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..^rRODUCTION

Short. fiburH iirc used in rubber com pounding due to 
the considernble processing advantages, im prove­
m ent in certa in  m echanical properties, and for eco­
nomic considerations.* Both natu ra l and  synthetic 
fibers can be incorporated into the  rubber m atrix 
along w ith o ther additives. T he  com posites th u s 
prepared can be used for extrusion, calendering, and 
various types o f m olding operations such as 
compression, injection, and  transfer. T h e  addition 
of suitable sh o rt fiber im proves or modifies the 
properties o f the  composite.

T he sh o rt fi\>er coinpositos have boon studied by 
several researchers in an  a ttem p t to fabricate reln-

* ' I 'o  w Ih i i i i  c d r r e s p o iu U ' iK ' c '  k Ik >u I<I I>l‘ a c U ir o s H c d .

i l i i i ir n ii l i>f A|)|)1U’(I I ’ n lv m i'r  S i'ii'J K 'r . V i i l .  fiH, Till? ( l i l i l f i )
. lu lm  W i l r y  S.iuH, I ih ’. c c r o i ) : ; !  i i i

forced products like V-belts,^ hoses,^ tyre treads,^ 
and complex shaped articles.^

Wliot> used properly, sliort. fiberH gt*nerut.e i< high 
degree o f reinforcem ent which is sufKcient for m any 
specific applications. T he efficiency o f a composite 
can be increased by the  preservation o f high aspect 
ra tio  of the  fiber, control o f fiber directionality , gen­
eration o f a strong interface through physico-chem ­
ical bonding, and  establishm ent o f high degree of 
dispersion.^ An aspect ra tio  o f 100-200 is generally 
required for effective reinforcem ent in sh o rt fiber 
elastom er composites.^ D uring m illing operations, 
th e  m ajority of fibers ten d  to  o rien t along th e  flow 
direction to  cause good orientation . T he  param eters 
which nujst be considered m ost im portan t in af­
fecting short fiber reinforcem ent are fiber aspect ra- 
l.io, the type of liber, type o f m atrix, fiber length, 
fiber orientution, fiber concentratit, i, fiber disper- 
HK)n. and the ndhe.sion bet ween the fiber and matrix.*' 
'I'lic rcinlbr(;i*m<*r»t ol'nn c*liiHl<itner wit b Hborl. fibers



com bines th e  elasticity  o f the  rubber m atrix  with 
s t r e n ^ h  and stiffness of the fibers.”

O ’C /o m io r"* hns s l i id i i 'd  I he (‘U rc t o f  s h o rl h v h  

thetic  (ibers in rul)ber com pounds. Shorl [,'hiss lil)ors 
were used for reinforcing rubbers due to  th e ir high 
modulus, high strength , and  low creep.“  T he m e­
chanical properties of carbon, polyester, glass, poly­
amide, and  cellulose in ethylene propylene diene 
monom er (EPD M ), natu ral rubber (NR), chloro- 
prene rubber (CR), niLrile rubber (N BR) and sty- 
rene-butad iene rubber (SBR) m atrices have been 
studied by Ibarra  e t al.'^'^^ Coran e t al.'^ have in ­
vestigated the  elfect of various fibers such as glass, 
rayon, nylon, and cellulose in both natu ra l rubber 
and  synthetic rubber m atrices.

T h e  widely used inorganic fillers, such as glass 
and  mica, are very expensive com pared to  natu ra l 
fibers. Nowadays, studies have been conducted on 
how to  conserve energy from renewable resources. 
Nnturnl f iberH  arc import ;ui1 due lo liio r('novvn))lo 
natui'K, low c o H l ,  (»iiKy uvnilni>ill(y, mikI ( ‘ u m I i k ' h h  Ini' 
chemical and m echanical m odilications. 'I'liey are 
also free of the hea lth  hazards so frequently  asso­
ciated w ith the  use o f synthetic fibers. M oreover, it 
is evident from the ratio  o f cost to  load carried by
l.hc fiber t hat, iinturtil (ib(*rn arc m highly <‘uhI ollpclivr 
form of reinroroetnenL.'^’ LignocclluloHit’ libor.s sufh  
as jute, sisal, coir, pineapple, bamboo, hemp, bagasse, 
fiax, cotton, banana, and straw  have been used as 
reinforcem ents in d ilferen t m atrices,”’ Am ong tliese 
fibers, ju te  is extensively used for reinforcem ent in 
N R  and  carboxylated n itrile  rubber (X N BR ) ma- 
trices.*’’*® T he  effects o f bonding agent and  alkali 
trea tm en t on the  m echanical properties of coir-fiber- 
reinforced N R  com posites have been studied  by 
Arumugam*^ and  G eetham m a e t al.^° Setua and 
Dulta^' Imvc studied llio od'ect oi'boiulitig agcnl in 
short silk-liber-roinforced j)olychloroprenc rubber 
composites. T he morphological and m echanical 
properties o f oriented  cellulose-fiber-reinforced 
elastom eric com posites have been studied by Coran 
and  co-workers.^^ T he  m echanical p roperties of the 
short jute-liber-reinforced SBR compositea have also 
been studied by M urty and De.'^’'

T he fracture surfaces o f the composites have been 
studied by several researchers in order to  observe 
the  fiber orien ta tion , fiber pull-out an d  fiber-m atrix  
interaction. M urty^”* has carried out studies on the 
failure surfaces o f short glass fiber rubber comi)osiies 
by scanning electron microscopy. Recently, in this 
laboratory, Thom as and  co-workers have extensively 
studied the  physico-m echanical properties on short 
sisal, coir, and pineapple leaf fiber (PALF) re in­

forced low-density polyethylene (LD PE),“ ’̂® poly­
styrene (PS)^^ and composites.

SlyriMU' ImliidicMU' rul>lM*r (SBU) is n gonorfil- 
purpose .syulhutic rubl)cr which linds exlensive «p- 
plications for the  m anufacture o f various rubber 
products. However, the  m aterial exhibits poor me­
chanical properties due to  its am orphous and non­
stra in  crystalline nature.

Over the years, various fillers, have been used for 
the rcin lorcem ent «(' SBR. 1 lowovor, no serious at­
tem pt has been m ade so la r  to evaluate the use of 
short sisal fiber as a reinforcing filler for SBR matrix. 
In  th is  study, we have evaluated the  effect of fiber 
length, fiber d istribution, fiber orientation, fiber 
concentration, and bonding agent on the physical 
and m echanical p roperties of sh o rt sisal-fiber-rein­
forced SB R  composites. F iber-m atrix  adhesion has 
been analyzed by scanning electron microscopy 
studies and  anisotropic swelling measurements.

liXPtKIM LNIAL

Sisal fiber, which is extensively grown in the south­
ern  parts  of India, is supplied by a local processing 
unit s ituated  in the s ta te  o f Tam il Nadu. It was re­
ported that sisal libtM'M (-onlain 7H'7i ('('lhili).se, 10% 
htMuicollulose and pectijis, 8 % lignin, 2% waxes, and 
1 % asiies.^” 'I’he physical properties o f the sisal fiber 
are given in Table I. T he  raw sisal fibers were 
chojjped to d i/ie ren t letigths viz., 2 , 6 , 1 0  mm and 
washed w ith w ater to  remove the undesirable ma­
terials. T h en  these fibers were dried in an air oven 
a t  70®C for 5 h, and it  was th en  kep t in polythene 
bags to  prevent m oisture absorption.

S ty rene-bu tad iene rubber (SBR-1502) used for 
the  present study was the  technically specified form 
of (he rul>bor, aiul the snnu' lot was used fur the 
onlire ex])eriniont. 'i'he bonding agcnls hexameth* 
ylene te tram ine and  resorcinol used for the experi­
m ent were o f laboratory reagent grade. Ail other in­
gredients incorporated  into the  SB R  m atrix were of 
com m ercial grade. T he  recipe used for the present 
work is shown in 'Fables II and HI.

T able I Physical P ro p erties  of Sisal Fiber

P h y s ic a l  P r o p e r ty S isa l Fiber

D e n s i ty  (gA-»v‘) 1.45
D ia m e te r  ( /in i) 100-300
E lo n g a t io n  a t  b re a k  (% ) 4-9
T e n s ile  s t r e n g th  (M P a ) 450-700
Y o u n g ’s  m o d u lu s  (M P a ) 7,000-13,000
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Table 11 Form ulation o f M ixes A to D

M ix e s

In g re d ie n ts A B C D

SB R -1502" 100 100 100 100
Sulfur 2.2 2.2 2.2 2.2
S lonric  ncid 2 2 2 2
Zinc ox id e r> 5 5 5
CBS'* 1 1 1 1
THQ"
Sisal fib er

1 1 1 1

( U n tre a te d ) — 35 35
le r  le n g th ,  m m ) — (2) (6) (10)

• S H U  with hound styrpne c n i i l e n t ,  '21..'>-2n.ftr<V, ohlnined from 
nncl ('lu-ininilH nuri-illy, U .l’., liuUii, |MI.< I I -l)| (it 

H) HH; voliililo iniiltcr 0.7r)‘V-; orKniiic m id l,7ri T 'l\  .soup 
0.5%; Hsh l.r>'/fl; untioxidnnt

’’ A^-cyclohexyl Iw nzoth iazy l  su lfenam ide .
^2 ,2 ,4 -T r im e th y l  1 ,2 -d ihydro  q u in o l in e  polymerized .

M ixes were prepared by m eans o f a laboratory 
two-roll open-m ixing mill (150 X  300 m m ). T he  nip 
pap, mill-roil speed ratio  (1 ; 1.25), tim e and tem - 
[ )crM(i i r ( '  <>(' n i i x i n t j ,  n u t n h ( ' r  ( i f  ))mhh( 'h , i mc l  Kt*( | ucn( ’(’ 

i)C nddil ion oC iti^rodictilH during nuxiii}' wore ke|it 
the sam e for all mixes. T he chopped fibers were 
added to  the  SBR m atrix  a t  the  end o f the  com ­
pounding process w ithout any chemical trea tm ent. 
The rolling direction was kept always th e  sam e to 
promote b e tte r fiber orientation.

Mill shrinkajjo of the  com pound wns determ ined 
1; itting a piece of a com pounded sheet from the 
open mill as per ASTM standard  D 1917-89. Green 
strength was determ ined by using a m ethod devel- 
()[)ed by Fo!di.^'’T he  strengt h o f uncured 2-mm-thick 
samples were m easured a t  n st rain rate of 50 cm 
inin '.  'I'he surface tack was elim inated by pressing 
the sam ple a t  120®C for 2 m in between two sheets 
of alum inum  film in a hydraulic press.

Shear forces occurring during m illing operations 
orient m ost o f th e  fibers along the  grain direction, 
i)ut th is also caused fiber breakage. In order to  study 
lheextcnt.offil)er breakage, the libers were extracted 
from the  green com pound by dissolving the  rubber 
compound in toluene, and th e ir length and diam eter 
were m easured by using a traveling  microscope.

The curing characlerisl ics wore studied by nn os­
cillating disk rheom eter ( MonsiuitiJ rheom eter li- 
100). 'The HJUuplcH wer(> vulcnni/.ed at in()°(' in n 
liyilruulie press haviiii; ele<'l ricnlly lu!nle«l iflMlctJs lo 
(lu'ir respeelive cure tirues as obtiiitied frcnn the 
i'lu'n|;rMphH. S tress slrniii inensurc'UH'nis w<'i'c »'nr- 
ried out by using a Universal T esting  M achine

(ZW lCK-1474) a t a crosshead speed of 50 cm m in“*. 
Tensile m easurem ents o f the  com posites were de­
term ined using sam ples cu t along (longitudinally  
oriented fiber) and across (transversely  oriented fi­
ber) the grain direction. M odulus, tensile strength , 
and elongation a t  break were determ ined according 
to  ASTM  m ethod D 412-68. Figure 1 shows the  lon­
gitudinal and transverse fiber orien tation .

Resilience was determ ined a t  28°C using a D un­
lop tripsom eter according to  BS 903 part-2 , 1950. 
H ardness was m easured a t room tem perature by u s­
ing a shorc-A hardness tester (D urom eter) A STM  
D-2240-81 tes t method. Resilience and  hardness 
m easurem ents were made w ith tensile sheets w ith ­
out considering the orientation  of fibers.

AnisolTopic swelling studies were carried ou t us­
ing rectangular .samples cut a t  dill'erent angles with 
respect to o rien ta tion  o f the  fiber from the  tensile 
sheets and swollen in toluene a t  room tem perature 
for 3 clays. T he tensile failure surfaces (Fig. 1) were 
exam ined by scanning electron ndcroscopy (S E M ). 
T he fracture surfaces were sputter-coated  w ith gold 
w ithin 24 h of testing  by using a fine coat JF C -1100. 
SF.M studies were carried out using a JE O L  scan­
ning electron tnicrfiscope model .ISM 3f»C.

RESULTS A N D  D IS C U SS IO N  

Fiber Breakage

Due to tlie high shear forces caused during mixing, 
fibers usually undergo breakage, and their breakage 
p attern  can be indicated by fiber length d istribution 
curve. T h e  distribution of fiber lenpfths can be rep­
resented in tern)s of m om ents of the distribution.'^’”’̂  

'I'he num ber- aiul weight-average fiber lengths 
can be defined as

L„ =

V>1  NiLi

(1)

(2)

w h e r e  L„ is  t h e  n u m b e r - a v e r a g e  f i be r  l e n g t h ,  L„, t h e  
w e i g h t - n v e r a g e  f i be r  l e n g t h ,  a n d  N j t h e  n u m b e r  o f  
l i bi ' r s  h a v i n g  l e n g t h  L,.

'I' lu* v i i l u f  oC / / „ / / ' „ .  I b e  ) ) o ly d i s p e r s i l y  i n d e x ,  c a n  
be  l i i k m  a s  ji i n c i i su r e  o f  l i be r  l e n g i h  d i s t r i b u t i n n .  
' I ' h e  v a l u e s  o f  L„. a n d  //„.///„ a r e  c a l c u l a t e d  b a s e d  
o n  100 l i lx ' r s  Cor ( ) u ‘ c h o p i x ' d  sisiil (itxM's an<l f i be rs  
e x t r a c t e d  f r o m  t h e  m i x .  ' I ' a b l e  IV s h o w s  t h e  f i be r



T able III Form ulation  o f M ixes K to L

M ix e s

In g re d ie n ts (i 11 1 .1 K L

S B R -1 5 0 2 100 lUO 100 100 100 100 100 100
S u lfu r 2 .2 2.2 2.2 2 .2 2.2 2 .2 2.2 2.2
S te a r ic  a c id 2 2 2 2 2 2 2 2
Z in c  o x id e 5 fi T) 5 5 5 5 6
licHorcin<il
llo x a*

— — — — — — — 5
2.fi

C B S '’ 1 1 1 1 I 1 1 1
TDQ" 
S isa l  f ib e r

1 1 1 1 1 1 1 1

(U n tr e a te d ) 5 10 15 20 15 20 25 35
(F ib e r  le n g th ,  m m ) (6) (6) (6) (6) (10 ) (10) (10) (6)

• H e x a m e lh y le n e  te t r a m in e .
’’ A /-c y c lo h e x y l l> e n z o th ia zy l s u lf e n a m id e .
'  2 ,2 ,4 -T r in ie th y l  1 ,2 -d il iy d ro  q u in o l in e  p o ly m e r iz e d .

length d istribu tion  iiulex ol’ utitrontod siHnl fil>ors 
belore and a lte r  the inixinK. 'I’he value ol' L,„/L„ re­
m ains about the  sam e before and  a fte r processing, 
indicating th a t  no considerable fiber breakage oc­
curred  during mixing.

Figure 2 shows th e  fiber length d istribu tion  curve 
o f un trea ted  sisal fibers before and afle r mixing. Af­
te r mixing, tiie m ajority of libers are d istribu ted  be­
tw een 5 and  6  mm. I t  was observed th a t  the  m ajority

of fibers liad nn aspect rat io o f 2 ()-(>() after mixing. 
In tbe case o f ju te  fiber rubber composites, the aspect 
ratio  o f 40 was reported  to be sufficient for rein­
forcing rubber m atrix , since th ere  was very good 
adhesion between the  fiber and  rubber.®^ Since sisal 
is a lignocellulosic fiber, it  bends and curls during 
milling due to  its intrinsic flexible nature. Therefore, 
the breakage o f sisal fiber was low when it was used 
as reinforcem ent in SB R  m atrix. Hence the initial

roRce

Kh

M li Ij ,
LLilu.

LONGITUDINAL TRANSVERSE
F igure  I Tensile samples with fiber orientation and corresponding f ractured surfaces.



S isa l f ib e r L„ (m m ) /vu, (m m ) Lu,fL„

B e fo re  m ix in g 5 .9 5 .98 1.014
A fte r  m ix in g 4.63 5 .00 1.093

aspect ratio  (before mixing) of around 20-60 is p re ­
served in the  com posites. On th e  o ther hand, syn­
thetic fibers like glass, carbon, and so forth  undergo 
severe breakage during mixing.^^ T he  average di- 
nmefor (0 .1 2 1 2  mm) of the sisn! Hher remninod the 
same after mixing.

rffoci of Fiber Irn ^ lh  

Curing Characteristics

T he curing behavior o f various mixes are given in 
the  Figure 3. In general, for all mixes the  torque 
initially decreases, then  increases and linally levels 
olf. T he in itial decrease in torque to a m inim um  
value is due to  the  softening of the  rubber matrix. 
'I’he IncrtMiHc hi 1 hu (orcpn- Is duo l(» I ho cros.Hlinkiug 
of l.he rubber. 'I'be leveling oil' is an indication of 
the completion o f curing. It is found th a t the  addition 
of fibers increases the  torque value o f the SB R  com ­
pound. It can be seen th a t  the  torque value increases 
with an  increase in fiber length. T h is  ii^crease in the 
torque o f the  system  is due to the  presence o f longer 
fibers which im part more restriction to deformation. 
However, m axim um  torque was slightly higher for 
G mm th an  for 10 mm length. T he  curves in the 
rheographs cross over each o ther because of their 
difi'erencea in cure time.s. It is reported th a t the in ­
crease in torque in directly j)roportion«! to the 
crosslink density.^'' T he T able V shows the  effect of 
fiber length on the  cure tim e and scorch tim e of 
mixes A, B, C, and D. I t  can be seen th a t  as the fiber 
length decreases, the  scorch tim e and cure tim e de­
creases. T h is  is due to  the  fact th a t  a t  the  same 
loading as the  fiber length decreases, the  num ber of 
ends increases. T he increased fiber ends generate 
more heat due to friction.'**"

M echanical Properties

T he properties o f sh o rt fiber-reinforced elastom er 
composites depend on the  degree to which an  ai)plied 
load is l.ransmitf.e<l to t he fibers. 'I 'h is extent of load 
transm ittance is a function of fiber length and m ag­
nitude of fiber-m atrix  in teraction. A t a critical fiber 
length, the load transsn itlance from the nuUrix l.o 
fiber is maximum. If critical fiber length (/ )̂ is greater

th an  the length of the fiber, th e  stressed fiber will 
debond from the m atrix  and the  com posite will fail 
a t  low load. If  4  is less th an  th e  length of the  fiber, 
the  stressed com posites will les d to  breaking of fi­
bers. I 'h e  critical fiber length for different fiber 
com posites have been determ ined by T hom as and 
co-workers. T he 4 for coir fiber-N R , sisal fiber- 
LD PE, PA L F-L D PE , sisal fiber-PS, and sisal fiber- 
N R  com posites were 10, 6 , 6 , 6 , and  10 mm, respec- 
tively.2«.2s--̂ »

T h e s tre ss-s tra in  curves o f mixes A (gum), B, C, 
and D are shown in Figure 4. T he deform ation be­
havior o f the blends can be understood from the 
s tre ss-s tra in  curve. Addition o f fiber increase the  
modulus o f the compound. T he increase is quite high 
in llio (MiHo of longii.udinally oriented cojnpoHltes. 
'The longitudinally oriented composites show brittle- 
type havior while transversely oriented composites 
shov. clastic deform ation. In both directions fiber 
lengths of 6  mm showed the  m axim um  tensile 
strength  and modulus. However, the  elongation a t 
break reduced w ith the  increase in fiber length.

Table VI shows the effect of fiber length on tensile 
Hi rongl h, olongat ion nt break, hardnoss, and tensile

0 2 4 6 8

FIBER LENGTH ( m m  )

F i i l u r e  2  l‘'il»er l e u n f h  (Ustr i l)uLion « u r v e  jil' l i h e r s  b e f o r e  
a n d  n i t e r  m i x i n g .  >,
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F igure  3 llliuogropliK ol’ mixes A, M, C', aiul L).

moduli a t  different elongations and orientations. 
T he moduli a t  10 and 20% elongations showed a 
m axim um  value for com posite contain ing sisal fiber 
of lenffth 6  mm and then  decreased nt n lengt h of 
10  mni. 'I'his tron<l has heon foinul al. holh ori('n- 
ta tions. T he  tensile s treng th  o f the  com posites also 
showed a m axim um  value a t  6  mm fiber length. T he 
increase in fiber length beyond 6  mm m arginally 
reduces the  streng th  of the composite.

T he  interfacial in teraction  between rubber matrix 
and fiber reaches a m axim um  value when the  fiber 
length is 6  mm and the  effect o f fiber length d is­
appears w ith longer fibers because o f fiber en tan ­
glem ent and breakage. A t higher fiber lengths, the 
dispersion of fibers in the rubber m atrix  becomes 
ver Llillicult. 'I\> achicvo bol lor (liMj)('rHion ol' lilu'rs, 
repeated passing through the mill rolls is necessary. 
T h is  will cause the  en tanglem ent and breakage of 
long fibers.

From  th e  overall m echanical property  studies, it 
is found th a t  the critical fihor lenglh o f 0  nun is 
oll'ocl.ivu for I'oinforconicnl In SHU inntrix.

Fiber OrienUtiun

Fiber o rien ta tion  affects the  perform ance o f com ­
posite properties.^'’ For example, the  balanced fi­
ber o rien ta tion  in a hose gives op tinunn tlesign 
strength.^® For a fixed mill opening, all th e  possible

fiber o rien ta tion  will be achieved during the first 
pass. But a poorly dispersed fiber composite requires 
more th an  one pass to  achieve dispersion in addition 
to fiber orientation. T he properties of milled short 
lil)i‘i' (‘Instosnor coniposiloK (l('|>en(l only on mill 
opening and  n o t on m ill-roll speed, roll speed ratio, 
or num ber o f passes.®^ T he com plete orientation of 
fibers in a given direction is practically impossible. 
However, depending on the  fiber type, loading, and 
rubber m atrix, it  is possible to orien t the majority 
of fibers.

D uring milling of rubber composites, the fibers 
tend  to o rien t along the  flow direction, causing me­
chanical properties to  vary in different directions.^ 
T he  optim um  projjerties of the composites can be 
ohtninod by controlling I ho How dirootion. A large 
shear How during milling forces libera to orient along 
the  mill direction.

Extent o f  Fiber O rientation

TIu' ('xioiil oC lilx'r orionlnlioii t'tui bo uiulerHtood 
qualitatively from the exam ination of the fracture 
.surfai’OH of t he Hnmplos by SKM pln)l ()graphs. Figure 
5(a) shows the tensile failure surface of longitudi* 
nally oriented  com posite (mix C). T he broken fiber 
ends protruding from the  fracture surface indicate 
th a t tho libers arc well aligned longitudinally in the 
direction o f the  applied force. Figure 5(b) shows



fracture surfaces o f th e  transversely  oriented com ­
posites (mix C). H ere, the  fibers are aligned across 
the direction o f th e  applied force.

Table VII shows the  green streng th  and orien­
tation values of th e  various mixes. From  th e  differ­
ence in green s treng th  in m achine direction (lon- 
^itudinal direction) and  across m achine direction 
(transverse direction), the  ex ten t o f o rien ta tion  can
1)6 calculated by using the  following equation:^*

O rien ta tion  {%) - S l/ S g,i (3)

wl S denotes the  green strength  o f the  com posite 
luul HTihscriptH L, T, and (• denote longitiidinnl, 
Lransverse, and gum com pounds, respectively. A l­
though the ex ten t o f fiber o rien ta tion  is m axim um  
in mix G, mixes H , C, and L also show high ex ten t 
of fiber orientation  (Table VII). T he  fiber orientation 
is lowest in mix E.

Effect o f O rien ta tion  on M echanical Properties

When the  fibers are aligned longitudinally, the 
ninximnm stress tran sfer occurs between the  fiber 
and m ntrix. n’he m axim um  streng th  nnd reinforce- 
inont are achieved along the  direction of fiber align­
ment. R einforcem ent is v irtually  nonexisten t in the  
transverse direction because the  fibers ac t as barriers 
that p revent th e  d istribu tion  o f stresses throughout 
the m atrix.

T he  mechanical p roperties such as tensile moduli 
nil nsifo stronglh are found to bo higher in the 
loL .^ .jd inal direction th an  in the  transverse d irec­
tion (Table VI). SEM  studies revealed th a t  fiber- 
filled composites exhibit a m arked change in fracture 
topography [Figs. 5(a) and (b) and 6 (a)]. T he  pres-

STRAIN (% )

F igure  4 Stress-strain curves of mixes A, B, C, and D.

ence o f fibers in the  mix altogether changes th e  fail­
ure modes. T he  fracture o f fiber-reinforced com- 
poftitus occurs in two motles*'’”: (i) breakage o f fiber 
leading to  failure and  (ii) pull-out o f several fibers 
from the  m atrix. In th e  case o f longitudinally o ri­
en ted  fiber com posites (Fig. 5(a)], the  fibers are ori­
en ted  perpendicular to  th e ' fracture front. Hence

-'A

Table V V ulcanization C h arac teris tics  o f M ixes A to L

Mixes (dNm) (dNm)
AT

(dNm)
too

(min)
Scorch time 

(min)

A fifi.O 8.9 47.1 29.15 14.0
n 61.0 13.0 48.0 14.0 6.6
c 81.0 16.10 64.9 17.15 6.25
D 70.5 11.25 59.25 18.15 10.0
E 71.0 8 .8 62.2 19.0 7.0
F 72.0 11.0 Rl.O 17.5 6.5
(; 7f>.(> 11.0 (H.O 1«.() 7.0
H 76.0 11.7 17.1 7.15
I 70.5 11.0 59.5 25.25 10.5
J 78.0 11.25 66.75 22.35 9.0
K 75.0 13.0 62.0 25.25 10.25
L 97.0 19.5 77.5 6.05 1.0



T able  VI Effect of F iber L ength on P ro p e rtie s  of M ixes

Properties Orientation A

Mixi'H

B C D

Modulus (MPa) 
10% elongation L 0.37 3.25 6.03 5.40

T 0.36 0.96 1.22 1.18
2 0 % elongation L 0.53 3.64 6 .66 6.55

T 0.50 1.13 1.75 1.64
Tensile strength (MPa) L 2.36 3.75 6.70 6.60

T 2.07 1.56 2.24 1.99
Elongation at break (%) L 400 25 23 21

T 288 70 69 65
Hardness Shore-A 43 70 80 81

breakage and pull-out o f the  fibers take place, 
w hereas for transversely oriented fiber com posites 
{Fig. 5(b)] the crack progresses in the direction of 
(iber alifinnK'nt, oxpcrioncinK. lIuMororo, a lowor re ­
sistance by the  libers. Kijiurcs (5(a) and  (b) sliow the 
fiber pull-out and  breakage in a longitudinally o ri­
ented tensile failure sam ple (mix C). In th e  longi­
tudinally  o rien ted  tensile failure sam ple of mix C, 
the  fiber puil-out is very p rom inent due to  the lack 
of adhesion between fiber and rubber m atrix.

Effect of Fiber Loading 

Curing Characteristics

Figure 7 shows the  rheograph o f mixes A, C, E, F, 
G, and H. T he  presence of fibers generate an  increase 
in  viscosity in the  mixes. T he  increase in the  torque 
value from the  m inim um  value {M i) to  the  m axi­
m um  value (M h) as m easured from the  rheographs 
indirnlc' lh<* incrcNiHf' in llx’ HliH'tu'HH of (1h> (ibt'r- 
reinforced m atoriaU . Mix A requires a longer vul­
canization tim e as it is the  conventional vulcani­
zation system  w ithout any fiber. T h e  increase in fiber 
loading from 5 to  35 p h r in the m ixes has no con­
siderable ell'ect on the cure tim e and  scorch tim e 
(Table V).

M echanical Properties

T h e presence o f sh o rt fibers increases the  green 
streng th  o f the  com pound. T able VII shows th a t 
green strength  increases w ith the  increnHC in con­
centration  of fibers. In the longitudinal orientation , 
green streng th  o f the  com pound increases rapidly 
up to  1 0  volume percent o f loading followed by a 
leveling off a t  higher loading. In transverse direction, 
it shows only a m arginal increase. In both <»ricnta-

tions, green streng th  shows its m aximum value at 
35 plir loading (mix C).

'I’he st re ss-s tra in  response to various fiber load- 
ingH is shown in Figure H. It cini be Hcen thal the 
deform ation behavior of the  com posites are dilfer- 
ent. I ’he addition of fiber resu lts in an  increase in 
modulus and  reduction in elongation a t  break at both 
orien ta tions. T he  m axim um  properties are seen in 
the  case o f com posites having a loading of 35 phr. 
T h e  s tre ss -s tra in  curves o f longitudinally oriented 
com posites a t  high fiber loading (35 phr) show brit­
tle-type behavior. However, transversely oriented 
com posites show ductile-type behavior.

'I’he effect o f fiber loading on the  tensile moduli 
a t  d ifleren t elongations in bo th  orientations of the 
com posites is shown in T able VIII. Modulus shows 
a continuous increase up to  17.7% volume loading 
o f fiber in the case o f longitudinal orientation. On 
transverse orien ta tion , the  m odulus increases grad­
ually.

'I'ho willi Hhorl Iil>vr8
usually leads to an  increase in tensile strength of 
am orphous rubbers.^® T h e effect of fiber loading on 
tensile s treng th  of sisa l-S B R  com posites in both di­
rections is shown in T able VIII. T h e  behavior is 
typical o f the  am orphous rubbers. The tensile 
s treng th  in the  longitudinal d irection increases with 
increase in fiber concentration. However, there is a 
slight decrease a t  5% volum e loading. On further 
increase in loading, tensile stren g th  continuously 
increases. T h is  is due to  the  fact th a t  a t low fiber 
concentration  the  fiber acts as a Haw in the rubber 
m atrix. A t low fiber loading the  m atrix  is not re­
stra ined  by enough fibers, and highly localized 
stra in s  occur in the  m atrix  a t  low stresses, causing 
the  bond between the  fiber and  rubber to  break leav* 
ing ( he mal rix dilulod by nonr<‘inforcing dehonded



F i g u r e  5  (o ) S K M  p h o to g r a p h  sh o w in g  lon^jitoclinal
o r io n la l io n  o f  f ib e rs  in  SM U c o m p o s ite  (m ix  (/) . (b ) S K M  
p h o lo t'rn p l)  sh o w in g ' ( n tn s v c r s e  o r ic n tn l io n  o f  l ib e rs  in  
iin lre n to d  S U K  cnni]»)H itc {m ix C ).

(ibers. As the  fiber concentration  increases from 5 
to 35 phr, the  stress is m ore evenly d istribu ted  and 
the strength  o f the  com posite increases. M any 
workoTH ropnrtrd n hIimIv on I h«* nnist)< ropy
III m echanical properLies.'*''*” "  It is im portan t to 
mention th a t  our study was lim ited to  17.7% volume 
loading of fiber. T h is is due to  the  fact th a t  above 
this loading, the  incorporation o f fibers into SBR 
matrix was dilficult due to the entanglem ent o f fibers 
diiring the mixing operations. T h is  results in the

breakage of fibers in the  mixes. In the  case of tran s­
verse orien ta tion , no im provem ent in tensile 
s trength  was observed upon the  addition o f fibers.

Table VIII shows the elongation a t  break o f mixes 
as a function o f fiber loading. I t  indicates a sharp  
fall in elongation a t  break a t  low fiber loading fol- 
h)wed iiy a leveling ofC a t  higher loading. T he elon- 
i;>ilion nl brciik in i  lu' I nnisvorHt' d irfc iion  ri'giHtorK 
higher values as compared to longitudinally oriented 
com posites. W ith increase in fiber loading, th e  stiff­
ness and  brittleness o f the  com posite increased 
gradually w ith an  associated decrease in the  elon- 
gnl ion a t  break.

'I’lu? in(torp(>rnlion of Hinal fiberH into the  SHR 
m atrix  increases the  hardness o f the  composite. 
H ardness is related to  the s treng th  and toughness 
of the short fiber-reinforced elastom eric composites. 
Due to  the  close packing o f the  fibers in the  com ­
posite, the  density  is also found to  increase w ith the  
addition of fibers. Resilience decreases w ith increase 
in fiber loading. Table V lll shows the  decrease in 
resilience and increase in hardness property  w ith 
the  increase in concentration o f sisal fibers in SBR 
mat rix.

Effect of Bonding Agent 

Curing Behavior

T he addition of Iwnding agent, resorcinol-hexa sys­
tem , showed a considerable effect on the curing be­
havior o f the SBR coinpounds. On analyzing Figure
9, it is seen th a t th e  bonding agent contain ing mix 
L showed a sho rter cure tim e th an  mix C. T he  d if­
ference in the m aximum and m inim um  torque values 
(M/i — M l)  po in ts toward a greater crosslinking 
density  for mix L. T liis is due to the fact th a t  the  
adhesion between the  fiber and m atrix  is improved 
due to  the greater in teraction between th e  lignocel- 
lulosic sisal liber and SBR m atrix through the

' I ' i j h l e  V I I  f J r c c n  S t r e n f { l h  a n d  O r i e n t a t i o n

( J re e n  S t r e n g th  (M P a )

Mixes Longitudinal Transverse
Orientation

(%)

A (>.•»» O.lM
V. (i.;iu 49.25
F 0.61 0.35 59.45
0 0.91 0.36 68.07
H 0.9H 0.38 67.60
C 1 .{Yl 0.49 64.03
L 1.21 0.56 64.92



bonding asen t. 'I'he addition of bonding at'eni rt*- 
duces the optimum  cure tim e and scorch lime ('Fable 
V). T he  decrease in scorcJi lim e vahjcs incJicate.s t)je 
reduction in scorch safety o f the  com pound con­
tain ing  bonding agent. It was also noted that rate 
o f  Vil lc i i i i i ' / .n t  ioi> i s  Innlcr ii> m i x  I .  Ibiiii i n  m i x

Mechanical Properties

Figure 10 shows the  s tre ss-s tra in  curves for the  u n ­
bonded system  (mix C) and bonded system  (mix L) 
a t  35 p h r loading. Com pared to o ther mixes, mix L 
containing bonding agent showed superior m echan­
ical properties. T he resorcinol-hexa system  enhances 
the  in teraction  betw een fiber and the  SB R  m atrix. 
Tensile s treng th , modulus a t  10 and  20% elonga­
tions, and  hardness were found to change favorably 
w ith the addition of bonding agent into the untreated 
fibers (Table IX). T h is is due to  the  increase in 
adhesion between the rubber and fiber through 
bonding agent. T h e  high level o f fiber-rubber adhe­
sion causes breakage of the fibers w ithout pulling 
them  out o f the rubber m atrix in the  longi(ii<linal 
direction. However, no im provenienl could be seen 
in the  transverse direction (Fig. 12).

T he Figures 11 and 12 show the Si*)M o flcn s ile  
failure surfaces o f longitudinally and transversely 
oriented composites of mix L containing 35 p h r sisal 
fiber and  l)onding agent. I ’bc failure svirfacc o f the 
longitudinally oriented com posite (Fig. 11) shows 
features o f well-developed in terfacial in teraction. 
Clearly, there  are very low pull-out of fibers on the 
fracture surface. On com paring the fracture surfaces 
of bonded and unb«)ji(h*d tensile fnilur<> Kurfnees of 
longitudinally oriented com posites [Figs. G(a) and
1 1 ], it is seen th a t  there  are very low pull-out of 
fibers on the  fracture surface o f bonded ones. T h is  
indicates b e tte r adhesion due to  the  presence of 
bonding agent in mix L. T he  fiber breakage and  pull 
out become insignificant in the transversely oriented 
com posites as shown in Figure 12. Ilowever, since 
the  fibers are oriented transversely, the  properties 
do n o t show any  im provem ent.

A nisotropic Swelling Studies

Swelling is a uniform  restrictive force induced on 
the vuloanizate sam ples. Because o f the  anisotropic 
na tu re  o f the  fiber-rubber com posites, swelling is 
restric ted  in the  dire^ Lion o f fiber a lignm ent and 
consequently the swelling becomes anisotropic. Sisal 
fibers exhibit higher anisotropy, particularly  at 
higher fiber loadings in the  presence o f bonding 
agent. B u t a t  low fiber loadings, the anisotropy is

15KU 8029 100.0U RRLSli

l''iKuro (> (a) SI*'M p l u i t o f ' n i p h  showiJiK til)er brenknge
tuui hoU'N (lovoloped due lo pull-oul (»f liln^rs (mix C). (b) 
Magnilied version of SEM photograph showing liber 
breakage a n d  holes developed d u e  to pull-out of fibers (mix
C).

not considerable, especially in the case of the un* 
trea ted  fiber com posites. T h is  is possibly due to the 
poor bonding between sisal fiber and  SBR matrix.

Das^^ has s tud ied  th e  sw elling behavior of short 
fiber-reinforced elastom eric com posites. Recently, 
in our labo ra to ry , V arghese e t al. studied the 
sw elling behav io r o f N R  com posites in various 
arom at ic so lv en ts .*  'I’hese stud ies provided infor­
m ation  on th e  s tren g th  o f in terface , degree of dis­
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persion o f fibers, and  th e ir  a lig n m en t in th e  elas- 
tom eric m atrix .

T he swelling behavior o f com posites can be nn- 
nlyzcd from the swellint; coeflicicnt values as ca l­
culated by the  following e(juation:"

- )wellinij coefficient (<v) = — ------^  X d \ (4)

where A /, denotes the  weight o f the  solvent at the 
equilibrium swelling, A/(, the  initial weight o f the 
sample, and d  the  density  of the solvent. T able X 
shows (he swelling coclhcients <if the rom posiles 
containing diM'erent fihi>r loadings an<) bonding 
agent. As the  loading o f fiber increases, the  values 
of the swelling coetlicient decreases. It indicates th a t 
the solvent up take behavior o f the  com posites re­
duces a t  higher loading o f fibers. T he  m inim um  
swelling coeflicient values o f mix L show better 
jullu'sion bet ween sisal fiber and SH li. I ’he bonding 
:ig('ut |)r(‘S(‘n{ in th(' rniupiiKili' binds tlu ' filn'r an<l 
rubber so th a t swelling is highly restric ted  in the 
composite.

'I'he voluMR* fraci ion, V,., o f SHU in l he specirnen 
svvoMcn in loluctu' was <lcl(’rtnin(‘d after 72 h at rocmi 
Ifiiipi'rnliiri' (i.sing Ih f (oltowiiig < * ( |u a lio n (o  I's 
tablish the  ex ten t o f crosslinking:

STRAIN ( % )

H .Sd'CM.s c i i r s ’c s  iil' luixt 'H A , I*], I'', ( • ,
a n d  M i n  i n i n s v e r s u  a n d  l o n g i t u d i n a l  d i r e c t i o n s .



T a b l e  V I I I  E l T c c l  o f  F i b o r  l . o i i d i n ^  o n  I ' r o p o r l i c H  o f  M ix o h

Mixes

Properties Orienlation" A E F G H C

Modulus (MPa) L o.:j7 2.07 , 2.45 3.20 G.03
10% elongation

T 0.36 0.45 0.54 0.70 0.85 1.22
2 0 % elongation L 0.53 1.45 3.03 3.25 3.91 6.66

r 0.50 0.64 0.79 1.02 1.42 1.75
Tensile strength (MPa) L 2.36 2 .10 3.39 3.45 3.95 6.70

T 2.07 1.43 1.56 1.64 1.72 2.24
Elongation at break (%) L 400 80 40 30 27 23

T 288 221 180 126 81 69
Hardness Shore-A 43 46 57 63 71 80
Resilience (%) 76.10 66.73 65.55 64.59 63.58 61.52

• L ,  lo n g i tu d in a l ;  T . t rn n s v o rs o .

(D -  fT )p7
(5)

where D  is the  weight afte r drying out, /  the  fraction 
of insoluble com ponents, T th e  weight o f the sample, 
Pr th e  density  o f rubber (SB R  = 0.94 g/cm^), p, the 
density  o f solvent (toluene = 0 .8 6 6  g/cm^), and  A q 
th e  weight o f the  im bibed solvent. T able X I shows 
volume fraction of rubber, in various mixes. 'Fhc

higher V, value for mix L signifies greater fiber- 
rubiicr internction.

A con>|>ariKoi) of crosslink (liMisiI.y has l)oen made 
from the  reciprocal swelling values, 1/Q, where Q is 
defined as gram s of the  solvent per gram of the hy­
drocarbon, which is calculated*^ by

_  Solvent swollen wt. — Dried wt. 
Original wt. X 100/Form ula wt.

m e (mint

F ig u re  9  Rheographs of mixes C and L.



STRAIN (% )

F if iu ro  1 0  S t r e s s - a t r a in  c u rv e s  o f  lx>nded a n d  u n lx jn d e d  
m ixes.

'I'ahlo XI shows the  eJFect of bonding ngent on n{>- 
j) t  crossHnking values in various mixes. Mix L 
shows m axim um  crosslink density. I t  indicates 
maximum in teraction between the  fiber and m atrix.

I''igurc m  is the represenCiition o f a utiidirectional 
composite specim en before (solid line) and  after 
(dotted line) swelling. T he  length o f th e  line Iq taken  
at an  angle d w ith th e  fiber direction grows during

F ig u re  11 S E M  p h o to g r a p h  sh o w in g  ' e t t e r  a d h e s io n  
b e tw e e n  (ih e r a n d  m a tr ix  in  l<)nt»itudinully o r ie n te d  c o m ­
p o s ite  c o n ta in in g  l>onding a g e n t  (m ix  L ).

swelling? to a length /*; a/, is taken  in the  direction 
of fiber orien tation , OY (lengthwise), ^T-is taken  in 
Iho OX (hreclion (broadlbwlse), while ay- value is 
lakcrj in Ihe ()Z (lircclion (widlhwi.se).

If X»/X„ ^ a-i; y j y »  = n/,, and /,//o = Ce, then  the 
swelling ra tio  a# in any direction forming an angle
0 with filler orientation  is given by th e  following 
expression:.4«

af, = (a'r ~  a'j)ain^O + a'i (7)

where a/, and  are the  dim ensional swelling vari­
ations w ith an angle 0 between m easurem ent direc­
tion and fiber orientation .

Swelling in the transverse direction of fibers is 
greater th an  th a t in longitudinal direction. Hence 
aj-values are greater th an  ai, as indicated in the  T a ­
ble X II. T he  difference betw een th e  a ^ a n d  az values

'I 'j ib lo  IX  M o c l i i tn ic i i l  P ro iH fr tie M  o f  M ix cN

M ixes O rie n ta tio n *

M o d u lu s  (M P a )

E lo n g a t io n  
, 10%  20%

T e n s ile
S t r e n g th

(M P a )

K lo n g a tlo n  
a t  B re a k

(% )
H a rd n e s s
S h o re -A

R e s ilie n c e
(% )

A I. o .:i7 2.:ifi : m
•13 76 .10

T o.:U) 0 .5 2.1)7 2HH
C L 5.7 6 .3 8 6 .7 0 23

80 - 61 .52
T 1.22 1.75 2.24 69

L L 7.8 — 8 .1 0 15
86 58 .26

T 1.29 1.82 2.:«) 65

• L, longiludinal; T, transverse.



'I 'l ib l t '  X I (>r I lo iK ii i i^  A ^ o i i t  (in  V o lu m e
(T ,.) i iiiil  ( ' r o s N l i n k i i i ^  (1/^^)

15KU X200 8052 100.0U RRLStI
F i g u r e  1 2  S E M  p h o to g r a p h  sh o w in g  h e l l e r  o d h e s io n  
b e tw e e n  l ih e r  tu u l iiin tr ix  o n  I r im sv o rsc  o r ic n ln l in n .

im plies th a t the  o rien ta tion  o f (ihers is not perl'eclly 
vinidirccl ionni, which arlKo fliu* t<» I ho (hiw pnuliictui
during molding'.

Sam ples wherein 0 wns 0  or 5)0° reniaiticd roctan- 
f'uhu' nC(«'r HWclllitK* I' lK " * '* ’ I I h I i o w s  I he i rlal iiMiHhtp 
between swellin^i-induced linear delbrinntion anti 
fiber o rien ta tion  for mixes A, C, and  L. 'I'he plots 
o f Qfl against sin^ 0 for these mixes are found to be 
s tra ig h t lines having slope a ‘f  -  aj, and in tercept 
a/,. It is seen that a„ values incr<>nso wilh (I valvK's. 
I t  indicales a preferential iiber o rien ta tion  in Ihc 
grain direction.

T he  ex ten t o f fiber alignm ent can be iniderstood 
from th e  slope values given in T able X II. Noguchi 
e t a l/^  have reported th a t the  steeper th e  line the 
higher the  degree of liber alignm ent. Mix L shows 
the  m axim um  slope . alue am ong the  various mixes. 
I t  shows th a t the  bonding agent added com posites 
th a t  have b e tte r fiber alignm ent.

' r i i h l o  X S w t 'l l i i iK

M ix e s

W e ig h t  o f  
S a m p le  

(g)

W e ig h t  o f  
S o lv e n t  
In ib ih c il 

(g)

S w clH ng
Ccx'dii'icMil

A 0 .4 2 3 2 1.6240 4 .4320
E 0 .4 2 1 2 1.4036 3 .8480
F 0 .4 3 5 8 1.4550 3 .8562
G 0.4414 1.5123 3 .9 5 7 0
H 0 .4 6 0 9 1 .4139 3 .5430
C 0 .4 7 3 6 1.3862 3 .3806
L 0.r)327 ().80()() 1.7480

A p p n re n l  ( 'r o s s l in k in g V olum e Fraction
M ixe.s ( 1 /W o f  R ubber (V',)

A 0 .23 0.18
C 0 .23 U.18
L 0.41 0.28

M oreover, swelling studies help us to comment 
about the  interface bonding. Mix L shows the lowest 
Qî  and  Or values, and the  line corresponding to mix 
L in Figure 14 shows the  highest slope. This indi­
cates th a t  a good interface bonding has occurred be­
tween the  fiber and  m atrix  in mix L.

C O N C L U S I O N

'I’he m echanical properties o f short sisal-fil>er-rein- 
forced SHU com posite have been analyzed as a 
function o f fiber length, o rien ta tion , loading, and 
Ixindiiig agiMil. I''il)cr U'liglh o f (> inin wn.>4 founii to 
be optim um  for the  best l)alance of properties. Com­
posites contain ing  longitudinally oriented fibers 
show superior m echanical perform ance than that of

\

H ir; rr ;t i  ry/.TT/N ■

Ysl.

F i g u r e  1 3  G e o m e try  o f  th e  sw e llin g  o f  unid irectional 
c o m p o s ite .



[he transverse orientation . T he  addition of short 
sisal fibers to  SB R  otters good reinforcem ent and 
causes im provem ent in mechanical properties which 
furl her jjcta strenf^hencd by the preacnce of bondinR 

At Mf) |)hr loiidin^ iii' sisnl (ibor, <'oinposi1(' 
showed m axim um  properties, and m echanical an ­
isotropy is observed a t  th is loading.

The adhesion between the fiber and  rubber can 
be enhanced by the  use of resorcinol-hexa bonding 
system. T h e  im provem ent in interfacial in teraction  
iwtween liber and SH Il was substan tia ted  by m eans 
ofSKM studies. From green strength  m easurem ents, 
(Ka ex ten t o f fiber o rien tation  was analyzed and 
f I th a t  mix G has better fiber o rien ta tion  than  
other mixes due to  the  b e tte r dispersion o f fibers 
during mixing. T h e  ex ten t o f fiber alignm ent and 
the lulhesion between (ho iin lrcatcd  fiber and SUK 
matrix with and w ithout bonding agent have been 
evaluated by swelling m easurem ents.

One of us (R. P. K.) is indebted to Mrs. J. Lalithnmbika, 
IAS, tlie C'hairmHn, Ruhl»er H«)ar(l, for providing the moral 
support and JaciJitiea for this research work. He is al.so 
grateful to Dr. N. M. Mathew, Deputy Director, RCPT

Table XII A nisotropic Sw elling

Mixes Of. Of Slopes

A 1.70 1.75 1.50 0.1008
C \.i\l I.(i9 /.50 0.fM7«
h 1.04 1.50 1.95 1.1955

Sin  ̂0

Figure 14 Relationship (letween swelling-induced iin- 
eair deformation and fiber orientation.

Division, RRII, for his valuable s?uggestions in testing of 
llu‘ Kiunptos tliroughout this work.
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