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ABSTRACT
The brittle thermosetting plastic, phenol-formaldehyde, was reinforced with
oil palm empty fruit bunch fiber. Composites were prepared from resol type
phenol-formaldehyde resin. Hand lay up technique followed by compression
molding was used for composite preparation. Fiber lengths of 20, 30, 40 and
50 mm were used for composite fabrication. The effect of fiber length and
fiber loading on the mechanical properties was studied. Tensile, flexural and
impact properties of the composites were analyzed. The experimental results
were compared with the theoretical predictions.

Scanning electron

micrographs of the fracture surfaces were taken to analyze the fiber-matrix
adhesion, fiber pull-out and fiber surface topography. Finally, the properties
of the composites were compared to those of other natural fiber filled PF
composites.

* To whom all correspondence should be addressed.
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INTRODUCTION
Natural fiber reinforced thermoset composites have received considerable
attention, as they demonstrate good mechanical properties, dimensional
stability and remarkable environmental and economical advantages. Natural
fibers are characterized by non-toxicity, light weight, and high modulus.
They are one of the major renewable resource materials in the tropics. The
full commercial potential of natural fibers as a reinforcement in plastics has
not been achieved due to lack of research and development of high
technology applications. Satyanarayana et al. reviewed the potential of
natural fibers as a resource for industrial materials /1,2/. Several studies
have been reported on natural fiber reinforced thermoset composites
especially in phenolic, epoxy and polyester matrices /3-12/.
The addition of cellulosic fillers in polymers would considerably reduce
material costs while retaining the stiffness and weight efficiency. Woodhams
et al. 1131 reported that wood pulp is a cost effective reinforcement in
polypropylene in terms of bending stiffness. Raj et al. /14/ used wood fiber
as a filler in polyethylene. They have reported increase in tensile strength of
the composites upon the addition of fibers.
Oil palm (Elaeis Guineensis) originated in the tropical forests of West
Africa. It has now become a major cash crop and is cultivated commercially
in Malaysia, India, etc. Empty fruit bunch fiber is one of the fillers obtained
from oil palm. It represents a very abundant, inexpensive, renewable
resource. Many million tons of empty fruit bunch on dry weight basis are
produced annually throughout the world. This is an industrial waste which
is left unutilized after the removal of the oil seeds for oil extraction. This
creates a good habitat for insects, pests and rodents, thereby causing severe
environmental problems. To date no commercial utilization of this empty
fruit bunch has been reported. Therefore the utilization of this fiber as a
reinforcement in plastics has economical as well as ecological importance.
Among various natural fibers, OPEFB fiber shows excellent mechanical
properties and becomes a cost effective replacement for synthetic fibers. The
processing of this fiber is comparatively easier than that of other natural
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fibers. It is processed by retting technique. OPEFB fiber can act as a better
reinforcement in brittle plastics such as phenol-formaldehyde since it can
improve the toughness of brittle plastics. The use of cellulosic materials as
reinforcement in phenolics is well established and has resulted in composites
having decreased shrinkage (buckling) and reduced thermal stress during
curing /15/. Cox /16/ studied the shrinkage and buckling in three dimensional composites. Reinforcement using OPEFB fiber makes the composite
light weight and inexpensive with desirable mechanical properties and
performance characteristics. Wood based composite materials like particle
boards, wafer boards, plywoods, etc., play an important role in structural
engineering where cost considerations outweigh strength requirements.
Recently, Thomas and coworkers have reported on the use of various natural
cellulosic fibers (sisal, coir, pineapple, banana)

in

thermoplastics,

thermosets and rubbers /17-23/. OPEFB fiber reinforced phenol formaldehyde composite will be a cost effective substitute for the conventional
building materials. It may find application for the fabrication of speciality
tiles, doors, windows, roofings, etc.
In this paper we report on the mechanical characteristics of the OPEFB
fiber and its composites with PF resin. Mechanical properties such as tensile
strength, tensile modulus, elongation at break, flexural strength, flexural
modulus and impact properties were evaluated. The effects of fiber length
and fiber loading on the properties have been analyzed.

EXPERIMENTAL
Oil palm empty fruit bunch was supplied by Oil Palm India Ltd., Kottayam,
India. Phenolformaldehyde resin (resol type) was procured from West Coast
Polymers Pvt. Ltd. Solid content of the resin is 50 ± 1%. Caustic soda was
the catalyst used during the manufacture.
Hand lay up technique followed by compression molding was adopted for
the composite preparation. At first fiber was processed from the empty fruit
bunch by the retting process. The pithy materials were removed, washed and
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dried at 60°C. It was chopped into 20, 30, 40 and 50 mm lengths. Fiber mat
was prepared by hand lay up method. This was then impregnated in liquid
resin. The prepreg thus prepared was kept at room temperature till the resin
became non-sticky. This pre-condensation time enhances the bonding
between fiber and matrix. The precured mat was then hot cured at 100°C for
about 30 min in a closed mold. After curing, the mold was allowed to cool in
order to release the residual stress. The cured composites were trimmed and
cut into the required size. Tensile property tests were carried out according
to ASTM D638-76. A 3 point flexure test was used for flexural property
analysis. The samples were cut with a dimension of 120 mm length, 12 mm
breadth and 2.5 mm thickness.
The mechanical properties of the composites were investigated at room
temperature using a Zwick 1461 Universal Testing Machine at a strain rate
of 5 mm per minute for tensile and 4 mm per minute for flexural tests.
Gauge lengths of 73 mm for tensile and 80 mm for flexural tests were used.
Impact testing was done following the Charpy impact test method. The
fracture surfaces of the composites and fiber surfaces were examined by
scanning electron microscope (Philips Model PSEM-500).

RESULTS AND DISCUSSION
1. Properties in Tension
Tensile strength of the composites gives a measure of the ability of a
material to withstand forces that tend to pull it apart and this determines to
what extent the material stretches before breaking. Tensile modulus, an
indication of the relative stiffness of a material, can be determined from the
stress-strain diagram. Pukanszky /24/ investigated the mechanism of
adhesion on the ultimate tensile properties of polymer composites and
proposed a model for its description. Many scientists studied the effect of
fiber/resin adhesion on the tensile properties of polymer composites /25-28Λ
The interface interaction depends on the aspect ratio, size of the interface,
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strength of the interaction, filler anisotropy, orientation, aggregation, etc.
Single fiber pullout tests and scanning electron microscopy can be used to
characterize the fiber-matrix interface /29-32Λ

1.1. Tensile behavior of OPEFB fiber
Table 1 shows tensile properties of OPEFB fiber and some important natural
fibers /33/. Compared to other natural fibers OPEFB fiber shows very good
elongation. Properties of lignocellulosic fibers depend on the cellulose
content and microfibril angle. McLaughlin and Tait /34/ observed that there
Table 1
Mechanical properties of some important natural fibers.
Fi ber

St r engt h
( MN/ nr )

El ongat i on
( «)

Toughne s s
( MN/ nr )

Oi l pal m
empt y f r ui t
bunch f i ber

77

10

1250

Si s al

580

4. 3

1250

Pi neappl e

640

2. 4

970

Banana

540

3. 0

816

Coi r

140

25. 0

3200

Sour ce: Ref er ence 33.

is increase in Young's modulus and tensile strength of cellulose based fibers
with decreasing microfibril angle and increasing cellulose content. Stressstrain behavior of the fiber is shown in Figure 1. At the very beginning there
is linearity and thereafter a curvature is observed. As the applied stress
increases, the weak primary cell wall collapses and decohesion of cells
occurs, resulting in the mechanical failure of the fiber. The fiber is
composed of mainly cellulose and lignin. Lignin, "nature's glue", exists as a
three dimensional network binding together the fibrils. The high elongation
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STRAIN

Fig. 1:

(%)

Stress-strain characteristics of oil palm empty fruit bunch
(OPEFB) fiber on application of tensile stress.

of the fiber observed may be due to this firmly bound chemical structure.
The morphology of the fiber surface and cross section are as shown in
Figure 2a and b respectively. The fiber shows micro pores on its surface. The
porous surface would help to create strong mechanical interlocking at the
interface. The fiber cross-section shows a lacuna like portion in the middle
(Figure 2b).
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a

Fig. 2:

Scanning electron micrographs of untreated OPEFB fiber:
(a) fiber surface (x 400), (b) fiber surface showing cross section
(x 200).
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1.2. Tensile behavior of OPEFB fiber/PF composites
1.2.1. Effect of fiber length
Stress-strain behavior of the composites for different fiber lengths on application of tensile stress is shown in Figure 3. The stress-strain curve of the
neat sample shows a brittle nature. In the case of composites, at first there is
a linear deformation and thereafter a nonlinear behavior is observed. This

TENSILE STRAIN
Fig. 3:

(%)

Stress-strain characteristics of OPEFB fiber/PF composites on
application of tensile stress under various fiber lengths. [Fiber
loading 38 wt%.]

272
Brought to you by | Purdue University Libraries
Authenticated
Download Date | 5/29/15 12:43 PM

Μ. Sreekala, S. Thomas, Ν. Neelakantan

Journal of Polymer

Engineering

deviation from linearity accounts for the decreased brittleness of the composite. The effective Young's modulus and yield stress of the composites
were found to increase with increase in fiber length up to 40 mm. The effect
of fiber length on the tensile strength and tensile modulus is sketched in
Figure 4. The tensile strength and the Young's modulus show maxima at a
fiber length of 40 mm. As compared to neat PF sample an increase of 190%

1,000

STRENGTH »MODULUS

0
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40

50

FIBER LENGTH ( mm )

Fig. 4:

Variation of tensile strength and tensile modulus of OPEFB
fiber/PF composites with fiber length. [Fiber loading 38 wt%.]
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in tensile strength and 140% in tensile modulus is observed for 40 mm fiber
length.

When the length of the fiber is far greater than diameter, the

modulus of the composite approaches the limiting value. Thus at the critical
fiber length the fiber is in its fully stressed condition in the matrix. At
lengths higher than the critical fiber length, the effective stress transfer is
not possible due to the entanglement. The concept of critical fiber length and
effect of fiber length on the properties of short fiber reinforced polymer
composites were reported earlier /35,36/.
There is a dramatic increase in the percentage elongation of the phenolformaldehyde resin by OPEFB fiber reinforcement. This may be due to the
higher intrinsic elongation properties of the fiber. Change in percentage
elongation at break with respect to fiber length is shown in Figure 5.

FIBER LENGTH ( m m )
Fig. 5:

Effect of fiber length on the percentage elongation at break of
OPEFB fiber/PF composites. [Fiber loading 38 wt%.]
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Maximum value of elongation at break is observed for composite prepared
from 30 mm fiber length. The extent of deformation of fiber in a composite
is dependent on fiber length because of the difference in stress distribution
within the fiber. The fiber elongation may become fully effective only at 30
mm length. Above this length composite failure may occur due to other
factors without full elongation of the fiber.
1.2.2. Effect of fiber

loading

Stress-strain behavior of the composites for different fiber loadings on
application of tensile stress is shown in Figure 6. The neat PF shows brittle

TENSILE STRAIN

Fig. 6:

( %)

Stress-strain characteristics of OPEFB fiber/PF composites on
application of tensile stress under various fiber loadings. [Fiber
length 40 mm.]
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behavior. As the fiber content increases

so does the toughness of the

sample. The Young's modulus and yield stress of the composites show peak
values at fiber loading 38 wt%. Chow /37/ studied the stress-strain behavior
of polymer composites as a function of filler concentration, strain rate and
temperature.
The dependence of tensile strength and tensile modulus on fiber loading
is represented in Figure 7. Both tensile strength and modulus increase
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Fig. 7:

Variation of tensile strength and tensile modulus of OPEFB
fiber/PF composites with percentage of fiber by weight. [Fiber
length 40 mm.]
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linearly up to 38 wt% of fiber followed by a decrease at higher fiber loading.
The decrease at higher fiber loading can be explained as follows: At higher
fiber loading there is a chance of phase separation and agglomeration of
fibers, thereby reducing the effective aspect ratio. Crack initiation and its
propagation will be easier at higher loadings. Fiber-fiber contact increases at
higher loadings, which decreases the fiber-matrix adhesion.
The effect of fiber loading on the percentage elongation at break is
shown in Figure 8. Elongation at break increases with increase in fiber
loading.

FIBER LOADING ( Wt. % )

Fig. 8:

Effect of fiber loading on the percentage elongation at break of
OPEFB fiber/PF composites. [Fiber length 40 mm.]
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1.2.3. Fractography of tensile fracture surfaces
Figure 9 shows the scanning electron micrograph of tensile fracture surface
of the neat PF resin. Figures 10a and 10b give the fractographs of the tensile
fracture surfaces of the composite having a fiber content of 38 wt% and fiber
length of 40 mm. The fracture paths observed in different planes indicate the
brittle nature of the neat PF resin (Figure 9). Many holes are visible on the

Fig. 9:

Scanning electron micrograph of tensile fracture surface of neat
phenol-formaldehyde sample (x 800).

tensile fracture surface of composite, resulting from fiber pullout (Figure
10). Fiber breakage is also observed. Figure 10a clearly explains the
debonding of fiber from the matrix and matrix failure. Under high tensile
stresses debonding occurs due to the bonding failure, and the debonded sites
facilitate the crack growth. The fiber pullout and resin fractures can be
visualized from the fracture surfaces. At fiber failure, stress at each of its
broken ends becomes zero and maximum at the central portion of the fiber.
Stress is concentrated in the matrix near the fiber ends. Initiation of a
microcrack in the matrix is due to high stress concentration. Opening of the
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a

Fig. 10a, b: Scanning electron micrographs of tensile fracture surfaces of
OPEFB fiber/PF composites (x 100).
matrix crack may cause broken fibers to pull out from the surrounding
matrix. Genttlea
et al. /38/ reported the possibilities of either pullout or resin
cracking which can take place upon tensile failure. A splitting test method
was proposed by Tschegg et al. /39/ to characterize the crack growth.
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2. Properties in Flexure
Flexural strength is the ability of the material to withstand bending forces
applied perpendicular to its longitudinal axis. The flexural modulus is a
measure of the stiffness during the first or initial part of the bending process.
Flexural stress is a combination of compression and tension. It can be said
that interfacial adhesion is more effective in compression loading than
tensile. The high values of flexural properties indicate the strong interfacial
adhesion. On application of the flexural stress the composite did not break,
proving the excellent physical and chemical interlocking between the fiber
and matrix.
2.1. Effect of fiber length
The stress-strain behavior of OPEFB fiber reinforced PF composites for
different fiber lengths on application of flexural stress is shown in Figure 11.
The difference in stress-strain characteristics of the composites, on
application of tensile and flexural stress, implies that the type of stress
applied to a system plays an important role in nonlinear deformations. In the
case of neat PF, the stress-strain curve is similar to that of brittle materials.
Addition of fibers increases the ductility of the sample.
The variation of flexural strength and flexural modulus as a function of
fiber length is sketched in Figure 12. Both flexural strength and flexural
modulus show maxima at 40 mm fiber length followed by a decrease at
higher fiber length.
2.2. Effect of fiber loading
The effect of fiber loading on the stress-strain characteristics of the
composites on application of flexural stress is shown in Figure 13. The
flexural stress-strain curve for the neat sample indicates low stiffness value
and brittle nature. The yield stress for gum sample is very low compared to
composites. The influence of fiber loading on the flexural strength and
flexural modulus of the composites is given in Figure 14. Composites pre-
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FLEXURAL STRAIN

(%)

Fig. 11:yxwvutsrponmlihgfedcbaYTSPOFEB
Stress-strain characteristics of OPEFB fiber/PF composites on
application of flexural stress under various fiber lengths. {Fiber
loading 38 wt%.]

pared from fiber loading of 38 wt% exhibit maximum flexural strength and
flexural modulus.
Owolabi et al. reported an enhancement of the tensile and flexural
strength of phenol formaldehyde resin by coconut hair reinforcement /8/.
The strength properties of particle boards made from OPEFB fiber and urea
formaldehyde resin have been investigated by Yamani et al. /40/. They
found that properties increase linearly with an increase in board density.
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FIBER LENGTH

( mm )

Fig. 12:yxwvutsrqponmlkihgfedcbaVTPOIFECB
Variation of flexural strength and flexural modulus of OPEFB
fiber/PF composites with fiber length. [Fiber loading 38 wt%.]

3. Impact behavior
The fracture toughness of composite is perhaps its most characteristic
property. It is manifested in impact tests. The toughness of a fiber composite
is mainly dependent on the fiber stress-strain behavior. Fibers with excellent
mechanical properties impart high work of fracture 191. Impact behavior is a
measure of the energy required to cause damage and the progress of failure
within the composite. Cantwell et al. /41/ reviewed the impact resistance of
282
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FLEXURAL STRAIN ( % )

Fig. 13:

Stress-strain characteristics of OPEFB fiber/PF composites on
application of flexural stress under various fiber loadings. [Fiber
length 40 mm.]

composite materials. Impact performance of carbon fiber reinforced epoxy
composites was studied by Adams et al. /42/. The influence of the
reinforcing fiber in determining impact response and its failure mechanisms
were investigated by Curson et al. /43/.
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FIBER LOADING ( wt. % )

Fig. 14: Variation of flexural strength and flexural modulus of OPEFB
fiber/PF composites with percentage of fiber by weight. [Fiber
length 40 mm.]

3.1. Effect of fiber length
Figure 15 shows a linear increase in impact strength with fiber length
keeping the fiber loading constant. This can be attributed to the weaker
interfacial bond formed as the fiber length is increased to higher values.
Since the interfacial bond is weak, debonding occurs and extra energy is
needed to do the work of debonding. Greater force is required to propagate a
284
Brought to you by | Purdue University Libraries
Authenticated
Download Date | 5/29/15 12:43 PM

Μ Sreekala, S. Thomas, Ν. Neelakantan

Journal of Polymer

FIBER LENGT H

Engineering

( mm )

Fig. 15: ywvutsrqponmlkihgfedcbaVUSPOFEB
Variation of work of fracture of OPEFB fiber/PF composites with

fiber length. [Fiber loading 38 wt%.]

crack through the interface during impact. Upon impact loading, fiber
fracture may occur and the broken ends of the fiber have to be pulled out as
the fracture proceeds, which requires additional energy.
3.2. Fractography of impact fracture surfaces
Scanning electron micrographs of impact fracture surfaces of neat PF and
that of composite sample are shown in Figures 16 and 17a, b, respectively.
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Fig. 16:zyxwvutsrponmlkihgfedcbaTSPMIFBA
Scanning electron micrographs of impact fracture surface of neat
phenol-formaldehyde sample (x 100).

The brittle failure of the neat sample is evident from the fracture lines in
different planes (Figure 16). The fracture surface of the composite sample
shows fiber breakage and pullout (Figures 17a, b). The failure of the composite is mainly due to fiber breakage and matrix cracking. Figure 17a in
fact gives typical fiber breakage and matrix failure. After fiber breakage,
crack is propagated very fast, leading to complete failure of the composite.
Matrix failure is comparable to that of the neat PF sample.

THEORETICAL MODELING
Modulus is a bulk property which depends primarily on geometry, particle
size distribution and concentration of the filler. But tensile strength of a
composite depends strongly on local polymer filler interactions as well as the
above factors. The filler particle geometry has a significant influence on the
strength of a filled polymer. Impact strength of the composite depends on
the degree of fiber-matrix adhesion and is very complex. The microscale
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Fig. 17a, b: Scanning electron micrographs of impact fracture surfaces of
OPEFB fiber/PF composites (x 100).
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morphological changes in the matrix caused by the fiber affect the impact
strength of composites. There are no viable theoretical relationships that can
be used to predict the impact strength of composites.
Th e parallel model and Hirsch model are tried to predict tensile strength
of the composites. Following are the equations used fo r calculating the
tensile strength of the composites.

Parallel m odel
Acco rding to this model
Tc = TfVf + Tm Vm

( 1)

where T c = composite strength, Tf = fiber strength, Tm = matrix strength, Vf
= volume fraction of fibers, Vm = volume fraction of matrix.
In this equation Tf is given by

T

f = —
r

(2)

But 1 = l c
where τ = interfacial shear strength, r = radius, l c = critical fiber length.

τ=

ΙΞΐ.

( 3)
1 ;

21 c
where o f = fiber stress.

Hirsch m odel
Th is model is a combination of series and parallel models. Acco rding to this
model

Tc = ( Tm Vm + Tf Vf ) + ( l - x )

Tf Tn
T m V f + T, V„
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where χ = a parameter which varies between 0 and 1.
The experimental and theoretical values of tensile strength of the
composite as a function of fiber loading are given in Figure 18. The
experimental values are very close to Hirsch model up to 38% fiber loading.
The experimental values show a negative deviation at higher fiber loadings.
This is due to the fact that the theoretical models imply an absolute matrix-

40
" HIRSCH MODEL •

PARALLEL •

EXPERIM ENTAL

35
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UJ
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Ico
UJ 25
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ω
ζ

UJ
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35
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45

55

FIBER LOADING ( Wt. % )
Fig. 18:

Comparison

of theoretically

predicted

strength

values

of

composites with experimental values as a function of fiber
loading.
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to-filler adhesion and uniform filler distribution in the matrix. However, in
the actual case the situation is very different. At low fiber loadings agglomeration does not practically affect the properties. But at higher fiber loadings
agglomeration results which decreases the fiber-matrix interaction.

COMPARISON OF THE STRENGTH PROPERTIES OF SHORT
OPEFB FIBER/PF COMPOSITES WITH OTHER SHORT NATURAL
FIBER REINFORCED PHENOL-FORMALDEHYDE COMPOSITES
Table 2 gives the reported results on the mechanical property analysis of coir
fiber reinforced phenol-formaldehyde composites and sisal fiber reinforced
phenol-formaldehyde composites. The results show that the impact
properties of OPEFB fiber/PF composites are excellent when compared with
those of other natural fiber reinforced phenol-formaldehyde composites.
Maximum impact strength in the reported work is 19.1 kJm"2 for coir fiber
reinforcement and 10 kJm"2 for sisal fiber reinforcement while OPEFB fiber
reinforcement gives a value of 52 kJm"2. In the case of flexural strength,
enhancement by OPEFB fiber reinforcement is close to that given by coir
fiber reinforcement.
Table 2
Comparison of the strength properties of short OPEFB fiber/PF composites
with other short natural fiber reinforced phenol-formaldehyde composites

Co mpo s i t e

Te ns i l e
s t r e ng t h
( MPa)

Fl e xur al
s t r e ng t h
( MPa)

I mpa c t
s t r e ng t h
( kJ / m2 )

OPEFB f i be r / PF

28. 79

47. 61

52. 34

Si s al

42

66

10

53

19. 1

f i be r / PF

Co c o nut

f i be r / PF

Sour c e : Re f e r e nc e s 8 a nd 44.
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CONCLUSION
Utilization of oil palm empty fruit bunch fiber will eliminate the problem of
waste disposal and will lead to a new composite product. The mechanical
properties of OPEFB fiber were analyzed. It shows very good elongation
properties. Tensile, flexural and impact properties of the OPEFB fiber/PF
composites were investigated as a function of fiber length and fiber loading.
All these mechanical properties showed improvement upon reinforcing with
the fiber. The elongation, brittle nature and buckling characteristics of PF
resin were considerably improved by incorporating the fiber.
Maximum tensile properties of the composites were observed for 40 mm
fiber length and at 38% fiber loading. Flexural behavior also showed a
similar trend. There is a possibility of fiber entanglement at higher fiber
lengths which may be the reason for the decrease in properties beyond 40
mm fiber length. The impact properties showed linear enhancement with
increase in fiber length up to 50 mm. However, for the best balance of
mechanical properties, the optimum fiber length and fiber loading are
considered to be 40 mm and 38%, respectively.
Scanning electron micrographs of fiber surface, tensile and impact
fracture surfaces were taken to study the morphology and failure
mechanism.
The experimental values were compared with those theoretically
predicted. The Hirsch model closely agreed with the experimental results.
At higher fiber loadings the experimental values showed a deviation from
the Hirsch model, which may be due to the possible fiber agglomeration.
The mechanical properties of OPEFB fiber/PF composites and other
natural fiber reinforced PF composites were compared. Comparison of
impact properties with those of sisal and coir fiber reinforcement indicated
that OPEFB fiber acts as an efficient reinforcement in PF resin.

Thus OPEFB fiber/PF composites will be a cost effective, value added
substitute for the conventional building materials. They can replace the
materials where cost considerations and visual performance are important.
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Finally, it is important to mention that these composites can act as a better
substitute for wood in the building industry.
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