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Synopsis 

This article presents study of melt rheological properties of composites of polypropylene ( z-PP) 
filled with wood flour (WF), at filler concentrations of 3-20 wt%. Results illustrate the effects of 
(i) filler concentration and (ii) shear stress or shear rates on melt viscosity and melt elasticity 
properties of the composites. Incorporation of WF into z-PP results in an increase of its melt 
viscosity and a decrease of melt elasticity such as die swell and first normal stress differences; 
these properties, however, depend on filler concentration. Processing temperature of the filled 
i-PP increases as compared to the nonfilled polymer. 

INTRODUCTION 

Isotactic polypropylene (i-PP) is a very useful commercial polymer contain- 
ing little or no unsaturation. Its outstanding properties include: lowest den- 
sity among commercial thermoplastics, exceptional flex life, good surface 
hardness and scratch resistance, very good abrasion resistance, high chemical 
resistance, excellent stress-crack resistance, steam sterilizability, and excellent 
electrical properties.' The scope of application of i-PP has been widened by 
making blends with other polymers such as ethylene propylene r ~ b b e r , ~ . ~  
styrene butadiene rubber,4 acrylonitrile butadiene styrene terp~lymer,~ and 
triblock copolymer styrene-ethylene butylene-styrene,6 etc. Use of various 
reinforcing agents such as glass fibers and asbestos with i-PP is also well 
established to suit a wide range of end uses?-' 

Use of fillers in i-PP for improvement of properties as well as reduction in 
cost is illustrated in the Some of the commonly used fillers for 
i-PP are talc, kaolin, calcium carbonate, carbon black, etc. 

Wood flour is an inexpensive filler which reduces the cost of the polymer 
compound without significant loss in other strength properties. Its use in 
thermoset and in thermoplastic compo~itions'~-'~ is well known. Decreased 
shrinkage after molding, increase in modulus of elasticity, and creep resistance 
with increasing wood flour content was reported by Ishihara et al.17 in the 
study of i-PP/wood flour composites. Good mechanical properties were ob- 
tained by treating the surface of wood flour with a sizing agent." Use of wood 
flour filler in various other thermoplastic compositions such as polyethylene,'' 
polystyrene,20 poly(viny1 chloride),21 and nylon 6622 are also reported. 

In the present paper we report the study on the melt rheological properties 
of i-PP/wood flour composites. A piston type capillary rheometer was used to 
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obtain shear stress-shear rate data, melt viscosity, and melt elasticity param- 
eters a t  various filler loadings and at  various temperatures. 

EXPERIMENTAL 

Materials. i-PP used was Koylene M3030 (M.F.I. 3 and density 0.89 
g cmP3) supplied by Indian Petrochemicals Corporation Ltd., India. Wood 
flour (WF) from Deodar wood (Botanical name Cedrus Deodya, also known 
as Indian Cedar) was sieved, and the particles of size 200-300 pm (density 
1.326 g cmP3) were used for the study. 

Compounding. Wood flour was dried at  373 K for 2 h followed by vacuum 
drying a t  333 K for 1 h to expel moisture. The dried wood flour and i-PP 
granules were fed to a plasticating Betol extruder, Model BM-1820, England, 
to prepare composites containing 3, 10, and 20 wt% WF. The strands coming 
out of the die were granulated. These granules were used in the rheometer. 

Measurements. Melt flow properties of the i-PP/wood flour composites 
were measured on an Instron Capillary Rheometer, Model M.C.R. 1112, using 
a capillary die of L/R = 67.20 and applied wall shear stress range 40-250 kPa 
at temperatures of 483, 503, and 523 K. 

RESULTS AND DISCUSSION 

Shear Stress-Shear Rate Curves. Shear stress a t  the wall rw of the 
capillary viscometer was calculated using the following formula23: 

where F = weight force (kg), A,, = area of the plunger, and L and D are the 
length and diameter of the capillary. 

The apparent shear rate y, was calculated using the following equation23: 

where V .  = crosshead speed and d,, = diameter of the plunger. From the 
apparent shear rate values the shear rate a t  the wall y, of the capillary was 
calculated after applying Rabinowitsch c ~ r r e c t i o n ~ ~ , ~ ~ :  

where n’ = flow behavior index obtained as the slope of the linear plot of 
log T, vs. log y, (curves not shown). 

The melt viscosity 1 was evaluated as 

The dependence of logyw vs. logy,‘ for the i-PP/WF composites were 
linear in the range of shear rates studied. This indicates that power law 
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SHEAR RATE &P 1 S d )  

Shear stress ( T ~ )  vs. shear rate ( y , )  curves at 483 K: (8)  i-PP; (A) i-PP/WF 3%; Fig. 1 .  
(0) i-PP/WF 108; (v) i-PP/WF 20%. 

behavior is followed by i-PP/WF composite melts. Figure 1 shows representa- 
tive plots of shear stress-shear rate data a t  a given temperature 483 K. 

The values of power law flow indices n of the power law relation26 

obtained from the slopes of the plots of log rw against y, are shown in Table I. 
The n values were less than unity, indicating a pseudoplastic nature of the 
melt composites. The value of n decreases slightly with increase in filler 
content a t  all temperatures of measurement whereas for a particular filler 
content the value of n increases with increase in temperature. Thus the degree 
of pseudoplasticity of the composite melt increases with increase in filler 
content and decreases with an increase in temperature. 

Melt Viscosity. Viscosity-shear rate plots of i-PP/WF composites are 
shown in Figures 2 and 3. Melt viscosities of these low modulus and porous 

TABLE I 
Values of Power Law Exponent (n) and Activation Energy for Viscous Flow ( A E )  

for PP/WF Composites 

n 

AE 
Sample At 483 K At 503 K At 523 K (kcal/mol) 

PP 0.39 0.44 0.48 5.02 
PP/WF (3%) 0.37 0.41 0.46 5.76 
PP/WF (10%) 0.34 0.39 0.41 6.55 
PP/WF (208) 0.33 0.38 0.38 6.38 
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Fig. 3. Variation of melt viscosity ( 7 )  with shear rate (y,) at 523 K for: ( @ )  i-PP; 

(A) Z-PP/wF 3%; (0) Z-PP/wF 10%; (V) C-PP/wF 20%. 

WF-filled i-PP composites were lower by about 1 order than the values with 
hard and smooth filler-containing J-PP composites studied by other 
 author^.^^*^^ It may be noted from Figures 2 and 3 that the viscosity decreases 
with increasing shear rate and at any given shear rate the viscosity increases 
with increase in filler content. However, the q-yw plots tend to converge at 
very higher shear rate values and above yw = lo4 s-l the presence of WF has 
little effect on shear viscosity. This tendency of q vs. yw plots is exhibited at 
all temperatures of study. 

Figure 4 presents melt viscosity-shear stress plots of J-PP/WF composites 
a t  the three temperatures of measurements. A t  any given temperature the 
melt viscosity shows a linear decrease with increasing shear stress. Slopes of 
these curves are in good agreement with the power law relation26 for the 
pseudoplastic fluids obeying eq. (5), 

and the values n were quite consistent with those shown in Table I. 
Filled polymer melts are r e p ~ r t e d ~ - ~ ~  to exhibit yield stress due to the 

formation of interparticle network which becomes quite strong at  high filler 
loadings. Yield stress is most pronounced at low shear rates, e.g., to 10' 
s-l, and with very fine particle fillers. The finer the filler, the larger the 
ability of network formation and the stronger the network exhibiting higher 
yield values. All systemsm exhibiting yield stress have filler diameters below 
0.5 pm. In the present work we have not observed any yield value due 
probably to relatively higher shear rates of study (viz. 400-7500 s- ' )  and 
much larger size of the WF particles (200-300 pm). The absence of yield 
values was also reported with large particles of glass spheres34 and glass as 
well as cellulose  fiber^.^^.^^ 
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Fig. 5. Melt viscosity data of c-PP/WF composites at 483 K (a), 503 K (A), and 523 K (0) as 
a function of h. 

Figure 5 presents the variation of melt viscosity of the composites with filler 
weight percent (&.) at 483 K, 503 and 523 K and a t  a fixed shear stress 100 
kPa. Melt viscosity increases by 100-140% compared with nonfilled i-PP as 
WF concentration is increased from 0-208, depending on the temperature. 
SEM photomicrographs of WF particles and impact-broken surfaces of 
i-PP/WF composites are shown in Figures 6(a-d). It may be noted that WF 
particles are porous and are of very irregular shape. Incorporation of WF 
introduces discontinuity in the i-PP matrix and the extent of discontinuity 
increases with increase in WF content in the composites. It can thus be argued 
that melt viscosity of i-PP increases due to increased obstruction produced to 
flow by these irregular-shaped WF particles. 

Effect of Temperature 

The viscosity decreases in a polymer melt with increase in temperature 
since molecular motion is facilitated at higher temperatures due to availabil- 
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Fig. 7. Arrhenius plots of the melt viscosity data log 9 vs. 1/T for i-PP/WF composites at a 

constant shear stress 100 kPa: (a )  i-PP (A) i-PP/WF 3%; (0)  i-PP/WF 10%; (v) i-PP/WF 20%. 

ity of greater free volume. Filled polymer melt viscosity would thus be less 
temperature-sensitive than the unfilled melt viscosity because only the 
polymer fraction in the composite contributes towards free volume change. 
Dependence of melt viscosity on temperature is shown in Figure 7 as the 
semilogarithmic Arrhenius plots TJ vs. 1/T at a fixed shear stress 100 kPa. In 
the Arrhenius expression -q is related to absolute temperature (T) by the 
following equation37: 

TJ = A exp( A E/RT ) (7 )  

where A is a constant characteristic of the polymer, AE is the activation 
energy for viscous flow, and R is the universal gas constant. From the slopes 
of these plots A E values were estimated and are presented in Table I. It may 
be noted that A E of the composite melt increases inappreciably with increase 
in the WF concentration, indicating that melt viscosity of the composites is 
less temperature-sensitive than that of the nonfilled polymer. Such an obser- 
vation is in good agreement with other published r e ~ u l t s . ~ ~ . ~ * ~ ’  

Melt Elasticity 

The melt elasticity parameters such as die swell ratio, first normal stress 
difference, recoverable shear strain, and the apparent shear modulus of 
i-PP/WF composites were evaluated at a temperature of 483 K. The die swell 
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Fig. 8. Variation of die swell ratio ( D i / D )  with WF content at constant shear stress (kPa): 
(0) 92; (A) 105; (0)  140; (V) 190. 

ratio is given by DJD, where Di and D are the diameters of the extrudate and 
the die, respectively. The first normal stress difference ( T ~ ~  - T ~ ~ )  was deter- 
mined using Tanner's equation4': 

Recoverable shear strain ( yR) and apparent shear modulus (G) were estimated 
from the following expressions used also by other a u t h ~ r s ~ ~ , ~ ~ :  

First normal stress difference values for i-PP/WF composites were about 1-2 
orders higher than the values reported by Han and ~o-workers~ ' ,~~  for hard 
inorganic and smooth filler containing i-PP composites. Variation of die swell 
ratio and first normal stress difference are presented in Figures 8 and 9, 
respectively, as function of +F at various fixed shear stress values and at 483 
K. These melt elasticity parameters were found to decrease with increase in 
WF content. At any given shear stress the decrease in elasticity with increase 
in WF content was marginal in the regions beyond +F = 3. The total drop in 
die swell ratio and in first normal stress difference were 8-15% and 5-25%, 
respectively, based on the value of nonfilled z-PP, depending on the shear 
stress. It has been shown in the previous section (Fig. 6) that the presence of 
WF creates discontinuity in the polymer matrix. Melt elasticity decrease in 
these composites may be attributed to this phenomena, which in consequence 
would cause discontinuity in stress transfer for elastic recovery or deforma- 
tion. Furthermore, WF particles are soft and porous and may undergo distor- 
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Fig. 9. Plots of first normal stress difference ( T ~ ~  - T ~ ~ )  vs. WF content (h = wt%) at 
constant shear stress (kPa); ( @ )  92; (A) 105; (0 )  140; (v) 190. 
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Fig. 10. Recoverable shear strain (yR) vs. shear rate (y,) plots at constant WF concentration: 
(a) 0; (A) 31%; (0)  10%; (V) 20%. 
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Fig. 11. Variation of apparent shear modulus (G)  with shear rate (y,) at  constant WF 
concentration: (e) 0; (A) 3%; (0)  10%; (v) 20%. 

tion, absorbing in the process some energy from the elastic deformation or 
recovery stresses. This observation of melt elasticity decrease in filled polymer 
composites is in good agreement with other published Decrease 
in these melt elasticity parameters of i-PP in the presence of WF filler aids in 
processing safety by increasing the critical shear stress for melt fracture. This 
will give smooth surface of the extrudates of the composites. Recoverable 
shear strain yR increases, and apparent shear modulus G decreases with 
increasing shear rate at a fixed temperature of 483 K (Figs. 10 and 11). At any 
fixed shear rate yR decreases and G increases with increasing WF concentra- 
tion. 

CONCLUSIONS 

i-PP/WF composites obeyed the power law relationship between shear 
stress and shear rate over the entire studied range of shear rates (viz. from 400 
to 7500 s - ' )  and at all WF concentrations, with the power law exponent 
varying from 0.3 to 0.5. This suggests a pseudoplastic nature of the melt of 
these composites. At any given temperature the value of the power law index 
decreases with increasing WF content. Melt viscosity decreases with increas- 
ing shear rate and increases with increasing WF concentration at  any given 
temperature. Melt elasticity parameters such as die swell ratio, first normal 
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stress difference, and shear modulus decrease while recoverable shear strain 
increases with increasing WF content in the composites. 
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