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Composite materials were prepared from waste woodflour and polypropylene (PP). In order to enhance 
the chemical affinity between hydrophilic woodflour and hydrophobic polymer. the surface of the filler 
was modified by coating with a mixture of PP and a polymeric isocyanate. while PP was mixed with 
two types of maleated PP, before being mixed the woodflour with polymer. The effects of coupling 
agents (i.e., individually or their mixtures) on the mechanical properties and void content of the 
composites have been evaluated. In the presence of coupling agents the composites showed superior 
mechanical properties compared to those of non-treated composites and to those of unmodified polymer. 
The extent of improvement in mechanical properties depends on the nature, addition levels, and 
compositions of coupling agents. As far as mechanical properties of the composites were concerned, 
the mixtures of coupling agents showed better performance compared to those of coupling agents used 
individually. 

KEY WORDS Modified PP, isocyanate, surface modification, coupling agent, adhesion, 
coupling reaction, mechanical properties, void content. 

INTRODUCTION 

In the last few years, there has been a growing interest in the use of cellulosic 
materials in plastic composites, because of their low cost, their versatility, their 
low density relative to inorganic reinforcements, and because they are a renewable 
resource. ' However, incompatibility of polar cellulosics and nonpolar plastics leads 
to poor adhesion which results in composite materials with poor mechanical prop- 
erties. One promising method of enhancing adhesion in such composite systems is 
through the use of coupling agents, which generally improve the bopding between 
fillers and matrix.2 A wide variety of coupling agents, e.g. isocyanates, organic 
acids and anhydrides, and silanes, have been used in cellulose fiber-filled ther- 
moplastic composites. 3.4 

Generally, voids, or bubbles, are formed in short-fiber-filled thermoplastic com- 
posites because of entrapment of air, or the release of moisture and volatiles in 
the compounding and molding steps. Void can also be the result of the uneven 
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78 D. MALDAS AND B. V. KOKTA 

shrinkage during cooling of fillers and matrix having wide differences in their 
thermal conductivities, and expansion coefficients. The presence of even a small 
amount of voids is detrimental to  the mechanical properties of polymer compos- 
ites.s.h 

In the present study, the effects of three different coupling agents (i.e. one 
polymeric isocyanate and two types of maleated polypropylene), and void content, 
on the mechanical properties of the woodflour-filled polypropylene composites 
have been evaluated. 

EXPERIMENTAL 

Woodflour of hard wood aspen having mesh size 60 was used as filler and poly- 
propylene (Profax 8301, supplied by Himont, Canada) [PP] was used as matrix. 
Poly(methylene(polyphenyl isocyanate)) [PMPPIC] (Polysciences Inc.), and two 
grades of maleated PP: Epolene E-43 (Eastman) and Polybond PB-3001 (BP Chem- 
icals) were used as coupling agents. The woodflour was surface modified with the 
mixtures of PP (lO%/weight of woodflour) and PMPPIC (1.77%/weight of com- 
posite) in a heated roll mill (180°C) for 10 min. The coated woodflour was allowed 
to cool to room temperature and was then ground to mesh size of 20. The mixtures 
of non-coated and coated woodflour and/or PP were melt blended with E-43 and/ 
or PB-3001, at 180°C in the roll mill. In each batch, the concentration of coupling 
agents was varied, while the concentration of woodflour remained constant (i.e., 
15 vol.%). After mixing, the batches were removed from the roll mill and remixed 
5-10 times (for about 6-8 min.) to improve dispersion. Finally, the batches were 
removed and were allowed to  cool to  room temperature by cold pressing, and were 
then broken into small pieces for compression molding. Dumbbell-shaped test 
specimens (ASTM D638, Type V) were prepared in a Carver Laboratory Press. 
The molding cycle was: 5 min. preheating, 10 min. molding at 180°C under 2.2 
MPa pressure, and 10 min. water cooling under pressure. 

The mechanical properties [e.g. tensile strength, elongation at break, toughness 
(fracture energy + volume) and Young’s modulus) of all the samples were mea- 
sured with an Instron Tester (Model 4201) following ASTM D-638. The strain rate 
was 1 mm/min. The statistical average of the measurements on at least 5 specimens 
was taken to obtain a reliable average and standard deviation. 

The void content in the composites was estimated by comparing the theoretical 
density with its actual density’: 

where I! , ,  = volume fraction of void; d,  = theoretical density, calculated from 
following Equation (2); d = actual density, measured experimentally on composite 
specimens. 

Theoretical density: 

d,. = l/[(w//d/) + (1 - ~ / ) / d , ]  
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FILLED POLYPROPYLENE COMPOSITES 79 

where w, = woodflour weight fraction; (1 - w,) = PP weight fraction; d, = 
woodflour density; d,,, = PP density (i.e. 0.934 g/cc). However, the densities of 
the coated woodflour for different coating compositions were calculated by taking 
the densities of non-coated woodflour = 1.45 g/cc, PMPPIC = 1.22 g/cc; E-43 = 
0.934 g/cc; and PB-3001 = 0.91 g/cc. 

RESULTS 

Figure 1 shows the variation in tensile strength and elongation at break with the 
concentration of E-43 in unfilled PP and woodflour-filled PP composites. The effect 
of coating the woodflour with PMPPIC on the properties of the composites is also 
presented in the same figure. The influence of coupling agents on the tensile 
toughness and Young’s modulus for the same composites is presented in Figure 2. 
Figure 1 reveals that in the presence of only 2 wt.% E-43 tensile strength of unfilled 
PP increased compared to those without E-43. The tensile strength of E-43-treated 
woodflour-filled composites were superior to those of non-treated ones. The tensile 
strength reaches its maximum value even after addition of only 1 wt.% E-43, and 
then it remained almost constant. The tensile strength for non-treated composites 
improved slightly when PMPPIC-coated woodflour was used. Due to the addition 
of E-43 in the same composites, tensile strength diminished slightly at the initial 
level of E-43 (i.e. 1-2 wt.%) and then it increased and exceeded those with only 
E-43, showing a maxima at 3 wt.% E-43. However, the tensile strength of the 
composites with 1.77 PMPPIC and 3 wt.% E-43 was similar to that of unfilled PP 
with 2 wt.% E-43. The elongation of unfilled PP decreased, except at 2 wt.% E- 
43, with the addition of E-43. Moreover, there was not much difference in elon- 
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FIGURE I 
PMPPIC for woodflour-filled PP composites. 

Variation of tensile strength and elongation at break with the concentrations of E-43 and 
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FIGURE 2 Variation of tensile toughness and Young's modulus with the concentrations of E-43 
PMPPIC for woodflour-filled PP composites. 

30 

a 
€ 2 5  

5 A t 

s 
g 

15 

10 
iii 

5 

and 

I I I I 1 1 I t o  
0 2 4 6 8 

conantrationdpB3oo1 W%) 
FIGURE 3 Variation of tensile strength and elongation at break with the concentrations of PB-3001 
and PMPPIC for woodflour-filled PP composites. 

gation values between non-coated, E-43-treated, and mixture of E-43 + PMPPIC- 
coated woodflour-filled composites. 

Figure 2 shows that tensile toughness of unfilled PP increased up to 2 wt.% E- 
43, and then decreased. The toughness of woodflour-filled composites is, however, 
lower compared to that of unfilled PP. Tensile toughness for E-43-treated wood- 
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FIGURE 4 Variation of tensile toughness and Young’s modulus with the concentrations of PB-3001 
and PMPPIC for woodflour-filled PP composites. 
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FIGURE 5 
PB-3001 for unfilled PP. 

Variation of tensile strength and elongation at break with the concentrations of E-43 and 

flour-filled composites did not show any improvement over those of non-treated 
ones. The tensile toughness for E-43 + PMPPIC-coated woodflour-filled com- 
posites increased compared to those of non-treated or only PMPPIC-coated ones 
only when the concentration of E-43 was more than about 2.7 wt.%. The modulus 
of unfilled PP was inferior to that of composites. Moreover, compared to non- 
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PB-Wl for unfilled PP. 
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FIGURE 7 Variation of tensile strength with the concentrations of E-43, PB-3001 and PMPPIC for 
woodflour-filled PP composites. 

treated PP the modulus diminished slightly up to 3 wt.% of E-43. The modulus of 
only E-43-treated woodflour-filled composites was better than that of E-43 + 
PMPPIC-coated ones. The same property, except for 2 wt.% of E-43, did not 
improve in comparison to those of non-treated woodflour-filled composites. 

The effects of PB-3001 and PMPPIC on the mechanical properties of woodflour- 
filled PP composites are presented in Figures 3 and 4. It is evident from Figure 3 
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for woodflour-filled PP composites. 
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FIGURE 9 Variation of tensile toughness with the concentrations of E-43. PB-3001 and PMPPIC for 
woodflour-filled PP composites. 

that tensile strength for unfilled PP, except at 4 wt.% PB-3001, remained unaltered 
for the change in PB-3001 concentration. However, for the composites with wood- 
flour-treated with lower levels of PB-3001 (e.g. 1 wt.%), the tensile strength was 
superior even to  that of the unfilled PP, and remained almost constant at higher 
PB-3001 levels. In the presence of both PB-3001 and PMPPIC. tensile strength 
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FIGURE 10 Variation of Young's modulus with the concentrations of E-43, PB-3001 and PMPPIC 
for woodflour-filled PP composites. 

increased slowly with increasing PB-3001 concentration. The spectrum of elongation 
at break vs. concentration of PB-3001 (Figure 3) followed a more or less similar 
trend to that of elongation at break vs. concentration of E-43 (Figure 1). The tensile 
toughness (Figure 4) for unfilled PP was, however superior to that of woodflour- 
filled composites. Unlike E-43-treated woodflour-filled composites, the tensile 
toughness for PB-treated ones was superior to those of non-treated woodflour- 
filled and PB-3001 + PMPPIC-coated woodflour-filled composites. Moreover, 
about 1 wt.% PB-3001 was sufficient to reach the maximum value in tensile tough- 
ness. The modulus (Figure 4) of unfilled PP was inferior to those of woodflour- 
filled composites, and it did not change significantly with a change in concentration 
of PB-3001. At the initial level of PB-3001 concentration (e.g. 1 wt.%), the modulus 
for both PB-3001-treated and PB-3001 + PMPPIC-coated woodflour-filled com- 
posites decreased. However, with the further increase in concentration of PB-3001 
the modulus for PB-3001 -treated woodflour-filled composites remained more or 
less constant, while the same property for PB-3001 + PMPPIC-coated ones in- 
creased. 

Figures 5 and 6 show the variation in mechanical properties accompanied by the 
change in both E-43 and PB-3001 concentrations in unfilled PP. From these figures, 
it is obvious that most of the mechanical properties increased with the rise in the 
concentrations of either E-43 or PB-3001 in their mixtures only up to certain 
concentrations (e.g. 3% PB-3001 + 2% E-43 for both tensile strength and Young's 
modulus. and 1% PB-3001 + 2% E-43 for both elongation and tensile toughness). 
The effects of coating of woodflour with the mixtures of three coupling agents, 
e.g. PB-3001, E-43 and PMPPIC. simultaneously on the mechanical properties of 
thecomposites are presented in Figures 7- 10. Similar to unfilled PP, the mechanical 
properties of the composites increased with the rise in the concentrations of coupling 
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FILLED POLYPROPYLENE COMPOSITES 85 

TABLE I 

Effects of E-43 and PMPPIC on the density and void content of woodflour-filled 
polypropylene composites 

Concentration (wt X )  Density (g/cc) Void content 
of coupling agent in ( X )  

Theoretical Experimental 
Polymer Woodflour 

E-43 PMPPIC 0 15 0 15 0 15 
Volume X of fiber: 

0.903 0.985 0.824 0.941 8.75 4.44 
1.77 0.982 0.903 8.09 

1 0.903 0.986 0.831 0.913 8.00 7.32 
1 1.77 0.982 0.939 4.42 
2 0.904 0.986 0.837 0.937 7.38 4.98 
2 1.77 0.983 0.940 4.39 
3 0.904 .0.986 0.811 0.938 10.33 4.83 
3 1.77 0.983 0.920 6.43 

4 0.904 0.986 0.846 0.925 6.41 6.16 
4 1.77 0.983 0.934 4.95 

5 0.905 0.987 0.820 0.944 9.44 4.36 
5 1.77 0.984 0.937 4.77 
7 0.905 0.987 0.834 0.927 7.87 6.11 

agents in the initial phase, and decreased later after showing maxima for different 
compositions of coupling agents and for different mechanical properties. In general, 
a mixture of 1% PB-3001 + 1.77% PMPPIC + 1% E-43 offered the best tensile 
strength, elongation and tensile toughness, but mixture of 2% PB-3001 + 1.77% 
PMPPIC + 1% E-43 offered the best Young’s modulus. Once again, mixture of 
2% PB-3001 + 3% E-43 gave the best results for both tensile strength and modulus. 
However, both the tensile strength and the modulus of the treated woodflour-filled 
composites were superior to those of unfilled PP, while the reverse was true as far 
as elongation and tensile toughness were concerned. 

The effects of E-43 and PMPPIC on the density and void contents of unfilled 
PP and woodflour-filled PP composites are listed in Table I. Table I reveals that 
experimental density was always less than that of calculated ones. However, the 
void content did not follow any regular pattern with an increase in E-43 concen- 
trations or due to the addition of PMPPIC. In general, the void content of unfilled 
PP was higher than that of woodflour-filled composites. For unfilled PP the void 
content varied from 6.41% to 10.33%, while for woodflour-filled composites it 
varied from 4.36% to 8.09%. 
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DISCUSSION 

The general improvements in mechanical properties, except modulus, of treated- 
woodflour-filled composites (over those of composites containing non-treated 
woodflour) indicate that the compatibility between hydrophilic cellulosic fiber and 
modified PP has increased. The tensile strength of short fiber reinforced composites 
is strongly dependent on the degree of adhesion between fibers and matrix. How- 
ever, modulus is strongly affected by the orientation of the fiber and less by the 
polymer-fiber adhesion.8 It is also evident from the above-mentioned results that 
both tensile strength and modulus increased, while both elongation at break and 
tensile toughness declined for the treated woodflour-filled composites in compar- 
ison with those of original PP. Generally, as the tensile strength increases, a given 
product increases in stiffness; this usually occurs at the expense of elongation 
properties.Y As both E-43 and PB-3001 used maleic anhydride grafted PP, the 
anhydride groups of these modified PP (MPP) can link to the surface -OH groups 
of cellulose and its counterpart lignin through the formation of a block copolymer 
containing a succinic half ester bridge between cellulose and PP segments.Y."' How- 
ever, the chemical interactions of cellulose-MPP-PP and their interphase have 
already been characterized and established by FTIR, ESCA, SEM, TEM and X- 

The properties are further improved when PMPPIC is used. In fact, PMPPIC 
also behaves as a coupling agent. The functional group -N=O in the iso- 
cyanate reacts chemically with the - O H  group of the cellulose, as well as with 
the -COOH groups of MPP."'-'6.'7.'8 Incidentally, FarrisseyIY used FTIR to in- 
vestigate the surface of isocyanate-treated flakes. He was able to show the presence 
of polyurea bonds with a strong absorption band at 1650 cm-'. Also seen, but less 
obvious, was the presence of a urethane absorption band at 1725 cm-I. Both of 
these bands are associated with the relevant carbonyl group. A band at 1530 cm-I 
was also noted. This band is associated with an amide I1 group and is unique to 
the binder and not the wood substrate. Moreover, prior coating of the woodflour 
with PP and PMPPIC assists in the formation of a soft film of hydrophobic materials 
on the surface of the hydrophilic woodflour-I' In addition, strong fiber-fiber in- 
teraction due to intermolecular hydrogen bonding has also been diluted, which 
leads to better dispersion of the woodflour. 

The mechanical properties improve independently of the concentrations of cou- 
pling agents because with the increase in concentrations of coupling agents in the 
composites, the possibility of the formation of interfacial contact increases. In most 
cases, higher concentrations of coupling agents are detrimental. Once again, the 
extent of improvement varies with the change in the nature of coupling agents. 
When comparing the performance of MPP and PMPPIC, one observes that PMPPIC 
links the cellulose matrix through a chain of urethane bonds," whereas MPP forms 
ester linkages and hydrogen bonds. The former types of linkages are believed to  
be more stable than that of the latter types. Moreover, the polymeric nature of 
PMPPIC helps to link the cellulose phase and the polymeric phase (i.e. MPP) 
continuously at the interface, while the discrete nature of MPP alone makes it 
inferior in this respect. The mechanical properties of the composites also vary for 
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the two MPP. In fact, the coupling action of MPP depends on the extent of maleic 
anhydride grafted onto PP. However, the two MPP (i.e. E-43 and PB-3001) supplied 
by two different companies, contain different amounts of maleic anhydride (e.g. 
-4.1 and -6%, respectively). As a result, PB-3001 showed slightly better coupling 
action compared to that of E-43. 

Generally, the void content of unfilled PP is higher than that of woodflour-filled 
composites. This may happen as a result of uneven shrinkage of the unfilled PP 
due to temperature gradients involved in the solidification step by cooling, or 
because of restrained volume shrinkage of the core region of the polymer by the 
already solidified external skin." This fact may be more pronounced in unfilled PP 
compared to woodflour-filled PP composites. Once again, Table I reveals that 
generally, composites with coated woodflour, show higher void content compared 
to that with non-coated woodflour. This fact implies that due to the good adhesion 
of cellulosic filler and PP in the presence of coupling agents, even with higher 
amount of void content offer better mechanical properties. As void content does 
not follow any regular pattern with the increase in concentrations of coupling agents, 
it is difficult to make any conclusion on the effect of void content on the mechanical 
properties of the composites. However, in order to justify this point further sys- 
tematic study is required. 

CONCLUSION 

The tensile strength and modulus of MPP-treated woodflour-filled PP composites 
were generally better than those of unfilled PP. Except for modulus, the other 
mechanical properties of MPP-treated composites were improved compared to 
those of non-treated woodflour-filled composites. The properties improved along 
with the increase in the concentrations of the MPP until the optimal concentrations 
were reached. Properties also varied with the nature of MPP. Properties were 
further improved when PMPPIC was used in addition to MPP. Mixture of coupling 
agents showed some positive influence on the mechanical properties of the com- 
posites over those of the coupling agents used individually. Generally, the void 
content of unfilled PP was higher than that of woodflour-filled composites. 
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