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A bstract: T h is  p ap e r prc,senls ihc mcli rheological p roperties  of short sisal fibre 
re in fo rccd  poiyeihylene (L D PE ) com posites. T h e  rheological stud ies w ere carried 
ou t using a  cap illary  rheom eter. T h e  cffccis o f f ib re length, fibre loading, fibre treat­
m ent, tem p era tu re  and  sh e a r  stress on  m elt viscosity and  melt elasticity o f the 
com po.site have been  stud ied . Inco rp o ra tio n  o f si.sal fib re into polyethylene result-s 
in an in crease in m elt viscosity an d  a decrease  in m elt elasticity. It is interesting to 
no te  tha t the  fib re trea tm en t, p rocessing  tem pera tu re , and  sh ea r rate have a signifi­
can t in fluence on  the rheological behav iou r o f polyethylene-si.sal fibre com posites.
T h e  m orphology  o f the ex truda tes  has been  stud ied  by op tical and  electron  m icro­
scopy.

1 Introduction

Several cellulosic products and wastes such as shell 
flour, wood flour and pulp have been used as fillers 
in thermoplastics, primarily to achieve cost savings' 
and also to impart some desirable properties like 
decreasing shrinkage after moulding, increasing elas­
tic modulus and creep resistance.- However, over 
the past decade, cellulosic fillers of a fibrous nature 
have been of greater interest as they would give 
composites with improved mechanical properties 
compared to those containing non-fibrous 
fillers.-̂ '-'̂

Incorporation of fillers in thermoplastics will 
increase their melt viscosity which may result in 
unusual rheological effects. White'' and White and 
Tokita’ have reported on the correlation between 
melt rheology and processing of polymers. Studie.s 
on the rheological behaviour of filled thermoplastics 
<ind its application in injection moulding have also 
been reported.'* '' Melt rheological properties of 
short glass fibre filled thermoplastics and flow 
•behaviour during moulding have been reported in 
detail.'" Most of the data for short fibre filled 
thermoplastics, reported in the literature, have been 
‘■>btained using a constant volume flow rate capillary 
rheometer. At low shear rates, the pre.sencc of fibres 
causes an appreciable increase in viscosity, but at a

*To whom correspondence  should be adddrcsseU.

shear rate in the range of 1 O'* to 10  ̂s '  ‘. the viscosity 
values for the filled and unfilled material converge to 
a very similar value. O ther observations that have 
been made are migration of fibres during shear flow, 
fibre alignment in the flow direction, and decrease in 
melt elastic properties such as die-swell and first 
normal stress differences.

Recently, sisal fibres have been successfully incor­
porated in elastomers and thermoplastics by 
Thom as and coworkers.” '-̂  Processing charac­
teristics and mechanical properties of the resulting 
composites have been reported." ’ ’ Sisal fibre being 
quite different from fibres like glass with respect to 
dimensions and surface properties, the melt rheolog- 
ica! characteristics of its composites may differ from 
those of glass fibre filled thermoplastics. In this 
paper we report the studies on the melt rheological 
behaviour of short sisal fibre reinforced polyethy­
lene composites. The effects of fibre loadijig, fibre 
length, fibre treatment and temperature on the melt 
viscosity and melt elasticity parameters of the com­
posite have been evaluated.

2 Experimental

2.1 Materials

Low density polyethylene {LDPE-lndothene 
16MA400) obtained from the Indian Petrochemical 
Corporation Limited. Baroda. India, was used for
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the study. The properties of Inilothene I6MA40(I 
are given in Table 1.

Sisal fibre (Agave-Veracru^) was obtained from 
local sources. The fibres were used after washina 
thoroughly with water to remove dust and other 
extraetables, and then drying in an air oven at 
H()-y(l”C for 4 h. The physical and mechanical 
properties of sisal fibres have been reported else- 
where.' ‘

2.2 Preparation o f  composites

The oven-dried fibres were chopped into the 
required lengths before being mixed with the poly­
mer. In the present siiiciy. composites of the polymer 
and the fibres were prepared by a solution mixing 
technique developed by our re.search group.’ ' A 
viscous slurry of polyethylene was prepared by 
adding toluene to a melt of the polymer and the 
composites were prepared by solution mixinL;. The 
overall solution mi.xing was carried out in a^fume- 
hood using a stainless steel beaker. After thorough 
mixing, the ct)mposite was transferred intt) a tray 
and kept h i  a vacuum oven at for 24 h  to
remove the solvent completeK. The siilvent free 
composites were cut into small pieces and charged 
into a hand injection moulding machine ram type' 
having a capacity of 100 cm \ The chamber was 
electrically heated to i 15 ± 5X' and the material was 
extruded in the form of rods having a diameter of 4 
mm.

2.3 M e lt rheoiogicai measurements

The melt rheoiogicai measurements \^ere carried 
out using a capillary rheometer attached to a Zwick 
UTM model 1474 and a capillarv' of length to 
diameter ratio { IJ d J  40 with an angle of entry (7f 
180®. The measurements were carried out at 1 15. 
120. 125 and 135°C. The capillary used was made 
of tungsten carbide. The sample for testing was 
placed inside the barrel of the extrusion assembly 
and forced down into the capillary witii the plunger 
attached to ihe moving crosshead. After a warming- 
up period of 5 min. the melt was extruded through 
the capillary at pre-selected speeds of the crosshead 
which varied from 0-5 to 50 mm min '. The height 
of the melt in the barrel before extrusion was kept 
the .same in all the experiments and the machine was

operated to give 10 differem plunger speeds from 
lower to higher, with a single charge of the material 
The forces corresponding to specific plunger speeds 
w'ere recorded using a strip chart recorder assembly. 
The force and cro.sshead speed were converted into 
apparent shear .stress (r^ j, and shear rate (y^} at the 
wall by using the following equations involving 
geometry of the capillary and the plunger:

/

?>n + I 
4/?'

( 1 )

(2 )

where [■ is the force applied to the plunger. .4 the 
cross-sectional area of the plunger. ^ and d, the 
length and diameter of the capillary, respectively, 
and the factor [( 3a?'+ 1 ;/4A?'j is the Rahinowitch 
correction applied to calculate the true shear rate at 
the wail from the apparent Newtonian shear rate at 
the wall;

r . Q

■id: (3)

where Q is the volume llou rate and n the flow 
behaviour index.

di log r, 
dilog (4)

n wa.s olitained by regression analysis of the values 
of r,, and obtained from the experimental data. 

The melt viscositv. ?/• ^^as calculated as

(5)

The Bagiev'-'' correction for the pressure losses at 
the capillai'v was not applied because this correction 
factor bec))mes negligible for capillaries with high 
!Jd^  ratios. No correction was also applied for the 
pressure drop in the barrel, although it becomes 
important at low values of n.

2.4 M eit elasticity

The extrudates were carefully collected as they 
emerged from the capillary die. taking care to avoid

T a b le  1. P liv s ic a l a n d  m e c h a n ic a l  p r o p e r t ie s  o f lo w  d e n s i ty  p o lv e th y te n e  (L D P E -lndo then e  16IV»A400)________
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any deformation. The diamcler of the extrudale was 
measured after 24 h of extrusion using a binocular 
siereomicroscope. The die-swell [D J D )  was calcu­
lated as the ratio of the extrudate diameter 0 , to the 
capillary diameter D.

2.5 Extrudate m orphology

The distortion and surface characteristics of the 
extrudates were studied using optical and electron 
microscopy. The extrudates were fractured under 
liquid nitrogen and the morphology of the extrudate 
cross-section was also studied using a scanning 
electron microscope.

3 Results and discussion

3.1 Effect o f  shear rate and fibre loading on 
viscosity

Melt viscosity versus shear rate plots of polyethylene 
and its composites containing 10, 20 and 30% by 
weight of short sisal fibre at a temperature of 130°C 
are shown in Fig. 1. The curves are typical of pseu- 
doplasiic materials, i.e.. visco.sity decreases with 
increasing shear rate. In general, the pseudoplastic 
behaviour can arise in either of the following two 
ways, (a) If a system of asymmetric molecules or 
particles which are randomly oriented or extensively 
entangled at rest is subjected to shear, the molecules 
tend to align themselves with their major axes in the 
direction of shear, and thereby points of entangle­
ments are reduced: as a result the viscosity 
decreases. At very high shear rate the orientation 
may be complete, and near Newtonian behaviour 
may be observed, (b) In systems containing highly 
solvated molecules or particles where chemical 
interactions among polymer particles exist, the sol­
vated layers may be sheared away by the increase of 
shear rate. This reduces the viscosity of the system. 
The curves in Fig. 1 can be represented by the 
Power law relation:''’

7 /= /Cy"-' (6)

where n is the Power law index and K. the con­
sistency index.

In general the viscosity of composite increases 
with increasing fibre content and the increase is pre­
dominant at lower shear rales where fibre and poly­
mer molecules are not completely oriented. The 
incorporation of fibre into the ID P E  matrix 
increases the stiffness and modulus of the composite. 
The alignment of the polymer chain during extrusion 
becomes more restricted as fibre loading increases. 
Hence the viscosity increases with fibre loading. It is 
interesting to note that at high shear rates all the 
systems show a slight converging tendency. How­
ever. in the case of cellulose-polystyrene compo-

10^

10̂  10̂ 
SHEAR RATE

1C/-

Fig. 1 V arialion of m ell viscosiiy '•rj) w ith  s h e a r  ra te  ly . i  of 
L D P E -sisa l com posites ai a i c m p c r a lu r e  of I30°C  laverage 

fib re  length 5-8 mmi,

sites. Czarnecki and W hite‘s obser\’ed nearly the 
same viscosity at high shear rate. The low viscosity 
of the composites at high shear rates is an important 
factor in explaining the successful exploitation of 
these materials in injection moulding, since very 
little additional power will be required to mould the 
filled composites.'"

3.2 Effect o f  shear stress and fibre loading on 
viscosity

Figure 2 shows the melt viscosity versus shear stress 
plots of LDPE-sisal composite having different fibre 
loadings. In all cases melt viscosity decreased with 
increasing shear stress due to the orientation of the 
fibre and polymer molecule in the extrusion direc­
tion.

Many authors'"’ have reported that filled poly­
mer systems exhibit yield stress due to the inter- 
particle network formation which becomes quite 
strong with very fine particulate fillers at high filler 
loadings and ai low shear rates. However, in the 
present work we have not observed any yield value. 
This may be due to lack of strong interaction 
between fibres as well as between fibre and polymer. 
Since the length of the fibres used in this study is less 
than 6 mm, it is expected that physical entanglement 
among the fibres normally observed in fibre compo­
sites is practically absent in this case. The absence of 
yield value has already been reported in the case of 
glass and cellulose fibre filled systems.--'’"*
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Fig. 2_ V ariaiion  o f m elt viscosity (/;) w ith shear stress i ) o f 
L D P E -sisa l com posiies  ai a tem pera tu re  o f 120°C (ave'rage 

fib re length 5-8 mm).

3.3 Effect o f  temperature on viscosity

Figure 3 shows the variation of melt viscosity at two 
temperatures with fibre loading at a shear rate of 83 
s " '.  Melt viscosity decreased with increasing tem­
perature. Generally, the viscosity decreases in a 
polymer melt with increase in temperature since 
molecular motion is accelerated al higher tempera­
tures due to the availability of greater free volume.

Figure 4 shows the semi-logarithmic Arrheniu.s 
plot of the melt viscosity data (log?? vs 1/T) for 
LX)PE-sisal fibre composites at a constant shear rate 
of 83 s " ' for different fibre concentrations.

Flow activation energy values were calculated 
from the slopes of the above plot and are presented 
in Fig. 5. The flow activation energy of a polymer 
melt evaluated in the non-Newtonian region at a 
constant shear rate is important in understanding iis 
tem perature dependence. According to published 
data the higher the flow activation energy, the more 
temperature sensitive is the melt. In the case of 
sisal-I_DPE composites, it is seen that the melt vis­
cosity of the composite is more temperature sensi­
tive than that of the unfilled LDPE as evidenced by 
higher A £  values of the composites. The flow of the 
short fibre composites is dependent upon the quan­
tity of fibre present and the fibre length, besides tem­
perature and rate of shear. The presence of fibre 
restricts molecular mobility under shear. With 
increase in temperature, the viscosity is reduced and 
the aligmnent of the fibres in the direction of flow 
becomes easier at the same rate of shear. This effect 
will be prominent in composites containing a higher 
quantity of fibre, since their viscosity is higher.

Fig. 3 Variation of melt vi.scosiiy (t?) with fibre wi% at two 
d ifferent tem peratures and  at a  shear rate of 83 s " '

'oV

Fig. 4 A rrhen ius plots o f the  melt vi.scosity (v l vs l / T  for 
L D P E -sisal fibre com posites at a  constant shear rate of 83 s “ ‘.

Hence the composiies containing a higher loading of 
fibre become more temperature sensitive.

3.4 Flow behaviour index (n'J

Values of flow behaviour index as a function of fibre 
weight per cent at a temperature of 120°C are shown 
in Fig. 6. Non-Newtonian pseudoplastic fluids have 
values of n' below 1. Therefore, a high value of ti' 
indicates a low pseudoplastic or non-Newtonian 
nature of the system. For iUI systems, n values are 
less than unity, indicating the pseudoplastic nature of 
the composites. The degree of pseudoplasticity of 
the composites increases with increase of fibre load­
ing, as evidenced by lower n' values of the com­
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Fig. 6
WT •/. OF FIBER 

Plo t o f flow behav iou r index (n ') with w t%  o f fib re  a 
lem pera iu re  o f 120°C.

posites. This observation further supports the fact 
that the presence of fibre restricts molecular mobil­
ity. and the orientation of the fibre in the direction of 
flow becomes more difficult as the fibre content is 
increased.

3.5 Effect o f  fibre length on viscosity

Figure 7 shows the effect of fibre length on the melt 
viscosity of LDPE-sisal fibre composite. It was diffi­
cult to study the flow behaviour of composites con­
taining fibres having a length beyond 6 mm. At low 
shear rates, viscosity increases only marginally with 
fibre length, but at Wgher shear rates the increase is 
predominant. T he increase in viscosity with the 
increase of fibre length is due to the fact that it is 
difficult for fibres having higher lengths to become 
oriented in the direction of flow.

At lower shear rates of 8 s " ' and 16 s “ ' the align­
ment and distribution of fibres in the composite do 
not change to any appreciable level and hence the 
effect of fibre length in increasing the viscosity is 
only marginal. But at higher rates of shear both fibre 
alignment and fibre distribution can occur simul­
taneously. Fibres having shorter lengths become 
more easily aligned and distributed than those 
having higher lengths. As a result of this, composites 
containing fibres of shorter length show much lower 
viscosity than those having fibres of higher length, at 
higher shear rates.

3.6 Effect o f  fibre treatment on viscosity

Figure 8a shows the effect of fibre treatment on the 
Theological properties of LDPE-sisal composites. 
Isocyanate treated composites showed slightly

F IB ER  L E N G T H (m m )

Fig. 7 M elt viscosity (»/) vs fibre length o f L D PE -sisal fibre 
com posites fo r d ifferent shear rates.

higher viscosity than the untreated composites. This 
may be due to better fibre matrix adhesion as is evi­
dent from the tensile fracture surface of untreated 
(Fig. 8b) and isocyanate treated (Fig. 8c) composites. 
It may be noticed that the treated fibre surface con­
tains polyethylene fragments due to the improved 
interaction between the polymer and the fibre.
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3.7 Die-swell ratio

Figure 9 shows Ihe variulion of die-swell ratio as a 
function of weight per cent of fibre loading at two 
shear rates. It is seen that die-swell values decreased 
sharply by addition of 10% of fibre followed by a 
levelling off at higher fibre loading. Die-swell 
increased with increase of shear rate. Chan «  a l} ‘  
have reported that incorporation of fibres causes a 
very significant reduction in die-swell of the parent 
melt.

When the molten polymer flows through the 
capillary, the polymer molecules undergo orienta­

tion under the applied shear force.-' As the melt 
comes out of the die, reorientation and recovery of 
the molecule occurs. This leads to the phenomenon 
of die-swell. In the case of short fibre composites 
onentation of both polymer molecules and fibres 
takes place during flow through the capillary. On 
emerging from the capillary the composite tries to 
retract by the recoiling effect of the polvmer chains 
The fibres, being non-elastic, exert little retractive 
force. The unequal retractive forces experienced by 
the two components of the composite can lead to 
redistribution of the fibres. Since the molecules at 
the periphery undergo maximum deformation, the

I

1o3
Sheer role (Tw)

Fig. 8a Melt viscosiiy (/;) vs .shear niic > o f L D P t-s isa l 
fibre com positcs For d ifferent fibre ireiument.s. Original magnifi­

cation  X60I).

20KU X600 3122 10.8U RRLSM

Fig. 8c SEM  photom icrograph o f (ensile fracture surface of 
i'-ocy.'inale irealed si.sal-LDPE compo.siic'.

Fig. 8b  SEM  photom icrograph of tensile fracture surface of 
un treated  sisal-L D PE  com posiies. Original magnification 

X 600.
Fig. 9 V ariation o f dic-.swell ratio  with wt% of fibre at a 

tem perature  o f i 15 'C .
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EXTRUDING TEMPERATURE 125"C 

333 s' 3332

Fig. 10 O p tical photom icrog raphs o f the  ex trudaies at two 
d ifferent sh ea r rates. A . B. C  and  D  ind icate the w(% fibre, viz. 

0. 10. 20  and  30%  rc.spectively.

retractive forces on these molecules will also be 
higher. This leads to migration of the fibres to the 
periphery of ihe extrudatc. Thus the reorientation 
and migration of the fibres take place at the expense 
of the retractive forces, which is mainly responsible 
for the die-swcll, resuiling in reduced swell of the 
short fibre compositcs.

3.8 Extrudate characteristics

Figure 10 is an optical photograph of the extrudates 
al two different shear rates, h is seen that the extru­
dates of unfilled LDPE showed maximum deforma­
tion and non-uniformity in diameter. This is 
associated with the melt fracture where the shear 
stress exceeded the strength of the melt. The defor­
mation of the extrudates increased with the increase 
of shear rale. Addition of sisal fibre substantially 
reduced the distortion of the extrudates.

15KU X44

F ie 1 j SEM  D hoiom icrograph o f the surfacc o f the ex trudalc  with fibre conten t (a) 0%, (b) 10%. (c) 20%  and (d) 30%. Original
m agnification x 4 4 .
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Figures 1 liai-(d) show ihe surface morphology of 
the exlrudale at a shear rate of 333 s ' ' and a tem­
perature of 125°C for different fibre loadings, viz. 0, 
U). 20 and 30 wt%. respectively. It is clear from 
these figures that surface discontinuity increased 
with fibre concentration. This again implies that (he 
addition of fibre into the polymer creates disconti­
nuity in the matrix. T he surface discontinuity is asso­
ciated with the migration of the fibre towards the 
periphery of the extrudate (see below). As compared 
to LDPE. the decrease in melt elasticity of the fibre 
composites is attributed to this phenomenon, which 
in consequence causes discontinuity in stress trans­
fer for elastic recovery or deformation.

Figures I2(a)-(d) show the extrudate cross-sec­
tion morphology of LDPE-sisal fibre composites at 
three different fibre loadings, viz. 0, 10, 20 and 30 
wt%, respectively. From these figures, it can be seen 
that the fibres are well orienied along the direction

of extrusion. It is interesting to note that the fibres 
are concentrated more at the periphery of the 
extrudate. As discussed earlier, the unequal retrac­
tive forces experienced by the components in the 
composite (elastic polymer matrix and non-elastic 
fibre) result in the redistribution of the fibre and its 
consequent migration to the periphery of the extru­
date. Migration phenomenon in fibre composites has 
been reponed by many researchers.-'’

4 Conclusion

The rheological behaviour of LDPE-sisaJ com­
posites has been investigated. These composites 
exhibit pseudoplastic behaviour and can be repre­
sented by the Power law equation. At any given tem­
perature the value of the flow behaviour index 
decreases with increasing sisal fibre content. This 
suggests that fibre filled composites are more

Fig. 12 SEM  phoiom icrograph  o f the  cross-.seciion of the ex trudalc  with fibre con ien t (a) 0%, (b) 10%, (c) 20%  and (d) 30%. Original 
m agnifications x  54. x  54. x  7 2  and  x  100, respectively.
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pseudoplastic than pure LDPE. Increasing fibre 
loading increases the shear viscosity of the system 
The activation energy of the flow of composites 
increases with increasing concentration of sisal fibre 
Die-swell ratio decreases with increasing fibre con­
centration. Addition of sisal fibre to LDPE de­
creases the extrudate distortion. However, .sisal fibre 
create.s discontinuity in the polymer matrix which 
was evident from the SEM photomicrographs. The 
SEM studies on the cross-sectional morjjhology of 
the extrudates indicated that fibres are concentrated 
more at the periphery of the extrudate.
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