t r i c a l :  □ le le c t r l c  c o n s ta n t (1  kH z)

6 4 .0

1 .5 1 9 1 .
-37x10 '®

2 .3 7 -2 .4 5

1 .5 2 6 4 ,
-37x10"®

2 .6 8
(2 .5 -3 .0 }

1 .6

2 .8 2
(2 .8 -2 .9 )

D is s ip a t io n  f a c to r  (1  kH z) 0 .0 0 1 -0 .0 0 3 0 .0 0 2 -0 .0 4 0 .0 0 4 3 -0 .0 0 9
C w id u c llv ity  ( 6 0 s ) ,  fS m '^ 2 -97 2-100 2-3000

-  -  -  -  ~ * - -

P ro p e r ty U nvu lcan lzed Pre-gum
v u lc a n iz a te

V u lcan iza te  w ith  
50 p h r  c a rb o n  

b la c k

H ard  n ib t)e r  
(E bcm lte)

M e ch an ica l; C o m D re s s ib ilf tv . a  _ j 
M Pa-1 °  
« B /« P , M P a '2
6 B /6 t , M Pa-1 K“1

. 515x10"® 
-2 .1 x 1 0 -6  
♦2.3xlO~®

!

514x10"®
-2 .4 x 1 0 -6
*2.1x10-®

410x10"®
-1 .8 x 1 0 -6

240x10"®
-0 .4 1 x 1 0 -6
♦1.1x10-®

T h e rm a l p r e s s u r e  c o e f f ic ie n t,  
T "  B /f i . MPa K-1 
fiY /6T . MPa K-2

1.22
-0 .0 0 5 2

B ulk  m odulus ( i s o th e r m a l ) .  GPa 1 .9 4 1.95 2 .4 4  ; 4 .1 7

B ulk  m odulus ( a d i a b a t i c ) ,  GPa 2 .2 7 2 .2 6

B ulk  w ave v e lo c i ty .  Vb ( lo n g itu d in a l  w a v e ) km  s~^ 
« v b /< T . m s ' l  K - i

1.5B
-3

1.5B ( 1 .5 -1 .5 6 )  
-3

1 .4 9

S t r i p  ( lo n g itu d in a l  w ave) 
v e lo c i ty ,  V j (1 k H z ) , m s - l  
U ltim a te  e lo n g a tio n . ^

45
(35-51)
750-850

141

550-650

1540 

6 (3 -8 )
Tensiii^ s t r e n g th ,  MPa .17-25 25-35 60-80

I n i t ia t io n  s lo p e  o f  s t r e s s - e t r a l n  c u rv e . 
Y o u n g 's  m od u lu s, B (6 0 s ) .  MPa 
S h e a r  m o d u lu s . G (6 0 s ) . MPa .
S h e a r c o m p lia n c e . J ( 6 0 s ) ,  M Pa'

1 .3  ( 1 .0 - 2 .0 )  
0 .4 3  ( 0 .3 - 0 .7 )
2 .3  ( 1 .5 - 3 .5 )

3 .0 - 8 .0  

0 .5 - 0 .7

3000

0 .0017

C re e p  r a t e  ( 1 / J )  (6 J /6 1 o g  t ) .%  /  u n it  lo g  t 
Dynam ic p r o p e r t i e s  
S to ra g e  m o d u lu s. G ',  MPa 
Loss m o d u lu s . G", MPa

L oss ta n g e n t, G "/G '
R e s il ie n c e  ( re b o u n d )  ^

0 .4 1 (0 .3 4 -0 .5 6 )
0 .029
(0 ,0 2 7 -0 .0 4 5 )
0 .0 9 (0 .0 7 -0 .1 3 )
75-77

2 (1 -3 )  8 (7 -1 2 )

0 .4 1 (0 .3 1 -0 .6 0 )  6 .2 (1 .9 -1 3 )  
0 .0063  0 .6 8  
(0 .0 0 5 2 -0 .0 3 0 )  ( 0 .3 2 -1 .3 )  
0 .0 1 6 (0 .0 1 -0 .0 5 )  0 .1 1 (0 .1 0 -0 .1 7 )  
75-84 50 (45- 55)

1100
45

0 .040
(63-6 7 )

ValiMS In p a r e n th e s is  I n d ic a te  th e  ra n g e .



an a d ia b a t ic  c a lo r im e te r  would be  u s e d , i t  I s  now u su a l to  m easu re  s p e c i f ic  

h e a t b y  a c o m p a ra tiv e  m eth o d  u s in g  d i f f e r e n t i a l  scan n in g  c a lo r im e try  (R ic h a rd ­

so n . 1976). I t  i s  a ls o  p o s s ib le  to  d e te rm in e  th e  d r y  r u b b e r  co n ten t o f raw  

rubt>er and r u b b e r  coagulum  th ro u g h  s p e c i f i c  h e a t  m easu rem en ts (K a rr is  

e t  a l .  1985).
T h e rm a l c o n d u c t iv i ty : T h erm al c o n d u c t iv i ty  i s  d i f f e r e n t  f o r  d i f f e r e n t

r u b b e r  com pounds, v a ry in g  w ith  th e  am ount a n d  c o n d u c tiv ity  o f  e a c h  

c o n s titu e n t  in  th e  c o m p o s itio n . T h e rm a l c o n d u c t iv i t ie s  o f ty p ic a l  r u b b e r  

co m p o s itio n s  a r e  ( B tu /h r /S q  f t / l n / * F ) :  C h lo ro p re n e  r u b b e r  1 .4 5 , SBR 1 .7 0 , 

NBR 1 .7 0  and  NR 1 .1 5 . C o n d u c tiv ity  i s  im p o rta n t  to  r u b b e r  te c h n o lo g is ts ,  

b e c a u s e  i t  a f f e c ts  th e  tim e  r e q u i r e d  to  h e a t  th e  i n t e r io r  o f  a  r u b b e r  p ro d u c t 

to  th e  v u lc a n iz a tio n  te m p e ra tu re . I t  i s  a ls o  im p o rta n t  to  th e  d e s ig n e r  of 

p ro d u c ts  in  w h ic h  h e a t  i s  g e n e ra te d  b y  v ib r a t io n ,  f le x in g  o r  f r i c t io n .  C a re  

h a s  to  b e  ta k e n  to  p r o v id e  fo r  h e a t  d i s s ip a t io n  in  su c h  p ro d u c ts .

C o e ff ic ie n t o f e x p a n s io n ; T h e  c o e f f ic ie n t  o f th e rm a l e x p a n s io n  of 

r u b b e r  co m p o s itio n s  v a r y  w ith  th e  k in d  and  ai&ount o f  f i l l e r  u s e d . A d d itio n  

of f i l l e r s  lo w e rs  th e  c o e f f ic ie n t.  T he c o e f f ic ie n t  o f  volum e e x p a n s io n  o f 

r u b b e r s  i s  in  th e  ra n g e  o f 4x10*^ to  7x1 0 "^  p e r  *C w h ile  th a t  f o r  s t ^ l  

i s  0 .3 x 1 0 "^  p e r  °C ( J u v e  and B e a t ty . 1 9 5 5 ). T h is  r e s u l t s  In s h r in k a g e  of 

m oulded p r o d u c ts ,  le a d in g  to  d i f f i c u l t i e s  in  m oulding r u b b e r  to  c lo s e ,  

d im en sio n a l to le r a n c e . In  g e n e ra l ,  l i m a r  s h r in k a g e  f ig u re s  f a l l  w i th in  th e  

ran g e  of 1 .5 - 3 .0 1 .  d e p e n d in g  on p o ly m e r  ty p e  and  f i l l e r  lo a d in g .

Jo u le  e f f e c t : When a  r u b b e r  i s  h e a te d  u n d e r  s t r a in ,  i t  t r i e s  to

c o n t r a c t .  I t s  m odulus o f e l a s t i c i t y  In c re a s e s  w ith  r i s e  In  te m p e ra tu re . I f  

th e  r u b b e r  i s  u n d e r  co n s ta n t lo a d  i t  w i l l  c o n tr a c t  and i f  u n d e r  co n s tan t 

s t r a in  I t  w il l  e x e r t  a h ig h e r  s t r e s s .  T h is  phenom enon i s  know n a s  Jo u le  

e f fe c t  and o c c u rs  o n ly  w hen th e  r u b t e r  i s  s t r a in e d  f i r s t  and  th e n  h e a te d .

P h y s ic a l  c o n s ta n ts  a t  a  g lan ce

T he v a lu e s  o f v a r io u s  p h y s ic a l  p r o p e r t i e s  o f  NR h a v e  been  co m p iled  

by  Wood (1966 , 1976) an d  th e  sam e a re  r e p ro d u c e d  in  T a b le  2.
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