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The melt rheological behaviour of short pineapple fibre reinforced low density polyethylene composite has 
been studied using a capillary rheometer. The influence of fibre loading, fibre length, and fibre treatment on 
the rheology of composites was investigated. Studies were carried out in the temperature range of 125 to 

o 1 145 C and shear rate of 016.4 to 5468 s- . The melt viscosity was found to be increased with fibre loading. 
Various chemical treatments were made to improve fibre-matrix interfacial adhesion. Treatments based on 
poly(methylene)-poly(phenyl)isocyanate (PMPPIC), silane and peroxide increased the viscosity of the system 
due to high fibre-matrix interfacial interaction. Viscosity of the system decreased with increase of tem- 
perature. However, in peroxide treated composites viscosity is increased due to the crosslinking of com- 
posite at higher temperature. The fibre breakage during extrusion was analysed using optical microscopy. 
The morphology of the extrudates has been studied by optical and scanning electron microscopies. Master 
curves were generated using modified viscosity and shear rate functions that contain melt flow index as a 
parameter. Copyright © 1996 Elsevier Science Ltd. 
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I N T R O D U C T I O N  

In recent years, cellulose fibre reinforced thermoplastic 
composites have found wide use in structural and non- 
structural applications because of  their superior mech- 
anical properties. The choice of  suitable processing 
conditions is guided mainly by the rheological behaviour 
of  composites. A number  of  investigations on the rheo- 
logical behaviour of  short fibre reinforced thermoplastics 
and elastomers have been reported 1-4. Incorporat ion of  
fillers in thermoplastics will increase the melt viscosity 
which may result in unusual rheological effects. Studies 
on the rheological behaviour of  filled thermoplastics and 
its application in injection moulding have been reported. 
G u p t a  and Purwar  5 repor ted on the effect of  glass 
fibres on the rheological behaviour of  thermoplastics. 
Molden 6 developed a simple geometrical theory and 
showed that convergent flow is more effective than shear 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d  

flow in aligning fibres. Subsequent shear flow along the 
die can cover a significant misalignment of  fibres and the 
fibre orientation at the exit of  the die is a function of the 
flow rate and LID ratio. Crowson e ta / .  7'8 reported in 
detail the flow behaviour of  short glass fibre reinforced 
thermoplastics during injection moulding. Composite 
viscosity is considerably influenced by fibre loading and 
fibre length at lower shear rate than at higher shear rate. 
The rheological behaviour of  short jute fibre composites 
has been studied by Murthy et al. 9. Melt flow behaviours 
or short sisal fibre in different polymer systems were 

10 11 reported by Thomas and co-workers ' . 
Recently short pineapple leaf fibre (PALF) was used as 

a good reinforcing material for low density polyethylene 
(LOPE) 12-14. The short-term and long-term mechanical 
properties and viscoelastic behaviour of these composites 
were studied in detail 12 14. The present paper  deals with 
the rheological characteristics of  short PALF reinforced 
LDPE composites. The effects of  fibre loading, fibre 
length, chemical treatments and temperature on melt 
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viscosity have been investigated. The experimental vis- 
cosity values were compared with theoretical predictions. 
Shear stress-temperature superposition was done to 
predict the melt viscosities of  the composite materials. 
Finally, master curves were generated using capillary and 
melt flow index data. 

E X P E R I M E N T A L  

Low density polyethylene (16MA 400) was obtained 
from Indian Petro Chemical Corporation Ltd, Vado- 
dara. Pineapple leaf fibre (Ananus cosomus) was supplied 
by South India Textile Research Association, Coimba- 
tore. The physical and mechanical properties of LDPE 
and PALF are reported elsewhere 12. 

Poly(methylene) poly(phenyl)isocyanate (PMPPIC), 
supplied by Poly Sciences, USA, and vinyl tri-2(ethoxy 
methoxy silane) (Silane A-172), supplied by Union Carbide 
Co., Montreal, Canada, were used as coupling agents. 

Benzoyl peroxide (BPO), dicumyl peroxide (DCP) and 
NaOH (Reagent grade) were used as surface modifiers to 
improve the adhesion between fibre and matrix. 

Fibre treatment 
Alkali treatment. Fibres were immersed in NaOH 

(0.5%) solution for half an hour. Later these were 
washed several times with cold water and finally with 
acidified water (HC1 0.1 N). These fibres were dried in 
an air oven at 60°C for 24 h. 

Silane treatment (Silane A-172). A mixture of  oven 
dried fibres, carbon tetrachloride, dicumyl peroxide 
(2 wt% of  fibre) and silane (4 wt% of fibre) was heated 
under reflux for 2 h. Finally, the mixture was filtered 
and dried. 

Isocyanate treatment (PMPPIC). Fibres were dipped 
in toluene solution containing PMPPIC (5 wt% of fibre) 
for half an hour at 50°C. The fibres were then decanted 
and dried in an air oven at 70°C for 2h. Later these 
were mixed with polyethylene using toluene as the sol- 
vent containing PMPPIC (6 wt% of fibre) at a tempera- 
ture of 120°C. 

Peroxide treatment. Benzoyl peroxide ( l w t %  of 
polymer) and dicumyl peroxide (0.5wt% of polymer) 
were added to a melt of polyethylene before being mixed 
with fibres. 

Preparation of composites 
Composites were prepared by solution mixing techni- 

que. Fibres were added to a viscous slurry of poly- 
ethylene which was prepared by adding toluene to a melt 
of  polyethylene. After thorough mixing, the composite 
was transferred into a tray, and solvent was removed 
using a vacuum oven. The solvent-free composites were 
charged into a ram type hand injection moulding 
machine at a temperature of 125°C and material was 
injection moulded in the form of  rods. 

Rheological measurements 
The melt rheological measurements were carried out 

using an Instron Capillary Rheometer model 3211 at 
different plunger speeds of 0.06 to 20mmmin  - l .  The 
capillary used was made of tungsten carbide with length 

to diameter (L/D) ratio of 33.42 and an angle of entry of 
90°C. The sample was placed inside the barrel of the 
extrusion assembly and forced down into the capillary 
with a plunger. After a residence time of 5 rain, the melt 
was extruded through the capillary at predetermined 
plunger speeds. The initial position of the plunger was 
kept constant in all experiments and shear viscosities at 
different shear rates were obtained from a single charge 
of material. The measurements were carried out at three 
different temperatures, namely 125, 135 and 145°C. 

The shear stress at each plunger speed is obtained from 
the equation: 

F 
- ( 1 )  

4Ap(lc/dc) 

where F is the force on the plunger, Ap is the cross- 
sectional area of the plunger, and lc and dc are the length 
and diameter of capillary. The shear rate at the wall was 
determined using the equation: 

(3n '+  1) 32Q 
~ / -  4n' 7rd 3 (2) 

where Q is the volumetric flow rate which is given by: 

Vxh 7rd~ 
Q -  60 4 (3) 

where Vxh is the plunger speed (mm min -1) and db is the 
diameter of the barrel. 

The factor 3# + 1/4n' is the Rabinowitch correction 
applied to calculate the shear rate at the wall. The flow 
behaviour index (n ~) given by 

n' - d(log r) (4) 
d(log 4/) 

is obtained by the regression analysis of the plot of log r 
versus log ~/. 

Bagley's correction 15 for the pressure drops at the 
capillary entrance was not applied because this correc- 
tion factor becomes negligible for capillaries with high l/d 
ratios. The viscosity (~/) is calculated using the equation: 

T 
= ( 5 )  

7 

The melt flow index (MFI) was determined using a 
Davenport  Melt Flow Indexer with 21.6kg toad. The 
measurements were made at a temperature of 145°C. 

Extrudate morphology 
The distortion and surface characteristics of the extrud- 

ate were studied using optical and electron microscopies. 
The extrudate were fractured under liquid nitrogen and 
the morphology of the extrudate cross-section was stud- 
ied using a scanning electron microscope (JEOL JSM 35 
C model). 

Fibre breakage analysis 
Fibre breakage during extrusion at different shear 

rates was analysed by dissolving the polyethylene from 
the extrudate and measuring the fibre length using a 
travelling microscope. Polydispersity index was calcu- 
lated from fibre length distribution. 
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RESULTS AND DISCUSSION 

Effect of shear rate and fibre loading on viscosity 
The dependence of  fibre loading and shear rate on melt 

viscosity is shown in Figure 1. The curves are typical of  
pseudoplastic materials. It is clear that viscosity of  the 
system increases with fibre loading. The increase in 
viscosity is more predominant at lower shear rate than at 
higher shear rates. In general, the pseudoplastic behav- 
iour of  polymeric systems can be explained in two ways 4. 
(a) If a system of  asymmetric particles, which are initially 
randomly dispersed, is subjected to shear, the particles 
tend to align themselves with the major axis, in the 
direction of  shear, thus reducing the viscosity. The degree 
of  alignment is a function of  the deformation rate. At low 
shear rates, there is only a slight departure from ran- 
domness but at higher shear rates, particles are almost 
completely oriented. (b) In highly solvated systems, when 
chemical interaction among polymer particles exists, 
with increase of shear rate, the solvated layers may be 
sheared away resulting in decreased viscosity. 

The fibre-filled systems exhibit higher viscosity than 
the pure polymer at all shear rates. In filled system, fibres 
will perturb the normal flow of  polymer and hinder the 
mobility of  chain segments in flow. Crowson et al. 7'8 
reported the effect of  the converging flow in the die 
entrance region which will result in high fibre alignment. 
This will occur when a fluid passes from a wide to a 
narrow cross-section. At low shear rate, fibres are dis- 
oriented. The probability of  fibre-fibre collision is much 
higher for misaligned fibres. This collision increases with 
fibre loading and as a result viscosity increases. But as the 
shear rate increases, most of  the shearing of  fibres takes 
place closer to the tube wall and the fibres will align 
strongly along the tube axis. Therefore the probability of  
fibre-fibre collision is much lower and so the increase in 
viscosity with fibre content is less at high shear rates. 
Goldsmith and Mason 16 have also observed radial migra- 
tion of  filler particles towards the capillary axis during 
shear flow. If  this occurs during the flow of  fibre-filled 
thermoplastics, the region where most of  the shear takes 
place may be virtually fibre free. This could be a reason 
for the small dependence of  viscosity on fibre concentra- 
tion at high shear rates. Wu 17 also reported that migra- 
tion occurs during the extrusion of  glass fibre filled 
poly(ethylene terephthalate). The very close viscosity 
values at high shear rates, for filled and unfilled thermo- 
plastics, is an important factor in explaining the success- 
ful exploitation of these materials in injection moulding 
technology, since very little additional power will be 
required to mould the filled materials (Figure 1). 

Effect of shear stress and fibre loading on viscosity 
The dependence of  viscosity of P A L F - L D P E  compo- 

sites on shear stress for different fibre loading is shown in 
Figure 2. It is observed that in all cases the viscosity of all 
the systems decreased with an increase in shear stress due 
to the orientation of  the fibre and polymer molecules in 
the direction of extrusion. It may be noted that no yield 
stress is exhibited by P A L F - L D P E  composites, unlike 
glass and other cellulose fibre-filled system 18'19. For  a 
given shear stress, viscosity of the composite increases 
with fibre loading. This is true for all shear stresses. In the 
low shear stress region, there would be little deformation, 
and strong interaction between fibres and polyethylene 

due to the agglomeration of  fibres would result in a high 
viscosity. As the level of shear stress is increased, fibres 
will align along the direction of flow and consequently 
viscosity decreases. 

Effect of fibre length 
Figure 3 shows the effect of  fibre length on the melt 

viscosity of  P A L F - L D P E  composites. It can be noticed 
that the viscosity marginally increases upon the increase 
of  fibre length from 2 to 10mm. At higher fibre length 
the dispersion of  fibre is not so good and at the same 
time difficult to orient in the direction of flow. This is 
associated with the fibre entanglement at higher fibre 
loading. Fibres having shorter length are more easily 
aligned and distributed along the direction of flow than 
longer fibres. 
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Figure 1 Variation of  melt viscosity (r/) with shear rate ('~) of  PALF  
LDPE composites at a temperature of  125°C. Fibre length 6 m m  

100 

t~ 

ft. 
- 10 

O 

x 

O 
tO 
CO 

LU 

0.1 

[ ~,-LDPE ~-10% -=-20% 0 3 0 %  J 

2o 

SHEAR STRESS x 105 , Pa 

Figure 2 Variation of  melt viscosity (~) with shear stress (-~) of  PALF-  
LDPE composites at a temperature of  125°C. Fibre length 6 m m  
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Effect of chemical treatments 
Studies on the composite materials have shown that 

the bonding between the reinforcing fibre and the matrix 
has a significant effect on the properties of  the composite. 
Good  bonding at the interface can be achieved by modi- 
fying the fibre matrix interface with various surface 
reactive additives or coupling agents 2°-22. In order to 
enhance the f ibre-matr ix  interaction PALF was treated 
with various reagents. The effect of  chemical treatments 
on viscosity of  P A L F - L D P E  composite at a tempera- 
ture of  125°C is shown in Figure 4. It is clear that the 
viscosity of  the composite increases as a result of  chemi- 
cal treatment. Silane treatment enhances adhesion at the 
polymer fibre interface, and in the process the viscosity 
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Figure 3 Variation of melt viscosity (rl) with shear rate (~/) at different 
fibre lengths at a temperature of 125°C 
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Figure 4 Variation of melt viscosity with shear rate of PALF LDPE 
composites for different fibre treatments. Fibre length 6ram and 
temperature 125°C 

is increased. The improved interface adhesion due to silane 
treatment can be explained in terms of a possible hypo- 
thetical structure in the interfacial area of  PE and fibre 
(Figure 5). The general formula for silane coupling agents 
is YRISi(OR2)3. In this, Y is the polymerizable vinyl 
group in silane. During coating treatment, -OR2 groups 
of silane may hydrolyse to some extent to form silanols: 

YR1Si(OR2)3 H20)  YR]Si(OH)3 (6) 

The resulting OH group or OR 2 group provides a 
link to cellulose through their - O H  groups by the 
formation of hydrogen bonds. Dicumylperoxide, which 
is used as an initiator during coating treatment, helps to 
polymerize vinyl groups. Individual silane coupling 
agent molecules, which are supposed to attach to cellu- 
lose, form a continuous link. The long hydrophobic 
polymer chain of  polymerized silane can adhere to PE 
due to van der Waal 's  type adhesive forces. As a result, 
a strong interaction is induced at the f ibre-matr ix 
interface and friction between the polymer and fibre is 
increased 23. This results in an increase of  viscosity. The 
tensile fracture surfaces of  untreated and silane treated 
composites, given in Figure 6, indicate the strong f ibre-  
matrix interaction• Figure 6a indicates fibre pull-out in 
untreated composite. The strong adhesion between fibre 
and matrix can be seen in Figure 6b where polyethylene 
fragments are sticking to the fibre surface. 

The increase in viscosity in PMPPIC treated fibre 
composite is due to the increased interaction between 
fibre and matrix. The enhanced bonding is attributed to 
the formation of  strong covalent bonds between - O H  
groups of cellulose present in PALF and NCO group 
of PMPPIC.  This was confirmed by the presence of 
carbonyl groups by i.r. studies. The - N = C = O  group in 
PMPPIC is highly reactive to the OH group of cellulose 
and therefore a urethane linkage is formed. 

H O  
I FI 

N = C = O  ÷ HO - cellulose ~ N - C - O  - cellulose (7) 

A possible hypothetical chemical structure in the 
interfacial area of  the PMPPIC treated composite is 

Cellulose 
\ \ 

~ '  " ------H / o  /O / O \  ~ J  

,' / , 

/ / J R 2 /  / 

,'" "" " R2" I,' ,' 
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Figure 5 
ethylene in 
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Hypothetical chemical structure of cellulose silane poly- 
the interracial area 
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E L L U L O S E  

o; 
C = O  C - - O  
I I 
N - - H  N --H 

: :. :.:i 
-- CH 2- CH 2- CH 2- CH 2- CH2-- CH2 -- 

LDPE matrix 

Figure 7 Hypothetical chemical structure of cellulose-PMPPIC- 
polyethylene in the interfacial area 

Figure 6 Scanning electron micrographs of tensile fracture surfaces of 
(a) untreated fibre composite indicating fibre pull-out, and (b) silane 
treated fibre composite; polyethylene fragments are sticking to the 
surface 

shown in Figure 7. The long chain molecules present in 
PMPPIC interact with polyethylene leading to a Van der 
Waal's type of interaction. Thus, the increased frictional 
force exerted by the treatment results in the increase of 
viscosity. Also, decreased hydrophilicity of the fibre due 
to the isocyanate treatment (confirmed by equilibrium 
swelling) makes the system more compatible with the 
hydrophobic polyethylene matrix. This may also lead to 
an increase in viscosity. The better f ibre-matrix adhesion 
of composite is evident from scanning electron micro- 
graphs given in Figures 8a and b. The treated fibres 
adhere well to the polymer matrix. The peroxide treated 
composites also show higher viscosity than the untreated 
composites. This is due to the fact that during processing 
in the presence of  peroxides, grafting of polyethylene on 
to cellulose fibres occurs by combining cellulose and 
polyethylene radicals. This is a free radical initiated 
reaction as shown below: 

R O - O R  ---* 2RO" 

R O ' +  P E - H  ~ ROH 4-PE'  

RO'4.  ce l lu lose-H ---* ROH + cellulose" 

(8) 

(9) 

(10) 

b 

Figure 8 (a,b) Scanning electron micrographs of tensile fracture 
surfaces of PMPPIC treated composite 

P E ' +  cellulose" ~ PE-cel lulose (11) 

The efficiency of these reactions increases with peroxide 
concentration. 

Other reactions possible during the processing of com- 
posite are an increase of  molecular weight and cross- 
linking of  polymer matrix by combining polyethylene 
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radicals 24. All these lead to the increase in melt viscosity: 

P E ' +  PE" --~ P E - P E  (12) 

The better interaction between fibre and matrix in the 
peroxide treated composite can be understood from the 
tensile failure surface of  peroxide treated composite 
(Figure 9). It can be seen that the polyethylene is grafted 
to the fibre surface. 

The increase in viscosity in NaOH treated composite is 
attributed to the increased mechanical interlocking 
between fibre and matrix. During alkali treatment the 
fibre surface becomes rough due to the removal of  waxy 
material present on the surface. The rough surface topo- 
graphy provides better mechanical interlocking with the 
polyethylene matrix. 

Effect of temperature 
Substantial temperature changes occur at various 

stages during moulding and it is important to study the 
effect of temperature on viscosity. In the present study, 
flow curves were made at 125, 135 and 145°C. Figure 10 
shows the variation of viscosity with temperature at 
different fibre loading at two shear rates. It is clear that 
viscosity decreases with increase of temperature for the 
filled and unfilled systems. At higher temperature, the 
molecular motion is accelerated due to the availability of 
greater free volume and also due to decreasing entangle- 
ment density and weaker intermolecular interactions. 
The decrease in viscosity is more predominant at low 
shear rate than at high shear rate. This may be due to the 
high residence time of the melt in the barrel of the 
capillary rheometer at low shear rate. 

To further understand the influence of  temperature on 
the viscosity of  composites, Arrhenius plots at constant 
shear rate were made (Figure 11). In this figure the 
logarithm of  viscosity is plotted against reciprocal 
temperature. Linear plots were obtained. The activation 
energy of a material provides valuable information on 
the sensitivity of  material toward the changes in tem- 
peratures. The higher the activation energy the more 
temperature sensitive the material will be. The activation 
energies of  the system at different fibre loading are given 

Figure 9 Scanning electron micrographs of tensile fracture surfaces of  
BPO treated P A L F - L D P E  composite: polyethylene is grafted on the 
fibre surface 

in Table 1. The flow of composite is dependent on the 
quantity of fibre present in the system as well as on 
temperature and shear rate, i.e. the presence of fibre 
restricts molecular motion. 

In the case of  composites containing treated fibre a 
different trend is observed (Tables 2 and 3). There is an 
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Figure 10 Variation of melt viscosity (~7) with temperature at different 
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Table 1 Activation energy of  P A L F - L D P E  composites at different 
fibre loading 

System Activation energy (cal) 

LDPE 792 
LDPE + 10wt% fibre 397 
LDPE + 20 wt% fibre 298 
LDPE + 30wt% fibre 546 
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Table 2 Viscosity o f  un t rea ted  and  t reated compos i tes  at  var ious  t empera tu res  

Viscosity (Pa s) 

U n t r ea t ed  I socyana te  Silane 
Shear  rate 
(s I) 125oc 135oC 125oc 135oc 125oc 135oc 

22.2 3.5 × 104 2.53 × 104 3.69 × 104 4.44 × 104 3.40 × 104 2.59 × 104 

84 9.71 × 103 8.82 x 103 1.59 x 104 1.48 x 104 1.09 × 104 9.08 x 103 

222 4.85 x 103 4.30 × 103 8.60 x 103 6.32 x 103 5.26 × 103 4.33 × 103 

840 2.18 x 103 2.14 × 103 3.00 × 103 2.95 × 103 2.77 × 103 2.59 × 103 

2222 1.13 x 103 1.10 x 103 1.57 × 103 1.17 x 103 1.30 x 103 1.12 × 103 

8400 5.22 × 102 5.00 x 102 7.00 x 102 5.59 x 102 5.70 x 102 5.45 x 102 

Table 3 Viscosity o f  peroxide treated composites  at various temperatures  

Viscosity (Pa s) 

BPO D C P  

Table 4 Cross l ink  densi ty  values o f  compos i tes  at  two different 
t empera tu res  

Cross l ink  densi ty  

Shear  rate Compos i t e  125°C 135°C 
(s - I )  125°C 135°C 125°C 135°C 

P M P P I C  t reated 1.08 x 10 4 1.40 × 10 4 
22.2 3.60 x 104 3.76 x 104 3.2 x 104 3.35 x 104 BPO treated 1.00 x 10 4 1.35 x 10 -4 
84 1.38 x 104 1.68 x 104 1.06 x 104 1.17 x 104 D C P  treated 9.40 x 10 -5 1.20 x 10 -4 

222 5.69 x 103 6.19 x 103 5.47 x 103 6.39 x 103 
840 2.38 x 103 2.65 x 103 2.63 x 103 2.62 x 103 

2222 1.38 × 103 1.16 x 103 1.27 x 103 1.12 × 103 
8400 7.49 × 102 5.80 x 102 6.30 x 102 5.26 × 102 crosslink density of  peroxide treated composite is higher 

at 135°C. Therefore it can be concluded that the increase 
in viscosity of the composite with temperature is due to 
the increased crosslink density of  the system. increase of  viscosity of  composites when the temperature 

is increased from 125 to 135°C. This behaviour is 
exhibited by isocyanate treated and peroxide treated 
fibre composites at low shear rates. But at high shear 
rates this difference is less because the residence time of 
melt in the barrel is less. 

At higher temperature, crosslinking is expected to take 
place during extrusion. In order to analyse the extent of  
crosslinking, the crosslink density of  the composites was 
determined by equilibrium swelling method using the 
equation 25. 

-pc v(~)~/3 
Mc = ln(1 - ~b) + ~b + X~ 2 (13) 

where Pc = density of  composite, V = molar volume of  
solvent and ~ = volume fraction of polymer in the 
solvent swollen sample which is given by 

d -  ( fw)pc  1 
= (14) 

ch [ d -  ( fw)]pc I + AoPs 1 

where w = weight of sample, d = weight after drying the 
sample, f = fraction of  insoluble component and A 0 = 
weight of solvent. The interaction parameter X is given 
by 

X =/3 + (Vs/RT)(ps  - pc) 2 (15) 

where /3 = lattice constant (0.34), Vs = molar volume 
of  solvent, R = gas constant, T = temperature, Ps = 
solubility parameter of solvent and Pc = solubility 
parameter of  the composite. As the effective bonding 
between the matrix and fibre increases the restriction to 
swelling increases. The degree of  crosslinks (7) has been 
determined from Mc values as 1/2Mc. The differences in 
crosslink density values of  composites at two different 
temperatures are shown in Table 4. It is clear that the 

Shear stress-temperature superposition master curve 
The application of  shear rate- temperature super- 

position in predicting melt viscosities was reported by 
Anand 26. The values of  superposition shift factors were 
obtained by choosing a shear stress value at the reference 
temperature of  135°C and shifting the corresponding 
points on the flow curves for other temperatures to 
coincide with these shear stresses. The values of  a T were 
calculated from the following equation: 

T(ref) 
aT -- (16) 

7-(T) (constantS) 

The master curve is constructed by plotting the product 
7-a-a-r versus "~ (Figure 12). It is clear that the curves at 
different temperatures shift to a single reference tempera- 
ture curve. The superposition of  the data was achieved 
over the whole range of temperature and shear rate. The 
average shift values for a reference temperature of  135°C 
are shown in Figure 13 as log aa- versus lIT. 

Comparison with theoretical prediction 
For  non-spherical particles Guth 27 proposed an 

equation to predict the viscosity of  oriented composites: 

/]c = ~un(1 + 0.6fc + 1.62f2c 2) (17) 

where f = ratio of longest to shortest diameter of  fibre, 
c = volume fraction of  fibre,/]un = viscosity of unfilled 
system and qc = viscosity of  composite. 

The theoretical and experimental viscosities of PALF 
filled polyethylene composites are shown in Figure 14. It 
is clear that experimental viscosity is higher than theo- 
retical viscosity. This is associated with the misalignment 
of  fibres as well as the fibre orientation distribution as 
explained earlier. 
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Figure 12 Shear stress v e r s u s  temperature superposition master curves 
at different fibre loading 
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Fibre breakage analysis 
The fibre length distribution of composites before and 

after extrusion through the capillary at three different 
shear rates is given in Figure 15. Owing to the high shear 
stresses during extrusion there is a possibility of  fibre 
breakage. From the figure it is clear that about  70% of 
fibres retain the original length (6mm) after extrusion 
through the injection moulding machine (nozzle diam- 
eter 4 mm). During extrusion at high shear rates, the fibre 
undergoes breakage. About  40% of fibres are of  3 mm 
length at a shear rate of  1640 s -] .  However, at all shear 
rates the most probable length is 6 mm. It  is interesting to 
note that this value decreases linearly with increase of  
shear rate (Figure 16). This is associated with the break- 
age of fibres at high shear rates. The fibre length 
distribution can also be represented in the same way as 

Q-_ 20 I % 

x 

O 
O rj~ 
> 2 

uJ 

~ l  - - - THEORETICAL, - -  EXPERIMENTAL 

C~LDPE ~ 1 0 %  4=-20% O 3 0 %  

0.2  
10 100 1,000 10,000 

SHEAR RATE, S -1 

Figure 14 Comparison of theoretical and experimental viscosity at 
different fibre loading 

80 

0 I 
1 

6o 

Z 
0 

=< 4o 
LI.. 

LLI 
O0 

Z 
20 

Figure 15 

-g BEFORE EXTRUSION ~ 16.4 s~'-=-164 s t O  1640 s "= 

i i 

; i I 

2 3 4 5 6 

FIBRE LENGTH, mm 
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molecular weight distribution. The number and weight 
averages are represented as: 

Ln _ ~ UiLi (18) 
E Ni 

Lw -- ~ NiLi2 (19) 
NiLi 

where Ln = number average fibre length, Lw = weight 
average fibre length and Ni = number of  fibres having 
length Li. The ratio, Lw/Ln, the polydispersity index is 
taken as a measure of  fibre length distribution. The fibre 
length distribution becomes broader as the value Lw/Ln 
increases. The values of  Ln, Lw and Lw/Ln based on 150 
fibres extracted from the composites before and after 
extrusion are given in Table 5. The polydispersity index 
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remains  the same before  and  af ter  ex t rus ion  at  all shear  
ra te  values.  

Extrudate morphology 
Figures 17a-c show the cross-sec t ion  o f  ex t ruda te  

con ta in ing  20% fibre at  shear  rates  o f  16.4 and  164 and 
1640 s - l  respectively.  The  fibres which are concen t r a t ed  
at  the pe r iphe ry  at  low shear  ra te  (Figure 17a) are  
d ispersed un i fo rmly  at  m e d i u m  shear  ra te  (Figure 17b). 
However ,  at  h igh shear  rate  fibres are a l igned a long  the 
d i rec t ion  o f  flow and  concen t r a t ed  at  the core region 
(Figure 17c). Figures 18a and  b show the surface mor-  
p h o l o g y  o f  the ex t ruda tes  at  different  shear  rates. I t  
is clear  f rom these figures tha t  surface d i scon t inu i ty  
increases with shear  rates.  M o s t  o f  the ex t ruda tes  have 
smoo th  surfaces and are  o f  un i fo rm d iamete r  at  low 
shear  rates. But a t  high shear  rates the ex t ruda tes  exhibi t  
surface i r regular i ty .  

Flow behaviour index 
The effects o f  fibre load ing  and  t empera tu re  on the 

flow behav iou r  index (n ~) are  shown in Table 6. F o r  all 
the systems,  n' values are less than  unity,  charac ter i s t ic  o f  
the pseudop las t i c  na tu re  o f  the composi tes .  The degree 
o f  pseudop las t i c i ty  o f  the compos i t e s  increases with 
fibre load ing  and  with t empera tu re .  The high pseudo-  
plas t ic i ty  arises due  to the o r i en ta t ion  o f  fibres. The  
flow behav iou r  index o f  t rea ted  fibre compos i t e s  at  20% 
fibre load ing  is given in Table 7. The pseudop las t i c i ty  o f  

Table 6 Flow behaviour index (n ~) of composite at different fibre 
loading 

System 125°C 135°C 145°C 

LDPE 0.417 0.403 0.414 
PE + 10% fibre 0.355 0.346 0.341 
PE + 20% fibre 0.314 0.300 0.299 
PE + 30% fibre 0.294 0.290 0.289 

7 0  

6 5  

60 

5 5  

..¢ 
I-- 
O 
z 

II1 
m 
O ev 
o. 
I-- 
¢/1 
O 

I -  5 0  
z 
ILl 
0 
n- 
I11 
O.. 4 5  

40  ] I ] I 
0 400 800 1,200 1,600 

SHEAR RATE, s "1 

Figure 16 Plot of most probable length versus shear rate (,~) 

Table 5 Fibre length distribution index 

Fibre Ln /~w Lw/£, 

Before extrusion 5.53 5.68 1.027 
After extrusion 
at shear rate of 

16.4s I 4.33 5.51 1.034 
164s i 5.33 5.56 1.04 
1640s -1 4.73 5.14 1.086 

e 

Figure  1 7  S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  o f  c r o s s - s e c t i o n  o f e x t r u d a t e  

at different shear rates: (a) 16.4s -1 (fibres are concentrated at the 
periphery); (b) 164s 1 (fibres are uniformly dispersed); (c) 1640s 1 
(fibres are concentrated at the core region) 
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Figure 18 Scanning electron micrographs of the surface morphology 
of extrudate at different shear rates: (a) 16.4 s-I; (b) 1640 s -1 

Table 7 Flow behaviour index (n ~) of treated fibre composites: fibre 
loading 20 wt% 

r/t 

Treatment 125°C 135°C 145~'C 

Untreated 0.314 0.300 0.299 
PMPPIC 0.287 0.258 0.226 
Silane 0.312 0.355 0.363 
BPO 0.281 0.288 0.299 
DCP 0.288 0.290 0.284 

treated composites is higher than that of untreated com- 
posites except in the case of  silane treated composite. 

Correlation between m e # f l o w  index and capillary 
rheometer data 

Although MFI  may be a good indicator for studying 
the effect of  processing history of the polymer, it cannot 
correlate directly with processing behaviour since the 
values of temperature and shear rate employed in the 
MFI  test differ substantially from those encountered in 
the actual process. Shenoy et al. 28"29 developed a method 
to estimate the rheograms from a knowledge of MFI  for 
polyolefins, styrenics and cellulosics. Bhagawan et al. 3° 
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Figure 19 
at 145°C 
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Viscosity master curves for different PALF LDPE systems 

Table 8 MFI values of PALF-LDPE composites (g/10min) at 145~C 

System M FI 

LDPE 180 
10% fibre 43.71 
20% fibre 12.27 
30% fibre 4.542 

combined the MFI  data and capillary rheometer data to 
provide master curves for silica and black filled thermo- 
plastic 1,2-polybutadiene rubber. 

Figure 19 shows the master curve of composite 
obtained by correlating MFI  (Table 8) and capillary 
rheometer data at different fibre loading. Using a plot of 
r I × M F I / p  versus ~ x p / M F I  (p = density of compo- 
site), it is shown that the four curves were unified as a 
single curve. The advantage of  such a master curve is that 
simple evaluation of MFI  would be adequate to generate 
viscosity versus shear rate curves without the use of 
sophisticated theological instruments. 

C O N C L U S I O N  

Melt theological properties of short pineapple fibre 
reinforced low density polyethylene composites have 
been studied as a function of fibre loading, fibre length, 
shear rate and temperature. In general the viscosity of the 
system increased with fibre loading due to an increased 
hindrance to the flow. The influence of chemical treat- 
ments on the melt flow properties was studied. It is found 
that addition of bonding agents increases the viscosity of 
composite due to the increased fibre-matrix interaction. 
The melt flow studies were carried out in the temperature 
range of 125 to 145°C and activation energy of the 
system was calculated using the Arrhenius equation. It 
was found that viscosity of the melt decreases with 
increase of temperature. This is associated with the 
molecular motion due to the availability of greater free 
volume and weaker intermolecular interactions. How- 
ever, the treated composites showed an opposite trend 
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due to the crosslinking of composite at higher tempera- 
ture. The extent of crosslinking was analysed by deter- 
mining the crosslink density of the composites by the 
equilibrium swelling method. Using an arbitrary refer- 
ence temperature a superposition method was found to 
be applicable over the entire region of shear stress 
temperatures. Flow curves at various temperatures were 
found to be superimposable by the application of this 
method. A comparison is made between theoretical and 
experimental viscosity values and it is found that experi- 
mental viscosity is slightly higher than theoretical vis- 
cosity because of the misalignment of fibres. Fibre 
breakage analysis was carried out to study the fibre 
distribution. It was found that the percentage of most 
probable length decreases linearly with increasing shear 
rate. Cross-sectional and surface morphology of the 
extrudates were analysed by optical and scanning elec- 
tron microscopies. It was observed that the fibres which 
were concentrated at the periphery at low shear rate were 
well dispersed at medium shear rate and migrated to the 
core region at very high shear rate. MFI of the compo- 
sites was measured and master curves were generated 
using modified viscosity and shear rate function with 
MFI as one of the parameters. 
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