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ABSTRACT

been investigated by using the properties of the pure composites through the

rule of hybrid mixtures (RoHM) equation. In this equation, a hybrid natural fibre
composite assumed as a system consisting of two separate single systems, namely
particle/polymer and short-fibre/polymer systems. However, there is no interaction
between particles and short fibres. Polypropylene was used as the polymer matrix
and 40-80 mesh kenaf fibre and 60-100 mesh wood flour were used as the fibre and
the particulate reinforcements, respectively. Hybrid composites were produced by
kenaf fibre/wood flour ratios of 40:0, 30:10, 20:20, 10:30, and 0:40. Maleic anhydride
and DCP have been also used as the coupling agent and initiator, respectively. Mixing
process carried out in an internal mixer at 180°C and 60 rpm. The rule of hybrid mix-
tures (RoHM) equation has been employed using the weight and volume fractions of
the reinforcements. The relationship between experimental and predicted values was
evaluated and the accuracy of the estimation of the model was controlled. The results
indicated that RoHM equation is able to predict the elastic modulus of the compos-
ites. The comparison between experimental and predicted values showed that they
are in good agreement.
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The prediction of the elastic modulus of short natural fibre hybrid composites has

INTRODUCTION

The growing interest in using natu-
ral fibres as a reinforcement of

some limitations in using natural
fibres in composites are the lower
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polymer-based compositesis main-
ly due to their advantages such as
lower cost and density, ease of
preparation, lower energy require-
ments for processing, biodegrad-
ability, and wide availability over
traditional reinforcing fibres such
as glass and carbon. However,

allowable processing temperatures,
incompatibility  between the
hydrophilic natural fibres and
hydrophobic polymers, high mois-
ture absorption of the fibres, and
the resulting swelling of the manu-
factured composite [1-3].
Thermoplastics, which are used



in such composites, consist of polyethylene (high and
low density), polypropylene, polyvinyl chloride and
polystyrene. On the other hand, kenaf, jute, sisal, cair,
flax, banana, wood flour, rice hulls, newsprint, pulp,
and cellulose fibres are the main natural fibres used as
reinforcement [4]. Among the various non-wood nat-
ural fibres, kenaf fibres provide high stiffness and
strength values. They aso have higher aspect ratios
making them suitableto be used asthefibrous phase[5].

Hybrid composites are materials made by combin-
ing two or more different types of fibresin acommon
matrix [6-9]. Hybridization of two types of short
fibres having different lengths and diameters offers
some advantages over the use of either of the fibres
alone in a single polymer matrix [10-12]. Hybrid
composites have long taken the attention of many
researchers as a way to enhance the mechanical prop-
erties of composites. However, hybrid composites
using natural fibres have been studied rarely and the
most published reports limited to the hybrid compos-
ite which are consists of one kind of natural fibre and
one kind of non-natural fibre. For example using of
natural fibre/glass fibre, talc, and carbon fibre has
been reported [13-17].

For interpreting the mechanical properties of com-
posite by several variable parameters additional meas-
urements are required when changes such as relative
volumes of the congtituents, constituent properties,
and fabrication process occur in the composite system
variables. Thus, experiments may be time consuming
and cost prohibitive [18]. Therefore, theoretical and
semi-empirical methods of determining composite
properties should use to predict the effects of alarge
number of system variables[19].

The mechanical properties of hybrid short fibre
composites can be evaluated using the rule of hybrid
mixtures (RoHM) equation, which is widely used to
predict the strength and modulus of hybrid composites
[20]. It is assumed that the RoHM works best for
modulus prediction than the strength values. Since,
strength values in such composites are not primarily
functions of the strengths of the components they are,
however dependent on fibre/matrix interaction and
interface quality. In tensile tests, any minor (micro-
scopic) imperfection on the specimen surfaces may
lead to stress build-up and fracture that could not be
predicted directly by using the RoHM equation.

Iranian Polymer Journal / Volume 16 Number 4 (2007)

272

Therefore, the present work only considers its appli-
cation for modulus values, as they are uniform and
obtain well below the maximum fracture |oad.

One of the most important factors determining the
properties of composites is the relative proportions of
the matrix and reinforcing materialsto each other. The
relative proportions can be expressed as the weight
fractions or the volume fractions. Natural fibres (such
as kenaf) are very bulky and the bulk densities as low
as 0.2 g/cm3 are even expected. The present process-
ing equipment normally uses a gravimetric feeding
system which has proved to be more efficient than the
volumetric ones in this case. Therefore, in the indus-
try, weight fractions are used instead of volume frac-
tion. For this reason, we have considered the possibil-
ity of using weight fraction in the well-established
RoHM to introduce a much simpler analysis.

Thisisthe first attempt to introduce a simple prac-
tical method to determine the modulus of the all-nat-
ural-fibre hybrid composites. Other publications have
mainly focused on hybrid composites of a natural
fibre with a synthetic one. Having the results con-
firmed, we can predict the improvements in modulus
values when longer fibres are added to the wood
flour/PP composite system.

The objective of our work was to predict the elas-
tic modulus of kenaf fibre/wood flour/polypropylene
hybrid composites by using the properties of the pure
composites by employing the RoHM equation.
Comparison of the predicted results was al so made by
using the weight and volume fractions of the fibres.

The Rule of Mixtures (RoM) Equation

Elastic Modulus

Most fibre-reinforced composites are anisotropic, i.e.,
these materials have at least 5 or 6 independent elas-
tic moduli. Thus, their properties are differet at vari-
ous directions. Often all the fibres are aligned in one
direction to give a uniaxial oriented material. Among
the five or six moduli, two are considered as the most
important moduli in most situations:

- Thelongitudina Young modulus of composite E
inwhich the load is applied parall€l to the direction of
the fibres

- The transverse Young modulus of composite E.;
inwhich theload is applied perpendicular to the direc-
tion of the fibres.
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In the longitudinal direction, a tensile force tends
to stretch the fibre and the matrix to the same extent.
Therefore, on the assumption that fibre, matrix, and
composite experience equal strains, the longitudinal
Young modulus in tension is given:

E, =E,V_+E,V, 1

where E,,, and E; are the modulus of matrix and fibres,
and V,,, and V; are the corresponding volume fractions
of the two phases, respectively. In the transverse
direction on the assumption that fibre, matrix, and
composite experience equal stresses, the Young' mod-
ulus in tension can be estimated as follows:

1/E, =V, /E, +V,/E, @)

Tsai and Pagano have developed a similar method of
calculating of the Young” modulus of composites con-
taining short fibres which are oriented randomly in the
composite [21].

E (random) = 3/8 E, + 5/8 Et (©))

where, E; and E; are the longitudinal and transverse
muduli, respectively.

Density
The density of the composite material can be easily
obtained using the egn (4).

pc = prf + pme (4)

where V; and V,,, are the volume fraction of fibre and
matrix, and P, P; and P, are the densities of compos-
ite, fibre, and matrix, respectively.

The Rule of Hybrid Mixtures (RoHM) Equation
By considering a hybrid composite as a system con-
sisting of two single composite systems and assuming
that there is no interaction between thetwo single sys-
tems, we can apply theiso-strain condition to the two
single systems, i.e.,

Ec= €1 T €2 (5)

whereeg, €., and €, are the strains of the hybrid com-
posite, the first system, and the second system,
respectively [19]. Force equilibrium requires that

Ecsc = Eclgclvcl + Ec2 €2 VCZ (6)
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Then, the modulus of the hybrid composite can be
evaluated from the RoHM equation by neglecting the
interaction between two systems as follows:

Ec=EuqVea t ExVe (7)

where E;, V4, and V, arethe elastic modulus of the
hybrid composite, the relative hybrid volume fraction
of the first and the second system, respectively. It
should be considered that the expressions listed bel ow
are valid for the assumed system

Vg +Vep=1 ©)
Ver = Vi Vi €)
Vo=V !V, (10)
Vi=Vi+Vp (11)

where V, isthetotal reinforcement volumefraction. In
addition V¢; + Vj, should be used as reinforcement
volume fraction for calculation of the elastic modulus
(E¢p and E,) of both of the single composites. A pos-
itive or negative hybrid effect is defined as a positive
or negative deviation of the elastic modulus of the
hybrid composites from the RoHM equation, which
has been indicated in the presented resullts.

EXPERIMENTAL

Materials

Polypropylene, as homopolymer, with a melt flow
index of 8 g/10 min and a density of 0.9 g/cm2, sup-
plied by Bandar Imam Petrochemical Industries Co.,
Iran, with PI0800 trade name was used as the polymer
matrix. The 40-80 mesh kenaf fibres and 60-100 mesh
beech wood flour were obtained from the Research
Forest of the Natural Resources Faculty of the
University of Tehran, Iran. Maleic anhydride (MA)
(the coupling agent) and DCP (as initiator) were sup-
plied by Merck Co. (Germany) and Hercules Co.
(U.S.A), respectively.

Sample Preparation

After grinding and passing kenaf fibre and wood flour

through determined sieves, they were dried in an oven

at 65+2°C for 24 h before being blended with PP.
Polypropylene, kenaf fibre, and wood flour were
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Table 1. Composition of the studied formulations (wt%).

Polypropylene S Heed
Code ypropy fibre flour
content
content content

PP 100 0 0
KF40 60 40 0
KF30-WF10 60 30 10
KF20-WF20 60 20 20
KF10-WF30 60 10 30
WF40 60 0 40

PP: Polypropylene; KF: kenaf fiber; WF: wood flour

formulated according to the various fibre contents
(Table 1). MA and DCP were also added at 1 and
0.1 wit% of the batch weight after melting of PP,
respectively. The total time of mixing was 8 min at
180°C and 60 rpm using a Hakke internal mixer (SYS
9000 model). The compounded materials were grind-
ed using a pilot scale grinder (Wieser, WG- LS
200/200 model).

Then, the mixed blends were dried at 105°C for
4 h. Test specimens were injection moulded at 190°C
to produce standard ASTM tensile specimens. The
specimens were stored under controlled conditions
(50% relative humidity and 23°C) for at least 40 h
before testing.

It may be noted that the extraction of the natural
fibres' extractives is not economically feasible and
percticable in industry. In addition, it would not con-
tribute to our study, as it does not affect the analysis.

Fibre and Composite Characterization

After the tensile test was performed, the specimens
were cut into geometrically regular shapes samples.
Then, the density of the composites was measured,
experimentally. Kenaf fibre and wood flour densities
were then calculated using the RoM equation.

The elastic modulus of composites was determined
using tensile tests. Tensile tests were performed
according to ASTM D 638 specification. Tensile tests
were carried out using an MTS testing machine with a
load cell capacity of 10 kN (model 10/M_Instron, UK)
at a cross-head speed of 5 mm/min. Tensile elastic
moduli were determined from the slopes of the stress-
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strain curves.

The volume and weight fractions results were
evaluated and the elastic modulus of constituents
(kenaf fibre and wood flour) was calculated by back-
calculation through RoM equation. However, because
of the anisotropy of the fibres and their random distri-
butions, these are spatially taken as averaged. The
RoHM has the advantage of not relying on the moduli
of the constituents rather it uses the modulus of pure
composites. These values are presented only to give
an idea of the differences in the elastic moduli.

At least five specimens of each formulation were
tested for density and tensile properties determination.
The data reported in our work are the mean values of
five measurements. Then, values predicted by the
RoHM were compared with experimental results for
the eastic modulus of the hybrid composites using
regression equations and t test was performed for
comparing means values. Sigma Plot statistical soft-
ware was used for data analysis.

RESULTS AND DISCUSSION

Figure 1 shows the tensile moduli of the six studied
formulations. The composite containing only kenaf
fibre has the highest modulus whereas the composite
containing wood flour exhibits the lowest value. As
mentioned earlier, kenaf fibres have the high aspect
ratio in comparison with wood flour. Thus, by increas-
ing the amount of the kenaf fibres in the composites,
their elastic modulus improves. It can be expected
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Figure 1. Tensile moduli of various composite formulations.
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Table 2. Elastic modulus of the constituents of the
composites.
Constituent Elastic modulus (MPa)
Polypropylene 846.771
Kenaf fibre 17986.5
Wood flour 13543.93

that all hybrid composites present elastic modulus val-
ues between the elastic modulus value of pure kenaf
fibre and that of the wood flour composites.

Table 2 presents the modulus values of the con-
stituents of the composites determined by RoM equa-
tion. As shown in Table 2, kenaf fibres have higher
modulus than the wood flour. Hence, it would be
expected that hybrid composites containing greater
proportions of kenaf fibres have higher elastic modu-
lus. It is evident as the polymer matrix shows the low-
est modulus.

Results Based on Weight Fraction

Table 3 illustrates the experimental and predicted (by
RoHM equation) elastic moduli values of each hybrid
composite employing different weight fractions of the
fibres. The difference between the predicted and
experimental valuesis aso presented. The double let-
ters A in the forth column (significance level) indi-
cates no significant difference between the predicted
and experimental moduli for any of the hybrid formu-
lations as determined by t test. Moreover, the differ-

4000
(=) Predicted value
(<) Experimental value
™ 3500
o
=S
w
=
_g 3000 A o
° )
S
L
E 2500 4
w
2000

A0 A0 e = »0
¥ \0?'3")” v&"“'« ‘(&’\“’“ w
Sample code

Figure 2. Experimental and RoHM- predicted elastic moduli
based on weight fractions.

ences between two moduli are quite small. It is also
noted that this difference is higher when the kenaf
fibre fraction is higher. The RoHM works better in
case of particulate (wood flour) than fibrous (kenaf
fibres) systems. That isthe reason why at higher kenaf
fibre concentrations the deviation increases.

Figure 2 shows the experimental and predicted
values of the elastic modulus of each formulation
using weight fraction of the constituents. Due to the
nature of the RoHM equation, a linear trend is
observed in the predicted values. However, the exper-
imental values exhibit more or less a non-linear trend.
As shown, the highest difference between experimen-
tal and predicted elastic modulus is observed for
KF30 -WF10 formulation (consisting 30% kenaf fibre
and 10% wood flour) whereas the lowest differenceis
seen for KF10 -WF30 (consisting 10% kenaf fibre and
30% wood flour). As mentioned earlier, the reason for

Table 3. Comparison of the predicted and experimental tensile modulus means by t test based on

weight fraction.

Sample code Variable Mean (MPa) Slgn;flgag; € Difference (%)
Experimental 3229.55

KF40 Predicted 3229.55
Experimental 3008.06

KF30 -WF10 Predicted 3089.90 AA 212
Experimental 2891.01

KF20 -WF20 Predicted 2950.25 AA 2.04
Experimental 2771.89

KF10 -WF30 Predicted 2810.60 AA 1.39
Experimental 2670.94

WF40 Predicted 2670.94
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Figure 3. Regression between experimental and RoHM-
predicted elastic moduli based on the weight fractions.

the rate of these deviations is the greater compatibili-
ty of the RoHM equation with particulate systems
than with the fibrous systems. No significant differ-
ence is found between the predicted and experimental
values at 95% confidence level.

Figure 3 shows the regression between experimen-
tal modulus and predicted modulus (calculated by
RoHM equation by weight fraction). Analysis of vari-
ance of the regression between experimental and pre-
dicted values has shown that the regression is signifi-
cant at 95% confidence level. The regression equation
between these values is aso presented in Figure 3.
The coefficient of determination (R-squared) between
experimental and predicted moduli was determined to
be 0.986 indicating a strong linear correlation.

Results Based on Volume Fraction
Table 4 shows the difference of mean values between
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Figure 4. Experimental and RoHM-predicted elastic moduli
based on the volume fractions.

experimental and predicted elastic modulus values of
each hybrid composite based on the volume fraction
of the constituents. Again, the double letters A indi-
cates no significant difference between experimental
and predicted elastic modulus values for all hybrid
composites. It is also noted that the difference
between experimental and predicted values becomes
higher at higher kenaf fibre fractions.

A comparison of the experimental and predicted
values of the elastic modulus of each formulation
using volume fraction of the constituents is presented
in Figure 4. It is clear that the predicted results are
very close to the experimental ones. However, as
shown, the highest difference between experimental
and predicted elastic moduli is observed for KF30 -
WF10 formulation (consisting 30% kenaf fibre and
10% wood flour) whereas the lowest difference is
seen for KF10 -WF30 (consisting 10% kenaf fibre and

Table 4. Comparison of the predicted and experimental tensile modulus means by t test based on

volume fraction.

Sample code Variable Mean (MPa) Slgn;flgagsc € Difference (%)

Experimental 3229.55

KF40 Predicted 322955 - -
Experimental 3008.06

KF30 -WF10 Predicted 3085.95 AA 2.58
Experimental 2891.01

KF20 -WF20 Predicted 2945.03 AA 1.86
Experimental 2771.88

KF10 -WF30 Predicted 2806.72 AA 1.25
Experimental 2670.94

WF40 Predicted 2670.94 i i
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Figure 5. Regression between experimental and RoHM-
predicted elastic moduli based on the volume fractions.

30% wood flour). The reason of this deviation has
been explained before. As mentioned earlier, no sig-
nificant difference found between the predicted and
experimental values at 95% confidence level.

Figure 5 presents the regression between experi-
mental modulus and predicted modulus (calculated by
RoHM equation by weight fraction). Analysis of vari-
ance of the regression between experimental and pre-
dicted values has proved that the regression is signif-
icant at 95% confidence level. The regression equa
tion between these values is a so presented. The coef-
ficient of determination (R-sguared) between experi-
mental and predicted moduli was determined to be
0.988 indicating a strong linear correlation.

Table 5 presents a summary of the values of devi-
ation from the model for both weight and volume
fractions. Both approaches have resulted in very small
differences between predicted and experimental val-
ues. However, volume fraction seems to be more
accurate as can be seen by itslower error valuesfor al

Table 5. Percent deviations from the RoHM model based on
weight and volume fractions for each hybrid formulation.

Deviation from the model (%)
Formulation
Weight fraction Volume fraction
KF30-WF10 2.72 2.58
KF20-WF20 2.04 1.86
KF10-WF30 1.39 1.25
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three hybrid composite formulations. In all cases, the
difference between predicted and experimental values
decreases at higher wood flour contents.

CONCLUSION

In this study, the elastic modulus of random short dis-
continuous natural fibre reinforced hybrid composites
was predicted using the rule of hybrid mixtures
(RoHM) equation. This equation was employed using
weight and volume fractions of the reinforcements. It
was observed that the RoHM equation predicted the
elastic modulus of hybrid composites a little higher
than experimental elastic modulus values. However,
comparison between experimental and predicted
modulus values indicated that the best prediction of
modulus by RoHM equation was achieved when vol-
ume fraction of the constituents was employed in the
equation. Furthermore, in all cases the relationship
between experimental and predicted values was deter-
mined to be strong by the high R2 values obtained.
This means that a good linear relationship can be
expected.

Finaly, this suggests that RoOHM equation can be
suitably applicable to the prediction of the éastic
modulus of the short natural fibre hybrid composites.
It was aso concluded from the experimental values
that the linear trend inherently present in the RoHM
equation did not seem to be very compatible with the
amost non-linear experimental results. This may
make necessary the employment of some weighting
coefficients for different fibres and/or fillers in order
to compensate the higher and/or lower reinforcing
efficiencies. The application of the simple RoHM
eguation for other mechanical characteristics of natu-
ral fibre hybrid composites such as tensile strength
will aso be interesting.
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