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ABSTRACT

Solvent sw elling o f  natural rubber com posites, containing both untreated and acetylated short sisal fiber, has been 
Investigated in a series o f  normal alkanes such as pcntane, hexane, heptane and octane. The restriction on elastom er 
swelling exerted by sisa l fiber as w ell as the anisotropy o f  sw elling  o f  the com posite have been confirmed by this 
Bludy. The results show ed that increased fiber content and the addition o f  bonding agent reduced the sw elting consid­
erably. U has been dem onstrated that w ith  improved adhesion betw een short fiber and rubber, the factor, (V/ -  V » /  
V;, decreases, where \ ’t and V>, are the volum e fraction o f rubber in dry and sw ollen samples, respectively.

INTRODUCTION

S hort fiber re in fo rc e d  ru b b e r  com p o site s  h a v e  g a in e d  w id e  im p o rtan ce  due  to  th e  a d v a n ­
tages th e y  im p a rt in  p ro cess in g  an d  low  co s t coup led  w ith  h ig h  s tre n g th . T hese  com posites  
combine th e  e la s tic  b e h a v io r  o f  ru b b e r  w ith  s tr e n g th  a n d  s tiffn ess  o f  fiber. M oreover, re in ­
forcem ent w ith  s h o r t  fibers o ffers som e a tt r a c t iv e  fe a tu re s  su ch  as  h ig h  m odulus, te a r  
s treng th , e tc . M ajor f a c to rs  w h ic h  a ffec t th e  p e rfo rm a n c e  o f  ru b b e r-f ib e r  com posites are: 
fiber loading, d isp e rs io n , o r ie n ta tio n , fib e r-to -ru b b e r a d h e s io n  an d  th e  a sp ec t ra t io  o f  th e  
fiber. T he p ro p e r tie s  o f  n a tu ra l  ru b b e r  (N R ) com p o site s  re in fo rc e d  w ith  s h o r t  ray o n , ny lon  
and g lass fibers h a v e  been  e x te n s iv e ly  studied.*  T h e  in fluence o f  m illing  p a ra m e te rs  w h ich  
bring ab o u t th e  fiber o r ie n ta tio n  an d  h ence  affect th e  co m p o site ’s  p ro p e r tie s  h av e  been  re ­
ported.® C oran  et a l.^  s tu d ie d  th e  p ro p e r tie s  o f  ce llu lo sic  f ib e r-e la s to m e r com posites and  
found th a t  a sp ec t r a t io  o f  th e  fiber h a s  a  m a jo r  ro le  on com posite  p ro p e rtie s . O’Connor^ 
concluded th a t  a  tw o  co m p o n en t d ry  b o n d in g  sy s te m  co n s is tin g  o f  h ex am eth y len e  te tra m in e  
(Hexa) and  reso rc in o l is  su fficien t fo r  g e ttin g  good f ib e r -ru b b e r  ad h esio n  w ith  cellu losic  
fibers in s te a d  o f  th e  n o rm a l th re e  c o m p o n en t d ry  b ond ing  sy stem .

Though b o th  s y n th e t ic  a n d  n a tu ra l  fibers h a v e  b een  u sed  fo r  re in fo rc in g  po lym ers, th e  
natu ral fibers ga in ed  im p o rtan ce  b ecause  o f th e ir  low  cost, e a sy  a v a ilab ility  a n d  good adh esio n  
w ith  th e  po lym er m a tr ix . De a n d  coworkers®"® h a v e  re p o r te d  th e  re su lts  o f  th e ir  s tu d ie s  on 
short ju te  fiber a n d  s ilk  fiber re in fo rc e d  n a tu ra l  ru b b e r , s ty re n e -b u ta d ie n e  ru b b e r  (SBR), 
carboxy lated  n i tr i le  ru b b e r  (XNBR) a n d  b len d s  of^NR a n d  p o ly e th y len e . Now-a>days s isa l 
fiber h as  becom e im p o r ta n t  a s  a  re in fo rc in g  filler b o th  fo r  p la s tic s  and  ru b b ers . R ecently , 
sisal fiber h a s  been  su c ce ss fu lly  u sed  fo r  th e  re in fo rc e m e n t o f  th e rm o p las tic s , th e rm o se ts  
and rubbers.®"'® V arg h ese , K u riak o se  a n d  T h o m a s"  h a v e  s tu d ie d  th e  m echan ica l p ro p e r tie s  
of raw  an d  a c e ty la te d  s h o r t  s isa l fiber re in fo rc e d  NR com p o site s  and  found  th a t  a c e ty la tio n  
im proves ad h e sio n  b e tw e en  NR a n d  th e  fiber.

Sw elling o f ru b b e r  v u lc a n iz a te s  in  a  w ide  ran g e  o f  so lv e n ts  h a s  been s tu d ie d  b y  W hitby , 
Evans a n d  Pasternack.*®  A n  e s se n tia l d iffe rence  b e tw e e n  v u lcan ized  and  ra w  ru b b e r  is  th a t
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TABLEi

F o r m u la t io n s ]

A B C J K L j
N a tu ra l ru b b e r 100 100 100 100 100 100 100 ?
S te a r ic  ac id 1.5 1.5 1.5 1.5 1.5 1.5 1.5j
Z inc o x id e 5 5 5 5 5 5 5 ^
R esorc ino l _  0 0 8 .8 0 2.5 5 ® i
H e x a m e th y len e  te tra m in e ^  0 0 5.6 0 1.6 3.2 0 ^
S isa l fib er (u n tre a te d ) 35 0 0 0 10 20 20 J
S isa l fiber (a c e ty la te d ) 0 35 35 0 0 0
TDQ“ I 1 1 1 1 1 1
CBS" 0.6 0.6 0.6 0.6 0.6 0.6 0.6.
S u lp h u r 2.5 2.5 2.5 2.5 2.5 2.5 2.5

“ 2 ,2 ,4 -tr im e th y I-l,2 -d ih y d ro q u in o lin e  (p o ly m erized  form , m o lecu lar w e ig h t 173.26). 
N -cyc lohexy lbenzo th iazy l su lp h en am id e .

th e  fo rm e r  p o ssesses  a  s tr u c tu r e  w h ic h  c a n n o t be b ro k en  d o w n  c o m p le te ly  b y  a n y  solvent; 
th e  m a te ria l, th e re fo re , sw ells  b u t c a n n o t be d isp e rsed . T he so rp tio n  a n d  t r a n s p o r t  o f  organic, 
so lv e n ts  b y  p o ly m er m em b ran es  h a v e  been  s tu d ie d  e x te n s iv e ly  b y  A m in a b h a v i a n d  co-w ork­
ers.^^’*® T h e y  also  in v e s tig a te d  th e  d iffu sio n  c h a ra c te r is t ic s  o f  p o ly u re th a n e  m em b ran es  in* 
n o rm a l a lk a n e s  a n d  o b se rv e d  th a t  th e  d iffu sion  m ech an ism  fo llow ed  th e  F ic k ia n  tre n d  and 
th e  k in e tic s  o f  so rp tio n  w a s  o f  f irs t o rd e r .

S w ellin g  o f  vu lcan ized  ru b b e r  in  v a r io u s  l iq u id s  h a s  been  in v e s tig a te d  b y  Gee.*® He found 
th a t  th e  e n tro p y  o f  sw elling  o f  v u lcan ized  ru b b e r  is  in d e p e n d e n t o f  th e  n a tu r e  o f  th e  sw elling ' 
liq u id . K raus^“ d e te rm in e d  th e  d e g re e  o f  c u re  in  p a r t ic u la te  filler re in fo rc e d  v u lc a n iz a te s  by 
sw e llin g  m eth o d s. In  o rd e r  to  u n d e rs ta n d  th e  c o rre la tio n  b e tw e e n  m o le c u la r  s tr u c tu r e  and 
in te rm o lec u la r  a ttra c tio n , Salom on a n d  V an Amerongen^* h a v e  m ade a  co m p ariso n  o f  swelling 
e q u il ib r ia  o f  d iffe ren t p o ly m ers  u n d e r  th e  in fluence  o f  p o la r  an d  p o la riza b le  g ro u p s  which 
w e re  in tro d u c e d  in  so lv e n ts  a n d  p o ly m e rs  h a v in g  d iffe re n t m o lecu la r s tru c tu r e s .  T h e y  con*, 
e lu d ed  t h a t  th e  s tre n g th  o f  in te ra c tio n  d e p e n d s  o n  th e  m u tu a l a t t r a c t io n  o f  b o th  th e  com­
p o n e n ts . C oran , B o u stan y  an d  Hamed^^ h a v e  s tu d ie d  th e  so lv e n t sw e llin g  o f  un id irec tiona l 
ru b b e r - f ib e r  com posites. F rom  th e i r  s tu d ie s  i t  w a s  conc luded  th a t  fibers r e s t r ic t  th e  am ount 
o f  sw e llin g  in  u n id ire c tio n a l fiber com posites .

N u m e ro u s  tec h n iq u es  su ch  a s  H -block a n d  s t r ip  ad h esio n , b o th  s ta t ic  a n d  d y n am ic  in 
n a tu re , h a v e  been  u sed  to  m easu re  ad h e s io n  b e tw e e n  fiber a n d  ru b b e r . W hile  m o st o f  these 
g ive  a  good re la tiv e  in d ic a tio n  o f  ad h e sio n , th e  tim e  d e p e n d e n t n a tu re  o f  th e  viscoelastic  
m a te r ia ls  som e tim es  o v e rsh a d o w s  th e  rea l e ffect. E q u ilib riu m  sw ellin g  is  a n o th e r  technique 
w h ic h  h a s  been  used  to  a sses  ru b b e r- f ib e r  ad h esio n , since fibers —  if  bo n d ed  —  a re  supposed 
to  r e s t r ic t  th e  sw e lling  o f  e la s to m e rs . T he  a d h e s io n  b e tw e en  ru b b e r  a n d  s h o r t  g lass  and 
a sb e s to s  fibers h a s  been s tu d ie d  by  D as u s in g  re s tr ic te d  sw e lling  m easurem ents.^®  T h is  study 
e s ta b lis h e d  th a t  w ith  im p ro v ed  a d h e s io n  b e tw e e n  s h o r t  fibers an d  ru b b e r , th e  fa c to r

(1)

d e c re a se s , w h e re  Vj an d  Vp a re  th e  vo lum e f ra c tio n  o f  ru b b e r  in  d ry  a n d  sw o llen  samples, 
re sp e c tiv e ly . Kraus^** h a s  sh o w n  t h a t  th e  d eg ree  o f  re s tr ic tio n  e x e r te d  b y  a  re in fo rc in g  filler 
fo llo w s a n  e q u a tio n  o f  th e  form ,

( 2)
Vrf ' '  '  “ ‘ 1 - 0 ’

w h e re , Wm re p re s e n ts  th e  volum e f ra c tio n  o f  ru b b e r  in  th e  unfilled  v u lca n iza te ; v^/ is  th® 
v o lu m e f ra c tio n  o f  ru b b e r  in  th e  filled v u lca n iza te ; <p is th e  vo lum e f ra c tio n  o f  filler; and
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N P Po Q Qo R Ro S So

100 100 100 100 100 100 100 100 100
1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
5 5 5 5 5 5 5 5 5

10 2.5 0 5 0 7.5 0 10 0
6.4 1.6 0 3.2 0 4.8 0 6.4 0

40 0 0 0 0 0 0 0 0
0 10 10 20 20 30 30 40 40
1 1 1 1 1 1 1 1 1
0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5

is a constant characteristic of the filler and indicative of the degree of adhesion. Lorenz and 
Parkŝ ® also investigated the restriction from swelling exerted by a filler, using carbon black 
in a natural rubber vulcanizate. Their results followed an empirical relation that is expo­
nential in nature.

= ae ’ + b; (3)
Qgum

where Qbiaek and are the weight o f swelling agent imbibed per unit weight o f rubber; z  
is the weight of filler per unit weight o f rubber; and a  and b are constants. This dependence 
was explained as due to a restricted swelling of the rubber matrix in the neighborhood of 
filler particles. Parks '̂* reported that natural rubber vulcanizate loaded with brass powder 
showed an increase in crosslink density by swelling measurements, indicating an intraction 
or bonding between the rubber and the brass.

In this paper the restricted equilibrium swelling is evaluated as a means to measure the 
degree of adhesion between short sisal fiber and NR.

EXPERIMENTAL

Sisal fiber used in this study is lignocellu losic  in nature. It is reported to contain 78 % 
cellulose, 10 % hemicellulose, 8 % lignin, 2 % waxes and 1 % ash.^’’ It has an average diameter 
of 0.103 mm and a specific gravity o f 1.45. NR used for the study was Indian Standard 
Natural Rubber-light color grade (ISNR-3L). Hexamethylene tetramine (Hexa) and resorcinol 
Were laboratory reagent grade. All other ingredients were commercial grade.

Sisal fiber was chopped to a length o f 10 mm and when used as such was designated as 
untreated fiber. Acetylated fiber was prepared from the chopped raw sisal fiber as per the 
methods reported by Chand, Varma and Kifazanchl,^® and described in one o f our earlier 
communications. * *

PREPARATION OF COMPOSITES AND MOLDING

Formulations of composites are given in Table I. The quantity of resorcinol and Hexa 
^asvaried based on the fibercontent,m aintainingaratioof35: 8.5; 5.6forfiber; resorcinol: 
Hexa. The composites were prepared in a laboratory model two roll mixing mill (150 x 300 

at a nip gap of 1.3 mm. The fiber orientation was achieved by passing the uncured 
composite repeatedly (three times) through the mixing mill at a tight nip. However, achieving
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Fig 1. — Sorption curves a t 25“C for mixes: J (gum), P, Q, R, S (w ith  bonding agent); and mixes: Po, Qo, Ro and So 
(w ithou t bonding agent); swelling solvents a t 25®C: (a )  pentane, (b ) hexane, (c) heptane, (d ) octane. Note: un its ioX 
y-axes are mole %.



T a b l e  II

A m o u n t  o f  S o l v e n t  A ijso rb ed  jjy Co m i ô jit e s  
Q  a n d  Qo a t  E q u il ib r iu m  S w ellin g

S o lv e n t
Bonded com posite, Q 

(mol % /100 g com posite)
U n b o u n d e d  c o m p o s i te ,  Qo 
(m o l %/100 g c o m p o s i te )

P e n ta n e 0.88 1.32
H e x a n e 0.95 1.68
H e p ta n e 1.10 2.23
O c ta n e 0.72 1.14

inore than 90 % orientation of the fiber in one direction is practically impossible. Blanks cut 
f from the uncured sheet were niarked in the mill-grain direction. The sheets were vulcanized 

g t 160®C in a steam heated hydraulic press to the respective cure times obtained from running 
■ samples on a Monsanto rheometer. Tests such as tensile and tear strengths were carried out 

along (longitudinally oriented fiber) and across (transversely oriented fiber) the mill grain
• direction according to ASTM standards.

For swelling studies vulcanized composites were cut circularly (diameter 1.94 cm) by 
i ‘means of a sharp edged steel die. The thickness of the composite was measured using a 
" micrometer screw gauge. The dry weight of the cut sample was obtained before immersion
• In the liquid contained in an air-tight weighing bottle. The samples w'ere removed from the
' bottles at periodic intervals. The wet surfaces were quickly dried using a piece of blotting 
' paper and the sample was weighed immediately in an air-tight weighing bottle. During swell- 
) ing, changes in the diameter and thickness of the sample were measured by means of a 
I caliper and micrometer, respectively.
, . '  uptake of the solvent by the rubber during swelling was expressed as moles of

solvent sorbed by 100 g of the rubber. This method was found to be more convenient for
I wmparison of sorption data and was adopted by many researchers.

To determine the volume fraction of rubber in the unswollen vulcanizate, the test spec­
imens were weighed both in air and in water. The difference between the two weights gave 

’ ' the volume of sample. Using the base formulation, the amount of rubber present in the 
weighed samples of each specimen and its volume were calculated. From these data the

T a b l e  111

C h a n g e  in V o l u m e  F r a c t io n  o f  R ub ber  D u e  t o  S w ellin g  
OF S is a l  F ib e r  C o m po sit e s

Mix No.
Vol. fraction  rub b er 
in d ry  specim en (V/)

Vol. fraction  rubber in 
sw ollen specimen (VV)

J 0.98 0.20 0.79
P 0.84 0.31 0.63
Po 0.86 0.25 0.70
Q 0.77 0.33 0.57
Qo 0.80 0.31 0.61
R 0.72 0.34 0.52
Ro 0.76 0.28 0.63
S 0.65 0.33 0.48
So 0.71 0.26 0.63
L 0.79 0.32 0.59
U 0.84 0.24 0.71
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F ig. 2. — Effect of fiber loading on equiUbrium sorption for NR-sisal composites w ith  
and w ithout bonding agents; sw elling solvent, hexane a t 25®C.

volume fraction of rubber present in the dry specimen was calculated. It is denoted is \  
These dry specimens were then swollen to equilibrium in hexane. The volume of swolli 
samples was determined by weighing the swollen sample immersed in hexane. The displad 
volume of hexane was corrected for actual volume of swollen sample by multiplication usii
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Fjo. 3. — Percentage increase in th ickness following swelling vs. fiber loading w ith  
and w ithout bonding agents; sw elling solvent, hexane a t 25®C.



Kio. 4. — The change in diam eter of the  com posites following swelling to equilibrium in hexane vs. fiber loading 
w ith  and w ithout bonding agents; swelling solvent, hexane a t 25“C.

the density of hexane.^^ The volume o f rubber in both dry and swollen samples were assumed 
unchanged. The volume of rubber in the sample divided by the volume of swollen sample 
gave the volume fraction of rubber (VV) in the swollen state.

We have conducted the swelling studies in a series of alkanes. i.e. pentane, hexane, 
heptane and octane. Optical photographs of swollen samples were taken for studying the 
dimensional changes. The scanning electron miscroscopy (SEM) studies were conducted using 
a JEOL 35 C model scanning electron microscope.

RESULTS AND DISCUSSION

E F F E C T  O F MONDING A G E N T

Ambient temperature (25°C) sorption curves for the gum vulcanizates and fiber compos­
ites, obtained by plotting Qj — mole % solvent uptake per 100 g of polymer — versus for

Q < R o  S ,

Fig. 5. — Optical photograph o f th e  swollen samples in hexane; mixes defined in Table I.



u /T IM E . (X 10 S « c . )

Fio. fi. — Tho equilibrium  s«rpti<tn curves of mixes L, Q and Qo in octane a t 25'’C.

pentane, hexane, heptane and octane, are given in Figures 1(a), 1(b), 1(c) and 1(d), res 
tively. (The sorption curves of composites containing bonding agent are represented by s 
lines and the dashed lines represent the composites without bonding agent.) Since all 
solvents followed the same diffusion pattern, as evident from the shapes of the diffu 
curves, the discussion is limited to the hexane case. It is seen from Figure 1(b) that th e ; 
compound takes up the maximum amount of solvent at equilibrium. This is expected s 
there is less restriction for the penetrant to enter into the vulcanizate.

At equal volume loading of fiber, the amount of solvent sorbed by a composite at e 
librium swelling is less for the composites containing bonding agent compared to that wit) 
bonding agent (Figure l(b)j. Another interesting observation from the sorption curves ol 
composites in hexane is the difference in initial rates of diffusion for different compos 
The initial rates of diffusion is fast for composites without bonding agent. This is becj 
of the fact that in unbonded fiber-rubber composites the solvent can penetrate into 
polymer along the thickness direction and also through the weak interfaces parallel 
perpendicular to the fiber orientation. The weak interface allows easy entrance of th e ;

Q o

Fio. 7. — The optical photograph of tlie sam ples 1^ and Qo following swelling to equilibrium in hexane.



t and these interfaces act as solvent pockets at equilibrium. It is interesting to note 
rate o f sw elling of unbonded composites (containing 10 phr fiber loading) is

* the gum compound IFigure 1(c)]. This is because the initial driving force for
* Iling is higher in unbonded composites as a result of the large number of voids at the 

f ' t ^ r f a c e s .  But in the case of composites which contained the bonding agent, the inerface 
j" ng the liquid can penetrate into the polymer only through the space between  

•o fiber ends, i.e .,  in the thickness direction. As a result, the diffusion rate i s  slow in 
^̂ cll b o n d e d  composites. At the same fiber loading, a composite which contained no bond­
ing agent absorbed more solvent at equilibrium compared to a composite which contained 
the bonding agent.

T h o u g h  the pattern of diffusion curves obtained for pentane, hexane, heptane and octane 
is the same, the quantity of solvent sorbed by the polymer was found to depend on the size 
of tlic solvent molecule. Table II shows the amount of different solvents absorbed by mixes 
Q and Qo- As the molecular size (chain length) increases, the liquid uptake increases and 
r e a c h e s  a maximum for heptane and then decreases. This type of absorption is also reported 
earlier by Salomon and Van Amerongen.^'

Table III gives the V,, Vp and Vr values of the composites. It is evident that the composites 
containing bonding agent (mixes L, P, Q, R, and S) have substantially lower Vt values than 
those without bonding agent (Lo, Po, Qoi Ro, and So). Daŝ '̂  has demonstrated that with im­
proved adhesion between short fiber and rubber, the factor Vr = (V^/-V/-)/V/ decreased by 
more than 0.04 units. A highly bonded system would exhibit high resistance to swelling —  
compared to the unbonded one — consequently Vp would have a relatively higher value and 
Vf a relatively lower value. On the other hand, if bonding is poor Vp will be relatively lower, 
resulting in higher Vt values.

FIg. 8. — S chem atic  re p re se n ta tio n  o f  ru b b e r  a ttach ed  to  th e  ace ty la ted  fiber th ro u g h  th e  bonding resm .
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T e n s i l e  P ro per t

O rien ta tion" A B C J"

M odulus a t  10% elongation L 2.56 5.03 13.20
(M Pa) T 1.02 0.93 1.84 0.;

M odulus a t  20% elongation L —  ■ — — o:
(M Pa) T _____  1 — — 0.

M odulus a t  30%  elongation L — — 0.
(M Pa) T --- — — 0.

T ensile  s tre n g th L 4.53 5.79 14.90 17.
(M Pa) T 3.73 4.49 6.61 17.

E lo n g a tio n -a t-b reak L 388 213 17 1072'
(%) T 576 586 126 1060

T e a r s tre n g th L 47.6 47.3 87.5 37
(k N m -‘) T 38.8 40.8 66.2 37

L = L o n g itu d in a l fiber o rie n ta tio n ; T  = T ra n sv e rse  fiber o rie n ta tio n .

EFFE C T O F  FIBEK  LO A D IN G

As the fiber loading increases the amount of penetrant sorbed by the specimen at eqi 
librium decreases, as shown in Figure 2. This is due to increased hindrance exerted by 
fiber at higher loading. As the fiber loading increases, in bonded and unbonded cases 
liquid uptake decreases gradually but the reduction is sharp in the case of bonded compositi 
In the case of composites containing bonding agent the magnitude of gradual
decreases with increasing fiber loading due to restricted swelling. The Vy value is alwa 
greater in the unbonded composite compared to the bonded one having the same fiber loadir

:s

D IM E N SIO N A L  C H A N G E S

The percentage increase in thickness of the specimen at equilibrium swelling is shoi| 
in Figure 3. It is observed that the change in thickness is maximum for composites containii  ̂
the bonding agent and it increases marginally with fiber loading. Though increase in thicknes 
during swelling is shown by both types of composites, the effect is more pronounced in tl̂  
case of composites containing the bonding agent, especially at low fiber loading. In a wel 
bonded, oriented-fiber rubber composite, swelling will be anisotropic. It will swell to a greatt 
extent in a direction perpendicular to the fiber orientation. This is because the oriented fiber 
will prevent the penetration of the liquid in the direction perpendicular to the flat surface 
of the specimen. Hence the penetrant can diffuse into the polymer only through a directioi 
parallel to the fiber orientation. Thus swelling was considered to be constrained in oned> 
rection and as a result: the thickness of the specimen increased considerably and the diameM 
change is negligible (since a circular specimen was used). 1

Although the control sample (mix J) with no fiber also showed greater swelling in th 
thickness direction — probably due to the alignment of the polymer molecules in a particuU 
direction during the sheeting operation in the mixing mill — the anisotropic swelling becons* 
pronounced when fibers are added. At high fiber loading (23 volume %), the increase^ 
thickness in both composites (bonded/unbonded) are comparable. As the fiber loading 
creases the number of fibers in a unit volume increases and the penetrant molecule finds' 
more difficult to diffuse into the polymer; therefore the entire swelling will take place in 
thickness direction. In the bonded composite, even at low fiber concentration (12 volû *’ 
%), the entire swelling will take place in thickness direction. In the bonded composite at lo’ 
fiber loading, the penetrant can enter into the matrix both in the direction parallel 
perpendicular to the fiber orientation. When the bonding is poor, the matrix swells both*
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diameter and thickness. As a result at low loading, in the absence of bonding agent, the net 
swelling in the thickness direction will be less. However, as the fiber loading increases, the 
swelling takes place predominantly in the thickness direction which makes a higher con­
tribution for the thickness Increase.

A plot of the diameter of the specimen at equilibrium swelling against fiber loading is 
given in Figure 4. In the case of bonded composites at higher loadings, the swelling is restricted 
and takes place mostly in the thickness direction. The hydrostatic pressure of the solvent 
Inside the specimen will expand the polymer in the thickness direction and as a result the 
diameter of the sample decreases compared to the initial diameter (i.e., before swelling). 
Tills decrease in diameter is less abrupt in the case of the unbonded composites.
"*^An optical photograph of the swollen samples in hexane is given in Figure 5. From this 
photograph it is clear that as the fiber loading increases, the diameter of the swollen samples 
dgcreases. At the same fiber loading, the diameter of the bonded composite is lower than 
that of the unbonded composite. From this it is established beyond doubt that in highly 
bonded composites swelling occurs predominently in the thickness direction. Therefore, this 
restricted swelling can be used to measure the bonding between fiber and rubber.

EFFE C T  OF ACETYLATION

The effect of chemical treatment can be understood from the equilibrium sorption curves 
of mixes Lo and Qo given in Figure 6. Mix Qo which contains acetylated fiber, absorbed less

Fig . 9 . —  SEM p h o to m icro g ra p h  o f  th e  su r fa c e  o f  raw  s is a l fiber.



F jci. ] 0 . —  SKM p h o to m ic r o g r a p h  o f  t h e  s u r fa c e  o f  a c e ty la te d  s i s a l  fiber.

octane compared to mix Lo which contains untreated fiber. In both these systems the bonding 
agent is absent. In the case of composites containing bonding agent, the same trend was 
observed. The composite Q absorbed less liquid at equihbrium than mix L. This establishes 
that acetylation improves bonding between fiber and rubber. The initial rate of diffusion is 
slow when the composite contained the bonding agent. This is because bonding created a 
strong interface. The optical photograph o f  the samples Lo and Qo, swollen to equilibrium 
in hexane, is given in Figure 7. Since the bonding in mix Lq is poor, it swells like a gum 
compound. This observation further confirmed that acetylation of sisal fiber improved its* 
adhesion with NR. Physical property measurements also lead to the same conclusion,

T E N S IL E  I'R O PE R T IE S '

Tables IV gives the tensile properties of all the composites. Acetylation of fiber and the 
addition of bonding agent increased the tensile strength but lowered the elongation-at-break 
of these composites. Composite B, incorporating acetylated fiber, showed better physical 
properties than the untreated composite (mix A). The bonding agent further enhanced the 
mechanical properties as evident from the properties of mix C. Better tensile properties of 
composites P, Q, R and S, compared with those of L, M, N and P, respectively, further confirm 
the effect o f acetylation in enhancing the interfacial bonding. The bonding between the 
rubber and acetylated fiber, through the bonding resin, may be depicted as shown in 
Figure 8.

F u i. 1 1. —  SEM  plu>ti)in icn ij»raph  o r  ih e  s u r fa c e  o f  a c e ly la i e d  s is a l  fiber s tr ip p e d  o u t  o f  m ix  C  d u r in g  fe n s iJ e  testing"
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SC A NNIN G ELKCTRON MICROSCOPY STUDIES

surfaces of the untreated and acetylated sisal fiber were examined by means of a 
, g electron microscope (SEM). These are shown in Figures 9 and 10, respectively. The 

® j  surface is very rough and this facilitates better mechanical anchoring between 
j  rubber. Figure 11 is the SEM photomicrograph of acetylated fiber stripped out from

* • C during tensile testing. It is interesting to note that rubber phase remains adhered to 
:< h fiber due to good bonding between fiber and the rubber. The effect of acetylation in 
;■ y '  roving the properties of the composite is evident from the better physical properties of 

P, Q. R ^̂ rid S versus the respective untreated compounds K, L, M and N.

C O N C L U S IO N S

 ̂ fpestriction to swelling of natural rubber exerted by sisal fiber as well as the anisotropy 
of swelling of the composites are evident from the results of this study. It is confirmed that 
for composites containing bonding agent the value of Vi~Vy)/Vi is substantially lower 

the corresponding value for composites without bonding agent. Increased fiber content 
'r tJrfngs about a greater restriction to swelling and the use of a bonding agent reduced swelling 
^bnSlderably. In well bonded composites, swelling takes place mainly in the thickness di- 
^ ^ 3 o n . Composites incorporating acetylated fiber, absorbed less solvent compared to com- 
■■ ^ i t e s  containing untreated fiber. This indicated that acetylation improves bonding between 

iiitural rubber and short sisal fiber.
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