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Mobility of Rubber Chains 
Near Above the Glass Transition Temperature 
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Summary 

D e t a i l e d  v i s c o e l a s t i c  measurements  o f  n a t u r a l  and e t h y l e n e -  

p r o p y l e n e  r u b b e r s  c r o s s - l i n k e d  by s u l p h u r  and d i c u m y l  p e r o x i d e  

to  v a r i o u s  deg rees  were p e r f o r m e d .  Main a t t e n t i o n  i s  devo ted  

to  l i g h t l y  c r o s s - l i n k e d  sys tems where  two r e l a x a t i o n  p r o c e s s e s  

o c c u r  nea r  above the  g l a s s  t r a n s i t i o n  t e m p e r a t u r e ~  The two peaks 

o f  t he  r e l a x a t i o n  s p e c t r a  c o r r e s p o n d i n g  to t hese  two r e l a x a t i o n  

p r o c e s s e s  b e g i n  to o v e r l a p  as the  c r o s s - l i n k i n g  d e n s i t y  i n c r e a -  

s e s .  The s i m p l e  s t r u c t u r a l  i n t e r p r e t a t i o n  o f  the  o b s e r v e d  f e a -  

t u r e s  u s i n g  the  e n t a n g l e m e n t  concep t  i s  g i veno  

I n t r o d u c t i o n  

I t  i s  w e l l  known t h a t  the  main p o l y m e r  c h a i n s  beg in  to move 

as the  t e m p e r a t u r e  o f  the  sample exceeds  the  g l a s s  t r a n s i t i o n  

t e m p e r a t u r e  T . T h i s  p r o c e s s  i s  common f o r  a l l  p o l y m e r  samp les .  g 
The movement o f  t he  c h a i n s  i s  s topped  by d i f f e r e n t  mechanisms 

d e p e n d i n g  on p o l y m e r  morpho logy~  In  c r y s t a l l i n e  p o l y m e r s  the  

r e s t r a i n t s  to mot ion  a re  o f t e n  so h i g h  t h a t  t he  a c t i v a t i o n  o f  

p o l y m e r  c h a i n  m o b i l i t y  above T i s  h a r d l y  r e c o g n i z a b l e .  I n  r u b -  g 
b e r s ,  howeve r ,  t he  a c t i v a t i o n  o f  the  c h a i n  m o b i l i t y  above T g 
i s  a dominan t  e f f e c t ~  The r e s t r a i n t s  to such a c h a i n  m o b i l i t y  

i n  r u b b e r s  c r o s s - l i n k e d  to v a r i o u s  deg rees  w i l l  be s t u d i e d  i n  

t h i s  a r t i c l e .  The r e s t r a i n t s  were d e t e c t e d  by v i s c o e l a s t i c  means 

and the  main a t t e n t i o n  was devo ted  to l i g h t l y  c r o s s - l i n k e d  r u b -  

b e r s .  Such v i s c o e l a s t i c  measurements were a l r e a d y  p e r f o r m e d  and 

d i s c u s s e d ,  e . g .  by MAEKAWA e t  a 1 . ( 1 9 6 5 ) ,  MANCKE and FERRY(1968),  

VALENTINE et  a 1 . ( 1 9 6 8 ) .  We hope t h a t  on the  b a s i s  o f  ou r  d e t a i -  

l ed  measurements  the  s i m p l e  e x p l a n a t i o n  o f  t he  v i s c o e l a s t i c  
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behav iour  of rubbers in  the e a r l y  stages of c r o s s - l i n k i n g  may 

be g i ven .  

Exper imenta l  

Na tu ra l  rubber (NR) and e thy l ene -p ropy lene  te rpo lymers  

(EPR) c r o s s - l i n k e d  by su lphur  (S) and d icumyl  perox ide  (DCP) 

were the main systems under i n v e s t i g a t i o n .  The n a t u r a l  rubber 

used i s  the p a r t i a l l y  p u r i f i e d  crepe produced by the MRPRA; 

the e thy l ene -p ropy lene  te rpo lymer  i s  I<eltan produced by the 

She l l  Company, which i s  the random e thy l ene -p ropy lene  copo ly -  

met w i th  app rox ima te l y  4~ of d i cyc l open tad iene  added. 

V i s c o e l a s t i c  measurements were performed by creep method 

(HAVR~NEI< 1965) in  the t ime i n t e r v a l  3xlO -2 - 103s and in  the 

temperature range 200 - 3601<; the s t r a i n  does not exceed 3~. 

Some complementary measurements were performed on t o r s i o n  pen- 

dulum (ZIHOLA and HAVR~NEI< 1981) in  the same temperature range 

and in  the f requency range app rox ima te l y  10 -1 - lO1Hz. Re ta r -  

da t i on  spect ra  L were c a l c u l a t e d  by approx imat ion  method of 

SCHWARZL and STAVERHAN (1952) .  The t ime i n t e r v a l  of the creep 

exper iments i s  s u f f i c i e n t l y  broad so tha t  the d i r e c t l y  measu- 

red creep curves may be used in  the c a l c u l a t i o n s  ins tead  of 

the superimposed ones~ This  procedure i s  necessary as the su- 

perposition pr inc ip le  does not hold in the whole measured time- 

-temperature range where two relaxation mechanisms occur .  

The c r o s s - l i n k i n g  d e n s i t i e s  ~ of the samples were de te rm i -  

ned from the e q u i l i b r i u m  compliance D by the s imple ( f r o n t -  e 
- f a c t o r  = 1) formula 

= 1/3D RT (1) 
e 

of the rubber e l a s t i c i t y  theory  (TRELOAR 19~5) and /o r  from 

aw611ing e q i l i b r i u m  ~y  the formula (FLORY 1950) 

= - [1. 1 - + x ]/VsCV /3 v j 2 )  

The symbols R and T in  eq. (1) have the usual  meaning, u n i v e r -  

sa l  gas constant  and I<elvin tempera ture ,  r e s p e c t i v e l y .  In  eq. 

(2) V s i s  the molar volume of the s w e l l i n g  agent ,  v r i s  the 

volume of the s w e l l i n g  l i q u i d  in  the swol len sample, X l s  the 

i n t e r a c t i o n  parametr between the sample and the s w e l l l n g  
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agent .  The r e s u l t s  obta lned by the two methods co inc ide  rea- 

sonably  w e l l  (HAVRANEK 1971) 

Resu l ts  

The changes of v i s c o e l a s t i c  behav iour  in  the e a r l y  stages 

of c r o s s - l i n k i n g  are demonstrated in  F i g . l ,  where the r e t a r d a -  

t i o n  spec t ra  of four  t y p i c a l  NR samples are g i ven .  The f i r s t  

peak at lower r e t a r d a t i o n  t lmes l s  present  in a l l  the samples 

i n c l u d i n g  the u n c r o s s - l i n k e d  one. The amount of su lphu r  i s  less  

than 2% in  a l l  the samples of F ig .1  ( c r o s s - l i n l <  d e n s i t y  i s  va-  

r i ed  by DCP c o n t e n t ) ,  and t h e r e f o r e  the p o s i t i o n  of the f i r s t  

peak on the T ax i s  i s  n e a r l y  the same fo r  a l l  the curves (HAV- 

R~NEK and BAKULE 1975).  The r e t a r d a t i o n  spectrum L of the sam- 

p le  w i t h  c r o s s - l i n k  d e n s i t y  v 1 has two peaks, the L spectrum 

of the v2 sample one broad peak and the sample w i th  the h ighes t  

c r a s s - l i n k  d e n s i t y  has one narrower peal<. The second peaks, 

such as tha t  of the V$ curve of F i g . l ,  were detected in  a l l  

l i g h t l y  c r o s s - l i n k e d  
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F i ~ . I  Re ta rda t i on  spec t ra  L as func-  
t i o n s  of r e t a r d a t i o n  t ime T of the 
NR-S- DCP system c r o s s - l i n k e d  to the 

-4 3 degrees:  MO = O, U 1 = 0.6x10 mol/cm, 

= 0 .9x lO-4mol /cm 3 and v3= 1.8 x 

x lO-4mol /cm 3 

NR and EPR samples. 

The T ax i s  p o s i t i o n s  

of these second peaks 

s h i f t  towards the po- 

s i t i o n s  of the f i r s t  

peaks w i t h  i n c r e a s i n g  

c r o s s - l i n k i n g  d e n s i t y .  

IT m the time We denote 

at which the first peak 

reaches its maximum and 

the same value for the 

second peak we denote 
II 

y m. The first peak 

i s  c l o s e l y  connected 

w i th  the g lass t r a n s i -  

t i o n  temperature T 

and i t s  IT  appear~ ap- 
m 

p r o x i m a t e l y  30K above 

Tg fo r  NR samples and 

app rox ima te l y  151< above 
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T f o r  EPR samples,  i f  the t ime of  o b s e r v a t i o n  i s  l s .  To e l i -  
g 

minate  the i n c r e a s e  of  Tg, which take p lace  in  samples w i t h  

more than 2% o f  s u l p h u r ,  the T m va lues  w i l l  not  be r e f e r r e d  

to the f i x e d  t empera tu re  but  to the t empera tu re  Tg + 301<. 

Such va lues  of  T m w i l l  be denoted by a dash:  IYm and I I T m .  

The Tm v s .  U p l o t s  o f  NR and EPR samples are  g iven  in  F ig .2o  

The I rm va lues  are  n e a r l y  c o n s t a n t ,  the c o n s t a n t  f o r  NR i s  

h i g h e r  than t ha t  f o r  EPR in  agreement w i t h  the d i f f e r e n t  tem- 

p e r a t u r e  s h i f t s  between T and the f i r s t  spect rum peal< in  the 
g IIr two systems. The positions ~ of the maxima of the second 

spectrum peaks decrease with increasing cross-linking density 

and approach the constant values of IT'. The IIT~ IT- and 
m m 

curves join when the cross-linking density reaches the value 

1.Sx10-4mol/cm 3 in the NR samples and 3o2X10-4mol/cm 3 in the 

EPR ones~ The overlapping of the two spectrum peaks (see curve 

U 2 in  F i g . l )  i s  f i n i s h e d  at  these va lues  o f  U . The s e p a r a t i o n  

o f  the two r e l a x a t i o n  p rocesses ,  the f i r s t  which i s  f i n i s h e d  

j u s t  above Tg,  and the second which take p lace  at  h i g h e r  tem- 

p e r a t u r e  ( o r  l o n g e r  t ime)  and i s  s e n s i t i v e  to the number of  

chemica l  c r o s s - l i n k s ,  was d e t e c t e d  a l s o  in  o t h e r  l i g h t l y  c r o s s -  

- l i n k e d  rubbers  i n v e s t i g a t e d  in  our  l a b o r a t o r y ~  namely i n  bu- 

t ad i ene  r u b b e r s ,  bu tad i ene  o l i g o m e r s  p ro longed  and c r o s s - l i n k e d  

by epoxy r e s i n s  or  d i i s o c y a n a t e s  ( l i q u i d  rubbe rs )  and in  p o l y -  

o x y p r o p y l e n e  t r i o l s  c r o s s - l i n k e d  by d i i s o c y a n a t e s o  

D i s c u s s i o n  

The observed dependence of  the form of  r e t a r d a t i o n  spect rum 

L on c r o s s - l i n k i n g  d e n s i t y  i s  s c h e m a t i c a l l y  g iven  in  F ig .3o  

I n  the same F igu re  the creep curves  - t e n s i l e  compl iances  D - 

from which the r e t a r d a t i o n  s p e c t r a  L were d e r i v e d  are  g i v e n .  

I t  ought to be remembered t h a t  i n  the f i r s t  a p p r o x i m a t i o n  

( e .  g. $CHWARZL and STAVERMAN 1952) the L curve  i s  p r o p o r t i o -  

ha l  to the l o g a r i t h m i c  d e r i v a t i v e  of  the D cu rve ,  L=dD/d l o g t o  

The p l a t e a u  modulus DeN i s  d e t e c t a b l e  f o r  samples where t h i s  

p l a t e a u  i s  beneath the t r u e  rubber  p l a t e a u  w i t h  D equal  to 

the e q u i l i b r i u m  compl iance of  chemica l  c r o s s - l i n k s  D o I t  e 
means t ha t  DeN i s  d e t e c t a b l e  i n  l i g h t l y  c r o s s - l i n k e d  samples 

( F i g s .  3 a - 3 c ) .  I n  a l l  these samples DeN has the same va lue  
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Fiq. 2. The retardation times IT~ 0 and IIT" �9 of the NR- 
m 

-S-DCP system and ITm ~ and IITm �9 of the EPR-S-DCP system 

as functions of cross-linking density 
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Fiq. 3. The evolution of the form of retardation spectrum L 

and tensile c6mpliance D with increasing cross-linking density: 

~0 =0' ~I ~2 <U3<V4" Time is denoted t, temperature T 
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and the creep curves up to i t  have the same form which i s  re-  

f l e c t e d  in  the same form of the i n i t i a l  pa r t  of the r e t a r d a -  

t i on  spect ra  L. The average molecu lar  mass H e of chains between 

two ne ighbour ing  coup l ing  po i n t s  were c a l c u l a t e d  using eq. (1) 

where D was replaced by DeN and ~ was taken equal to the moles e 
of these chains per cubic cen t im te r  ( d e n s i t y  of the samples 

i s  known). The va lues in  the range 2000~We~6000 were obta ined 

fo r  va r i ous  rubbers .  Th is  va lues and a lso the d i f f e r e n c e s  be t -  

ween va r ious  rubber types are in  good agreement w i th  the va lues 

of entanglement chain leng th  given by o the r  au thors  and c o l l e c -  

ted by FERRY (1980)o There fo re ,  i t  seems n a t u r a l  to ass ign the 

f i r s t  p la teau and subseqent l y  a lso the f i r s t  peak of the L 

spec t ra  to the e f f e c t  of entanglements;  the r e s t r a i n t s  which 

stop the chain motion in  l i g h t l y  c r o s s - l i n k e d  rubbers j u s t  

above T are entanglements (compare HANCKE and FERRY 1968).  g 
The entanglement r e s t r a i n t s  have temporary cha rac te r  and 

t h e r e f o r e  at longer  t imes (o r  h igher  temperatures)  the samples 

begin to creep aga in ,  e i t h e r  w i t hou t  l i m i t  ( F i g .  3a) or  to 

an e q u i l i b r i u m  va lue De, i f  some chemical  c r o s s - l i n k s  are p re -  

sent ( F i g . 3 b ) .  The two-step creep curves of the l i g h t i y  c ross -  

~ inked  samples correspond to the two-peak L spect ra  of these 

samples. The inc rease  of the number of chemical  c r o s s - l i n k s  

Cincrease of u ) causes the lower ing  of D the entanglement e r 
and c r o s s - l i n k  r e s t r a i n t s  of chain motion approach and the 

L spectrum peaks begin to over lap  ( F i g . 3 c ) o  The number of che- 

mica l  c r o s s - l i n k s  i s  lower than the number of entanglement 

coup l ing  po in t s  in  F igs .  3b and 3Co I f  the number of en tang le -  

ments and chemical c r o s s - l i n k s  i s  app rox ima te l y  the same the 

s imple one-step creep curve and one-peak L spectrum occur 

( F i g .  3d) .  Th is  s i t u a t i o n  corresponds to the po in t  where the 

ITm and I I T '  curves j o i n  ( F i g .  2)~ I f  we c a l c u l a t e  the W ya- 
m e 

lues from the c r o s s - l i n k  d e n s i t i e s  (1 .8x lO-4mol /cm 3 f o r  NR 

and 3o2xlO-4mol/cm 3 fo r  EPR) at the j o i n i n g  po in t s  we ob ta in  

We= 5500 fo r  NR and We= 3000 fo r  EPR m again in  s a t i s f a c t o r y  

agreement w i th  va lues c o l l e c t e d  by FERRY (1980) .  Fu r the r  i n -  

crease of c r o s s - l i n k i n g  d e n s i t y  in  the range where D < e DeN 
causes the reduc t ion  of the r e t a r d a t i o n  step De - Dg (Dg i s  

the compliance in  the g lassy  s t a t e )  and the decrease of the 
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spectrum w id th  ( F i g .  3e ) .  Th is  r educ t i on  in  the spectrum w id th  

was a lso  v e r i f i e d  e x p e r i m e n t a l l y  (HAVR~NEK 1971, HAVR~NEK et  

a l .  i 9 8 0 ) .  

Th is  d e s c r i p t i o n  of  the e v o l u t i o n  of the spec t ra  form w l th  

i n c r e a s i n g  c r o s s - l i n k i n g  d e n s i t y  1s a q u l l t a t l v e  one. There fore  

i t  l s  not p o s s i b l e  at  the present  stage of i n v e s t i g a t i o n  to 

d i s t i n g u i s h  between the v a r i o u s  f r o n t - f a c t o r s  in  e q . ( i )  (eog. 

FLORY i976)  and to s t a t e  whether ,  in  the s i t u a t i o n  g iven in  

F lg .  3d, the entanglement and c r o s s - l i n k  d e n s i t i e s  should be 

added or not~  
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