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ABSTRACT

The chemical reactions involved when a binary accelerator system is used in rubber vulcanization varies with the 
systems used. The exact mechanism of these reactions is not fully understood even now. Accelerators in which sulfur 
is combined as S— S, C —S — C, o rS — N are generally inactive a t low vulcanization temperatures because of the high 
thermal stability of their sulfur bonds. But sulfur-containing nucleophiles such as thiourea or its derivatives enable 
accelerators like TMTD or CBS to  operate at lower vulcanization temperature, indicating a  nucleophilic reaction mech­
anism in these vulcanization reactions. But, no conclusive evidence is given for such a postulate. In the present study, 
I-phenyl'2,4-dithiobiuret and l,6-diphenyl-2,4-dithiobiuret, which are more nucleophilic than thiourea but which 
vary in their nuclcophilic reactivity, were tried as secondary accelerators in binary systems containing TMTD or CBS 
in sulfur vulcanization of SDK. Both the above dithiobiurets were found to reduce the optimum cure time considerably 
compared to the reference mixes. 1 -phenyl-2,4-dithiobiuret, which is more nucleophilic than 1,5-diphenyl-2,4-dithiobi- 
uret, is found to reduce the optimum cure time more, showing a nucleophilic reaction mechanism in the systems under 
review. In both cases, the optimum dosage of the secondary accelerator required has been established. The vulcanizates 
obtained with these new systems showed definite increase in tensile properties and good retention of these properties 
after aging. In the evaluation of other physical properties, these vulcanizates'gave promising results. In order to 
correlate these physical properties to the type of chemical crosslinks formed, chemical characterization of the vul* 
canizates was also carried out. Also, to study the effect of these nucleophiles on the temperature of vulcanization, 
these mixes were cured and evaluated at two different temperatures, viz., 120®C and 150*C.

To overcome the lower green strength and gum tensile strength in SBR, incorporation of fine reinforcing fillers and 
the use of special combinations of accelerators is required. In this context, the study was extended to evaluate the 
effect of fillers—carbon black, precipitated silica, and cliina clay—on the cure characteristics and vulcanizate properties.

INTRODUCTION

V u lc a n iz a tio n  o f  ru b b e r  u s in g  b in a ry  a c c e le ra to r  sy s te m s  is  k n o w n  to  g ive  s u p e r io r  ch em ­
ical a n d  p h y s ic a l  p ro p e r t ie s  to  th e  v u lc a n iz a te s . T he  ch em ica l re a c tio n s  in v o lv ed , w h e n  a  
b in a ry  a c c e le ra to r  sy s te m  is u sed  in  ru b b e r  v u lc a n iz a tio n , v a r ie s  w ith  th e  sy s te m s  used . 
T lie e x a c t  m ec h a n ism  o f  th e s e  re a c tio n s  is  n o t fu lly  u n d e rs to o d  ev en  now . A c c e le ra to rs  in  
w h ich  s u lfu r  is com b ined  a s  S — S, C — S — C, o r  S —  N a re  g e n e ra lly  in a c tiv e  a t  lo w e r tem ­
p e ra tu re  b e c au se  o f  th e  h ig h  th e rm a l  s ta b i l i ty  o f  th e i r  s u lfu r  b onds. In  h is  s tu d ie s  o n  th e  
v u lc a n iz a tio n  o f  n a tu ra l  ru b b e r  la te x  u s in g  T M T D -th io u re a  b in a ry  sy s te m s, P h i lp o t t ’ h a s  
sh o w n  th a t ,  su lfu r-c o n ta in in g  n u c leo p h iles  such  as  th io u re a , en ab led  a c ce le ra to rs  like  TMTD 
to  o p e ra te  a t  lo w e r v u lc a n iz a tio n  te m p e ra tu re s . He su g g e ste d  an  ion ic  m echan ism , w h e re  
th e  S — S bond  in  TM TD is c leav ed  b y  th e  n u c leo p h ile  (Y”) p ro d u ce d  from  th io u re a ,

• Received January 4, 1991; revised December 6 , 1991. S.



R — S — S — Ri +  Y ' RSY 4- R,S~.

In  th e  c a se  o f  th e  su lfe n a m id e s  (X S —  NR2)  sc iss io n  a t  th e  S — N c e n te r  w o u ld  ta k e  p lace  b y  
th e  s u b s e q u e n t  d isp la c e m e n t o f  th e  n itro g e n -c o n ta in in g  an io n , R2N~.

A  p e ru s a l  o f  th e  l i te r a tu r e  in d ic a te s  t h a t  ev en  th o u g h  a  n u m b er o f  th io u re a  d e r iv a tiv e s  
h a v e  been  tr ie d  in  ru b b e r  vulcanization^"^, th e  a c ce le ra tio n  a c tiv ity  o f  d ith io b iu re t d e riv a tiv e s  
o f  th io u re a  h a v e  n o t been  in v e s tig a te d . W e u n d e r to o k  th is  s tu d y  a ssu m in g  th a t  d i th io b iu re t  
d e r iv a tiv e s  o f  th e  g e n e ra l fo rm u la , I, w h ic h  w ill sh o w  m ore  n u c le o p h ilic  a c tiv ity  th a n  s im ple  
th io u r e a  d e r iv a tiv e s , w ill b e  m o re  re a c tiv e  in  th e  ru b b e r  v u lc a n iz a tio n  re a c tio n  w ith  acce l­
e r a to r s  o f  th e  th iu ra m  o r  s u lfe n a m id e  ty p e :

R — NH  — C — NH — C — N H — R

I

E v en  th o u g h  su g g e s tio n s  h a v e  b e e n  m ad e  fo r  th e  n u c le o p h ilic  r e a c tiv i ty  o f  th io u re a  a n d  i ts  
d e r iv a tiv e s  in  b in a ry  sy s te m s  c o n ta in in g  th e se  com pounds, n o  co n c lu s iv e  p ro o f  fo r  su c h  a  
p o s tu la te  w a s  g iv en  in  th e  e a r l ie r  w o rk . T h e re fo re , o n e  o f  th e  a im s  o f  th is  s tu d y  w a s  to  give 
a d d itio n a l p ro o f  o f  th e  th e o ry  o f  n u c leoph ilic  r e a c tiv ity  in  su ch  b in a ry  sy stem s. To accom plish  
th is ,  w e  s y n th e s iz e d  tw o  d i th io b iu re ts  o f  d iffe rin g  n u c le o p h ilic  r e a c tiv i ty  a n d  s tu d ie d  th e i r  
b e h a v io r  as  c o a c c e le ra to rs . T h e  tw o  com p o u n d s sh o w n  below  w e re  s y n th e s iz e d  acco rd in g  
to  J o s h u a  ei al/^

CeHe— NH — C — NH — C — NHz
II II
S S

D TB -n

CfiHe— NH — C — NH — C — N H — CaHb

II II
s s

DTB-III

In  th is  s tu d y , w e e v a lu a te d  DTB-II a n d  DTB-III in  b in a ry  a c c e le ra to r  sy s te m s  w ith  TMTD 
o r  CBS fo r  s u lfu r  v u lc a n iz a tio n  o f  s ty re n e -b u ta d ie n e  ru b b e r  (SBR*1502) u s in g  s ta n d a rd  
co m p o u n d in g  rec ip es . In  a ll th e  sy s te m s  s tu d ie d , i t  w a s  fo u n d  th a t  th e  d ith io b iu re ts  a c t  as  
b e t t e r  n u c le o p h ile s , a s  e v id e n c e d  b y  th e  s ig n ifican t re d u c tio n  in  c u re  tim e  in  th e  com p o u n d s 
c o n ta in in g  DTB-II a n d  DTB-III, co m p a red  to  th e  re fe re n c e  m ixes. A lso  i t  w a s  fo u n d  t h a t  th e  
re d u c tio n  in  c u re  tim e  is  g r e a te r  in  sy s te m s  c o n ta in in g  th e  m o re  n u c leo p h ilic  DTB-II th a n  in  
th o s e  c o n ta in in g  DTB-III. T h e se  fa c ts  s u p p o r t  th e  n u c le o p h ilic  a t ta c k  c o n c ep t o f  a c ce le ra te d  
v u lc a n iz a tio n  in  th e  sy s te m s  u n d e r  rev iew .

M oreover, th e s e  v u lc a n iz a te s  sh o w e d  a  d e fin ite  in c re a se  in  te n s ile  p ro p e r t ie s  a n d  good 
re te n s io n  o f  th e s e  p ro p e r t ie s  a f te r  h e a t  ag ing  in  a ir . O th e r  p h y s ic a l  p ro p e r t ie s  o f  th e s e  
v u lc a n iz a te s  w e re  a lso  p rom ising . In  v iew  o f  th is  s ig n if ic a n t re d u c tio n  in  c u re  tim e  a lo n g  
w ith  th e  in c re a s e  in  te n s ile  p ro p e r t ie s  o f  th e  v u lc a n iz a te s  c o n ta in in g  d ith io b iu re ts , w e  m ad e  
a  th o ro u g h  s tu d y  o f  th e s e  sy s te m s  w ith  re g a rd  to  th e  c u re  c h a ra c te r is t ic s  o f  th e  m ixes, 
p h y s ic a l  p ro p e r t ie s  o f  th e  v u lc a n iz a te s , a n d  ty p e s  o f  c ro ss lin k  fo rm a tio n . A lso , to  e v a lu a te  
th e  v u lc a n iz a tio n  te m p e ra tu re  s e n s i t iv i ty  o f th e s e  n u c le o p h ile s , m ixes  w e re  c u re d  a t  tw o  
d if fe re n t te m p e ra tu re s , v iz ., 120® a n d  150°C.

S ince  SBR do es n o t s tr e s s  c ry s ta lliz e , g ree n  s t r e n g th  a n d  te n s ile  p ro p e r t ie s  a re  p o o r in  
gum  v u lc a n iz a te s . T h u s , fine re in fo rc in g  fille rs a re  re q u ire d  to  a c h ie v e  u se ab le  p ro p e r tie s . 
To a d d re s s  th is  issu e , w e e x te n d e d  th e  s tu d y  to  in c lu d e  v a rio u s  fillers in  th e  T M T D -d ith iob i- 
u r e t  b in a ry  sy s te m s. F o r th is  a s p e c t  o f th e  w o rk , co m p o u n d s a n d  v u lc a n iz a te s  w e re  p re p a re d  
w i th  50 p h r  c a rb o n  b lac k  (H A F ), 50  p h r  p re c ip ita te d  s ilica , a n d  50 p h r  c h in a  c lay .



EXPERIM ENTAL 

D IT H IO B IU R E T  S Y N T H E S IS

l-P h e n y l-2 ,4 -d ith io b iu re t^  (D T B -II) . — A m m onium  p h e n y l d ith io c a rb a m a te  w a s  f irs t p re ­
p a re d  b y  th e  re a c tio n  o f  c a rb o n  d isu lfide  a n d  a n ilin e  in  am m on iaca l m ed ium  a t  0°C. T he  
fo rm er w as  s te a m  d is tille d  in  th e  p re se n c e  o f  lea d  n i t r a te  to  o b ta in  p h e n y l iso th io c y a n a te . 
T he la t te r  (0 .025  m ol) w a s  a d d e d  d ro p w ise  to  a  s t i r r e d  so lu tio n  o f  th io u re a  (0 .0 2 5  m ol) an d  
po w d ered  sod ium  h y d ro x id e  (0 .025  m ol) in  a c e to n itr ile  (15 m L) an d  th e  re a c tio n  m ix tu re  
w as  h e a te d  a t  60°C  fo r  J h , w h e n  a  c le a r  so lu tio n  re su lte d . T h is  w a s  th e n  d ilu te d  w ith  w a te r  
(150  m L), filte red , a n d  th e  f il tra te  ac id ified  w ith  c o n c e n tra te d  h y d ro c h lo r ic  ac id  (4  m L, 33% ). 
T he c ru d e  1 -p h en y l 2 ,4 -d ith io b iu re t o b ta in e d  w a s  d isso lv ed  in  a  m in im um  q u a n ti ty  o f  4% 
aqueous so d iu m  h y d ro x id e  to  rem o v e  a n y  u n re a c te d  th io u re a  a n d  filte red . T h e  a lk a lin e  fil­
tra te , on  ac id ification  a t  0°C , affo rded  l-p h e n y l-2 ,4 -d ith io b iu re t, w h ic h  a f te r  rec ry s ta lliza tio n  
from  e th a n o l, h a d  a  m eltin g  p o in t o f  180®C.

l,5 -D ip h en y l-2 ,4 ’d ith io b iu re t^  (D TB -III) .— P h e n y l th io u re a  w a s  p re p a re d  b y  th e  reac tio n  
o f an iline  w ith  am m onium  th io c y a n a te  in  h y d ro ch lo ric  acid. P h e n y l iso th io c y a n a te  p rep a re d  
as  d e ta ile d  in  th e  ab o v e  se c tio n  (0 .025  m ol) w a s  a d d e d  d ro p w ise  d u r in g  5 m in  to  a  s t i r re d  
so lu tion  o f  p h e n y l th io u re a  (0 .025  m ol) a n d  p o w d e re d  so d iu m  h y d ro x id e  (0 .025  m ol) in  
ace to n itr ile  (15 mL). T h e  rea c tio n  m ix tu re  w as  h e a te d  to  60°C  an d  s tir re d  a t  th is  te m p e ra tu re  
fo r J h  w h e n  a  c le a r  so lu tio n  re su lte d . T h is  w a s  d ilu te d  w ith  w a te r  (1 5 0  m L) a n d  filtered . 
T he filtra te  w a s  ac id ified  w ith  c o n c e n tra te d  h y d ro c h lo r ic  ac id  (4  mL, 33% ) a n d  th e  p re c ip ­
i ta te d  p ro d u c t w as  co llec ted  an d  red is so lv e d  in  a  m in im um  q u a n ti ty  o f  4% a q u eo u s  sod ium  
h y d ro x id e  to  rem o v e  a n y  u n re a c te d  p h e n y l th io u re a . T h is  so lu tio n  w a s  f ilte red  a n d  th e  
a lk a lin e  f il tra te  w a s  ac id ified  w ith  h y d ro c h lo r ic  ac id  a t  0°C , affo rd ing  l,5 -d ip h en y l-2 ,4 -d i-  
th io b iu re t , w h ic h  a f te r  re c ry s ta ll iz a tio n  fro m  e th a n o l  h a d  a  m eltin g  p o in t o f  143®C.

C O M P O U N D IN G  A N D  T E S T IN G

S ty re n e -b u ta d ie n e  ru b b e r  u sed  in  th e  e x p e r im e n t w a s  S y n a p re n e  1502 o b ta in e d  from  
S y n th e tic s  a n d  C h em ica ls , L td . T h e  ra w  p o ly m er h a d  a  M ooney v isc o s ity , M L  1 +  4 (100®C), 
o f  52.0. T h e  o th e r  co m p o u n d in g  in g re d ie n ts  w e re  a s  fo llow s: zinc o x ide , 98% p u r i ty  su p p lied  
by  M eta Zinc, L td ., B om bay , In d ia ; s te a r ic  acid , ru b b e r  g rad e , su p p lie d  b y  R ubochem  In d u s ­
trie s; CBS (S a n to c u re  CBS), 99%  p u r ity , su p p lied  b y  Polyolefin  In d u str ie s ; su lfu r , 98%  soluble 
in  CS2, su p p lie d  b y  S ta n d a rd  C hem ica ls  Co., P v t., L td .; th io u re a , a n a ly tic a l  g ra d e  (99.5%  
p u r ity ) , su p p lie d  b y  S isc o  R ese a rc h  L a b o ra to rie s ; p ro p an e -2 -th io l, 1 -h ex an e th io l, a n d  p i­
p e rid in e , a n a ly t ic a l  g ra d e , su p p lie d  b y  F lu k a , G erm any .

T he  SBR gum  fo rm u la tio n s , g iv en  in  T ab les  I a n d  II, w e re  e v a lu a te d  to  d e te rm in e  th e  
o p tim u m  c o n c e n tra tio n  o f  th e  d i th io b iu re t  w ith  TM TD a n d  CBS, re sp e c tiv e ly , in  th e  v u lc a n i­
z a tio n  re a c tio n  u n d e r  s ta n d a r d  c o n d itio n s . C om pounds Ao, c o n ta in in g  TMTD alone , a n d  Bo,

T a b l e  I

Formulation of th e  Mixes Containing TM TD -D ithiobiuret

Ingredients ^0 Bo ^1 Az ■̂3 A 4 B , Bz B^ B ,

SBR 1502 100 100 100 100 100 100 100 100 100 100 100 100
Zinc oxide r> 5 5 5 5 5 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2 2 2 2 2 2 2
TMTD
Thiourea

1.5 1.5
0.5

1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

DTB-II — — 0.5 1.5 1.0 0.5 0.25
DTB-III — — — — — — — 0.5 1.5 1.0 0.5 0.25
Sulfur 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5



Table II

F ormulation of th e  Mixes Containing C B S-D jthiobiuret

Ingredients Go C, G2 Ca C, Da Da D*

SBR 1502 100 100 100 100 100 ICO 100 100 100
Zinc ox id e 5 6 5 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2 2 2 2
DTB-II — 1.5 1.0 0.5 0.25 — — — —

DTB-III — — — — — 1.5 1.0 0.5 0.25
Sulfur 0.5 0.6 0.5 0.5 0.5 0.6 0.5 0.5 0.5
CBS 1.5 1.5 1.5 1.5 1.6 1.5 1.5 1.5 1.5

c o n ta in in g  TM TD w ith  0 .5  p h r  th io u re a , a re  re fe re n c e  m ixes . C om pounds A a-A e c o n ta in  
d if fe re n t c o n c e n tra tio n s  o f  DTB-II ra n g in g  fro m  1.5 p h r  to  0 .25  p h r  w i th  1.5 p h r  TMTD. 
C o m p o u n d s B2-B 6 c o n ta in  d iffe re n t c o n c e n tra tio n s  o f  DTB-III ran g in g  fro m  1.5 p h r  to  0 .25  
p h r  w ith  1.5 p h r  TMTD. C om pound  Co c o n ta in s  CBS alone, w h e re a s  com pounds C 1- C 4 c o n ta in  
d iffe re n t c o n c e n tra tio n s  o f  DTB-II ran g in g  fro m  1.5 p h r  to  0 .25  p h r  w ith  1.5 p h r  CBS. Com ­
p o u n d s  D1-D 4 c o n ta in  d if fe re n t c o n c e n tra tio n s  o f  DTB-III ra n g in g  fro m  1.5 p h r  to  0 .2 5  p h r  
w i th  1.5 p h r  CBS. T r ia l  c o m p o u n d s  w e re  a lso  p re p a re d  w ith o u t  TM TD o r  CBS (m ix es  A , a n d  
B |)  b u t  th e y  c u re d  v e ry  v e ry  s lo w ly  a n d  h e n c e  w e re  n o t  e v a lu a te d  fu r th e r .

T h e  filled  fo rm u la tio n s  s tu d ie d  a re  d e sc r ib e d  in  T ab le  III. T h e se  w e re  lim ite d  to  th e  o p ­
tim u m  d o sag e  T M T D -d ith io b iu re t sy s te m s  a n d  re fe re n c e  com pounds.

T h e  o p tim u m  c u re  tim e  fo r  th e  v a r io u s  m ix es  a t  150®C a n d  a t  120®C w e re  e v a lu a te d  
•ising a  M o n san to  R h eo m ete r (R-lOO) acco rd in g  to  ASTM S ta n d a rd  D 2084-88 . T h e  sco rch  
tim e  o f  th e  m ix es  a t  120®C w as  e v a lu a te d  u s in g  a  M ooney V isco m eter (ASTM  D 1646-89). 
In  ru n n in g  th e  sc o rc h  te s t ,  t h e  sa m p le  w a s  a llo w ed  to  w a rm  u p  fo r  one  m in u te  a f te r  th e  
p la te n s  w e re  c lo sed , p r io r  to  s ta r t in g  th e  m o to r. T h e  tim e  f o r  a  5 u n i t  r ise  ab o v e  th e  m in im um  
is  ta k e n  a s  th e  M ooney S co rch  T im e, h .

T h e  c u re  c h a ra c te r is t ic s  o f  th e s e  gum  fo rm u la tio n s  a re  g iv en  in  T ab les  IV a n d  V. T he  
c u re  r a te  in d ex , d e te rm in e d  fro m  th e  rh e o g ra p h s  o f  th e  re sp e c tiv e  co m p o u n d s, is  r e p o r te d  
a s , 100 /(t©o “  h ) ,  w h e re  ieo a n d  tz  a re  th e  tim es  c o rre sp o n d in g  to  th e  o p tim u m  c u re  a n d  tw o  
u n its  a b o v e  m in im um  to rq u e , re sp e c tiv e ly . T h e  in d u c tio n  tim e, ti  is  th e  tim e  fo r  o n e  u n it  
(0 .1  N m ) r is e  a b o v e  th e  m in im um  to rq u e  (a b o u t  5% v u lc a n iz a tio n ) . O p tim um  c u re  tim e , too» 
is  th e  tim e  to  90%  o f  th e  m ax im u m  to rq u e .

T able III

Formulation op Mixes Containing F illers

Ingredients 1 II III IV V VI VII v m IX X XI XII

SBR 1502 100 100 100 100 100 100 100 100 100 100 100 100
Zinc oxide 5 5 5 6 5 5 5 5 5 6 5 5
Stearic acid 2 2 2 2 2 2 2 2 2 2 2 2
HAF black 50 50 50 50 — — — — — __ — __
Precipitated silica — — — — 50 50 50 50 — — — —
China clay — — — — — — — — 50 50 50 50
N aphthenic oil 5 5 5 5 5 5 5 5 5 5 5 5
TMTD 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Thiourea — 0.5 — — — 0.5 — — — 0.5 — —
DTB-11 — — 0.5 — — 0.5 — — — 0.5 —
bTIMII — — 0.5 — — — 0.5 — — — 0.5
Sulfur 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
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T able V

C ure Characteristics of the  Mixes Containing C B S-D ithiobiurets

Mix no., cured at 150®C Mix no., cured a t 120“C

Co C, C2 Cg C4 Di D2 Ds D4 C. C2 D. l>2

Min. torquo, 
dN ■ m 1 0 . 0 1 1 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 1 . 0 10.5 14.5 15.0 16.0 9.0

Max. torque, 
<lN*m 37.0 44.0 44.0 45.0 42.0 44.0 46.5 47.0 40.0 45.0 46.0 47.0 45.0

Induction 
time, ti, 
min 16.0 1.5 2 . 0 4.0 7.0 2.5 4.0 9.0 9.0 4.5 6 . 0 1 0 . 0 18.0

Scorch time, 
min 17.5“ 2 .0 “ 2.5“ 5.0“ 8.5“ 3.0“ 6 .0 “ 10.5“ 11.5“ 6 .0 * 7.0* 13.0* 2 2 .0 *

Optimum cure 
time, 
min 47.5 19.0 25.5 28.0 32.0 22.5 29.5 38.5 45.0 62.0 95.0 68.5 119

Cure-rate
index 3.30 6 . 8 8 4.35 4.33 4.25 5.13 4.08 3.57 2.99 1.80 1.14 1.79 1.03

Rheometer scorch time (Ja).  ̂
Mooney scorch time (tj).

A ll c o m p o u n d s  w e re  p re p a re d  o n  a  la b o ra to ry  size  tw o -ro ll m ix in g  m ill (3 0  X 15 cm ) a t  
a  f r ic tio n  ra t io  o f  1 :1 .2 5 , acco rd in g  to  th e  p ro ced u re  g iven  in  ASTM D 3185-88. T e s t specim en  
v u lc a n iz a tio n  w a s  c a r r ie d  o u t in  18" (4 6 0  m m ) X 18" (4 6 0  m m ) p la te n s  u s in g  a  s te a m  h e a te d  
p re s s  m a in ta in e d  a t  150°C, 46 kg/cm ^ p re ssu re . T ensile  p ro p e r tie s  w e re  d e te rm in e d  acco rd ing  
to  ASTM  S ta n d a rd  D 412-87  w ith  d u m b b e ll sp ec im en s in  a  Z w ick  U n iv e rsa l T e s tin g  M ach ine  
a t  a  p u llin g  r a te  o f  500  m m  p e r  m in  a t  room  te m p e ra tu re  (30®C). T e a r  re s is ta n c e  w a s  d e te r ­
m in e d  b y  ASTM M eth o d  D 624 -86  u s in g  u n n ic k e d  90° an g le  t e s t  p ieces.

H a rd n e ss  w a s  m e a su re d  ac co rd in g  to  ASTM D 2240-86, a n d  c o m p ressio n  s e t  acco rd in g  
to  ASTM  D 395-89  (M ethod  B). F o r d e te rm in a tio n  o f  reb o u n d  (res ilien ce) a  D unlop  T rip so m e te r  
(B r it is h  S ta n d a rd  903, p t . 22, 1950) w a s  u sed  a t  a  te m p e ra tu re  o f  35®C. H e a t b u ild -u p  w a s  
m e a su re d  u s in g  a  G o o d rich  F le x o m e te r  fo llo w in g  ASTM  s ta n d a rd  D 623-88  a t  a  te m p e ra tu re  
o f  50°C ; s tro k e , 4 .4 5  m m; a n d  load , 10.9  kg. A ging  w a s  c a rr ie d  o u t a t  70®C fo r  96 h  in  a  
tu b u la r  ag in g  o v e n  ac co rd in g  to  ASTM  D 865-88.

DETERMINATION OF CONCENTRATION OF CHEMICAL CROSSLINKS®'^

V u lc a n iz a te  sa m p le s  w e ig h in g  0 .2 -0 .3  g w e re  a llo w ed  to  s ta n d  in  b en zen e  c o n ta in in g  
0.1%  p h en y l- /3 -n a p h th y la m in e  (PB N ). A f te r  24 h, th e  sa m p le s  w e re  t r a n s fe r r e d  to  p u re  b en ­
zen e  fo r  a n  a d d it io n a l  2 h . F ro m  th e  v a lu e s  o f  th e  o r ig in a l t e s t  sp ec im en  m a ss  (aO , sw o llen  
sp ec im en  m a ss  (02), a n d  m ass  o f  th e  sp ec im en  a f te r  d ry in g  fo r  6 d a y s  a t  la b o ra to ry  te m p e r­
a tu r e  (aa), th e  v o lu m e f ra c tio n  o f  ru b b e r  in  th e  sw o llen  n e tw o rk  (VV) w a s  c a lc u la te d  as  
follows®:

Vr =
(<13 d i ‘ S 1/ S 2)  * 1 /dr

(<Zg d i  " S 1/ S 2) '  1/rfr "t" ~
(1)

w h e re , = th e  sum  o f  th e  c o n te n ts  o f  s u lfu r  a n d  z inc  o x id e  (p h r) , ^2 *  th e  sum  o f  th e  
c o n te n ts  o f  a ll th e  c o m p o n e n ts  in  th e  m ix  in c lu d in g  ru b b e r  (p h r ) ,  dr  =  d e n s ity  o f  ru b b e r  
0 .940  g/cm® fo r  SBR, a n d  d* =  d e n s ity  o f  benzene, 0 .865  g/cm®. F rom  th e  v a lu e  o f  Vr so 
o b ta in e d , th e  e la s tic  c o n s ta n t, C i, w a s  c a lc u la te d  u s in g  th e  equation®  '®,

2 C ,V ,iV y ^  -  Vr/2)
- I n  (1 -  V;) - V r -  XVr  =

R T (2)



w h e re  X is  a  p a ra m e te r  c h a ra c te r is t ic  o f  in te ra c t io n  b e tw e e n  th e  ru b b e r  n e tw o rk  a n d  th e  
sw e llin g  a g e n t. F o r  th e  S B R -b en zen e  sy s tem , th e  v a lu e  o f  X cou ld  b e  c a lc u la te d  fro m  th e  
re la tio n sh ip ^ ^

X = 0 .330  +  0.43V^. (3 )

In  E q u a tio n  (2 ), V, is  th e  m o la r  vo lum e o f  benzene  (9 0  cm ^/m ol), E  th e  g as  c o n s ta n t, a n d  T  
th e  a b so lu te  te m p e ra tu re . T h e  Ci v a lu e  so  o b ta in e d  w a s  c o n v e rte d  in to  th e  c o n c e n tra tio n  o f  
chem ica l c ro ss lin k s , (2  u s in g  th e  M ullin s formula**^.

C l =  \p R T (2  +  0.78 X lO^Hl -  2.3 Pa, (4)

w h ere  p is  th e  d e n s ity  o f  th e  ru b b e r  n e tw o rk , a n d  il?n is  th e  n u m b e r-a v e ra g e  m o le c u la r  
w e ig h t o f  th e  ru b b e r  b e fo re  v u lc a n iz a tio n . In  th e  ca se  o f  v u lc a n iz a te s  c o n ta in in g  H A F b lack , 
th e  v a lu e s  o f  V^, o b ta in e d  a s  abo v e , w e re  c o n v e rte d  in to  V n  ( th e  v a lu e  VV w ou ld  h a v e  h a d  
in th e  a b sen ce  o f  th e  b la c k )  b y  m ea n s  o f  th e  fo llo w in g  equation® ’̂ ®:

V r./V r = 0 .5 6 [e x p (-« )l +  0 .44 , (5 )

w here  z  is  th e  w e ig h t f ra c tio n  o f  c a rb o n  b lac k  in  th e  v u lc a n iz a te . Vr* w a s  th e n  s u b s ti tu te d  
in  E q u a tio n  (2 )  in  p lac e  o f  VV to  o b ta in  th e  c ro ss lin k  d e n s ity .

DETERMINATION OF CONCENTRATION OF CROSSLINKS AFTER CLEAVAGE OF POLYSULFIDrC CROSSLINKS

A te s t  sp ec im en  w e ig h in g  a b o u t 0 .2 -0 .3  g (a O  w a s  a llo w ed  to  s ta n d  in  a n  ex cess  o f  
benzene c o n ta in in g  0.1%  PEN  fo r  24 h  a t  28®C. T h e n  th e  so lv e n t w a s  rep la ce d  b y  0 .4  M 
so lu tion  o f  p ro p a n e -2 -th io l a n d  p ip e r id in e  in  benzene  c o n ta in in g  0.5%  PBN a n d  a llo w ed  to  
s ta n d  fo r 2 h . O n c o m p le tio n  o f  th e  re a c tio n , th e  sam p le  w a s  rem o v e d  fro m  th e  re a g e n t 
solution, w a sh e d  w ith  p e tro le u m  e th e r  (b .p . 40°-60® C ) fo u r  tim es , s u r fa c e  d r ie d  o n  filte r 
p ap er as  q u ick ly  a s  p o ss ib le , a n d  d r ie d  in  a  v a c u u m  to  c o n s ta n t  w e ig h t a t  room  te m p e ra tu re . 
The specim en  w a s  th e n  sw o llen  in  benzene  c o n ta in in g  0.1%  PBN fo r  24 h. F in a lly , th e  v u l­
can iza te  w a s  e x tra c te d  fo r  2 h  in  p u re  b enzene  a n d  w e ighed  ( a 2). T h e  m ass  o f  th e  d r ie d  te s t  
specim en (aa) w a s  d e te rm in e d  a f te r  d ry in g  fo r  6 d a y s  a t  la b o ra to ry  te m p e ra tu re . F rom  th e  
values a i , , an d  03, Vy. w a s  c a lc u la te d  a s  befo re , a n d  th e  c o n c e n tra tio n  o f  chem ica l c ro sslin k s
a f te r  c leavage  w a s  d e te rm in e d .

T able VI

Cure Characteristics of the Mixes Containing  F illers

Mix no. I It III IV v VI VII VIII IX X XI XII

Min. torque, 
dN*m 17.B 18.0 18.0 18.0 18 18 18.5 18.0 19 2 0 2 0 2 0

Max. torque, 
dN 'm 0 0 8 6 03 90 6 6 63 67 6 6 64 r>5 50 54

Induction 
time, (1 , 
min 2 . 0 2 . 0 1 . 0 2 . 0 1.5 1.5 1.25 1.25 1.5 1.25 1.5 1.5

Rheometer 
scorch time 
ii, min 2 . 6 2.25 1.5 2.25 1.75 1.75 1.5 1.5 1.75 1.5 1.75 1.75

Optimum cure 
time tao> 
min 13.0 1 2 . 0 1 0 . 0 1 1 . 6 12.5 11.5 1 1 . 0 11.5 10.5 9.5 12.5 13.5

Cure-rate 
index 9.52 1 0 . 0 11.76 8.89 9.30 10.26 1 0 . 0 10.53 11.43 12.5 9.30 8.51
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Fig. 1.—Variation of 200% modulus of vulcanizates (cured a t ISO^C) w ith concentration of dithiobiurets.

DETERMINATION OF CONCENTRATION OF CROSSLINKS AFTER THE CLEAVAGE 
OF POLYSULFIDIC AND DISULFIDIC CROSSLINKS

A t e s t  S p e c i m e n  w e i g h i n g  ab o u t 0 .2 -0 .3  g (a i)  w as a l l o w e d  to  s t a n d  in  100 mL o f 1- 
h exane th io l in  p iperid ine (1 M so lu tion) contain ing  0.5% PBN a t 28®C fo r 48 h  w ith  occasional 
ag ita tio n . On com pletion o f th e  reac tio n , th e  sam ple w as  rem oved from  th e  reag en t so lu tion  
and  tre a te d  p recise ly  a s  described  fo r polysulfide cleavage. T he rem ain ing  co n cen tra tio n  of 
chem ical c ro sslin k s  w as d e term ined  from  a j , a^ , an d  a s  before.

DETERMINATION OF AMOUNT OF FREE SULFUR AND SULFIDE SULFUR

F ree  su lfu r  w as de term ined  iodom etrically  by converting  i t  to  sodium  th io su lp h a te  ac­
co rd ing  to  ASTM D 297-72. Sulfide su lfu r  w as de term ined  iodom etrically  by th e  fo rm ation  
o f cadm ium  sulfide as described  in  B ritish  S tan d a rd  902, p t  1310 ,1958 .



CON. OF DlTHlOBlURETS(Phr)
Fio. 2.—Variation of tensile strength of vulcanizates (cured a t 150"C) w ith concentration of dithiobiurets.

RESULTS AND DISCUSSION

CURE CHARACTERISTICS

T he re su lts  c le a rly  in d ic a te  th e  acce le ra tio n  effect o f  th e  d ith io b iu re ts  in  th e  v u lcan iza tio n  
sy s tem s o f  SBR u n d e r  s tu d y . O f th e  tw o  d i th io b iu re ts  s tu d ie d  (se e  T a b le s  IV & V), th e  v u l­
ca n iz a tio n  sy s te m  c o n ta in in g  TM TD a n d  DTB-II is  fo u n d  to  be m o re  e ffec tive. T h e  re su lts  
a re  in d ic a tiv e  o f  a  n u c leo p h ilic -reac tio n  m echan ism  in  th e se  sy s tem s fo r  su lfu r  v u lcan iza tio n  
o f SBR. T h e  a d d it io n  o f  1.5 p h r  o f  DTB-II re d u c e s  th e  o p tim u m  c u re  tim e  to  a lm o s t h a lf , an d  
th e  c u re  r a te  is  a lm o s t d o u b led . H ow ever, th e  v e ry  low  sc o rc h  tim e  o f  th is  m ix  (com pound  
A2) is like ly  to  cau se  p rocessing  p rob lem s. A lso as th e  c o n c en tra tio n  o f  d ith io b iu re t  increases, 
th e re  is  a n  a p p re c ia b le  re d u c tio n  in  th e  m ax im um  to rq u e  v a lu e  o f  th e  v u lca n iza te s .

By red u c in g  th e  a m o u n t o f  DTB-II to  0 .5  p h r , a  p ra c tic a l  a n d  o p tim u m  c u re  sy s te m  h as  
been  o b ta in e d . A t th is  leve l, th e r e  is  a p p re c ia b le  re d u c tio n  in  c u re  tim e , y e t  sc o rc h  tim e  and



CON- OF DITHIOBIURETS (Phr)
F i g . 3 .— V a r i a t i o n  o f  e l o n g a t i o n  a t  b r e a k  o f  t h e  v u l c a n i z a t e s  ( c u r e d  a t  150®C) w i t h  c o n c e n t r a t i o n  o f  d i t h i o b iu r e t s .

th e  m ax im u m  to rq u e  d e v e lo p e d  a re  o n ly  s lig h tly  red u ced . C o m p ared  to  DTB-H, DTB-III is 
fo u n d  to  be  le s s  a c tiv e  w ith  TM TD. A lth o u g h  th e re  is  som e re d u c tio n  in  o p tim u m  c u re  tim e  
a n d  a  c o rre s p o n d in g  in c re a se  in  c u re  r a te ,  th e  effec ts  o f  DBT-III a re  le ss  s ig n if ic a n t a t  th e
0 .5  p h r  d osage . T h u s , 1.0 p h r  DTB-HI is  fo u n d  to  g ive  o p tim u m  c u re  c h a ra c te r is t ic s .

T o  see  th e  s ta b i l i ty  o f  th e s e  sy s te m s  a t  h ig h e r  te m p e ra tu re s , re v e rs io n  s tu d ie s  w e re  a lso  
c a r r ie d  o u t  a t  170®C. S ince  th e re  w a s  n o  rh e o m e te r  to rq u e  lo ss  in  5 m in  a t  170®C, th e se  
sy s te m s  sh o w e d  v e ry  good re v e rs io n  re s is ta n c e . In  fa c t , fo r  a  long tim e  p e rio d , th e  cu re  
c u rv e  sh o w e d  a  p la te a u  a t  170®C. A t th e  lo w e r  te m p e ra tu re , 120®C, b o th  DTB-II a n d  DTB- 
III sh o w e d  a  re d u c tio n  in  o p tim u m  c u re  tim e  co m p a red  to  TM TD a lo n e  o r  TMTD a n d  th io u re a . 
H o w ev er, th e  c u re  r a te  is  n o t a p p re c ia b ly  in c re a se d  a s  in d ic a te d  b y  th e  c u re - ra te  in d ex . So 
th e  c u re  c h a ra c te r is t ic s  o f  th e  sy s te m s  c o n ta in in g  lo w e r c o n c e n tra tio n  o f  d i th io b iu re ts  w e re  
n o t f u r th e r  s tu d ie d  a t  120®C.



T he effect o f  DTB-II is  fo u n d  to  be m ore  p ro n o u n ce d  in  th e  C B S -su lfu r  sy s tem . H ere  a lso , 
th e  op tim um  do sag e  is  fo u n d  to  be 0 .5  p h r . A t th is  leve l, th e  o p tim u m  c u re  tim e  is  re d u c e d  
to  28 m in from  47 .5  m in , w h ile  th e  sco rch  tim e  a n d  th e  m ax im u m  to rq u e  d ev e lo p ed  a re  
m ain ta in ed  in  th e  d e s ira b le  ran g e . In  th is  sy s te m  a lso , DTB-III is  fo u n d  to  be le ss  a c tiv e  th a n  
DTB-II. H ow ever, th e  e ffec t o f  DTB-HI is  m ore  s ig n if ic a n t w ith  CBS th a n  in  th e  c o rre sp o n d in g  
TMTD system . I t  w a s  a lso  fo u n d  t h a t  in  th e  CBS sy s te m , a  dosage  o f  1.0 p h r  DTB-III is 
req u ired  to  g e t a lm o st th e  sam e  effec t o b ta in e d  w ith  0 .5  p h r  DTB-II. H ere  a lso  th e r e  is  no  
to rq u e  loss in  5 m in  a t  170°C , th u s  a g a in  sh o w in g  good  re v e rs io n  re s is ta n c e . T h e  c u re  c h a r ­
ac te ris tic s  a t  120°C  o f  th e  re fe re n c e  fo rm u la tio n , c o n ta in in g  CBS a lo n e  a s  a c c e le ra to r  (m ix  
Co), w as n o t f u r th e r  s tu d ie d  s in c e  th e  sco rch  tim e  w a s  so  long.

I t can  be seen  in  T a b le  VI t h a t  th e  DTB-II a n d  DTB-III sy s te m s  c o n ta in in g  H A F b lack  
show  a  red u c tio n  in  th e  o p tim u m  c u re  tim e, a s  w a s  th e  ca se  w ith  gum  v u lc a n iz a te s . DTB-II 
is  aga in  m ore  a c tiv e  th a n  DTB-III in  th is  re g a rd . In  th e  ca se  o f  th e  sy s te m s  c o n ta in in g  p r e ­
c ip ita te d  s ilica  a n d  c h in a  c la y , d i th io b iu re ts  d o  n o t red u c e  th e  c u re  tim e  c o n s id e rab ly . T h is  
m ay  be a t t r ib u te d  to  th e i r  h ig h ly  a d s o rp tiv e  n a tu re . C o n seq u en tly , th e s e  n o n b lac k  filled 
sy stem s w e re  n o t f u r th e r  in v e s tig a te d .

TENSILE AND OTHER PHYSICAL PROPERTIES

SBR is  a  n o n s tra in  c ry s ta lliz in g  ru b b e r  a n d , h en ce , h a s  p o o r gum  s tre n g th . H ow ever, th e  
new  a c c e le ra to rs  DTB-II a n d  DTB-III a re  fo u n d  to  im p ro v e  m an y  o f  th e  te n s ile  p ro p e r t ie s  o f 
th e  v u lca n iza te s  o f  b o th  th e  TM TD a n d  CBS sy s tem s. T h e  effec t o f  d i th io b iu re t  c o n c e n tra tio n  
on ten sile  p ro p e r tie s  is  sh o w n  g rap h ic a lly  in  F igu res 1 -3 . In  th e  case  o f  th e  T M T D -dith iobiuret 
b inary  sy s tem s, 200%  m odu lus  a n d  te n s ile  s tre n g th  im p ro v e  a t  th e  lo w e r d ith io b iu re t dosages 
increm en ts. A t th e  o p tim u m  d o sag e  o f  0 .5  p h r  DTB-II a n d  1 p h r  DTB-III, th e re  is  a p p re c ia b le  
increase  in  th e  te n s ile  p ro p e r t ie s  co m p a red  to  v u lc a n iz a te s  c o n ta in in g  th e  T M T D -th io u re a  
a c ce le ra to r  sy s te m . T h is  is  a lso  e v id e n c e d  b y  th e  in c re a se  in  po ly su lfid ic  lin k ag es , sh o w n
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Fig. 4.—200% modulus of the vulcanizates containing optimum concentration of dithiobiurets 

in TMTD and CBS systems. (See Tables I and II for formulations.)
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la te r  in  T a b le  X. T h e  to ta l  c ro s s lin k  d e n s ity  a n d  po ly su lfid ic  lin k ag es  a re  h ig h e r  fo r  v u lc a n i­
z a te s  c o n ta in in g  DTB-III th a n  th o s e  o f  DTB-II. T h is  m ay  be th e  re a so n  fo r  th e  h ig h e r  ten s ile  
p ro p e r t ie s  o f  th e  DTB-111 v u lc a n iz a te s .

T h e  re te n tio n  o f  te n s ile  p ro p e r tie s , fo llow ing  ag ing  fo r  th e  sing le  a c c e le ra to r  a n d  o p tim um  
do sag e  b in a ry  fo rm u la tio n s , a re  s h o w n  in  F ig u res  4 -6 .  A s e x p e c te d , th e  p e rc e n ta g e  re te n tio n  
o f  th e s e  p ro p e r t ie s  is  a lso  q u ite  h ig h . T h is  can  be a t t r ib u te d  to  th e  p re se n c e  o f  a  h ig h e r  
c o n c e n tra tio n  o f m ono- a n d  d i-su lfid ic  lin k a g e s  in  th e  b in a ry  sy s te m s  u n d e r  rev iew .

In  th e  C B S -d ith io b iu re t  b in a ry  sy s te m s , th e re  is  a  s lig h t ch an g e  in  th e  b e h a v io r  o f  th e  
tw o  d i th io b iu re ts .  In  th e  c a se  o f  DTB-II, 200%  m o d u lu s  a n d  te n s ile  s tr e n g th  f irs t in c re a se s  
th e n  d e c re a se s  a s  th e  c o a c c e le ra to r  lev e l is  in c re ase d . T h e  e lo n g a tio n  a t  b re a k  firs t d e c re a se s  
a n d  th e n  in c re a s e s  w i th  in c re a s in g  dosag e  o f  th e  d ith io b iu re t. A t th e  o p tim u m  dosag e  o f  0 .5  
p h r  DTB-II, m ax im u m  te n s ile  s t r e n g th  a n d  m o d u lu s  is  o b se rv e d . In  c o n tra s t ,  b o th  te n s ile  
s t r e n g th  a n d  m o d u lu s  o n ly  in c re a se  w ith  in c re a s in g  DTB-III dosage. A t th e  o p tim u m  dosage  
o f  1 p h r ,  th e  te n s ile  p ro p e r t ie s  a re  s u p e r io r  to  th o se  o f  th e  sy s te m  c o n ta in in g  CBS a lone. 
O v era ll, DTB-III g iv es  b e t te r  te n s ile  p ro p e r t ie s  th a n  DTB-II. T h is  m ay  be  a  re flec tio n  o f  th e  
h ig h e r  c o n c e n tra tio n  o f  p o ly su lfid ic  c ro ss lin k s  in  th e  sy s te m  c o n ta in in g  DTB-III, sh o w n  la te r  
in  T ab le  X. In  th e s e  sy s te m s , th e  p e rc e n ta g e  re te n tio n  o f  te n s ile  p ro p e r tie s  a f t e r  ag ing  (see  
F ig u re s  4 - 6 )  a re  q u ite  h ig h . T h is  m a y  be a t t r ib u te d  to  th e  p re se n c e  o f  a  h ig h e r  c o n c e n tra tio n  
o f  m ono- a n d  d i-su lfid ic  lin k ag es .

O th e r  p h y s ic a l p ro p e r t ie s  o f  th e  v u lc a n iz a te s  s tu d ie d  w e re  h a rd n e s s , c o m p ressio n  se t, 
h e a t  b u ild -u p , re s ilie n ce , a n d  te a r  s tr e n g th . T h ese  d a ta  a re  g iv en  in  T ab les  VII & VIII. In  th e  
ca se  o f  v u lc a n iz a te s  c o n ta in in g  T M T D -d ith iob iu re t, h a rd n e s s , re s ilien ce , a n d  t e a r  s tr e n g th  
g e n e ra lly  in c re a s e  a s  th e  c o n c e n tra tio n  o f  d i th io b iu re t  d e c re a se s , w h e re a s  c o m p ressio n  s e t  
a n d  h e a t  b u ild -u p  d e c re a se  o v e r  th is  sam e  c o n c e n tra tio n  ran g e . A t th e  o p tim u m  d o sag e  o f
0.5  p h r  DTB-II a n d  I.O p h r  DTB-III, th e s e  p ro p e r t ie s  a lso  sh o w  im p ro v e m e n t co m p a red  to  
t h a t  o f  th e  T M T D -th io u re a  sy s te m . T h is  m a y  be a t t r ib u te d  to  th e  f a c t  t h a t  th e  to ta l  c ro ss lin k  
d e n s ity  a n d  th e  n u m b e r  o f  p o ly su lfid ic  l in k a g e s  is  g re a te r  in  th e  T M T D -d ith io b iu re t vu l-
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in TMTD and CBS systems. (See Tables I and II for formulations.)

can iza tes sh o w n  la te r  in  T ab le  X. T h is  is  a lso  c o n s is te n t  w i th  th e  te n s ile -p ro p e r ty  re su lts . 
V ulcan izates c u re d  a t  120®C, sh o w  lo w e r h a rd n e s s , t e a r  s tr e n g th , a n d  res ilien ce , b u t  h ig h e r  
com pression  s e t  a n d  h e a t  b u ild -u p , co m p a red  to  th o se  c u re d  a t  150®C. H ere a lso , th e  v a lu es  
show  a  b e t te r  t re n d  th a n  th o se  fro m  th e  T M T D -th io u re a  sy s tem . W ith in  th e s e  p h y s ic a l 
p ro p e r ty  v a r ia tio n s , DTB-III g iv es  b e t te r  v a lu e s  th a n  DTB-II.

In th e  C B S -d ith io b iu re t sy s tem s, h a rd n e ss , resilience , a n d  te a r  s tre n g th  rea c h  a  m axim um  
w ith  d e c rease  in  c o n c e n tra tio n  o f  d ith io b iu re t;  w h e re a s  co m p ressio n  s e t  a n d  h e a t  b u ild -u p  
reach  a  m in im um  v a lu e  th e n  in c re a se  o v e r  th e  sam e  c o n c e n tra tio n  ran g e . A t th e  o p tim um  
levels, th e se  p ro p e r t ie s  a re  q u i te  fa v o ra b le  co m p ared  to  th e  re fe re n c e  m ixes. T h e  ch an g es 
in th ese  p ro p e r tie s  can  be c o rre la te d  to  th e  to ta l  c ro ss lin k  d e n s ity  an d  th e  polysu lfid ic  linkages 
form ed.

T ab le  IX sh o w s  th e  p h y s ic a l p ro p e r tie s  o f  th e  v u lc a n iz a te s  c o n ta in in g  H A F b lack . T he  
ten s ile  p ro p e r tie s  o f  th e  v u lc a n iz a te s  c o n ta in in g  d i th io b iu re ts  a re  h ig h e r  th a n  th o se  con ­
ta in in g  TMTD a lo n e  a n d  T M T D -th io u re a . O th e r  p h y s ic a l p ro p e r ty  v a lu e s  a re  co m p a rab le  to  
th o se  o f  TMTD a lo n e  a n d  th e  T M T D -th io u re a  sy s tem s.

CHEMICAL CHARACTERIZATIONS

T he to ta l  ch em ica l c ro ss lin k  d e n s ity  a n d  c ro ss lin k  ty p e  d is tr ib u t io n  (m ono-, d i-, a n d  p o ly ­
sulfidic lin k ag es), f re e  s u lfu r , a n d  zinc-su lfide s u lfu r  w e re  e v a lu a te d  o n  v u lc a n iz a te s  from  
TMTD a lone , CBS alone , T M T D -th io u re a , a n d  th e  o p tim um  dosage  d i th io b iu re t  b in a ry  s y s ­
tem s. T he  re s u l ts  a re  g iv en  in  T ab le  X. T h e  to ta l  c ro ss lin k  d e n s ity  a n d  po ly su lfid ic  linkages 
o f th e  TM TD -D TB-II v u lc a n iz a te  c u re d  a t  150°C  a re  s lig h tly  le ss  th a n  th e  TMTD v u lcan iza te , 
b u t h ig h e r  th a n  th e  T M T D -th io u rea  v u lcan iza te . T he DTB-III b in a ry  sy s tem  gives th e  h ig h es t 
va lues o f  to ta l c ro ss lin k  d e n s ity  a n d  po lysu lfid ic  linkages. A s m en tioned  e a rlie r , th e se  sy stem s 
show  b e tte r  m odu lus, te n s ile  s tr e n g th , h a rd n e ss , an d  res ilie n ce  v a lu e s  th a n  th o se  o f 
DTB-II.
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Table VIII

P hysical P roperties of the  Vulcanizates Containing CBS-Dithiobiuret

Mix no., cured a t 150”C Mix no., cured at 120"C

Co Cl c. Cs c. D. D, D3 D4 c. C2 c. c*
Hardness, 

Shore A 34 43 45 45 40 48 46 44 36 35 36 36 38
Compression 

set, % 51.12 26.12
I
25.3 24.9 34.3 27.9 35.69 41.38 44.12 38.60 36.20 34.50 32.25

Heat build-up, 
A fC 37 34 30 30 33 32 28 29 31 32 31 30 26

Resilience, % 46.94 63.81 55.41 55.77 50.63 63.13 61.08 60.63 54.2 51.70 53.40 49.58 61.40
Tear

strength,
kN/m 10.72 12.59 14.41 14.85 11.85 19.87 16.91 10.78 10.28 10.30 12.35 12.50 14.20

T he la rg e r  a m o u n t o f  m onosulfide linkages in  th e  sy s tem s c o n ta in in g  d ith io b iu re ts  e x p la in  
th e ir  b e tte r  ag ing  p ro p e r tie s . T h e  lo w e r f re e -s u lfu r  c o n c e n tra tio n  fo r  d i th io b iu re t  sy s tem s, 
suggests m ore  efficien t u til iz a tio n  o f  s u lfu r . T h e  h ig h e r  z inc-su lfide  s u lfu r  c o n c e n tra tio n  in  
th e  b in a ry  sy s te m s  is  c o n s is te n t  w i th  th e  fo rm a tio n  o f  m o re  m ono- a n d  d i-su lfid ic  lin k ag es  
by th e  d e s u lfu ra tio n  p ro c e ss  in  c o m p ariso n  to  th e  sy s te m s  c o n ta in in g  TM TD alone.

In  th e  C B S -d ith io b iu re t sy s te m s , th e  to ta l  c ro ss lin k  d e n s ity  a n d  p o ly su lfid ic  l in k a g e s  a re  
h igher th a n  fo r  v u lc a n iz a te s  fro m  CBS alone . T h is  s u p p o r ts  th e  h ig h e r  m o d u lu s , te n s ile  
s tre n g th , h a rd n e ss , a n d  res ilie n ce , a s  w ell as  th e  lo w e r co m p ressio n  s e t  a n d  h e a t  b u ild -u p  
values o f  th e  b in a ry  d ith io b iu re t  v u lcan iza te s . In  th is  case  also, DTB-III g ives h ig h e r  chem ical 
c ro sslink  d e n s ity  v a lu e s  c o n s is te n t  w i th  i ts  s u p e r io r  p h y s ic a l p ro p e r tie s .

T he lo w e r f re e -s u lfu r  c o n c e n tra tio n  fo r  th e  d i th io b iu re t  sy s te m s  c u re d  a t  150®C vs. th e  
con tro l m ixes in d ic a te s  im p ro v e d  v u lc a n iz a tio n  efficiency in  th e s e  ca ses . A lso , th e  lo w e r 
zinc-sulfide s u lfu r  c o n c e n tra tio n  p ro b a b ly  a c c o u n ts  fo r  th e  lo w e r c o n c e n tra tio n  o f  m ono- 
sulfidic lin k ag es. In  th e  ch e m ica l c h a ra c te r iz a tio n  s tu d ie s  o f  th e  sy s te m s  c o n ta in in g  ca rb o n - 
b la c k -d ith io b iu re ts , i t  c a n  b e  se en  in  T a b le  X th a t  th e  to ta l  c ro ss lin k  d e n s ity  a n d  po lysu lfid ic  
linkages o f  v u lc a n iz a te s  c o n ta in in g  d i th io b iu re ts  a re  h ig h e r , w h ile  m onosu lfide  lin k a g e s  a re  
s lig h tly  lo w e r th a n  v u lc a n iz a te s  fro m  TMTD alone . B o th  DTB-II a n d  DTB-HI sy s te m s  g ive  
b e tte r  c ro ss lin k  d e n s ity  r e s u l ts  th a n  t h a t  o f  T M T D -th io u rea .

CONCLUSIONS

I t  m ay  be c o n c lu d ed  t h a t  l -p h e n y l-2 ,4 -d ith io b iu re ta n d  l ,5 -d ip h e n y l-2 ,4 -d ith io b iu re tc a n  
be a d v a n ta g e o u s ly  u sed  a s  s e c o n d a ry  a c c e le ra to rs  in  th e  s u lfu r  v u lc a n iz a tio n  o f  SBR w ith

Table IX

P hysical P roperties of the  Mixes Containing F illers

Mix no.

300%
modulus,

MPa

Tensile,
strength,

MPa

Elongation 
at break,

%
Hardness, 
Shore A

Compression 
set, %

Heat
build-up,

AT"C
Resilience,

%

Tear
strength,

kN/m

I 9.70 16.40 483.85 65 20.46 29 48.75 73.35
II 7.30 14.2 494.09 63 21.76 25 49.37 58.50

HI 9.93 17.08 490.20 66 21.16 29 50.63 59.70
IV 10.80 18.20 577.12 61 21.75 31 50.63 68.40



T a b l e  X.

C h e m i c a l  C h a r a c t e r i z a t i o n  o f  V u l c a n i z a t e s  C u r e d  a t  1 5 0 ® C “

Mix no.

Total
crosslink
den sity ,

m m ole/kg

M onosulfide
linkages,

m m ole/kg

Disulfide
linkages,

m m ole/kg

Poly-sulfide
linkages,

m m ole/kg

Free
sulfur,

m m ole/kg

Zinc-sulfide
sulfur,

m m ole/kg

Ao 81 .0 62.4 17.5 11.1 6.28 14.36
Bo 75.6 56.6 12.8 8 .2  ' 9 .10 16.60
A* 77 .8 54.5 13.4 9.9 7 .90 15.80
B3 86.4 55.5 15.8 15.1 5.99 16.20
Co 37 .7 20.4 6.1 l i . 2 14.71 4.25
Ca 45 .8 18.9 13.2 13.7 12.40 3.80
D2 50.9 16.9 16.4 17.6 11.90 3.25

I 81.6 39.2 30.8 11.6 3.43 14.50
II 74.4 30 .8 33.4 10.2 4.55 4.39

in 80 .2 35 .6 32.7 11.9 4 .10 8.36
IV 83.3 37 .5 31.7 14.1 2.50 12.13

“ A ll concentrations reported a s  m m ole/kg o f  rubber hydrocarbon.

TM TD o r  CBS a s  th e  p r im a ry  a c c e le ra to r . T h e  in tro d u c tio n  o f  d i th io b iu re t  re d u c e s  c o n s id ­
e ra b ly  th e  o p tim u m  c u re  tim e , a n d  p ra c tic a l  c u re  sy s te m s  w ith  th e  o p tim u m  c o n c e n tra tio n  
o f  d i th io b iu re t  h a v e  been  d ev e lo p ed . DTB-H is  fo u n d  to  be m o re  e ffec tiv e  a s  a  se co n d a ry  
a c c e le ra to r  th a n  DTB-III w ith  re g a rd  to  th e  red u c tio n  in  cu re  tim e. T h is  su g g est th e  im p o rtan ce  
o f  a  n u c le o p h ilic  re a c tio n  m ec h a n ism  in  th e s e  v u lc a n iz a tio n  sy s te m s . T en sile  p ro p e r tie s  
sh o w e d  a  g e n e ra l im p ro v e m e n t in  th e  b in a ry  sy s te m s  c o n ta in in g  d i th io b iu re ts  w h ile  o th e r  
p ro p e r t ie s ,  i.e .,  c o m p re ss io n  se t, h e a t  bu ild -u p , e tc ., g a v e  fa v o ra b le  tre n d s .
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