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SYNOPSIS

S tress relaxation behavior o f  chem ically treated short sisal fiber-reinforced natural rubber 
com posite was studied. T h e effect o f  bonding agent, strain level, fiber loading, fiber ori­
en tation , and tem perature has been studied in  detail. T he existence o f  a single relaxation  
pattern in  the unfilled stock and a tw o-stage relaxation m echanism  for the fiber-filled 
com posite is-reported. T h e relaxation process is influenced by th e  bonding agent, which  
indicated th a t the process involved fiber-rubber interface. T he rate o f  stress relaxation  
increased w ith filler loading, whereas it  decreased w ith aging. © 1994 John Wiley & Sons, Inc.

INTRO DU CT IO N

Recently sh o rt fiber-re in lb rced  e lasto m ers  have 
gained wide im p o rtan ce  due  to  th e  adv an tag es in 
processing an d  low co st coupled w ith  h igh s tren g th . 
The p roperties o f  th e  com posites depend  on  fiber 
concentration, fiber d ispersion , f ib e r-m a trix  ad h e ­
sion, fiber o r ie n ta tio n , a n d  asp ec t ra tio  o f  fiber. 
Derringer used  s h o r t ray o n , ny lon , an d  glass fibers 
in na tu ra l ru b b e r (N R )  to  increase  th e  Y oung’s 
modulus o f th e  v u lcan iza tes .' M(»ghe rep o rted  th e  
milling p a ra m e te rs  th a t  cause fiber o rie n ta tio n  and  
its influence on  th e  co m p o sites’ p roperties.^  A ccord­
ing to  C oran  e t  al;^ th e  p ro p e rtie s  o f  cellu lose fiber- 
elastom er com posites depend  on th e  type  o f e la s­
tomer used, fiber c o n cen tra tio n , fiber a sp ec t ratio , 
and fiber o r ie n ta tio n . O ’C o n n o r co m p ared  th e  com ­
posites reinforced w ith  five k in d s o f fibers an d  found 
that the ir m echanical p ro p ertie s  depend  on  th e  type, 
voKime loading , a sp ec t ra tio , o r ie n ta tio n , an d  d is ­
persion o f  fiber an d  f ib e r-m a tr ix  adhesion.^ H e also 
reported th a t  for cellulosic fll>ers, a dic«)mponent dry 
bonding sy s tem  co n sis tin g  o f  h ex am e th y len e te tra - 
mine (H e x a )  a n d  reso rcino l is sufficien t for ge tting  
good f ib e r-ru b b e r ad h esion , in s tead  o f  th e  norm al 
tricom ponent dry bond ing  system  consisting  of hexa, 
resorcinol, a n d  silica.

• T o  w h o m  co rre sp o n d e n c e  sh o u ld  be add ressed .
•lo iirna l o f  A p p l ie d  l ’« ily m iT  S< ie n c e ,  V o l. (j.1. KWil H )6 0  ( tSOH)
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T h ough  b o th  sy n th e tic  an d  n a tu ra l fibers have 
been used for reinforcing polym ers, th e  n a tu ra l fibers 
gained im p o rtan ce  because o f  th e ir  low cost, av a il­
ab ility , an d  good adhesion  w ith  th e  po lym er m atrix . 
D e an d  co-w orkers have rep o rted  th e  resu lts  o f  th e ir  
stu d ies  on  sh o rt ju te -fib er- an d  silk -fiber-reinforced  
N R , s ty ren e  b u tad ien e  rubber, a n d  carboxy la ted  ni- 
tr ile  rubber.®'® T h e  use  o f  coconu t fiber as a re in ­
forcing filler for N R  has also been reported  recently.® 
N ow adays, sisal fiber has gained  wide im portance  
as a re in fo rc ing  filler bo th  for p lastics  an d  rubbers. 
R ecen tly , Jo sep h  e t  al.*“’”  rep o rted  on  th e  m ech an ­
ical p ro p ertie s  o f  sisal-fiber-re in fo rced  epoxy, phe- 
no l-fo rm aldehyde, and  th e rm o p lastic  com posites. 
W e hove stud ied  th e  m echan ical p rop erties  o f  acet- 
y la ted  a n d  u n tre a te d  sh o rt sisal-fiber-re in fo rced  
n a tu ra l ru b b er com posites an d  found th a t  acety la- 
tio n  im proves th e  adhesio n  betw een  th e  ru b b er and  
th e  fil>er.'^

T h e  increasing  use o f sh o rt fiber com posites in 
s ta tic  a n d  dynam ic ap p lica tio n s lead  to  th e  im por­
tan ce  o f  s tre ss  re lax a tio n  m easu rem en ts. S ince the  
behav io r o f  th e  ru b b e r-f ib e r  in te rface  can  be easily 
d e tec ted  by s tre ss  re lax a tio n  stud ies. V ulcanized 
ru b b ers  w hen  sub jected  to  c o n s ta n t deform ation  
undergo  a  m ark ed  re lax a tio n  o f  s tre ss  b o th  a t  low 
a n d  high te m p e ra tu re .’’̂ T h e  s tre ss  un d er a co n s ta n t 
defo rm atio n  decays by  an  a m o u n t su b stan tia lly  
p ro p o rtio n a l to  th e  logavithm  o f  th e  perio d  in  th e  
defo rm ed  s ta te . T h e  s tre ss  re lax a tio n  behavior o f 
sh o rt ju te  f ib e r-n itr ile  ru b b er com posites has been



stu d ied  in  d e ta il by B hagaw an  e t  al.''* T )jey  repo rted  
th e  ex istence  o f a tw o-stage  re lax a tio n  p a tte rn  in 
th e se  com posites. F lin k  a n d  Stenberg*® s tu d ied  th e  
s tre s s  re lax a tio n  b eh av io r o f  sh o r t  cellu lose fib e r- 
n a tu ra l ru b b e r co m p o sites  by  u sin g  p lo ts  o f  £ (,> / 

vs. log t ,  w here is th e  s tre ss  a t  a  given 
tim e  a n d  E u - q) is th e  in itia l s tre ss . T h e y  rep o rted  
th a t  th e  s tre s s  re lax a tio n  m easu rem en t w ould give 
a  c lea r  idea ab o u t th e  level o f  ad h esio n  in  fib e r- 
ru b b e r com posites. S tre ss  re lax a tio n  b eh av io r o f 
s h o r t K ev lar-fiber-re in fo rced  th e rm o p la s tic  p o ly ­
u re th a n e  h a s  been  rep o rte d  b y  K u tty  e t  al.^® T h e y  
re p o rte d  a tw o -s tep  re lax a tio n  m echan ism  fo r th e  
u n filled  sto ck  an d  a th re e -s ta g e  re lax a tio n  process 
fo r th e  filled stock . In  th e  p re s e n t w ork  we re p o rt 
th e  s tre s s  re lax a tio n  b eh av io r o f  ace ty la ted  sh o r t  
sisal-fiber-re in fo rced  n a tu ra l ru b b er com posites w ith  
specia l reference  to  th e  eKecta o f  s tra in  level, fiber 
load ing , b o n d in g  ag en t, a n d  tem p era tu re .

D irt con ten t, % by m ass 0.(»3
V olatile m atter, % by m ass 0.50
N itrogen , % by m ass o..^o
A sh, % by mass o .to
Initial p lasticity , 38
P lastic ity  retension  index, PRI 78

a t  36“C for 1 h. A fte r th is  tre a tm e n t, th e  fil>er was 
w ashed  w ith  w a te r several tim es a n d  th e n  dried. It 
w as th e n  soaked in  glacial acetic acid for 1 h a t  35®C, 
d ecan ted , an d  th e n  soaked  in  acetic  anhy d rid e  con ­
ta in in g  tw o d ro p s o f co n c e n tra ted  su lfu ric  acid  for
5 m in . T h e  fiber w as filte red  th ro u g h  a  B uchnor 
funnel, w ashed w ith  w ate r, and  th e n  d ried  in  an  oven 
a t  a  te m p e ra tu re  o f 70°C  fo r 24 h . T h e  tre a te d  fil)er 
w as k ep t in  p o lye thy lene  bags to  p rev en t m oisture  
abso rp tio n .

EXPERIMENTAL

Materials

I ’he sisa l fiber o b ta in ed  from  I ’am il N adu , S o u th  
Ind ia , is a  lignocellulosic fiber, th e  repo rted  chem ical 
c o m p o s itio n ”  a n d  d im en sio n  o f  w hich is given in 
'F able 1. N a tu ra l ru b b e r u sed  for th e  s tu d y  was 
IS N R '3  ( lig h t c o lo r) grade. T h e  ac tu a l values o f th e  
spec ifica tion  p a ra m e te rs  for th e  N R  used  in th is  
Hlinly givon in 'I’jihlf! 11. Unxn sind r»;sorcin^)l were 
«»r Ijiborsitory All oth<if ii»gredients
used  w ere o f  com m erc ia l grade.

Chemical Treatment of Fiber

S isa l fiber w as chopped  to  a  leng th  o f  10 m m  an d  
w as ace ty la ted  as per 1 he nieJ h<Kls reported  by C’hand 
e t  hI . '” 'I 'lie  lir s t  s te p  o f  ace ty la tio n  wa.^ to  im m erse 
th e  fiber in  18% aqueous sodium  hydrox ide  so lu tion

T a b le  1 C h a ra c te r is tic s  o f  S isa l F ib e r

C ellu lose (%) 78
H em icellu lose {% ) 10
Lignin (%) 8
W axes {% ) 2
Ash {%) 1
D iam eter (mhi) 100-300
Specific gravity 1.45

Preparation and Molding of Compounds

F o rm u la tio n s  o f  te s t  m ixes are  given in  T ab le  III. 
T h e  m ixes w ere p re p a re d  in  a  tw o-ro ll labora to ry  
m odel open m ixing m ill (152 X 330 m m ) a t  a  n ip  
gap o f  1.3 m m . T h e  m ix ing  tim e  a n d  th e  n u m b er of 
p asses  w ere m a in ta in ed  for al) m ixes. O rien ta tio n  
o f  th e  fiber in th e  m ill g ra in  d irec tio n  w as achieved 
by rep ea ted  p ass in g  o f  th e  u n cu red  com pound 
th ro u g h  a  t ig h t n ip. B lan k s cu t from  th e  uncured  
sh e e t were m ark ed  w ith  th e  d irec tion  o f  th e  mill 
g ra in  an d  w ere vu lcan ized  a t  150®C in a  hydrau lic  
p ress  having s team -h ea ted  p la te n s  to  th e ir  respective 
cu re  tim es, as o b ta in ed  from  M o n san to  R heom eter. 
T e s t pieces were pun ch ed  o u t from  th e  m olded shee t 
a long  a n d  across th e  d irec tio n  o f  fiber o rien ta tio n . 
T h e  o rie n ta tio n s  o f  fiber a long  an d  across th e  d i­
rec tions are  show n in F igure  1. H ow ever, it is very 
d ifliciilt to  ge t 100% o rien tn tio n  o f  th e  flhor in a 
p a rticu la r d irection . In  the  p re sen t case, it  was found 
th a t  ab o u t 90% o f  th e  fibers could be o rien ted  in  th e  
desired  d irec tio n  by  repeated ly  p ass in g  th e  com pos­
ite  betw een  th e  m ill rolls u n d e r a tig h t nip.

T h e  e x te n t o f fiber b reakage in  th e  com pound 
w as de te rm in ed  by d issolving th e  com pound  in  b e n ­
zene followed by ex trac tio n  o f  fiber an d  exam ination  
o f  fiber len g th  d is tr ib u tio n  using  a  po lariz ing  m i­
croscope. T h e  d is tr ib u tio n  o f  leng th  o f  th e  ex trac ted  
fibers is show n in  F igure 2. A p a rt from  reduc tion  in 
leng th , th e re  w as no  visible change in  th e  s tra ig h t 
cy lindrica l sh ap e  o f  th e  fibers due to  th e  m illing  p ro ­
cess undergone by th e  fibers.
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Table III F o r m u la t io n  o f  M ix e s

STRESS RELAXATION IN NATURAL RUBBER COMPOSITES 1 0 5 3

Ingredients A B C /)

Natural rubber 100 100 100 1(K)

Zinc oxide 5 5 5 5

Steflric acid 1.5 1.5 1.5 1.5

Sisal fiber (acetylated) — 10 15 15

Resorcinol — 2.5 3.75 —

Hexa* — 1.6 2.4 —

TDQ** 1 1 1 1

CBS' 0.6 0.6 0.6 0.6

Sulfur 2.5 2.5 2.5 2.5

* H e x a m e th y len e te tra m in e .
 ̂2  •. 2 ;  4 -tT im eth y !-1 .2 -d ih y< lroqu in oU n e  p tily m e riae d .

* N -c y c lo h e x y l-2 'b e n z o th ia z y l su lfe n a it iid e .

Stress Relaxation

The stress re laxation  m easu rem en ts w ere carried  ou t 
in a Zwick u n iv ersa l te s tin g  m ach in e , m odel 1474. 
The d im ensions o f  th e  d u m b b e ll-sh ap ed  te s t  sam ple 
are given in  F igure  3. T h e  sam p les  w ere pu lled  to  a 
desired s tra in  level a t  a  s tra in  ra te  o f  ap p ro x im ate ly
0.061 s " '  a n d  th e  decay  o f  s tre ss  as a  fu n c tio n  o f 
time was recorded. T h e  re su lts  p re se n te d  here  w ere 
obtained w ith  sam ples c u t from  a  sing le  vulcanized 
sheet to  m in im ize th e  ex p erim en ta l sca tte r.
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RESULTS AND DISCUSSION 

Fiber Breakage

F igu re  2 gives th e  d is tr ib u tio n  o f th e  leng th  o f  th e  
e x tra c te d  fibers a fte r  m ixing. I t  is seen th a t th e  in i­
t ia l  10 m m  len g th  o f  th e  fiber w as reduced due to  
th e  h igh  sh e a r force g en era ted  d u rin g  m ixing, and  
a  m ajo rity  o f  th e  fibers (65% ) have a  leng th  o f 2 -6  
m m a f te r  m ixing.

Stress-Strain Behavior

T h e  s tre s s -s tra in  p ro p ertie s  o f  th e  com posites in  
lo n g itu d in a l an d  tra n sv e rse  fiber o rien ta tio n s  have 
been  s tu d ied  in d e t a i l . T h e  w ell-bonded, longitu-

Figure 1 Longitudinal and transverse orientation of the 
fiber.

Fiber length (mm)

F ig u r e  2  D istribution  o f  fiber length after mixing.



F ig u r e  3  D im en siu ns o f  the te s t si)ecjnien. Overall 
length  ( A ): 115 mm; W idth o f  ends ( B ): 25 mm; Length  
o f  narrow parallel portions (C ): 33 mm; W idth o f  narrow  
parallel p ortions (D );  6 mm; Sm all radius (r): 14 mm; 
Large radius (R ): 25 mm; T hickness: 2 mm.

d inally  o rien ted  fibers im p a rt very  high m odulus and  
p rov ide  low e lo n g a tio n  ( <  20% ) fo r th e  com posite . 
In  th e  case  o f  com posites w ith  no b o n d in g  ag en t, 
th e  m odu lus is low er a n d  e long a tio n  is h igher. T h is  
is due  to  w eak  fiber to  ru b b er adhesion . D eta iled  
m ech an ism s o f  fa ilu re  o f  th e  com posites, w ith  an d  
w ith o u t b o n d in g  ag en t, have been  rep o rted  by u s  in 
a  re c e n t p u b lica tio n .'^

Effect of Strain Level (Longitudinal Fiber 
Orientation)

F igu re  4 gives th e  s tre ss  re lax a tio n  p lo t, vs.
log £, o f  th e  gum  v u lcan iza te  (m ix  / I )  a t  d ifie ren t 
s tra in  levels. W h ere  at is th e  s tre s s  a t  a  p a r tic u la r

tim e  an d  ctq is th e  s tre ss  a t  t  =  0. T h e  ra te  (0.061 
s " ’ ) a t  w hich th e  in itia l s tra in  a tta in e d  is kept con­
s ta n t  for all sam ples. I t  is seen (h a t  the  ex|>erimental 
p o in ts  for gum  com pound  fall on  a s tra ig h t line, 
show ing th a t  th e  re lax a tio n  process involved only a 
single m echan ism . T h e re  a re  tw o im p o rtan t mech­
an ism s th a t  can  lead to  s tre ss  re lax a tio n  in a  cross- 
linked elasto m er^ ’; (1 )  physical stre ss  relaxation due 
to  m olecular rea rran g em en ts  requ iring  little  primary 
b o n d  fo rm atio n  o r b reak ag e  an d  (2 )  chem ical stress 
re lax a tio n  due to  ch a in  scission , c ro sslin k  scission, 
o r  cro sslin k  fo rm atio n . U n d e r n o rm al conditions, 
b o th  physica l a n d  chem ical s tre ss  re laxa tions will 
occur sim u ltan eo u sly . H ow ever, a t  typ ical am bient 
tem p era tu res , th e  ra te  o f  chem ical re lax a tio n  in a 
ru b b er like N R  is very  sm all, a n d  th e  re laxation  be­
hav io r is d o m in a ted  by  physica l p rocess except for 
very  long periods. H ere  th e  re lax a tio n  p a tte rn s  of 
th e  sam p les  w ere s tu d ied  a t  d iffe ren t elongation. 
H ow ever, i t  is in te re s tin g  to  n o te  th a t  th e  ra tes  of 
s tre ss  re lax a tio n  a t  all th e  e x ten s io n s  stud ied  are 
a lm o st c o n s ta n t. A ccording to  M ackenzie and 
Scanlan,'^‘ th e  slope o f  s tre ss  re lax a tio n  plo t o f un- 
tiUed N R  w as in d e p e n d e n t o f  s tra in  u p  to  levels at 
w hich s tre ss-in d u ced  c ry sta lliza tio n  occurs. I t  was 
also  concluded  th a t  th e  m echan ism  is a  physical one 
p robab ly  involv ing  th e  p ro tra c te d  rearran g em en t of 
m olecular ch a in s  o r aggregates.’  ̂In  th e  p re sen t case
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F ig u r e  4  S tress relaxation curves o f  natural rubber gum ( m ix A ). Successive graphs are 
displaced  upward by 0.05 for clarity.



Time (sec)

F ig u r e  5  S tress relaxation curves o f  m ix D .  Successive graphs are displaced upward by  
0.05 for clarity.

also i t  is  seen  th a t  th e  s tre s s  re lax a tio n  o f  th e  gum  
com pound is in d ep en d en t o f  s tra in  levels as in d i­
cated by a lm o st p ara lle l s tra ig h t lin e  p lo ts  ( Fig. 4 ) .

U nlike in  th e  case o f  gum  vu lcan iza tes , th e  ex ­
perim ental p o in ts  for th e  iiber-filled  com posites 
(con ta in ing  long itud inally  o rien ted  f i le r s )  fall on 
two in te rsec tin g  s tra ig h t lines (F igs. 5 a n d  6 ) .  T h e

s tre s s  re lax a tio n  cu rv es co n sis tin g  o f  tw o  s tra ig h t 
lines o f  unequal slopes in d ica te  th a t  a  d iffe ren t 
m echanism  o f re laxation  o pera tes in th e  case o f sh o rt 
h b e r-h lled  com posites: one  th a t  o p era tes  a t  sh o rte r  
tim e  ( <  200 s ) an d  a n o th e r  th a t  is p ro m in e n t a t  th e  
la te r  s tag es  o f re lax a tio n . I t  ap p e a rs  th a t  a  new  re ­
lax a tio n  m echan ism  o p e ra te s  in  th e  fiber-filled

Time I sec )
F ig u r e  6  S tress relaxation curves o f  m ix C. Successive graphs are displaced upward by 
0.05 lor clarity.



com posites a n d  c o n tr ib u te  s ig n ifican tly  to  th e  o b ­
served  re laxation . I t  m ig h t arise  from  th e  progressive 
fa ilu re  o f ru b b e r-f ib e r  a tta c h m e n t e ith e r  a t  th e  s u r ­
face o f  th e  fiber o r by ru p tu re  o f  th e  ru b b er m olecules 
a tta c h e d  to  them.*^ T h e  p o in t o f in te rsec tio n  o f these  
tw o  s tra ig h t lin e s  is th e  tim e  a t  w hich  a ch an g e  over 
from  one  m ech an ism  to  an f)ih er la k e s  p lace. T h e  
c h a ra c te r is tic s  o f  th e  tw o m ixes (c o n tro l m ix  A  an d  
com posite  D  w ith  15 p h r  ace ty la ted  fiber) can  be 
rea lized  from  th e ir  slopes a n d  in te rc e p ts  given in 
T ab le  IV. T h e  slopes a n d  in te rc e p ts  w ere ca lcu la ted  
u s in g  a  l in e a r  reg ression  m eth o d . T h e  co n tr ib u tio n  
by an  e a rlie r  p rocess o f re lax a tio n  is ca lcu la ted  as 
rep o rte d  by M ackenzie  a n d  S can lan ^ ' by  d iv id ing  
th e  d ifference  o f  th e  tw o in te rc e p ts  by  th e  in te rc e p t 
o f  th e  f irs t lin e  a t  t =  1 s. T h e  values o b ta in ed  are  
given in  T a b le  IV.

In  m ix D ,  w hich  co n ta in e d  15 p h r  fiber loading 
a n d  no  b o n d in g  ag en t, th e  in itia l re lax a tio n  p a tte rn  
in creases  w ith  s tra in  level. T h is  is because  th e  
ad h esio n  th ro u g h  w eak b o n d s form ed betw een  
tre a te d  fiber a n d  rul)l)er b reak s  as s tra in  level is in ­
creased . In  m ix C , w hich  co n ta in ed  15 p h r  fiber 
load ing  a n d  th e  b o n d in g  ag en t, th e  p a t te rn  o f  re lax ­
a tio n  is th e  sam e as  th a t  in  th e  case o f  m ix D ,  b u t 
th e  in itia l re laxat ion ra te  rem ninofl n h n o st c o n s ta n t 
w ith  s tra in  level. D ue to  good bonding , th e re  is im ­
p roved  ad h esio n  betw een  fiber a n d  ru b b e r re su ltin g  
in  a  s tro n g  in te rface . T h ere fo re  re lax a tio n  a t  th e  
in te rface  is n o t a t  a ll affec ted  by low s tra in  level. 
H ow ever, as  in  m ix D ,  h ig h er s tra in  levels led  to  
fa s te r  re lax a tio n  o f  s tre s s  in  th is  case  also. T h e  sec­
o n d  p h ase  o f  re lax a tio n , w hich  is p rim arily  due to  
th e  po lym er, rem a in s  c o n s ta n t.

Effect of Bonding Agent (Longitudinal Fiber 
Orientation)

In  F igure 7, th e  s tre s s  re lax a tio n  curves o f  A , C’, and 
D  a t  30% e lo n g a tio n  a re  p resen ted . T h e  gum  com ­
p o u n d  A  h a s  th e  low est ra te  o f  re lax a tio n , an d  mix 
D  h as  th e  h ig h es t ra te  o f  re lax a tio n  at 30%  elon­
g a tion  (T a b le  I V) .  W e have seen ea rlie r th a t  the 
in itia l re lax a tio n  increases w ith  s tra in  level in a  weak 
f ib e r-ru b b e r in te rface , w hereas it  rem ain s alm ost 
c o n s ta n t in  a  s tro n g  in te rface . By com paring  the 
crossover tim e  a t  sam e e x ten s io n s  o f  m ix D  an d  mix 
C  (T a b le  IV ) we can  have a  c lea r idea ab o u t the 
level o f  ad h esio n  betw een  th e  fiber an d  th e  rubber 
in th e se  tw o com pounds. M ix C alw ays reg istered  a 
h ig h er c ross over tim e . T h is  suggests th a t  th e  in itia l 
re lax a tio n  is fa s te r  in  a  w eak  in te rface  a n d  hence a 
low crossover tim e  fo r m ix  D .  B u t in a s tro n g  in ­
te rface  a s  in  m ix C , th e  in itia l re lax a tio n  process is 
long a n d  ta k e s  m ore tim e  fo r th e  in itia tio n  o f  the 
second  p h ase  o f  th e  re lax a tio n  process.

From  T ab le  IV , i t  is seen  th a t  in  th e  case  o f  mix 
I )  th e  con trib u tio n  o f th e  early  process changes from 
21 to  7% as th e  s tra in  level is v aried  from  20 to  70%. 
B u t in th e  case o f  m ix  C , w hich co n ta in ed  th e  b o n d ­
ing  system , th e  co n tr ib u tio n  is n ea rly  c o n s ta n t and  
in d ep en d en t o f s tra in  level.

Effect of Fiber Content (Longitudinal Fiber 
Orientation)

F igu re  8 illu s tra te s  th e  effect o f  fiber load ing  ( mix 
A ,  B ,  a n d  C)  w hich  co n ta in e d  0, 10, a n d  15 p h r 
fiber, respectively, on  s tre ss  re laxation  a t  50% stra in

T a b le  IV  R esu lts  o f  S tre s s  R e la x a tio n  M easu rem en ts

Strain
(% )

Slope
(N egative)

D ifference

Intercept

Difference

C ontribution  
to  Initial 

M echanism  
(% )

Crossover
T im e

(s)Early Later E^rly Later

M ix A 20 0.0427 _ __ 0.9761
30 0.0481 — — 0.9736
50 0.0500 — — 0.9906
7<t (1 oii'.’n 1

M ix C 2U U.OHIM 0.0440 0.0394 0.8819 0.7353 0.0866 9.8 200
30 0.0800 0.0450 0.0346 0.9115 0.B434 0.0681 7.5 180
50 0.0848 0.0509 0.0339 0.9387 0.8848 0.0539 5.7 140
70 0.0853 0.0809 0.0044 0.9600 0.8621 0.0960 9.9 120

M i x D 20 0.0854 0.0125 0.0729 0.9529 0.7532 0.1997 20.9 180
30 0.0880 0.0109 0.0771 0.9243 0.7574 0.1669 18.1 160
50 0.0892 0.0164 0.0576 0.9571 0.8083 0.1488 15.5 120
70 0.0912 0.0196 0.0655 0.9270 0.8697 0.0573 6.9 91



Time (sec)

F ig u re  7 Stress relaxation curves of mixes A ,  C, and  D  a t 30% elongation. The graph 
of mix D is displaced upward by 0.1.

level in  th e  lo n g itud ina l fiber o rie n ta tio n . T h e  ra te  
of re lax a tio n  increases w ith  fiber co n ten t, an d  also 
the  tim e  a t  w hich th e  ea rlie r re lax a tio n  m echan ism  
stops is sh ifted  to  h igher value ( T ab le  V ). According 
to  th e  th eo ry  o f  s tra in  am plifica tion , ow ing to  th e  
in ex ten sib ility  o f  th e  f i l l e r , t h e  s tra in  in  th e  e la s­
to m er m aU ix  is g rea te r th a n  th e  overall s tra in , re ­
su lting  in th e  ru b b e r phase  hav ing  an  in s ta n ta n e o u s  
m odulus h ig h er th a n  for a  gum  ru b b e r a t  eq u iva len t 
ex tension . D erham ^'' show ed th a t  th e  s tre ss  re lax ­

a tio n  ra te  in creases  w ith  ca rb o n  b lack  loading. S im ­
ila r  resu lts  a re  o b ta in ed  w ith  sh o r t  ju te-fiber-filled  
N B R  com posites.^^ T h ese  find ings a re  in  ag reem en t 
w ith  o u r resu lts .

T h e  s tre s s -s tra in  re la tio n  o f  p a rticu la te -filled  
vu lcan izates has been show n by M ullins an d  T ob in^ ' 
in w hich svtbsluntially  all o f  th e  observed  ex ten sio n  
is a t tr ib u te d  to  th e  d e fo rm atio n  o f “ so ften ed  re ­
g ions” w ith  p ro p e rtie s  s im ila r  to  th o se  o f  th e  cor- 
rus]K>ntiing tm filled v\ilcunizate. 'I'lte a m o u n t o f ma-

Time(sec)
F ilfu re  8  S tress relaxation curves of mixes A, H, and C a t r>0% elongation. Successive 
graphs are displaced upw ard by 0.1 for clarity.



T a b le  V E ffec t o f  F ib e r  C o n c e n tra tio n  an d  A g ing  in  S tre s s  R e la x a tio n  P ro p e r tie s

Sloi>e
(Negative) Intercept

Conlril)utioii 
to Initial 

Mechanism
(%)

Crossover
TimeStrain

(%) Early 1>ate Difference Early Late Difference

Effect of fiber 
content 

Mix A (no 
fiber) 50 0.0400 0.9906

Mix B  (10 phr) 50 0.0792 0.0503 0.0288 0.9836 0.8346 0.149 15.1 120
Mix C (15 phr) 50 0.0848 0.0509 0.0339 0.9387 0.8848 0.053 5.6 140

Effect of aging 
Mix C 30 0.0833 0.0450 0.0393 0.8819 0.7953 0.086 — 200
Aging a t 70*C 

for A days 30 0.0701 0.0394 0.0307 0.8224 0.7476 0.075 — 150
Aging a t lOO '̂C 

for 4 days •■30 0.0397 0.(K>80 0.0280 0.7558 0.8130 0.057 — 50
Ellect of aging 

Mix D 30 0.0880 0.0109 0.0771 0.9243 0.7532 0.199 20.8 160
Aging a t  70°C 

for 4 days 30 0.0701 0.0178 0.0523 0.8220 0.6227 0.199 24.2 165
Aging a t JOÔ ’C 

for 4 days 30 0.0518 0.0794 0.0276 0.8369 0.9949 0.158 — 199

te r ia i  in  th e  so iie n e d  s ta te  rises w ith  im posed  ex ­
te n s io n  by a  progressive  b reak d o w n  o f  th e  orig inal 
“ rig id”  s tru c tu re . T h e  frac tio n a l ex ten sio n  o f  th e  
so ften ed  reg ions will l>e q u ite  large, even w hen th e  
im posed  ex ten sio n  is sm all. T h u s , even  a t  sm all im ­
posed  ex ten s io n s  th e  reg ions ta k in g  p a r t  in  th e  d e ­
fo rm a tio n s  a re  very  highly  s tra in e d . R e lax a tio n  o f 
s tre sse s  w ould th e re fo re  be expec ted  to  p roceed  as 
in  h igh ly  s tre tc h e d  unfilled  rubber. T h e  sam e m ech ­
an ism  is expec ted  to  ta k e  p lace  in fiber-filled  com ­
p o site s  s in ce  h e re  a lso  th e  re lax a tio n  ra te  increases 
w ith  s tra in  level.

Effect of Aging (Longitudinal Fiber Orientation)

A ging p ro d u ces in te re s tin g  e llec ts  on  th e  re laxation  
b eh av io r o f  N R -s is a l  fiber com posites (F ig . 9 ) . 
S tre s s  re lax a tio n  m easu rem en ts  have been  m ade a f­
te r  ag ing  th e  sam p les  a t  70 a n d  100°C  for 4 days 
(T a b le  V ) .  In  th e  case of m ix 1) ( no bo n d in g  a g e n t) ,  
th e  in itia l re lax a tio n  ra te  decreased  w ith  aging. T h is  
m ay  be due  to  th e  fac t th a t  som e o f  th e  reactive 
g roups in  th e  tre a te d  fiber su rface  m ay  be ac tiv a ted  
a t  h igh te m p e ra tu re  to  form  b o n d s w ith  rubber. T h e  
chem ical s tre s s  re lax a tio n s  due to  ch a in  scission  o r 
c ro ^ U n k  scission  cause a  sh a rp  increase  o f  th e  la tte r  
s tag es  o f  re lax a tio n  ra te  o f  m ix D  aged a t  lOO^C. 
T h e  re lax a tio n  curve o f  m ix C  aged  a t  70^C reg is­

te re d  th e  m axim um  crossover tim e  and  contribu tion  
to  th e  in itia l re lax a tio n . T h is  ia because th e  full 
s tre n g th  o f  th e  bond ing  resin  is developed during 
aging, w hich help s  in  o b ta in in g  b e tte r  adhesion  be­
tw een  th e  fiber a n d  rubber, re su ltin g  in a s tro n g  in ­
terface. O n th e  co n tra ry  th e  second-phase relaxation  
p rocess o f  m ix  C aged  a t  100°C show s a  sudden  de­
crease  in  re lax a tio n  ra te . T h e re  a re  tw o com peting  
m ech an ism s lead ing  to  re lax a tio n  in th e  second 
stage; (1 )  chem ical re lax a tio n  due to  ch a in  scission 
a n d  (2 )  th e  bo n d in g  resin  fo rm ation . B etw een  these  
tw o  com p etin g  processes, th e  d eg rad a tio n  by m o ­
lecu la r b reakdow n  is th e  m ajo r factor.

Effect of Fiber Orientalion (Longitudinal and 
Transverse)

T h e  effect o f fiber o rien ta tio n  on  relaxation  o f stress 
is in v estiga ted  for m ixes a n d  C a t  :U)% s tra in  (Fig. 
1 0 ). F o r th e  in itia l process, even in  th e  p resence  o f 
bond ing  agen t, com posites con ta in ing  fibers orien ted  
long itud inally  have h igher re laxation  ra te  th a n  those 
o f  com posites w ith  tra n sv e rse  fiber o rie n ta tio n  ( T a ­
ble V I ) . In  m ix D  i t  is observed  th a t  th e  slope o f  th e  
in itia l ra te  o f  re lax a tio n  curve in  th e  tra n sv e rse  d i­
rec tio n  is only  h a lf  o f th a t  in  th e  lo n g itud ina l d i­
rec tio n . In  tra n sv e rse  fib sr o r ie n ta tio n , th e  fibers 
are  a ligned  p e rp en d icu la r to  th e  d irec tion  o f  force



Time I sec)
F ig u r e  9  S tress relaxation curves o f m ixes D  and C a t 30% elongation <after aging),

ap p lica tio n  a n d  th e  m ajor re lax a tio n  is  due to  th e  
polym er. In  b o th  th e  m ixes th e  tran sv erse ly  orien ted  
fiber com posites hav e  low er crossover tim e . In  
tran sv e rse  fiber o rie n ta tio n , th e  f ib e r-ru b b e r in te r ­
face has a  very  sm all ro le in  s tre ss  tra n s fe r  an d  th e  
in itia l re lax a tio n  p rocess, w hich is en tire ly  due to 
th e  tib c r-ru h b e r Unka^^e, shiflK quickly to  th e  second 
re lax a tio n  process.

CONCLUSION

A tw o-stage  s tre ss  re lax a tio n  p a tte rn  w as observed 
in  ace ty la ted  sisal f ib e r-N R  com posites. T h e  in itia l 
re lax a tio n  occurred  a t  sh o r t  tim es ( <  200 a ) ,  and  
th e  second-stage  re lax a tio n  took m uch longer to  
com plete  th e  process. I ’he in itia l m echan ism  ia due 
to  th e  f ib e r-ru b b e r a tta c h m e n ts  an d  th e  la tte r  one

\P

Time I sec)
F ig u r e  1 0  S tress relaxation curves o f  m ixes D  and C in  the longitudinal and transverse 
direction a t 30% elongation . T h e graph in th e  transverse direction o f  m ix D  is displaced  
upeard by 0.1 for clarity.



T ab le  V I D ep en d en ce  o f  S tre s s  R e la x a tio n  on F ib e r  O rie n ta tio n

Slope
(N egative) Intercept

Contril)utioi» 
to  Initial 

M echanism
{%)

Crossover
Tirotj

(s)Early Later D ifference Early Later D ifference

Effect o f fiber orientation
M ix C

L ongitudinal (30) 0.0800 0.0450 0.0346 0.9115 0.8434 0.0681 7.5 2 0 0

T ransverse (30) 0.0640 0.0701 0 .0 0 1 1 0.9172 0.4882 0.0709 — 140
M ix D

L ongitudinal (30) 0.0880 0.0129 0.0771 0.9245 0.7374 0.1671 18.0 160
T ransverse (30) 0.0405 0.0565 0.0160 0.9983 0.9912 0.0071 — 120

due. to  p h y sica l a n d  chem ical re lax a tio n  p ro cess  o f 
th e  n a tu ra l rubl)er m olecules. 'Fhc re laxation  process 
is in fluenced  by bonding; ag en t, w hich in d ica ted  th a t  
th e  process Involved f ib e r-ru b b er in terface. T h e  gum  
v i:lcan iza te  show ed on ly  one  re lax a tio n  p a tte rn , th e  
ra te  of w hich  w as a lm o s t in d e p e n d e n t o f th e  s tra in  
lev^‘1. F o r th e  com posite  in th e  absence  o f  bunding  
ag en t, th e  ra te  o f re lax a tio n  increased  w ith  s tra in  
level. R u t in  th e  p resence  o f  b o n d in g  ag en t, th e  re ­
lax a tio n  ra te  is a lm o st in d ep en d en t o f  s tra in  level 
because o f  th e  s tro n g  ^iber-^ubbe^ in te rface . T h e  
in itia l ra te  o f  s tre ss  re lax a tio n  p ro cess  d im in ish ed  
a f t t r  aging.
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