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Preface

Effective and economic utilisation of organic waste materials as reinforcement
in cheap thermosetting plastics was investigated in the present study. Oil palm fibres,
a major waste material left unutifised in palm oil industry could be used to prepare
high impact composite materials by reinforcing in phenol formaldehyde resin. These
composite materials will have added advantages such as enhanced biodegradability,
enhanced damping, cost effectiveness, light weight, good appearance, etc. Now-a-
days the natural fibre reinforced plastic composites have emerged as a covetable
substitute for other materials in automobile industry as well as in building industry.

Review on the recent developments in fibre reinforced composites along with
the characterisation techniques of various composites is presented in -Chapter 1.
Chapter 2 describes the details of the materials used in this study along with the
experimental techniques for sample preparation and characterisation methods.
Important physical and chemical properties of oil palm fibres are investigated and
discussed in Chapter 3. This chapter also deals with various rﬁodiﬁcations given to
the fibres and their effect on their thermal and mechanical properties. The static
mechanical properties of untreated and treated oil palm fibre reinforced phenol
formaldehyde composites are given in Chapter 4. Chapter 5 gives the hybridisation
effect of oil palm fibre with glass on the mechanical properties of the composites.
Chapter 6 and Chapter 7 deal with stress relaxation and dynamic mechanical thermal
analysis of the composites. Water sorption characteristics of the composites studied
in detail and are given in Chapter 8. The composites were subjected to accelerated
weathering studies and the changes in the properties are reported in Chapter 9.
Electrical properties of the composites were determined and are illustrated in Chapter
10. The tensile properties of the composites were theoretically calculated and
compared with the experimental results. This is presented in Chapter 11. Finally, the
thesis concludes by giving the summary of the resuits obtained in the present work

and an outline of the future prospects in this topic.



CHAPTER 1

Intfroduction




Composite material can be defined as a macroscopic combination of two or more

&distinct materials, having a recognisable interface between them. Composites are
made up of continuous and discontinuous mediums. The discontinuous medium or
particle phase that is stiffer and stronger than the continuous ‘matrix’ phase is called
the ‘reinforcement’. The properties of a composite are dependent on the properties
of the constituent materials, and their distribution and interaction. Composite
materials are developed because no single, homogeneous structural material can be
found that has all of the desired attributes for a given application." At present,
composite materials play a key role in aerospace industry, automobile industry and
in other engineering applications as they exhibit outstanding strength to weight and
modulus to weight ratio.

Based on the matrix material which forms the continuous phase, the
composites are broadly classified into metal matrix, ceramic matrix and polymer
matrix composites. Of these, polymer matrix composites are much easier to
fabricate than metal matrix and ceramic matrix composites. This is due to relatively
low processing temperature required for fabricating polymer-matrix composites.
The structure, properties and applications of various composites are being
investigated world wide by several researchers.”” New composites based on
concrete are prepared with a view to improve properties such as strength, toughness,
ductility and durability of the portland cement concrete.**® Polymer concretes are
increasingly being used in buildings and other structures. They represent a new
type of structural material capable of withstanding highly corrosive environments.
However steel reinforced concretes, which are the conventional materials for
construction will deteriorate due to corrosion of steel. Fibre reinforced plastics can
eliminate this problem and open up new avenues, which has been recently explored.
The high strength-to-weight ratio and non-corrosive characteristics of these

materials can be utilised to build innovative structures which are durable and

economical.?



1.1 FIBRE REINFORCED COMPOSITES

Fibre reinforced composites (FRC) contain reinforcements having lengths much
higher than their cross-sectional dimensions. Fibres are the load-carrying members,
while the surrounding matrix keeps them in the desired location and orientation.
Further the matrix acts as load transfer medium and protects the fibres from
environmental damages due to elevated temperature and humidity. They have got
low specific gravities and high strength-weight and modulus-weight ratio, which
have tremendous potential advantages over conventional materials. Now-a-days
fibre reinforced composites have emerged as a major class of structural material in
many weight critical components in aerospace, marine, automotive and other
industries. Fibre reinforced plastic (FRP) composites form a major class of
composites. The versatility, strength and non-corrosive properties of plastics in
combination with fibres offer them as good candidate for several applications.

A fibre reinforced composite is considered to be a discontinuous or short
fibre composite if its properties vary with fibre length. On the otherhand, when the
length of the fibre is such that any further increase in length does not, for example,
further increase the elastic modulus of the composite, the composite is considered to
be continuous fibre reinforced. Most continuous fibre composites, in fact, contain
fibres that are comparable in length to the overall dimensions of the composite part.

The fibre reinforced composites exhibit anisotropy in properties. The high
strength and moduli of these composites can be tailored to the high load directions.
They exhibit better dimensional stability over a wide range of temperatures due to
their lower coefficient of thermal expansion than those of metals. These differences
in thermal expansion between metals and composite materials may create undue
thermal stresses during processing. Fibre reinforced composites exhibit high
internal damping. This leads to better vibration energy absorption within the
material and results in reduced transmission of noise and vibrations to neighbouring
structures. High damping capacity of composite materials can be beneficial in
many automotive applications in which noise, vibration and harshness (NVH) is a

critical issue for passenger comfort® Composites absorb moisture from the



surrounding environment, which creates dimensional changes as well as adverse
internal stresses within the material. This can be minimised by giving appropriate
paints or coating on the composite surface.

Almost all high-strength/high modulus materials fail because of the
propagation of flaws. The initiation and propagation of flaws are easier in bulk
material than in a fibre. In a fibrous composite it is found that even if a flaw does
produce failure in a fibre, it will not propagate to fail the entire assemblage of fibres

thus withstanding the entire failure of the composite.

1.2 HYBRID COMPOSITES

They usually refer to composites containing more than one type of filler and/or
more than one type of matrix. Hybrid fibre composites are more common than
hybrid matrix.*! Short and Summerscales®” * have reviewed properties of the
hybrid composites. Hybridisation is commonly used for improving the properties
and/or lowering the cost of conventional composites. Various fibre arrangements
are possible in hybrid composites, which is an important parameter in determining
the strength of the composite.  Possible arrangements are illustrated in
Figure 1.1.3%%

Additional possibilities are the use of woven fabrics with one fibre type in
the warp and another in the weft, and further variations using interspersed tows in
woven configurations. Plies containing different fibres or mixture of fibres may be

stacked with the fibres aligned in different direction to form still another

combination.

1.2.1 Hybrid Effect

The hybrid effect refers to the apparent synergistic improvement in the properties of
a composite containing two or more types of fibres. The stiffness of the hybrid
composites may be accurately predicted from the relative proportions of the two

types of fibre by using rule of mixtures as follows.
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Intermingled fbres Alternating plies Interspersed fibre bundles

a b c d
Fibre skin and non fibre core

Figure 1.1 Schematic diagram showing different hybrid configurations

[Ref: N. L. Hancox (Ed,), Fibre Composite Hybrid Materials, Applied Science
Publishers Ltd., London (1981)]



EH = E1V1 + E2V2 (11)

where E;; is the modulus of the hybrid laminate and E; V, E, V, are the respective
moduli and volume fractions of the component laminae. However the tensile
strength relationship is more complex in hybrid composites and cannot be predicted
by simple rule of mixtures.

Positive and negative hybrid effects have been reported in various hybrid
1.36

combinations. A negative synergistic effect was observed by Kirk et al.”™ in thin
tape specimens containing regularly. arranged carbon and glass fibre tows.
Arrington and Harris observed a positive hybrid effect on hybridisation of two types
of carbon fibre.’” Recently hybrid effect in sisal/glass hybrid fibre reinforced
polyethylene composites was reported.”® A positive hybrid effect was observed in
tensile strength, modulus, tear strength and hardness except for elongation at break
which shows a negative deviation. It was found that the hybrid fibre configuration
affects the hybrid effect. Intermingled combination in sisal/glass combination
exhibited positive hybrid effect. Peijs et al.** *° worked on polyethylene/carbon
fibre hybrid systems in epoxy matrix. They observed a positive hybrid effect in
failure strain of the composite. Failure strain data observed in this system is given
in Table 1.1. An apparent enhancement in first failure strain of the carbon
component is observed. This enhancement of first failure strain is referred to as the
‘hybrid effect’. The hybrids incorporating untreated HP-PE fibres exhibit positive
hybrid effect whereas hybrids with chromic acid treated HP-PE fibres show an
impact performance that varies linearly with composition. This is evident from
Figure 1.2.

To illustrate the hybrid effect in tensile strength, a composite made up of E-
glass and high modulus carbon fibres at similar fibre fractions in a common matrix
resin is considered.”> The tensile strength predicted by rule of proportionality is
represented by broken line AD in Figure 1.3. But the actual behaviour deviates

from this. This is because the strains to failure of the two types of fibre are

different.



Table 1.1 Tensile Test Data for Unidirectional Hybrids
HP-PE fraction E modulus Tensile strength Failure strain Hybrid effect
(%) (GPa) (MPa) (%) (%)
Untreated HP-PE
0 113 1776 1.52 --
14 104 1623 1.66 9.2
40 90 1367 1.68 10.5
57 77 1222 1.67 9.9
80 62 928 1.60 5.3
100 52 1160 3.33 --
Treated HP-PE
0 113 1776 1.52 -
14 103 1666 1.62 6.6
40 86 1384 1.60 53
57 75 1282 1.70 11.8
80 61 986 1.64 7.9
100 49 1273 342 -

[Ref.: A. A. J. M. Peijs, P. Catsman, L. E. Govaert and P. J. Lemstra, Composites,

21, 513 (1990)]
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Figure 1.2 Load/time response in impact of (a) plain HP-PE and carbon composites (b)
hybrid HP-PE/carbon composites.
[Ref.: A. A. J. M. Peijs, P. Catsman, L. E. Govaert and P. J. Lemstra, Composites,

21, 513 (1990)]




The failure strain of the carbon fibre is lower (0.01) than that of E-glass (0.028).
The stress at which the carbon and glass plies would fail was given by the lines BD
and AE respectively, in Figure 1.3. Considering the relative proportions of the two
fibres, if there is only -a small proportion of carbon, the glass will be sufficiently
strong to withstand the load after failure of carbon. Then the failure of the
composites will be at the failure strain of the glass. However at high proportion of
carbon, there will be insufficient glass to carry the load and the failure of the
composite will take place at the stress corresponding to the failure of carbon. The
point C in the graph marks the change in failure behaviour. Manders and Bader***

(Experimental curve in Figure 1.3) observed a positive hybrid effect; ie. the stresses

are well above the predicted strength curve, ACD. It is observed that the failure

strain of the lowest strain component is enhanced by hybridisation.

2.0

-
(=)

Average stress in laminate (GPa)

S
o

_1
0.0 0.5 1.0
Proportion of carbon plies in glass/carbon hybrid laminate

Figure 1.3 Illustration of the hybrid effect

[The line AD is simple rule-of-mixture prediction. ACD indicates the predicted strengths
based on the failure strains of the two components. BD is the stress at which the least
extendable plies are expected to fail ]

[Ref:: F. R. Jones (Ed.), Handbook of Polymer-Fibre Composites, Longman Scientific and
Technical, England (1994)]



Thus the failure strain of the individual fibres will be an important criteria in
determining the strength of the composites. Inorder to achieve better hybrid results,
one must select fibres with higher strain compatibility. McCullough and Peterson®
investigated the strain compatibility aspects in hybrid composites. According to
them the strength of a collection of fibres is governed by the fibre component with
the smallest elongation to break. As the tensile load is increased, the collection of
the fibres is uniformly strained; eventually, a strain level is reached which
corresponds to the smallest breaking strain of the fibre family within the collection.
A subsequent infinitesimal increase in strain causes all those fibres characterised by
the smallest breaking strain to fail. The sudden transfer of load to the remaining
unbroken fibres lead to catastrophic failure.

From Hooke's law and rule of mixture relationship,

o'=£E=Zv,E, (12)

i
where o is current level of tensile stress, € is the current level of strain, E; is the
tensile modulus of the i® component and v; is the volume fraction of the i®
component. The strength of the i component is given by
o, =¢E, (1.3)
where o* and g* are the ultimate stress and strain respectively for the i™
component. From this it can be concluded that the ultimate strength of a system is
the stress level at which the elongation of the system has reached the ultimate
elongation of the fibre family having the smallest strain to break. ie. min{e*}. The

ultimate strength of the system is given by,

o' =¢'E=¢") vE, (14)
i=1
or:

o' =) vio, (1.5)
=]
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where g* is the smallest strain to break of the collection {&*}; &* = min{g;*}

The strain compatibility parameter A can be expressed as,

4= (1.6)

The fibre combinations are strain compatible if the compatibility parameter
A ~ 1. The combinations, glass, boron (A = 0.2) and glass, graphite (A = 0.1) are
strain incompatible while graphite, boron (A = 0.9) combination is strain
compatible. '

Hybridisation of fibres with particulate fillers and whiskers improved the
performance of the composites. Mechanical properties of carbon fibre reinforced
epoxy composites were improved by incorporating micro-sized Al,O; particles into
the epoxy matrix.* Increase in fracture toughness of epoxy matrix was observed by
hybridisation of glass fibre with beads.*’ The incorporation of various amounts of
rubber and solid glass spheres into a ductile epoxy matrix improved the fatigue
crack propagation resistance of the composite.®* Hybridisation of the fibre
reinforced glass matrix composites with particulate fillers results in substantial
improvements in microcrack stress, transverse strength and interlaminar shear
strength. However it is reported that the ultimate strengths and strain declined upon
hybridisation.*” This is illustrated in Figure 1.4. Gadkaree et al.*® investigated the
effect of an additional whisker phase such as silicon carbide in a fibre-reinforced
ceramic'matn'x composite on the matrix micro cracking stress. Hybridisation with
whiskers results in a doubling or tripling of the transverse strength and the
interlaminar shear strength.

Studies on the synthetic/synthetic, synthetic/natural and natural/natural fibre
hybrid composites were also reported. Addition of natural fibres to synthetic
polymers results in lightweight and cost effective composites which has got
comparatively low strength than the synthetic reinforcement. Effective

hybridisation of natural fibres with stronger fibres could be a possible solution to
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Figure 1.4 Variation of microcrack stress and ultimate strength as a function of
filler loading level.
[Ref.: K. P. Gadkaree, J. Mater. Sci., 27, 3827 (1 992)]

overcome this limitation. Chand and Rohatgi* reported on the hybridising effects
of sunhemp-carbon fibres in polyester resin on the tensile strength values of the
composites. With the incorporation of small percent of carbon fibre, the strength of
the sunhemp-polyester composites is considerably increased.

Banana/glass hybrid polyester composites were found to have better
mechanical properties compared to composites with banana fibre alone.”” Impact
properties were found to increase upto a glass volume fraction 0.11 and then
decreases slightly (Fig. 1.5). The slight lowering of impact strength was attributed
to the change in energy dissipation mechanism. At high glass content, the fracture
mechanism was mainly fibre fracture, due to the brittle nature of glass. However at
lower glass volume fraction, the fracture mechanism was mainly by fibre pull out
due to the presence of higher volume fraction of banana fibre. Different layering

patterns were tried out and the mechanical properties were found to be affected by
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the layering pattern. The banana-cotton fabric reinforced polyester composites were
reported to have very good ageing resistance even though their strength properties

were lower than the matrix resin.>!

}\PI

80

60

Impact Strength kJ/m?

40

s

20

T ——— - I . v
0.00 0.05 0.10 0.15 0.20
Volume fraction of glass

Figure 1.5 Effect of glass volume fraction on the impact strength of
banana-glass hybrid composites

[Ref.: L. A. Pothen, S. Thomas, J. George and Z. Oommen, Polimery, 44, nrl1-12, 750 (1999)]

1.3 WOVEN FABRIC (TEXTILE) COMPOSITES

Woven fabric composites form another important class of composites, which are
widely used as textile structural composites. They provide excellent integrity and
conformability for advanced structural composite applications. Woven fabrics are -
considered as laminated bodies, each layer of which is a woven fabric formed by
interlacing two sets of threads, the warp and the fill or weft. Warp and weft may be
either identical or different threads and the various types of weaves can be identified
by the patterns of repeats in the warp and weft directions. The woven fabric
composites provide more balanced properties on the weave plane than
unidirectional fibre composites. This is due to the fact that the two-directional
reinforcement inside the lamina behaves like a quasi-isotropic substance. This can

resist biaxial loading and especially in impact more efficiently.”> Woven fabric
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composites provide more balanced properties in the fabric plane and higher impact
resistance than unidirectional composites. The variety of manufacturing methods
has made the textile composites cost-competitive with unidirectional composites.
The 2D orthogonal fundamental weaves among woven fabrics are plain, twill and
satin. The various types of fundamental weave pattern are shown in Figure 1.6 A
number of parameters are involved in determining the fabric structure, weave,
density of yarns in the fabric, fabric count, characteristics of warp and fill (weft)

yarns, characteristics of fibres and factors induced during weaving such as yarn

crimp etc.
» Fill
------ » Wa_rp T
Plain weave (n g=2) Twill weave (n g=3)
5/2 Satin weave (n g =>5)
8/3 Satin weave (n g = 8)
Figure 1.6 Fundamental weaves (n, = number of repeats)

[Ref: N. K. Naik (Ed.), Woven fabric composites, Technomic publishing Co. Inc.,
Lancaster, January (1994)]
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Woven fabric composites show poor inter laminar properties. Delamination
is the main failure form observed in these composites. Laroche and Vu-Khanh®
predicted the complex rearrangement that occurs during moulding of complex
components from woven carbon fabric in epoxy matrix. They found that the fabric
yarn slippage is negligible for carbon/epoxy prepregs. Wang and Zhao> studied the
mechanical behaviour of fibreglass and Kevlar woven fabric reinforced epoxy
composite laminates with different weave patterns. They suggest that matrix
toughening by microfibres could be an effective way to improve the inter laminar
toughness of composites. Gilchrist et al.’® investigated the fracture and fatigue
performance of textile comingled yarn composites from glass and polyethylene
terephthalate. Kotaki et al.”’ reported interfacial interactions on the delamination
and interlaminar fracture toughness of glass woven fabric composites. Studies are
going on in banana woven polyester, banana/glass interwoven polyester and
banana/cotton interwoven polyester composites.” It has been observed that the
tensile and impact properties improve by about 100% when the same volume

fraction of fibres are used in the woven form.

1.4 FACTORS AFFECTING THE PROPERTIES OF A FIBRE REINFORCED
COMPOSITE

1.4.1 Fibre-Matrix Interface

The fibre-matrix interface plays a major role in the mechanical and physical
properties of composite materials. The stresses acting on the matrix are transmitted
to the fibre across the interface. For efficient stress-transfer, the fibres have to be
strongly bonded to the matrix. Composite materials with weak interfaces have
relatively low strength and stiffness but high resistance to fracture whereas
materials with strong interfaces have high strength and stiffness but are very brittle.
The effects are related to the ease of debonding and pull out of fibres from the
matrix during crack propagation.

The interface/interphase concept in a fibrous composite is clear from the

Figure 1.7.° Interface is defined as a two dimensional region between fibre and
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matrix having zero thickness. The interphase in a composite is the matrix
surrounding a fibre. There is a gradient in properties observed between matrix and

interphase. Interface is an area whereas interphase is a volume.

Matrix

Fibre

Interface
Interphase

Figure 1.7 Interface/Interphase in a fibre reinforced composite
[Ref-: G. M. Newaz, Polym. Comp., 7, 421 (1986)]

Pagano and Tandon® carried out a systematic study to explore possible
consequences an interphase could have on the stress field in composites.
Cervenka®' has detailed a micromechanical model together with an account of
modulation of the stress field due to an anisotropic interphase. Newaz” reported
that fibre-matrix bond quality could be evaluated via an evaluation of the
interphasial fracture toughness. They used a tensile test with single edge notched
specimens. Piggott® has investigated the effect of interface/interphase on the
composite properties. The stress-transfer through the fibre-matrix interface and its
effect on the strength of the composites were reported by Dilandro et al® If the
fibre-matrix adhesion is poor, the interface will fail at an early stage. Fibre slippage

can also occur due to weak fibre-matrix adhesion.
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1411 Theories of Adhesion
The fibre-matrix interface adhesion can be attributed to five main mechanisms.
a) Adsorption and Wetting

This is due to the physical attraction between the surfaces, which is better
understood by considering the wetting of solid surfaces by liquids. Between two
solids, the surface roughness prevents the wetting except at isolated points. In a
solid-liquid system, for effective wetting of a fibre surface, the liquid resin must
cover all parts of the surface to displace all the air.

Wetting that can be explained by Dupre equation for the thermodynamic
work of adhesion, W, of a liquid to a solid states that,**

Wa=v+7v -7 (1.7)

Where v, and y, are the surface free energies of the liquid and solid respectively and
112 is the free energy of the liquid-solid interface. This can be related to the Young
equation for the physical situation of a liquid drop on a solid surface (Fig. 1.8)
which states that,

Ysv = Ysu + Yiv Cos 6 (1.8)

where ysv, Yo and v are the surface free energies or surface tensions of the solid-
vapour, solid-liquid and liquid-vapour interfaces respectively and 0 is the contact
angle. For spontaneous wetting to occur the contact angle must be 0°.

Combining equations 1.7 and 1.8, and putting y,= Ysv, ¥2= Yrv and y12=Ysr ;

Wi = ysv + yv - YsL (1.9

where W, represents the physical bond.
When the fibre surface is contaminated, the effective surface energy

decreases. This hinders a strong physical bond between the fibre and matrix.
Presence of entrapped air or large shrinkage stresses during curing process also

affects the physical bonding at the fibre-matrix interface.
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Figure 1.8 Contact angle (0) and surface tensions (y) for a liquid drop on a solid surface.
SV, SL and LV stand for solid-vapour, solid-liquid and liquid-vapour
interfaces respectively.
[Ref.: D. Hull (Ed.), An Introduction to Composite Materials, Cambridge University Press,
London (1981)]

b) Interdiffusion

Polymer molecules can be diffused into the molecular network of the other surface,
say fibre as shown schematically in Figure 1.9a. The bond strength will depend on
the amount of molecular entanglement and the number of molecules involved.
Presence of solvents and plasticising agents promote interdiffusion.®* The amount
of diffusion will depend on the mol€cular conformation, constituents involved and

the ease of molecular motion.
c) Electrostatic Attraction

This type of linkage is possible when there is a charge difference at the interface.
The strength of the interface will depend on the charge density. The electrostatic
interaction at the interface can be represented as in Figure 1.9b. The anionic and
cationic species present at the fibre and matrix phases will have an important role in
the bonding of the fibre-matrix composites via electrostatic attraction (Fig. 1.9¢).
Introduction of suitable coupling agents at the interface can enhance the bonding
through the attraction of cationic functional groups by anionic surface and vice
versa. Introduction of silane coupling agent on the glass surface is an example of
this type of interaction. In this case, the pH of the silane can be controlled to

get optimum coupling effect.
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Figure 1.9 (a) Bond formed by molecular entanglement following interdiffusion.
(b) Bond formed by electrostatic attraction (¢) Cationic groups at the end of
molecules attracted to an anionic surface resulting in polymer orientation at the
surface.  (d) Chemical bond formed between groups A on one surface and
groups B on the other surface. (¢) Mechanical bond formed when a liquid

polymer wets a rough solid surface.
[Ref.: D. Hull (Ed ), An Introduction to Composite Materials, Cambridge University Press,
London (1981)]

d) Chemical Bonding

Chemical bonds can be formed between chemical grouping on the fibre surface and
a compatible chemical group in the matrix as shown in Figure1.9d. The type of
bond determines the strength. The interface breakage involves bond cleavage.
Interfacial chemical bonding can increase the adhesive bond strength by preventing

molecular slippage at a sharp interface during fracture and by increasing the fracture
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energy by increasing the interfacial attraction. A sharp interface formed when little
or no interfacial diffusion occurs unlike in a diffuse interface in which case
sufficient interfacial diffusion occurs.  Dispersion forces at the interface
(1-5kcal/mole) are too weak to prevent molecular slippage at a sharp interface. But

a chemical bond (50-250kcal/mole) can prevent the slippage.®®
e) Mechanical Adhesion

Mechanical interlocking at the fibre-matrix interface is possible as represented
schematically in Figure 1.9e. The degree of roughness of the fibre surface is very
significant in determining the mechanical and chemical bonding at the interface.
This is due to the larger surface area available on a rough fibre. Surface roughness
can increase the adhesive bond strength by promoting wetting or providing

mechanical anchoring sites.

1.4.1.2 Interface Modifications

Intimate molecular contact at fibre-matrix interface is necessary to obtain strong
interfacial attraction. Without intimate molecular contact, the interfacial adhesion
will be very weak, and the applied stress that can be transmitted from one phase to
the other through the interface will accordingly be very low. The interface can be
classified into sharp and diffuse interface.

The adhesive behaviour can be visualised into three. 1. Sharp interface with
weak molecular force as in the case of non-polar polymer with a polar polymer. In
such a case the interface will be mechanically weak because of lack of molecular
entanglement leading to interfacial slippage. 2. Sharp interface with strong
molecular force such as the dispersion force between a non-polar polymer and a
high energy material or molecular forces involving specific interactions. In this
case interface slippage will not occur and the interface will be mechanically strong.
3. Diffuse interface with any molecular force; if there is sufficient molecular
diffusion and entanglement, interfacial slippage will not occur. Therefore both

primary (chemical bonds) and secondary (van der Waals attractions) bonds are
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important in adhesion depending on interfacial structure. The energies associated
with possible primary and secondary interactions at the interface are given in
Table 1.2.

As discussed eatlier, in a fibre reinforced polymer composite, the interfacial
interaction depends on the physical and chemical structure, polarity etc. of the
components. The interfacial properties can be improved by giving appropriate
modifications to the components, which give rise to changes in physical and
chemical interactions at the interface. Several classes of compounds are known to
promote adhesion apparently by chemically coupling the adhesive to the adherends.
Several processes have been developed to modify polymers and fibre surfaces
including chemical treatments, photochemical treatments, plasma treatments,
surface grafting etc. This causes physical and chemical changes on the surface

layer without affecting the bulk properties.

Table 1.2 Comparison of Various Attractive Energies
Type of force Typical energy range (kcal/mole)

van der Waals forces

Dispersion force 5

Dipole-dipole Upto 10

Dipole-induced dipole Upto 0.5

Hydrogen bond 4-41
Chemical bonds

Covalent bond 15-170 )

Ionic bond 140 - 250

Metallic bond 27-83

[Ref S. Wu (Ed.), Polymer Interface and Adhesion, Marcel Delker Inc.,
New York (1982)]

Coupling agents usually improve the degree of crosslinking in the interface
region and a perfect bonding results. Various silanes are found to have effectively

improved the interface properties of wood-polypropylene, mineral filled elastomers,

fibre reinforced epoxies and phenolics etc.*® Silanes having reactive alkyl groups
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can chemically couple the adhesive and the adherend by reacting with appropriate
groups and thus promote adhesion. Silanes having non-reactive alkyl groups have
no chemical coupling activity and in such cases adhesion appears to arise from
improved interfacial compatibility. Silanes have been used to promote adhesion to
hydrophilic adherends, such as glass, aluminium, clay, talc, calcium carbonate etc.
Ulkem and Schreiber’ observed enhanced interface adhesion in Nylon 6,6—glass
fibre composites on aminosilane modification. Hamada et al.”* studied the effect of
siloxane sequence of chemically bonded silane on the interfacial strength of silane
treated glass fibre epoxy composites. The crosslinking of the silane reduces the
interfacial strength. They determined interfacial stress transmissibility as an index
of interfacial strength using a modified single-filament test. The interfacial
transmissibility is increased with the wt.% of y-aminopropyldimethoxymethylsilane
(APDS) in the mixture with y-aminopropyltrimethoxysilane (APTS) (Fig. 1.10).
The greater the crosslink density of the network formed, the lower the permeability
of resin in the interphase. The uncrosslinked dimethoxysilane interphase results in
the highest interfacial strength.

The silane coupling agents were found to be effective in modifying natural
fibre-polymer matrix interface. Gonzalez et al.” ™ investigated the effect of silane
coupling agent and alkaline treatment on the interface performance of henequen
reinforced high-density polyethylene composites. The fibre-surface silanization
results in a better interfacial load transfer efficiency but does not seem to improve
the wetting of the fibre. The alkali treatment increases the surface roughness that
results in better mechanical interlocking and it increases the amount of cellulose
exposed on the fibre surface. This increases the number of possible reaction sites
and allows better fibre wetting. The silane treatment enhances the tensile strength
of the composite.

Many other compounds such as chromium complexes, titanates, isocyanates
etc. can be used as coupling agents. Monte and Sugerman™ reviewed processing of

composites with titanate coupling agents. It was found that the deposition of
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Figure 1.10 Change of interfacial transmissibility with weight percentage of APDS in
silane mixture.

[Ref.: H. Hamada, N. lkuta, N. Nishida and Z. Maekawa, Composites, 25, 512 (1994)]

a monolayer of organo functional titanate which eliminates the water of hydration
leading to deagglomeration. This enhances the dispersion and compatibility at the
interface. It is proposed that dispersion of an inorganic in an organic phase, in the
presence of titanate coupling agents is enhanced by the replacement of the water of
hydration at the inorganic surface with a monomolecular layer of organo functional
titanate causing inorganic/organic phase compatibilization at the interface, thereby
increasing the degree of displacement of air by the organic phase in the voids of the
inorganic component. Figure 1.11 shows the proposed effect of coupling an
agglomerated inorganic with a monoalkoxy titanate. The titanate coupling agents
were found to be effective in natural fibre composites. Varma et al.” observed a
22% improveﬁ'nent in interlaminar shear strength in hybrid laminates of glass fabric
and titanate treated bristle coir fibres.

Performance of isocyanate as a coupling agent has been reported by Kokta et

al.” 7" Isocyanates provide better interaction with thermoplastics resulting in
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superior properties. It was found that isocyanates can act as promoters or as an
inhibitor, depending on the concentration of isocyanate used. They observed an
optimum concentration of isocyanates above which the strength does not increase
significantly. ~ Figure 1.12 shows the effect of polymethylene (polyphenyl
isocyanate) (PMPPIC) concentration on the tensile strength of HDPE-Aspen
composites. The stress increased steadily with the addition of fibre, but the increase
was marginal at higher concentration of PMPPIC. The stress and modulus of the
HDPE and LLDPE composites enhanced 60 and 90 percent respectively on

isocyanate treatment.

NO TITANATE TITANATE

ig‘ Water of Hydration

Inorganic 4
Organic Vehicle gl

Figure 1.11 The proposed mechanism for deposition of a monolayer of triorganofunctional
titanate to effect the elimination of inorganic water of hydration and air
voids resulting in deagglomeration.

[Ref.: S. J. Monte and G. Sugerman, Polym. Eng. Sci., 24, 1369 (1984)]

Remarkable improvements in strength properties in jute/polypropylene™ and
wood flour/polyethylene™ composites were observed by the action of
compatibilizers. A maleic-anhydride-grafted styrene-ethylene-butylene-styrene
(SEBS-MA) triblock copolymers has been used as a compatibiliser in low-density
polyethylene-wood flour composite. The MA reacts with wood through
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esterification and hydrogen bonding and also possibly though interaction between
the styrene and wood. Joly et al.*’ studied the effect of PP-g-MA grafting and alkyl
chain grafting of cellulosic fibres on the physico-mechanical behaviour of PP/ramie
fibre composites. The grafting leads to an optimised interface of high modulus.
The chemical modification of the cellulosic fibres and interactions with

polypropylene matrix are schematically shown in Figure 1.13.%

0- 1.0 % PMPPIC
0- 30 % PMPPIC
A= 50% PMPPIC
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i o T
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Figure 1.12  Effect of PMPPIC concentration on tensile strength of
HDPE-aspen composites.

[Ref.: R. G. Raj, B. V. Kokta, D. Maldas and C. Daneault, Polym. Comp., 9, 404 (1988)]

Several interface modification methods were reported in literature. Studies on the
acrylonitrile grafting of coir fibre were reported by Mohanty et al.*' The treatment
affects the moisture uptake capacity of the fibre and therefore modify the electrical,
mechanical, thermal and tensile properties of the fibre. Reddy et al.* studied
cyanoethylation of jute fibres at different conditions on the moisture regain.
Moisture regain decreased significantly on cyanoethylation. Corona treatment was

found to enhance the wettability of wood surface.®® Negligible chemical effects of
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Figure 1.13 Chemical modifications of cellulosic fibres (a) Grafting of a PP chain from a
solution of toluene containing 10% PP-g-MA (G,;) (b) Grafting of an alkyl chain from a
solution of isocyanate in pyridine (G;) (c) Schematic representation of both the treatments.

[Ref:: C. Joly, R. Gauthier and B. Chabert, Comp. Sci. Technol., 56, 761 (1996)]

the corona treatment on the cellulose, hemicellulose and lignin were 'reported. The
corona treatment affected the neutral fraction in the alcohol-benzene extractives and
oxidised them to aldehyde groups. The neutral fraction originally contains benzene
ring and double-bond structures and the treatment reduces the hydrophobicity.
Plasma treatment is found to effectively enhance the interface sensitive mechanical
properties in aramid/epoxy composites.* The interlaminar shear and T-peel
strength between the fibre and epoxy resin markedly improved by plasma treatment.
Carlotti and Mars® observed improvement in adhesion of polyethylene

terephthalate fibres to rubber matrix. Various other modifications such as
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acetylation, benzoylation, acrylation, permanganate treatment, peroxide treatment
etc. were found to increase the compatibility of natural fibres with polymers such as

polyethylene, polypropylene and natural rubber.* =%

1.4.1.3 Fibre Surface and Interface Characterisation

The modified and virgin fibre surfaces and interface can be characterised by
spectral and microscopic methods. The characterisation gives evidence of chemical
composition of the surface region as well as information on interactions between
fibre and matrix. Electron spectroscopy for chemical analysis (ESCA) is one of the
important tools to study solid surfaces. Zadorecki and Ronnhult’® conducted ESCA
studies of cellulose fibres. This technique has an information depth of 1-5 nm and
is capable of examining only the outer layers of fibres. They used ESCA for the
‘finger print’ analysis of diallyl triazine treated cellulose fibres. Computerised peak
separation and peak area measurements were applied to determine the chemical
composition of the modified surfaces. The spectra of diallylamino-s-triazine treated
fibres are given in Figure 1.14.”® Other than this, many other spectroscopic methods
such as Mass spectroscopy, X-ray diffraction study, electron induced vibration
spectroscopy, photoaccoustic spectroscopy were shown to be successful in polymer
surface and interfacial interaction characterization.””*! Infrared spectroscopy was
found to be effective in determining interactions at the modified interfaces.'® 1
Yamaoka et al.'® utilised neutron activation analysis technique to identify the
radioactive nuclides produced in inorganic fillers for polymer composites.
Frequently used thermodynamic methods for the characterisation in
reinforced polymers are wettability study, inverse gas chromatography
measurement, zeta potential measurement etc. Contact angle measurements have
been used to characterise the thermodynamic work of adhesion between solids and

liquids as well as surface of solids. It is reported that the contact angle between a

single fibre in a fibre reinforced polymer melt is given by the following

relationship.'®
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Figure 1.14 ESCA spectra of cellulose fibres treated with diallyl triazine.
[Ref.: P. Zadorecki and T. Ronnhult, J. Polym. Sci.: Part A: Polym. Chem., 24, 737 (1986)]

Coso =L - &Am (1.10)
P P
where 0 is the contact angle, F is force per unit length, P is fibre perimeter, g is
gravitational constant and Am is the change in mass before and after immersion of
the fibre in the polymer melt.

Microscopic studies such as optical microscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and atomic force
microscopy can be used to study the morphological changes on the surface and can
predict the extent of mechanical bonding at the interface. The adhesive strength of
fibre to various matrices can be determined by AFM studies. Many studies were
reported on the microscopical evidence of fibre dispersion, fibre-matrix adhesion,
interface failure mechanisms etc.'*%

The extent of fibre-matrix interface bonding can be tested by different
mechanical tests such as fibre pullout, fibre fragmentation test, fibre push-out test
etc. Various models were suggested to explain the failure of fibre in a

composite.’ 12 The single fibre failure is associated with many factors within the
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composite such as fibre length, fibre-matrix adhesion etc. Desaeger and Verpoest''®

suggested the use of micro-indentation test technique to measure interfacial shear
strength in fibre reinforced composites. The study revealed that the test could be
used for real composite parts. It has been shown that parameter such as fibre
splitting, fibre diameter etc. influence the strength. Kim et al.'" studied the
influence of interface layer on the stress transfer during fibre pull-out process and
the effects of interfacial coating on the debonding process. They found that a
discrete coating layer between fibre and matrix significantly reduces the stress
concentration occurring particularly near the fibre entry. Pitkethly and Doble'"
characterized the fibre-matrix interface of carbon fibres embedded in epoxy matrix
using a single fibre pull out technique. They presented a non-graphical technique to
evaluate the maximum interfacial shear stress. The experimental set up for a single
fibre pull out testing is given in Figure 1.15. A typical load-extension curve for a
single fibre pull out process is as shown in Figure 1.16.'"

Li and Grubb''® investigated the interfacial shear strength and stress
distribution in the fibre pull-out test. The stress distribution along the fibre after
debonding can be used to evaluate the interfacial normal stress and the frictional
coefficient. The failure paths in carbon fibre reinforced thermoplastics were
analysed from fibre pull-out tests.'”” Debonding at the fibre-matrix interface and
cohesive failure of the matrix close to the fibre surface were found to be the failure
pattern in this case. Piggott''® reported astudy on the role of friction in tests to
measure strength of the fibre-matrix interface. Friction plays an important role in
fibre-matrix debonding. Figure 1.17 shows partially debonded fibre with friction in
a pull out test. As the debond broceeds along the interphase, frictional shears will
be exerted in the part that is already debonded. The reactions between surface
interphase and final composite properties of glass reinforced epoxy systems were
studied by Mader et al.'*® They utilised pull-out test, zeta potential measurements
and contact angle measurements for interface characterisation. Single fibre push-

out test was also utilised to predict the interfacial properties.”*'*! The limitation of
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Figure 1.15 Adaptations made to the top grip of a tensile testing machine for single
fibre pull-out testing

[Ref.: M. J. Pitkethly and J. B. Doble, Composites, 21, 389 (1990)]

the push-out test is that the interface is axially compressed during loading and
large loads are required. Joly et al. ¥ characterised the adhesion of polypropylene
onto cellulosic fibre by micro-bond test. The study involved extraction of a
polymer droplet formed around a single fibre. By means of a high precision sight,
the fibre diameter, d, and droplet length or debonding length, 1, are measured in situ
(Figure 1.18). From the record of debonding force, F, and by knowing the fitted
surface, the mean interfacial shear stress (IFSS), t, between fibre and matrix can be

calculated by the following expression:®
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F (1.11)

A schematic representation of the microbond test is shown in Figure 1.18.

1.4.2 Fibre Length, Loading and Orientation

The composite properties depend strongly on fibre content, fibre length distribution,
fibre orientation and to some extent on fibre dispersion. The distribution of fibre
length may be influenced by processing parameters. Considerable fibre damage
occurred reducing the number average fibre length from starting value of 4.5mm to
1mm in poly(butylene terephthalate/polyethylene alloys reinforced with short glass
fibres processed by injection moulding.” In order to understand the effect of fibre

length, consider a composite reinforced with continuous fibres.
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Figure 1.16 Typical load/extension curve for a pull-out test.

[Ref:: M. J. Pitkethly and J. B. Doble, Composites, 21, 389 (1 990)]
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Figure 1.17 Partly debonded fibre with friction in the debonded region in a pull-out test.
Debonding crack is suppose to be closed and crack faces pressed together
with pressure P.
[Ref.: M. R. Piggott, Comp. Sci. Technol., 42, 57 (1991)]

The tensile stress (o) applied to the composite along the fibre direction will be
distributed between the fibre and matrix and can be explained by simple rule of
mixtures behaviour.

0t = EnVine + EfVies - (112)
where €. is the strain in the composite, E,, and E;are the Young's modulus of the
matrix and fibre, V,, and V; are the volume fraction of the matrix and fibre

respectively.
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Figure 1.18 Schematic diagram of the mocrobond test.

[Ref.: C. Joly, R. Gauthier and B. Chabert, Comp. Sci. Technol., 56, 761 (1996)]

However in a composite reinforced with unidirectional long discrete fibres, the
tensile stress applied along the fibre direction will be unevenly distributed along

each fibre and cannot be explained by equation 1.11. It can be shown that'®

o’ = Ir(x)erRdx+ o, m’ (1.13)

0
where o, nr’ is the tensile load transmitted to the end segment of length x by the
rest of the fibre, f'c(x)Zanx is the portion of the tensile load transmitted by the
tangential stress developed at the interface to the side face of the fibre and oy, nr is
the portion of the tensile stress transmitted by normal stress from the matrix to the
fibre end face. This value can be ignored for large x. As the fibre length increases,

the stress increases until it becomes equal to that on a continuous fibre.
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Then

x={,

0.8, =E 6,8, = [t(x)2rdx ' (1.14)
0

X

The ultimate fibre strength o ¢ is given by

(L &) g =0
rer ! (1.15)
From this we get an equation for Ic,

O'fr

Since fibre length is a function of fibre diameter d,

I, _oy (1.17)

d 4z
Taking into account both ends of the fibres, the critical fibre is given as

l o
<=1 (1.18)

During flow moulding processes like injection moulding, transfer moulding
and compression moulding, orientation occurs inevitably. Fibre orientation leads to
1sotropic effects in micro structural properties and geometrical stability. The degree
of fibre orientation determines the anisotropy in composite properties. Anisotropy
can be utilised to make the composite part lighter, stiffer and stronger. Optimum
fibre orientation and dispersion occur at a critical fibre loading, which offers
maximum performance to the composite. Image analysis instrumentation can be
used to study the spatial orientation in a composite.'* Ko and Youn'? predicted the
fibre orientation in the thickness plane during flow moulding of short fibre

composites. Recently the effect of discontinuous fibre orientation on the wear

properties of composites was reported by Chen et al.'® Tai'? investigated the

dependence of the transverse thermal conductivity of unidirectional composites on



34

fibre shape. It was found that fibre loading in a composite has a greater role in
stress transfer and in failure process. Okoli and Smith'®® studied various failure
modes of fibre reinforced composites as a function of fibre content.

Various others techniques such as x-ray diffraction, birefringence, infrared '
dichroism, small angle light scattering and electron microscopy can be used to
characterise matrix orientation, fibre orientation and fibre length distribution. Kamal
et al.” used these techniques to study the orientation factors in glass fibre
reinforced polypropylene composites. Mallick'® studied the effect of fibre
misorientation on the strength of compression moulded continuous fibre
composites. Resin cross flow during compression moulding may cause severe
misorientation of the continuous fibres in the outer layers. During the preparation
of sheet moulding composites, as the mould surface coverage was reduced the
cross-flow increases. The tracer fibres in the outer layers buckled (bowed-out) in a
concave fashion in the direction of flow. This is evident from Figure 1.19."*° Fu
and Lanke"' found that the strength of composites increases with the increase of

fibre orientation coefficient and the decrease of mean fibre orientation angle.

Q t—pt

Figure 1.19 Buckling misorientation of fibres due to cross flow in the mould during
copression moulding. (L: longitudinal direction of the mold;
C: direction of cross flow)

[Ref.: P. K. Mallick, Polym. Comp., 7, 14, (1986)]



35

1.4.3 Presence of Voids

Voids or bubbles are formed in short fibre composites because of entrapment
of air in processing steps and as a result of uneven shrinkage due to temperature
gradients involved in the solidification step by cooling. There are two types of voids
in composite materials: (1) voids formed along individual fibres, which is related to
the fibre spacing and (2) voids formed between laminae and in resin rich regions.

Entrapment of air results from the incomplete wetting out of the fibres by the
resin. The volatiles produced during the curing cycle in thermosetting resins and
during melt processing operation in thermoplastic polymers may result in creation
of voids in composite materials. Quantitative analysis of voids in a composite can
be done by point counting techniques on microphotographs or by an ultrasonic
scanning technique. Many studies have been reported on the generation of voids

and its effect on composite properties. > %3

1.5 NATURAL FIBRES AS A REINFORCEMENT IN POLYMER MATRIX

Now-a-days natural fibre reinforced polymer composites come prior to synthetic
fibre reinforced composites in properties such as enhanced biodegradability,
combustibility, light weight, non toxicity, decreased environmental pollution, low
cost, ease of recyclability etc. These advantages place the natural fibre composites
among the high performance composites having economical and environmental
advantages. The physico mechanical properties of important vegetable fibres are
given in Table 1.3. Chemical composition of some of the important natural fibre
are given in Table 1.4.** 1% The versatile high performance applications of natural
fibre composites, which can replace glass and carbon fibres, were listed in an article
by Hill.}*® The vegetable fibre have density of about half that of glass fibre. During
the processing of natural fibre composites there will be no abrasion of the
processing machines. These fibres can withstand processing temperatures up to
250°C. Reinforcement of polymers with vegetable fibres gives good opportunities

for the effective utilisation of agricultural by-products.
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Table 1.3 Physical and Mechanical Properties of Some Important Vegetable Fibres
Fibre Diameter | Density | Tensile strength | Elongation at break

(um) | (gfm) | (MPa) (%)

Oil palm | 50-500 | 700-1550 150-500 10-18

Banana 80-250 1350 529-754 1-3.5

Coir 100-460 1150 131-175 15-40

Cotton 15-25 1500 500-880 6-7

Jute 12-25 1450 460-533 1.2

Pineapple | 20-80 1440 413-1627 0.8-1.6

Sisal 100-300 1450 400-700 5-14

Flax -——- e 780 2-4

Sunhemp - - 760 2-4

Palmyrah — — 180-215 7-15

[Ref.: J. G. Cook, Handbook of Textile Fibre and Natural Fibres, 4" Edn., Morrow Publishing,
England (1968) & K. G. Satyanarayana, B. C. Pai, K. Sukumaran and S. G. K. Pillai,
Handbook of Ceramics and Composites, N. P. Cheremisinoff (Ed.), Marcel Dekkar,

New York, Vol. 1 (1990)]

They are cent percent combustible without the production of either noxious gases or
solid residues. Wright and Mathias succeeded in preparing lightweight materials
from balsa wood and polymer."” Investigation has been carried out by Hedenberg
and Gatenholm in recycling the plastic and cellulose waste into composite.”*®
Maldas and Kokta have carried out systematic investigations on wood flour
reinforced polystyrene composites.****! The effects of hybridisation of sawdust
with glass and mica and of the surface treatment of the reinforcing filler on the
mechanical properties were studied by them.

Natural fibres like sisal and coir have been proved to be a better
reinforcement in rubber matrix.**** Incorporation of natural fibres resulted in
better long term mechanical performance of elastomers. The poor reinforcing effect
of these cellulosic fibres in elastomers were overcome by giving specific
modifications. Recently value added composite materials were developed from

used neisan jute fabric and polypropyléne having enhanced mechanical properties
144

and reduced hydrophilicity.
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Table 1.4 Chemical Composition of Some Vegetable Fibres

Fibre Cellulose | Hemicellulose Lignin Moisture content
(%) (%) (%) (65% RH)

Oil palm " 65 -—-- 19 9-13
Banana 63-64 19 ) 10-12
Coir 32-43 15-25 40-45 10-12
Cotton 89 2.5 0.5 8

Jute 71.5 13.4 5-13 12.5
Pineapple 81.5 ——nn 12.7 135
Sisal 66-72 12 10-14 11
Flax 70-72 ——— 5.5 7
Ramie 83-87 -—-- 0.5 6.5
Sunhemp 71-78 -—— 4 10.5
Palmyrah 40-52 -— 42-43 10-12

[Ref: J. G. Cook, Handbook of Textile Fibre and Natural Fibres, 4™ Edn., Morrow Publishing,
England (1968) & K. G. Satyanarayana, B. C. Pai, K. Sukumaran and S. G. K. Pillai,
Handbook of Ceramics and Composites, N. P. Cheremisinoff (Ed. ), Marcel Dekkar,

New York, Vol. 1 (1990)]

To alleviate problems resulting from the incorporation of synthetic fibres
such as high abrasiveness, health hazards, machine wearing, disposal problems etc.,
incorporation of natural fibres in polymers is proposed. They are abundant,
renewable, cheap and are having low density. They are biodegradable also. Studies
are going on in developing high performance regenerated fibres from wood pulp.*>
146 Flax, kenaf, hemp and wood flour are reported to be highly suitable for the
preparation of load bearing and impact absorbing components of vehicles."*" *¢
Peijs et al.' 149 reported that flax fibre reinforced thermoplastics were of interest in
Jow-cost engineering applications and can compete with the commercial glass mat
reinforced thermoplastics. Hybridisation with synthetic fibres results in materials,
which combine high strength with flexibility and resistance to impacts along with
an added advantage of biodegradability. Investigations are going on in cellulose
fibre reinforced polymer matrices with a view to attain cost effectiveness, enhanced

biodegradability and high performance to composites.”*'** Studies have been so
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far reported on the successful incorporation of natural fibres in brittle matrices such

13161 These fillers not only improve the

as polystyrene, polyester, epoxies etc.
impact, tensile and flexural properties of the composites, but they also reduce the
final cost. The studies on the enhancement of properties of brittle polystyrene by
saw dust reinforcement was reported by Maldas and Kokta.'? Qil palm fibres are
highly cellulosic and can reinforce polymeric matrices. As they are organic waste
materials in palm oil industry, which can cause great environmental problems when
left unutilised, their utilisation will eliminate the waste disposal problem. Recently
studies are reported on the preparation of composites based on oil palm wood flour
and oil palm fruit bunch fibre in plastic and rubber matrices.'®*"'*® Ismail et al.'®®
reported that mechanical properties of oil palm fibre reinforced natural rubber
composites are enhanced with modification on fibre surface and use of various
bonding agents. Rozman and coworkers'®” *® studied the compounding techniques
and properties of composites based on oil palm fruit bunch fibre and polyethylene
and polypropylene matrices. Effect of coupling agents and compatibilizers on the
mechanical properties of the composites were investigated. Yamini et al.'®
investigated the effect of board density on the properties of particle board from oil
palm fruit bunch fibre and urea formaldehyde resin. The strength properties and
screw withdrawal increased with increase in board density. The physical properties
such as thickness swelling and water absorption generally improved with increase in
board density. Major results of this study are given in Table 1.5. The studies so far
reported proved that the utilisation of natural fibres especially oil palm fibres as
reinforcement in polymer composites offer economical, environmental and
qualitative advantages. We can prepare composites having high performance

qualities by the incorporation of natural fibre along with synthetic fibre. They may

find application in automotive industry as well as in building industry.

1.6 SCOPE AND OBJECTIVE OF THE PRESENT WORK

Incorporation of oil palm fibres in phenolic resin can considerably reduce the

shrinkage of the resin during curing. The composite buckling can be completely
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eliminated by incorporating higher percentage of fibres. The oil palm fibre
reinforcement can increase the mechanical damping of the composite. The weight
of the composite can be considerably reduced by reinforcing with a low-density
fibre like oil palm fibre. It can act as a toughness modifier in phenolic resin.
Owing to the polar nature of lignocellulosic oil palm fibre and phenolic resin, better
interfacial properties in composite are expected. Hybridisation of these fibres with
synthetic fibres will be effective in improving the properties of the composite. The
biodegradable oil palm fibres can make the composites more environment friendly.
Oil palm fibres form a major agricultural waste material and their processing is
comparatively easy. Hence their utilisation in composites can eliminate waste

disposal problems and can reduce the cost of the composite material.

Table 1.5 The Effect of Board Density on Strength Properties of Oil Palm Empty

Fruit Bunch Fibre/UF Resin.
Board Screw Modulus of | Internal bond | Thickness Water
density | withdrawal rupture swelling | absorption
(kg/m”) (N) (NPa) (MPa) %) - (%)
561 534.58 14.478 0.2768 18.497 92.297
641 650.41 19.406 0.4799 17.210 71.393
721 946.10 25.385 0.5925 13.323 32.283

[Ref:: S. A. K. Yamini, A. J. Ahmad, J. Kasim, N. M. Nasir and J. Harun, Proc. of the Int.

Symposium on Biocomposites and Blends based on Jute and Allied Fibers, p. 135 (1994)]
The important objective of this work is the utilisation of oil palm fibres as
reinforcement in phenolic resin to produce cost effective and environment friendly
composite materials. In order to achieve this major objective several fundamental
investigations has been undertaken. The effect of fibrous reinforcement on the
properties of the composites as a function of fibre length, fibre loading and fibre
surface modifications has been systematically studied. Oil palm fibres were
hybridised with glass fibre to prepare high performance composites with several

added advantages. The present work focuses on following aspects:
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Processing, characterisation and modifications of oil palm fibres:-
Processing of oil palm fibres and characterisation of physical and chemical
properties of oil palm empty fruit bunch fibre and oil palm mesocarp fibre were
studied in detail. Chemical composition, surface morphology and thermal stability
of the fibres were analysed. Several modifications onto the fibre were tried, in
order to enhance the reinforcing ability of the fibres. Infrared spectroscopy and
scanning electron microscopy were used to characterise the modified fibre surfaces.
Changes in the mechanical performance of the fibres on various modifications were
studied.

Static mechanical properties-- Both the untreated and treated oil palm
empty fruit bunch fibres have been used as reinforcement in phenol formaldehyde
resin. The tensile, flexural and impact performance of the composites were
analysed. The failure mechanisms were studied using scanning electron
microscope.

Hybrid composites:- Oil palm fibres were hybridised with glass to improve
the properties and to decrease the water absorption of the resultant composite.
Mechanical properties of the hybrid composites were analysed giving special
reference to the relative volume fraction ratio of the fibres. Hardness of the
composites and presence of voids were determined. Hybrid effect of glass and oil
palm fibres was also analysed.

Stress relaxation studies:- Tensile stress relaxation behaviour of individual
oil palm empty fruit bunch fibre and oil palm fibre reinforced PF composites was
investigated. The effects of fibre modifications, physical ageing and strain level on
the stress relaxation behaviour of the fibre and the composites were investigated.
Effect of fibre loading on the relaxation mechanism of the composites was also
analysed. In order to predict the long-term behaviour of the fibres and composites,
master stress relaxation curves of the fibres and composites were computed.

Dynamic mechanical properties:- The dynamic mechanical properties of
the composites were analysed giving special reference to parameters such as fibre

length, fibre loading, fibre treatment and hybrid fibre ratio. The storage modulus,
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loss modulus and mechanical damping of the composites were analysed. Variation
in the glass transition temperature of the composites upon incorporation of fibres
was determined.  Activation energy of the relaxation processes in various
composites was calculated. Master curves for the dynamic properties of the
composites were constructed to explain the long-term dynamic properties of the
composites. The phase behaviour and modulus variations were studied from
cole-cole analysis.

Water sorption studies:- Water sorption characteristics of oil palm fibres in
distilled water, mineral water and water containing salt at different temperatures
were studied. The kinetics of sorption in oil palm fibre reinforced PF composites
and oil palm/glass hybrid fibre reinforced PF composites were also analysed. The
concentration dependency of the diffusion coefficient was analysed.

Accelerated weathering studies:- Environmental effects such as thermal,
moisture, biological and gamma irradiation on the composite properties were
investigated. Mechanical properties such as tensile, flexural and izod impact
performance of the unaged and aged composites were compared. Thermal stability
of the composites was determined from corresponding TGA and DTG curves.
Changes in the fibre-matrix adhesion on ageing and the tensile and impact fracture
mechanism of the aged composites were studied using scanning electron
microscopy.

Electrical properties:- The electrical properties of the composites were
studied giving special reference to the effect of fibre loading, fibre modifications
and hybridisation effect of oil palm fibre with glass. Volume resistivity, dielectric
constant, loss factor and dissipation factor of the composites have been evaluated.

Theoretical modelling:- The experimental strength values of the composites
were compared with theoretical predictions. Theoretical models such as parallel,
series, Hirsch’s, modified Bowyer and Bader’s and modified rule of mixtures were
applied to predict the tensile strength and Young’s modulus of the composites. Law

of additive rule of mixtures was applied to calculate the theoretical strength of

hybrid composites.
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21 MATERIALS
2.1.1 Oil Palm Fibres

Oil palm empty fruit bunches were collected from Oil Palm India Ltd., Kottayam,
Kerala, India and fibres were processed by retting technique. The oil palm empty
fruit bunch (OPEFB) fibres were separated, cleaned off pithy materials and dried.
The average length of a fibre is approximately 15cms. Oil palm mesocarp fibres
were collected from palm oil mill after the extraction of oil from fruits. These
fibres were cleaned off from oily matter and pithy materials. The physical and

chemical characteristics of oil palm fibres are discussed in chapter 3 and are already

reported elsewere.'

2.1.2 Glass Fibre Mat

M/s Ceat Ltd, Hyderabad, India, supplied multidirectional short E-glass strand mat.
The fibre length was SOmm. They are high silicate materials having high strength

to weight ratio. The important physical and mechanical properties of glass fibre are

given Table 2.1.2

Table 2.1 Physical and Mechanical Properties of Glass

Diameter (um) 5-25
Density (g/cc) 2.54
Tensile strength (GPa) 1.7-3.5
Young’s modulus (GPa) 66 -72
Elongation at break (%) 3

2.1.3 Phenol Formaldehyde Resin

Phenol formaldehyde (PF) resole type resin is used and is procured from M/s West
Coast Polymers Pvt. Ltd., Kannur, Kerala, India. The physical, chemical and

mechanical characteristics of the PF resin are given in Table 2.2.
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Table 2.2 Typical Properties of Phenol Formaldehyde Resole Resin

Liquid resin
Appearance Deep brown colour
Viscosity (cps) 18 — 22 s. on Ford cup B4
Water tolerance 1:8
Solid content (%) 50+1
Cured resin
Density (g/cc) 1.3
Tensile strength (MPa) 10
Young’s modulus (MPa) 375
Elongation at break (%) 2
Flexural strength (MPa) 10
Flexural modulus (MPa) 1875
Izod impact strength (kJ/m?) 20

214 Chemicals

Acrylic acid, acrylonitrile monomer, NaOH, KMnQ,, acetié anhydride and benzoyl
peroxide were used for fibre surface modifications. These chemicals were of
reagent grades. The structures of the coupling agents, triethoxy vinyl silane and

toluene 2,4-diisocyanate used are given below.

H5CZO\ /OCsz
H5CZO/ \/

N=C=0

Tri ethoxy vinyl silane (A 151)

O=C=N,
CH3 Toluene 2,4-diisocyanate

These chemicals were procured from M/s Union Carbide Co., Montreal, Canada

and Poly Sciences, USA respectively.
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2.2 CHEMICAL COMPOSITION OF OIL PALM FIBRES

Chemical composition of fibres was estimated according to ASTM procedures.
Lignin-ASTM D1106; Holocellulose-ASTM D1104; Ash content-ASTM D1102;
Alcohol-benzene solubility-ASTM D1107; Ether solubility-ASTM D1108; One
per cent caustic soda solubility-ASTM D1109; Water solubility-ASTM D1110

2.3 RESIN MODIFICATION

The PF resin was treated with benzoyl peroxide. Different quantities ( 0.1, 0.5 and
1% of the resin) of the peroxide were added into the resin and stirred for one hour

for intimate mixing. The peroxide can act as a free radical initiator and can take

part in the crosslinking reactions.
2.4 FIBRE SURFACE MODIFICATIONS

Mercerisation: Fibres were immersed in 5% solution of sodium hydroxide
for different time intervals such as 72, 48 and 24 hrs. at room temp. Fibres were
then washed many times in distilled water and finally washed with water containing

a little acetic acid and dried.

Acetylation: Fibres were pre-treated with 2% sodium hydroxide for about
half an hour in order to activate the hydroxyl groups on the cellulose and lignin.
Fibres were subjected to acetylation with acetic anhydride in acetic acid medium.
Conc. H,SO, acts as a catalyst in this reaction. Fibres were washed in distilled

water and then dried.

Peroxide treatment: Fibres were coated with benzoyl peroxide in acetone
solution after alkali pre-treatment. Saturated solution of the peroxide in acetone

was used. Finally, the treated fibres were then dried

Permanganate treatment: Fibres were pre-treated with sodium hydroxide
and then dipped in permanganate solution in acetone for about 2-3 minutes. The
permanganate solutions of concentrations 0.01, 0.05 and 0.1% were used. Fibres

were washed in distilled water and finally dried.
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%Coy-ray irradiation: Oil palm fibres were exposed to y-ray irradiation

from a “’Co source at a dose rate of 0.1Mrad per hour for about 30hrs.

Isocyanate treatment: The alkali treated fibres were taken in a round-
bottomed flask and soaked in chloroform containing dibutyl tin dilaurate catalyst.
Toluene diisocyanate was added dropwise into the flask using a pressure equalising
funnel. The reaction was allowed to take place for two hours with continuous
stirring. Fibres were purified by refluxing with acetone and then washed with

distilled water and dried in oven.

Silane treatment: The pre-treated fibres were dipped in alcohol water
mixture (60:40) containing tri ethoxy vinyl silane coupling agent. The pH of the
solution was maintained between 3.5 and 4. Fibres were washed in distilled water

and dried.

Acrylation: Fibres were mixed with 10% NaOH for about 30minutes at
room temperature. The solution was decanted and the wet product treated with
solution containing different concentrations of acrylic acid. The reaction was
allowed to be carried out for about one hour at 50°C. Fibres were washed with

water/alcohol mixture and dried.

Acrylonitrile grafiing: Fibres were bleached with 2% alkali for 30 minutes
and then oxidised with 0.02mL™" KMnO, (liquor ratio, 1:150) for 10 minutes. The
fibres were further washed with water and then soaked in 1% H,SO, containing
acrylonitrile in the ratio 30:1. The sample was then placed in a thermostatic water
bath, and the temperature was kept at 50°C for 2 hours without any disturbance.
The sample was then washed with water thoroughly and dried. The grafted fibre
was isolated from any homopolymer formed (PAN) by soxhlet extraction using

dimethyl formamide.

Latex modification: Fibres were given a latex coating by dipping in natural

rubber latex having 10% dry rubber content after pre-treatment with NaOH.
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2.5 COMPOSITE PREPARATION

Oil palm empty fruit bunch fibre having higher cellulose content and mechanical
properties than mesocarp fibre was selected for reinforcing PF resin. Prepreg route
was followed for the preparation of composites. Hand lay up method followed by
compression moulding was adopted for composite fabrication. Fibres were chopped
into desired lengths (10, 20, 30 and 40mm) and dried in oven at 60-70°C for about 2
hrs. These chopped fibres were uniformly spread in a mould cavity. Mould was
then closed and pressure applied to form a single mat. The mat was then
impregnated in the resin and the prepreg was kept at room temperature up to a
semicured stage. It was then pressed at 100°C to get a three dimensionally
crosslinked network. Composites with different fibre loading (20, 30, 40 and
50wt.%) were prepared and properties evaluated. It has already been reported that
composite containing oil palm fibre with 40mm length and a loading of 40 wt.%
resulted in better reinforcement and provided optimum properties.

The glass fibre mats were sized. Glass mat reinforced PF resin composites
with various fibre loading (10, 23, 27, 40 and 45 wt.%) were prepared as described
above. Effect of fibre loading on the mechanical properties was analysed. Hybrid
composite was prepared by arranging randomly oriented short glass and oil palm
fibre mats as alternate layers. It was then soaked in PF resin and cured under hot
pressing. By keeping the total fibre loading of the hybrid composite constant
ie.40wt.%, the relative volume fractions of the indivi(iual fibres were changed.
Composites having different volume ratio of glass/oil palm fibre such as 1:0,
0.7:0.3, 0.5:0.5, 0.3:0.7, 0.1:0.9, 0.08:0.92, 0.04:0.96 & 0:1 were prepared.

2.6 SCANNING ELECTRON MICROSCOPY AND OPTICAL MICROSCOPY

The SEM photographs of fibre surfaces and cross sections of untreated and treated
fibres were taken using scanning electron microscope Philips model PSEM-500.

The tensile and impact fractograph of the composites were taken to study the
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fracture mechanisms and interface adhesion of the composites. The crack
propagation and fibre dispersion in composites were analysed by using an optical

microscope of Leitz Metallux 3, Germany.
2.7 IR SPECTROSCOPY

The modified fibre surfaces were characterised by IR spectroscopy. KBr disk
method is followed in taking IR spectra. The instrument used was Shimadzu

infrared spectrophotometer IR-470.
2.8 THERMOGRAVIMETRIC ANALYSIS

Thermogram of untreated and treated fibres and composites were taken in an inert

atmosphere at a heating rate of 10°C/min. Shimadzu thermal analyser DT-40 was

used for the study.
2.9 MECHANICAL TESTS

Strength of the oil palm fibres was determined using FIE electronic tensile testing
machine TNE-500. The fibres were mounted in a fixture made of paperboard with a
central window and pulled at a strain rate of 20 mm/min. The gauge length was 50
mm and 20 mm in the case of OPEFB fibre and oil palm mesocarp fibre,
respectively. Strength, Young's modulus and elongation at break were evaluated.

Test specimens were cut from the composite sheets. Tensile testing was
carried using FIE electronic tensile testing machine TNE-500 according to ASTM D
638-76 at a strain rate of SOmm/min. Three point flexure properties were also tested
using the same machine according to ASTM D 790. Impact tester of Ceast Torino,
Italy was used to test the unnotched izod impact strength of the composites. It was
tested according to ASTM D 256. Hardness of the composites was checked on a
shore D Hardness Durometer on ASTM D 2240. Density of the samples was
determined by displacement method according to ASTM D 792.
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210 STRESS RELAXATION

The stress relaxation experiments in oil palm fibre and the composite
samples were carried out at ambient temperature on a Zwick Universal testing
machine, model 1474 in uniaxial tension according to ASTM D638. The gauge
lengths were fixed at 30 and SOmm for the fibre and composite samples respectively
and tested at a speed of Smm/min. The strain was held constant after the required
level was reached and the decay in stress was recorded as a function of time for
about 3hrs. The samples were tested at three different strain levels, 3, 10 & 17% for
fibre and 1,2 & 3% for composites to study the effect of strain level on the

relaxation mechanism.
2.11 DYNAMIC MECHANICAL ANALYSIS .

A dynamic mechanical thermal analyser of Polymer laboratories (Model PL-Mk II)
was employed for dynamic mechanical property evaluation of the composites.
Samples of dimension 5x1x0.25cm’® were used for testing. The testing temperature
ranged from 25 to 150°C and the experiment was carried out at frequencies 0.1, 1,

10, 50 and 100Hz. The experiment was performed under tensile mode at a strain

amplitude of 0.1%.
2.12 WATER SORPTION STUDIES

Oil palm fibres: About 0.5 gms of dried oil palm empty fruit bunch fibre
having an appropriate length of Scm and oil palm mesocarp fibres were taken for
the water sorption study. The diameter of the fibres was noted. The samples were
immersed in distilled water, mineral water and water containing salt at different
temperature 30, 50, 70 and 90°C in a thermostatically controlled air oven. Increase
in weight of the samples was noted at specific time intervals. This process was
continued till equilibrium was reached.

Composites: For water sorption experiments rectangular samples of
10x10mm size were cut from the composite sheets. Comers of the samples were

curved to avoid non-uniform water diffusion. The thickness of the samples was



57

measured. Samples were immersed in distilled water and the experiment was
carried out as described above. The values obtained were found to be perfectly
reproducible. The mole percent uptake Q, for water by 100g.of the polymer was

plotted against the square root of time. The Q, value can be expressed as

_ Me(w) / Mr(w) X 100 @2.1)
Mi(s)

Qi

where Me(w) is the mass of water at equilibrium, Mr(w) is the relative molecular
mass of water ie.18 and Mi(s) is the initial mass of the sample. At equilibrium, Q,
was taken as the mole percent uptake at infinite time. ie.Q,, The water sorption of

polymers was calculated as number of moles of water absorbed by 100g of the

polymer.

2.13 AGEING STUDIES

Thermal ageing: Composite samples were cut into specified dimension
according to ASTM standards for mechanical testing. It was then placed in an air
oven at 100°C for about three days. Samples were then allowed to cool to room
temperature.

Water ageing: Composite samples were kept in distilled water at room
temperature for two weeks to attain a saturation level. Samples were taken out and
air dried.

Boiling water ageing: Samples were kept in boiling water for 2hrs. and then
air dried.

Radiation ageing: Composite samples were irradiated from a “Co y ray
source. The samples were given 0.1, 1, 10, 50, and 100 Mrad dose.

Biodegradation: The composite samples were inoculated with two fungi
Tricoderma and Aspergillus. Inoculation was done at the cut portions of the
composites and the samples were kept in a moist environment. Samples were kept

for several months under the same condition.



58

2.14 ELECTRICAL PROPERTY MEASUREMENTS

Rectangular pieces of the composites having an apbroximate dimension, 1x1x0.25
cm’ were used for the measurement. The samples were coated with conductive
silver paint on both sides. Copper wires were fixed as electrodes on either side.
The measurement was carried out at room temperature using a 4192 LF Impedence
Analyser (Hewlett-Packard Co., Palo Alto, CA, USA) at a frequency range of
10KHz — 10MHz. The resistance, capacitance and dissipation factors (tan §) were
measured directly. The volume resistivity (p,), dielectric constant (¢') and dielectric
loss (g") were calculated from the following relationships.

Volume resistivity of the composites is given by the following eqn.

Pv = R;_A QAcm 2.2)

where R is the volume resistance, A is the area and t is the thickness of the sample.

The dielectric constant of the composites is given by,

e = C.t 2.3)

where C is the capacitance, &, is the permittivity of air (8.85x107* Fm™).

The dielectric loss factor is given by,

g = ¢g'- tand (2.4)
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CHAPTER 3

Oil Palm Fibres : Studies on Chemical
Composition, Surface Modifications,
Morphology and Mechanical
Properties

Results of this study have been published in Journal of
Applied Polymer Science, 66, 821 (1997)

Abstract

The morphology and properties of oil palm fibres have been analysed. The
properties of two important types of fibre, the oil palm empty fruit bunch
(OPEFB) fibre and the oil palm mesocarp fibre (fruit fibre) have been
described. The surface topology of the fibres has been studied by scanning
electron microscopy. Thermogravimetry (TGA), differential thermogravimetry
(DTG) and differential thermal analysis (DTA) were used to determine the
thermal stability of the fibres. Various fibre surface modifications were made
on the fibre. The physically and chemically modified surfaces were
characterised by IR spectroscopy and scanning electron microscopy. The
chemical constituents of the fibres were estimated according to ASTM
standards. Mechanical performance of the fibres was also investigated. The
effect of water sorption on the mechanical performance of the fibres was
studied. Microfibrillar angle of the fibres was theoretically predicted. The
theoretical strength of the fibres was also calculated and compared with the

experimental results.
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il palm is one of the most economical and very high potential perennial oil crops.
It belongs to the species Elaeis Guineensis under the family Palmacea. It
originated in the tropical forests of West Africa. Major industrial cultivation of oil
palm is in South East Asian Countries like Malaysia and Indonesia. Large scale
cultivation has come up in Latin America. In India oil palm cultivation is coming
up on a large scale basis with a view to attain self sufficiency in oil production. Qil
palm empty fruit bunch (OPEFB) fibre and oil palm mesocarp fibre are the two

important types of fibrous materials left in the palm oil mill.

Figure 3.1 Photograph of (a) oil palm empty Figure 3.2 Photograph of an oil palm
fruit bunch fibre, and (b) oil palm empty fruit bunch
mesocarp fibre

Figures 3.1(a & b) show the photographs of fruit bunch fibre and oil palm
mesocarp fibre, respectively. Oil palm empty fruit bunch is obtained after the
removal of oil seeds from fruit bunch for oil extraction. Photograph of an empty
fruit bunch is shown in Figure 3.2. OPEFB fibre is extracted by the retting process
ofthe empty fruit bunch. Average yield of OPEFB fibre is about 400 g per bunch.
Mesocarp fibres are left as a waste material after the oil extraction. These fibres
must be cleaned off from oily and dirty materials. The only current utilisation of
this highly cellulosic material is as boiler fuel and in the preparation of potassium
fertilisers. These waste materials when left on the plantation floor creates great
environmental problems. Therefore, economic utilisation of these fibres will be

beneficial. This requires extensive study on the chemical and physical
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characteristics of these fibres. Many of the natural fibres like coir, banana, sisal,
talipot, palmyrah, jute, pineapple leaf fibre, etc. find applications as a resource for
industrial materials.”? Properties of the natural fibres depend mainly on the nature
of the plant, locality in which it is grown, age of the plant and the extraction
method used. For example, coir is a hard and tough fibre. It is multicellular with a
central portion called lacuna. On the other hand, banana fibre is weak and
cylindrical in shape. Sisal is an important leaf fibre and is strong. Pineapple leaf
fibre is soft and has high cellulose content. The investigations based on these
fibres are still going on. Many studies have been reported on the natural fibre
based composite products.* Oil palm fibres are hard and tough. These fibres
show similarity to coir fibres in its cellular structure. To date, no systematic work
has been undertaken to evaluate the morphology and physical properties of oil
palm fibres.

The physical properties of other natural fibres have already been reported.®™
Barkakaty® reported on the structural aspects of sisal fibres. Martinez et al.’
studied the physical and mechanical properties of the lignocellulosic henequen
fibres. Thermal stability and moisture regain of wood fibres were studied by Rao
et al® They utilised scanning electron microscope to study the morphological
characteristics.

Chemical treatments of cellulosic materials usually changes the physical
and chemical structure of the fibre surface.” Mukherjee et al."® reported the effect
of ethylene diamine on the physico-chemical properties of jute fibres. X-ray and IR
studies can be used to investigate the changes in the fine structure of fibre
surface."! Effects of alkali, silane coupling agent and acetylation have been tried

on the oil palm fibres. It is reported that the alkali treatment on coir fibre enhanced
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the thermal stability and maximum moisture retention.'” Prasad et al.”* reported

that the use of alkali treated coir fibres greatly improves the mechanical properties
of coir-polyester composites. Chemical analysis of the oil palm fibres shows that

the principal component is cellulose. The cellulose content plays an important role
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in the performance of the fibre. The properties of the particle boards prepared
from oil palm empty fruit bunch fibre and urea formaldehyde resin have been
reported earlier."* Many studies have been reported on the determination of fibre

strength using various techniques."> "’

In this chapter, the chemical, physical and morphological characteristics of
the oil palm fibres have been investigated. Surface modifications of the fibres
have been tried. Morphological analysis has been carried out with the help of IR
and scanning electron microscopy studies. The chemical constituents of the fibres
were determined. Mechanical properties such as tensile 'strength, Young's
modulus and elongation at break were evaluated. The deformation characteristics
of the fibres were studied with the help of stress-strain curves. Effect of water
sorption on these properties was investigated. TGA, DTG and DTA were carried
out to study the thermal stability of the fibres. Microfibrillar angle and strength of

the fibres were theoretically calculated.

3.1 PROPERTIES OF OIL PALM EMPTY FRUIT BUNCH (OPEFB) FIBRE

3.1.1 Chemical Analysis

Table 3.1 shows the various chemical components present in the OPEFB fibre.
The fibre contains higher percentage of cellulose. Lignin content is comparatively

Iow. The total cellulose content (holocellulose) of the fibre is found to be 65%.

The fibre is found to have very low ash content.

Table 3.1 Chemical Composition of Oil Palm Fibres and Some Important Natural Fibres

Fibre Lignin | Cellulose | Hemicellulose | Ash Content
(o) | (%) (%) (%)
OPEFB fibre 19 65 —— 2
Oil palm mesocarp fibre 11 60 - 3
Coir 40-45 32-43 0.15-0.25 -—--
Banana 5 63-64 19 -—--
Sisal 10-14 66-72 12 o
| Pineapple leaf fibre 13 82 — —

Source: ref. 1.
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All these factors result in the better performance of the fibre. The fibre is
hygroscopic and its moisture content is found to be 12%. The results are
compared with that of some other important natural fibres (Table 3.1). Compared
to coir fibres, OPEFB fibre is highly cellulosic. Coir has high percentage of lignin
than OPEFB fibre. However, the cellulose content of OPEFB fibre is slightly less
than that of banana and sisal. It is much less than that of pineapple leaf fibre. The
lignin content of banana, sisal and pineapple leaf fibre is less than that of OPEFB
fibre.

Solubility of the fibre in different solvents is given in Table 3.2. Caustic
soda solubility is higher than other solvent solubility. The fibre contains 10%

water soluble matter.

Table 3.2 Solubility of Oil Palm Fibres in Different Solvents

Oil Palm Empty | Oil Palm Mesocarp Fibre
Solvent Fruit Bunch Fibre (Fruit Fibre)

(%) (%)
Alcohol-Benzene 12 12
Ether 12 20
1% caustic soda 20 27
Cold-water 8 12
Hot-water 10 12

3.1.2 Physical Modifications: Scanning Electron Microscopic Studies

Figures 3.3a and 3.3b are the SEM photographs of the untreated fibre surface and
its cross section respectively. Porous structure is observed for untreated fibre. The
pores are found to have an average diameter of 0.07um. The cross section of the
fibre shows lacuna like portion in the middle. The porous surface morphology is
useful to have better mechanical interlocking with the matrix resin for composite
fabrication. SEM gives strong evidence for the physical microstructural changes
occurred to the fibre surface on modifications. The alkali treated fibre surface is

presented in Figure 3.4. Upon mercerisation, the pores became clear and this may



be due to the leaching out of the waxy cuticle layer. This renders roughness to the
fibre thereby enhancing the mechanical interlocking at the interface. The fibre
became curly and soft upon alkali treatment. Average diameter of the pores is
found to be 0.15"m. The distribution of the pores of different size before and after

alkali treatment can be understood from the distribution curve (Figure 3.5).

Figure 3.3 SEM’s of untreated OPEFB fibre (a) fibre surface
(x 400) and (b) cross section (x 200)

Rjresize  (wn)

Figure 3.4 SEM of alkali treated OPEFB Figure 3.5 Distribution curve of pore size of
fibre fibre surface (x 400) the untreated and alkali treated
OPEFB fibre surface



Figures 3.6 give the micrographs of acetylated fibre surface. Acetylation
clearly eliminates the waxy cuticle layer on the surface. This is evident from the
micrograph. Here also physical changes are clearly observed; the waxy layer is
completely removed. Acetylated fibres are more stiff compared to untreated fibres.
The surface topography is entirely modified upon benzoyl peroxide treatment
(Fig. 3.7). The fibrillar structure of the individual ultimate fibres is revealed form
the photograph and may be due to the leaching out of waxes, gums and pectic
substances. Micropores, particles adhering to the surface, groove like portions and

protruding structures make the fibre surface very rough. The colour of the fibre is

Figure 3.6 SEM ofacetylated OPEFB fibre Figure 3.7 SEM ofperoldde treated OPEFB
surface (x200) fibre surface (x200)

Figure 3.8 SEM of permanganate treated Figure 3.9 SEM ofy irradiated OPEFB fibre
OPEFB fibre surface (xIOO) surface (x200)



changed and became soft upon permanganate treatment. In fact a porous structure
IS observed upon treatment with permanganate (Fig. 3.8). Gamma ray irradiation
eliminates the porous structure and microlevel disintegration of the fibre is
observed (Fig. 3.9). Major cracks are developed upon radiation treatment. It is
Important to mention that the changes on the fibre surface topography affect the
interfacial adhesion. The toluene diisocyanate treatment leads to major changes on
the fibre surface. Irregular fibre surface is seen due to the mass like substances
deposited on the surface of the fibres (Fig. 3.10). Silane treatment and acrylation
give surface coatings to the fibres. Surface features of the fibre are not clearly

visible (Fig. 3.11 &3.12).

Figure 3.10 SEM ofisocyanate treated OPEFB Figure 3.U SEM of silane treated OPEFB
fibre surface (x 100) fibre surface (x 101)



Similar changes were reported on grafted natural fibres like cotton and jute.”™’

Slight fibrillation is observed in acrylated fibre (Fig. 3.12). Acrylonitrile grafted
fibre shows fibrillated and porous structure (Fig. 3.13). Initiation of longitudinal
cracks seen on the grafted surface, may be due to the presence of the grafting
materials. The deposition of the polymer onto the fibre makes a film and it fills the
gap between the fibrils. The fibre became smooth and fibrillation is minimised

upon latex coating (Fig. 3.14). The pores are filled with rubber making it more

hydrophobic.
- -
Figure 3.13 SEM of acrylonitrile grafted Figure 3.14 SEM of latex coated OPEFB
OPEFB fibre surface (x99) fibre surface (x200)

3.1.3 Chemical Modifications - IR Spectroscopy

Untreatedfibre: Figure 3.15a is the IR spectra of the untreated fibre. The
untreated fibre shows peaks corresponding C-0 stretching and C-H stretching at
770 and 2850cm™" respectively. The parent fibre shows bands at 3450cm'* due to
the -O-H stretching. The peak observed at 1735cm” may be due to C=0
stretching of hemicellulose and that at 1606cm™ is due to the stretching of the
aromatic ring in lignin components. A peak at 895cm * observed arises from

P-glucosidic linkage (Fig. 3.15a).



Mercerisation (Alkali treatment): Mercerisation leads to an increase in
the amount of amorphous cellulose at the expense of crystalline cellulose. The
important modification expected here is the removal of hydrogen bonding in the
network.

Wave numbercnr'

Figure 3.15 IR spectraof OPEFB fibres (a) Untreated (b) Mercerised
(c) Acetylated (d) Silane treated
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This is evident from the increased intensity of the OH peaks at 3450cm™ in the IR
spectrum (Fig. 3.15b). The following reaction takes place as a result of alkali

treatment;
Fibre — OH + NaOH — Fibre — O Na" + H,0

Acetylation: Acetylation at the -OH groups from cellulose and lignin are

shown below

o

0 0 0
[}

) | g CHsCOOH ﬁ
Fibre _OH + CH3— C—Q—C —_CH3 — g Fiber — 0—C —CH3 + CH3—C —OH

Conc.HxSO4

A strong peak at 1730cm™ in the IR spectrum (Fig. 3.15c¢) indicates the presence of
acetyl group in the fibre. This peak arises from combined C=O stretching of
hemicellulose and C=O stretching of the —O—CO—CHj; resulting from acetylation.
The band at 1255cm™ arises from the acetate C—-C(=0)-O stretching. The extent
of acetylation is estimated by the titrimetic method. The number of O-acetyl
groups in a certain amount of acetylated fibre is estimated by hydrolysing with
excess normal caustic soda. The unreacted alkali is then determined by titrating
against normal oxalic acid. The number of O-acetyl groups in 0.5g of acetylated

fibre was found to be 0.006.

Silane treatment: Alkoxy silanes are able to form bonds with hydroxyl
groups. Silanes undergo hydrolysis, condensation and the bond formation stage.
Silanols can form polysiloxane structures by the reaction with hydroxyl group of
the fibres.”’ The peak at 1525cm™ in the IR spectrum of the untreated fibres is
shifted to 1600cm™ in the IR spectrum of the silane treated fibres (Fig. 3.15d).

This may be due to the C=C stretching. The reaction scheme given below explains

this.
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Hydrolysis of silane: -
In presence of moisture, the hydrolyzable alkoxy group leads to the

formation of silanols.

(l) CoHs

0 i
_ - H, _
CHp =CH— SII—OCsz — CH2=CH—§1—0 —H

O C,H; O—H

Hypothetical reaction of fibre and silane:

. Celluose -----— 0 o
Fiber 7----Hemicelluose — o /

N NH + CH=CH —S —oH _ »

™ Lignin ____. — 0
\H \OH

OH

, Cellulo R SA— —_ 0 — S __ CH=CH,
P |

, OH
"' OH

Fber .. Hemicellulose — o — é,—_CH=CH2

[N
.

N\ OH
S OH

. |
* Lignin —--—— — 0 —— ?i—CH=CHz
OH

Acrylonitrile grafting: The lignin content in the fibre is a governing factor
on the extent of acrylonitrile grafting. Presence of lignin generally retards the
polymerisation rate and acts as an in inhibitor at higher lignin levels.*"** Oil palm
fibre contains low level of lignin (19wt.%). The accessibility of the monomer
molecules to the active centres of the cellulose is easier in water than in an organic
solvent.” The IR spectrum after extraction shows a peak at 2240cm™ which is
characteristic for the nitrile group corresponding to acrylonitrile grafted onto the

fibre (Fig. 3.16a). The peak at 1460cm™ is due to the CH, deformation intensified
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upon grafting.  Extensive studies on the acrylonitrile grafting onto the
lignocellulosic materials have been reported.”* * It was found that without the

presence of lignin, the grafting reaction could favourably proceed between

cellulose and acrylonitrile.

2240 ot
o

% Transmittance

Wave qumber cor?

Figure 3.16 IR spectra of OPEFB fibres (a) Acrylonitrile grafted (b) Latex coated
(c) Acrylated (d) Peroxide treated
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Latex Coating: Latex coating imparts physical and chemical modifications
to the fibre. The fibre became more elastic. Strong peaks are observed in the IR
spectrum at 2370, 1730 and at 1250cm™ when compared with the untreated fibre
(Fig. 3.16b). Peaks observed at 1452 and 1375cm™ correspond to the characteristic
peaks reported for natural rubber which are due to the aliphatic C-H stretching.

Acrylation: Acrylation reaction is expected to occur at the hydroxyl groups

of the fibre.?

NaOH
Fibre -OH+ CH,=CH-COONa —» Fibre - O - CH,; - CH, - COOH

More intense peak corresponding to —O—H stretching is observed in the IR spectra

(Fig. 3.16¢).

Peroxide treatment: The decomposition of the peroxide and the subsequent
reaction at the interface is expected at the time of curing of composites. Higher
temperature is favoured for decomposition of the peroxides. This can be shown as

RO-OR—» 2RO
RO +cellulose-H ——————» R —-OH + Cellulose’

There is no significant change in the IR spectra upon peroxide treatment.
However, the C~H stretching peak at 2850cm™ is shifted to 2900cm™. This may
be due to the slight decomposition of the peroxide (Fig. 3.16d).

Permanganate treatment: This treatment leads to the formation of
cellulose radical through MnO; ion formation.® The reaction scheme is as shown

below

Frransfer
Celluose —H + KMnO; —— Cellulose —H—O —Mn—QK "

)
I )
Celluose —H—0Q — Mn—O K' ——» Celulose. + H—O _1\I,I{n__o'K+

& b
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The radical enhances the chemical interlocking at the interface. Figure 3.17a
shows the IR spectrum of permanganate treated fibre. The C=0 stretching peak at

1735cm™ in the parent fibre disappeared upon treatment.

% Transmittance

T T T ’ o
3000 2000 1500 1000 500 400
Wave aumber cm™!

Figure 3.17 IR spectra of OPEFB fibres
(a) Permanganate treated (b) y-irradiated (c) TDIC treated
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Gamma ray irradiation: Radiation onto the fibre surface leads to major
changes in the fibre. Peak at 1735cm™ intensified upon y irradiation (Fig. 3.17b).
The C—H stretching peak at 2850 cm™ is shifted to 2900cm™. Prominent peaks are
observed at 1642, 1375 and 1250cm™. This may arise from the changes in the
crystalline region, C—H bending vibration and interaction between O-H bending

and C-O stretching,.

Isocyanate treatment: Isocyanates have functional groups -N=C=0 which
are very susceptible to reaction with the hydroxyl group of cellulose and lignin in
fibres.

H O
|l

—N=C=0 + HO—Fber ——» —N—C—0O —Fiber

IR spectrum (Fig. 3.17¢) indicates the formation of urethane linkages. A
small peak at 2270cm™ is observed due to the — NCO stretching of the unreacted
isocyanate present in the fibre. Emergence of the peak at 1770cm™ may be due to

the presence of —C=0 stretching of the urethane linkage.
3.1.4 Dimensional Changes on Treatments

The dimensional changes of the fibres after treatments can be seen from the
distribution curves (Fig. 3.18). The diameters of about 100 fibres before and after
treatments were measured and distribution curves were plotted. Chemical

treatments significantly reduce the diameter of the fibres.

3.1.5 Thermal Studies

Figures 3.19a, b, ¢ and d show thermal degradation pattern of untreated, alkali
treated, silane treated and acetylated OPEFB fibres, respectively. Figure 3.20a, b
and ¢ show thermograms of latex treated, isocyanate treated and permanganate
treated fibres respectively. Below 100°C, 5-8% weight loss was observed. This
may be due to the dehydration of the fibres. Initial degradation temperature is

higher for the alkali treated fibre.



75

40

4 Untreated

-+ Allali treated
35 -+ Acetylated
++Siane treated

30

25

20

No. of fibres

15

10

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Fibre diameter x 10* (um)

Figure 3.18 Distribution curve of fibre diameter of untreated and treated OPEFB fibres

This is evident from the DTA and TG curves (Figure 3.19b). Major weight losses
of the untreated and acetylated fibres take place at about 325°C. Alkali ﬁeatment
raises this temperature to 350°C while silane treatment raises to 365°C (Figure
3.19¢). DTA curve shows major peak in this region. This peak that may be due to
the thermal depolymerisation of hemicellulose and the cleavage of the glucosidic
linkages of cellulose.’ This is an exothermic process. At the first stage of
degradation DTA curve shows an endothermic peak in all cases (Figures
3.19a,b,c,d). This peak may be due to the volatilisation effect. Breakage of the
decomposition products of the second stage (second peak) leads to the formation of
charred residue. The third exothermic peak present in the DTA curve is due to this
oxidation and burning of the high molecular weight residues. In acetylated fibre
the second peak is not prominent. In permanganate and isocyanate treated ﬁbres,
major weight change occurs at 330°C. However in latex coated fibre, the DTG
curve shows a small peak at 325°C and a prominent peak at 375°C (Fig. 3.20a).
The initial peak will be due to the degradation of the rubber phase. Complete
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decomposition of all the samples takes place around 500°C in alkali, acetylated
and silane treated fibres. In permanganate and isocyanate treated fibres, the
decomposition come to an end at 635 and 580°C respectively. In latex coated fibre
the complete degradation occurs at 700°C. The percentage weight losses of
untreated and treated fibres at various temperatures are given in Table 3.3.

From the table it can be understood that both alkali and silane treatment improve

the thermal stability of the fibres.
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Figure 3.19 TG and DTA curves of OPEFB fibres: (a) untreated, (b) alkali treated,
(¢) silane treated, and (d) acetylated.
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It was reported by Mahato et al.'? that 5-15% alkali treated coir fibres showed
maximum thermal stability. Varma et al.”® also investigated the effect of alkali
treatment of natural fibres on thermal stability. Shah et al.”” reported that sodium
hydroxide treatment of lignocellulosic fibres lead to the formation of a lignin-

cellulose complex which gives more stability to the fibre.
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Figure 3.20 TG and DTA curves of OPEFB fibres: (a) latex treated, (b) isocyanate treated
and (c) permanganate treated.
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3.1.6 Effect of Fibre Surface Modifications on the Mechanical
Performance of Oil Palm Fibre

The effects of various chemical treatments on the mechanical properties of the

fibre have been studied. The nature and texture of the fibres obtained from

different plants may not be the same. The diameter of the fibres varies in the range

0.015 x 104 - 0.05 x 104 um. Average density of these fibres were found to be

0.8 kg/m’. All these factors affect the properties of the fibre. Therefore there is

large variation in the observed properties. The average value of the properties are

reported.
Table 3.3 Weight Losses of Untreated and Treated OPEFB Fibres at Various Temperatures
Untreated | Alkali | Acetylated | Silane | Latex | Isocyanate | KMnQ,4 | Weight loss
O °C) (°O) O | O O O (%)
150 235 145 180 270 270 121 10
260 290 240 300 320 310 305 20
300 325 285 328 340 330 320 30
315 350 308 360 360 340 335 40
340 352 325 370 370 360 350 50
340 352 338 370 385 410 375 60
345 360 340 370 416 466 475 70
395 415 370 420 516 510 525 80
440 460 435 440 616 560 618 90
480 510 495 520 | >740 >665 >678 100

Stress-strain behaviour:  The mechanical performance of the fibre is
dependent upon the chemical composition, chemical structure and cellular
arrangement. Qil palm fibre contains 19% lignin and 65% cellulose. The tensile
stress-strain curves for the parent and modified fibres are given in Figure 3.21.
Each individual fibre is composed of fibrils held together by non-cellulosic
substances like lignin, pectin etc. Failure of the fibre is gradual upon the

application of tensile stress. It shows intermediate behaviour between brittle and
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amorphous materials. At the very beginning (< 1% elongation) there is linearity
and thereafter 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 fibre. As stress gradually increases some of the fibrils
may slip out. Total of the stress is then shared by fewer cells. Further increase of
the stress leads to the rupture of cell walls and decohesion of cells. This results in
a catastrophic failure of the fibre. This could be understood from the slope
changes in the stress-strain curve. Modifications lead to major changes on the
fibrillar structure of the fibre. These modifications remove the amorphous
components leading to changes in the deformation behaviour of the fibres. Stress-
strain behaviour of the treated fibres clearly shows this. The brittleness of the fibre

is substantially reduced upon treatments.

--Untreated +Alkali &Silane Gamma imadiated
4-Acrylated ¥TDIC “#-Peroxide ¥KMnO4
fLatex =Acetylated4Acrylonitrile

300

200 |
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100

0 5 10 15 20 25 30
STRAIN (%)

Figure 3.21 Stress-strain curves of untreated and treated OPEFB fibres

Tensile properties: Important tensile properties of the fibre, tensile

strength, Young's modulus and elongation at break are given in - Table 3.4.
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Optimum mechanical performances are observed for silane treated and acrylated
fibre. Large fibre to fibre variations in properties were observed. Hence an
average value obtained from the total of ten samples for each case is reported.
Many of the modifications decrease the strength properties due to the breakage of
the bound structure and also due to the disintegration of the non-cellulosic
materials. Major degradation occurred as a result of y radiation. Some of the
treatments like silane and acrylation lead to strong covalent bond formation and
thereby the strength is enhanced. Latex modification enhances the elasticity of the
fibres. Since the oil palm fibres exhibit micropores on its surface, the latex can
penetrate into the pores and can form a mechanically interlocked coating on its
surface. This can contribute to its tensile properties by withstanding the fibre
failure even after the major internal failure. The reinforcing ability of the fibres
does not just depend upon the mechanical strength of the fibres but on many other
features like polarity of the fibre, surface characteristics and presence of reactive

centres like functional groups. These factors control the interfacial interaction.

Table 3.4 Mechanical Performance of Parent and Modified OPEFB Fibres

OPEFB fibre Tensile strength { Young’s modulus | Elongation at break
(MPa) (MPa) (%)
Untreated 248 6700 14
Mercerised 224 5000 16
Acetylated 143 2000 28
Peroxide treated 133 1100 24
KMnOQ,treated 207 4000 23
v radiated 88 16 00 25
TDIC treated 160 2000 22
Silane treated 273 5250 16 '
Acrylated 275 11100 26
Acrylonitrile grafted 95 1700 24
Latex coated 98 1850 23




The Young’s modulus of the fibres is improved upon acrylation reaction.
Untreated, alkali and silane treated fibres show very good modulus properties. The
improved stiffness of the fibre is attributed to the crystalline region (cellulosic) of
the fibre. The fibre shows very good elongation properties. The untreated fibre
shows 14% elongation. This may be due to the firmly bound chemical structure of
the fibre. Lignin binds the three dimensional cellulose network as well as the
fibrils. The value shows sharp increase upon modifications. Lower elongation of
the untreated fibre may be due to the three dimensionally crosslinked network of
cellulose and lignin. Treatment breaks this network structure giving the fibre
higher elongation and lower strength properties.

Figure 3.22 is the scanning electron micrograph of the tensile fracture of the
untreated oil palm empty fruit bunch fibre. The fi-acture surface morphology of the

broken end shows marked irregularities.

Figure 3.22 Scanning electron micrograph of tensile fracture of OPEFB fibre

The properties of the fibre were compared with that of some important
natural fibres. Table 3.5 gives the mechanical property values of these natural
fibres.  The strength and stiffness of the OPEFB fibre is much higher than that of
coir. Coir shows highest elongation among commonly used natural fibres. OPEFB

fibre shows higher elongation than sisal, pineapple and banana. The fibre is highly
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tough. However, the tensile strength of the fibre is less than that of sisal,

pineapple and banana fibres.

Table 3.5 Mechanical Properties of Some Important Natural Fibres

Fibre Tensile strength | Elongation Toughness

(MPa) (%) (MPa)

Sisal 580 43 1250
Pineapple 640 24 970
Banana 540 3 816
Coir 140 25 3200
OPEFB fibre 248 14 6700
Oil palm 80 17 500

mesocarp fibre

Source Ref. (30)

3.1.7 Theoretical Predlctlon of Microfibrillar Angle and Strength of the
OPEFB Fibre

Strength properties of the fibres are dependent mainly on the fibrillar structure,

microfibrillar angle and cellulose content. There is a correlation between

percentage elongation, € and the microfibrillar angle, 6 as®'
€ = 2.78+728x1026+7.7x10362 (3.1)

Using this ecjuation, the microfibrillar angle of OPEFB fibre is found to be 42°.
There exists a relationship between the strength properties with microfibrillar

angle and cellulose content.’’ This is given by

c = 7334.005-2.83006+ 1222 W : (3.2)

where o = fibre stfength, 0 = microfibrillar angle, W = cellulose content

The strength of the fibre is calculated as 341 MPa. However, the experimental
value was found to be 248 MPa. . : - { ‘
{
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3.2 PROPERTIES OF OIL PALM MESOCARP FIBRE (FRUIT FIBRE)
3.2.1 Chemical Analysis

Chemical composition of the fibre is given in Table 3.1. Cellulose and lignin
content are less than that of OPEFB fibre. It is comparable with other natural
fibres (Table 3.1). Fibre surface contains traces of oil. It dissolves on treatment
with NaOH solution. Solubility of the fibre in different solvents is given in
Table 3.2. This fibre shows higher percentage solubility in ether, caustic soda,
cold water and hot water than OPEFB fibre. Moisture content of the fibre is found
to be 11%.

3.2.2 Chemical Modifications

Fibre surface modifications have been done by alkali treatment and silane
treatment. Mechanisms suggested for OPEFB fibre modifications are applicable

here also.
3.2.3 Physical Modifications : Scanning Electron Microscopic Studies

Surface characteristics of the untreated fibre are clear from Figure 3.23a. The fibre
surface is rough. It exhibits protruding portions and grooves like portions on its
surface. The cross-section of the fibre is not uniform (Figure 3.23b). The
morphological changes of fibre on alkali treatment and silane treatment are evident
from the respective SEM photographs given in Figures 3.24 and 3.25. Alkali
treated fibre surface shows some protrusions on its surface. This may be
associated with the removal of the cuticle layer from the fibre surface. The fibre
surface became clear on silane treatment (Figure 3.25). Large number of

micropores could be seen on the surface. They have an average diameter 0.2 pm.

3.2.4 Chemical Modifications - IR Spectroscopy

On comparing the IR spectra of untreated OPEFB fibre and oil palm mesocarp
fibre (Figs. 3.15 and 3.26), it is seen that there is structural similarity between ;



Figure 3.23 SEM’s of untreated oil palm mesocarp fibre (a) fibre surface (x 400) and
(b) cross section (x 800)

Figure 3.24 SEM of alkali treated oil palm Figure 3.25 SEM of silane treated oil palm
mesocarp fibre surface (x400) mesocarp fibre surface (x400)

these fibres. Both the spectra show intense peaks at 3450cm “ and 2850cm * (0-H
stretching and C-H stretching, respectively).

The fine structural changes of oil palm mesocarp fibres upon chemical
modification can be understood from IR spectra. This is given in Figure 3.26.
Major changes in the absorbance occur in the case of alkali treatment. The C=0
stretching frequency of carboxylic group (1730cm') disappears on alkali
treatment. This may be due to the removal of carboxylic group by alkali.
Carboxylic group may be present on the fibre surface from traces of fatty acids
present. The intensity of the peak at 2125cm'™ increases upon alkali and silane

treatments. This may be due to the CH stretching. The intensity of the hydroxyl
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Figure 3.26 Infrared spectra of treated and untreated oil palm mesocarp fibres.

vibration absorption (3425cm-1) increased considerably upon alkali and silane
treatments as in the case of OPEFB fibre. Cellulosic hydroxyl groups may be
involved in hydrogen bonding. There are chances for bonding with carboxylic

groups of the fatty acids present on the fibre. Presence of a peak at 1730cm-1 in
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untreated fibre gives evidence for this. On treatments, these bonds may break.
The peak at 1560cm-! (C=C str.) disappeared on alkali and silane treatments. This
may be due to the removal of unsaturation present in the traces of oils by the
treatments. From these studies it is clear that several chemical reactions took place

during treatments.

3.2.5 Thermal Studies

Thermal stability of OPEFB fibre is higher than that of oil palm mesocarp fibre.
Silane treated OPEFB fibre is stable up to 365°C whereas stability of the alkali
treated oil palm mesocarp fibre is only up to 340°C.

TG and DTA scans of the 'untreated and treated fibres are presented in
Figure 3.27. The untreated fibre is stable up to 310°C. Alkali and silane treatment
raises the stability of fibre up to 340°C. Alkali treatment raises the initial
degradation temperature (weight loss of 10%) to 180°C from 138°C. The initial
weight loss may be due to the vaporisation of water present in the sample. DTA
curve shows a corresponding endothermic peak in this region. Major degradation
of untreated fibres occurs at about 310°C. Treatment raises this temperature to
340°C. Decomposition of cellulose may occur at this stage. A corresponding
exothermic peak is observed in DTA curve. The third exothermic peak in the DTA
curve may be due to the formation of charred residue from the first degradation
products. Broadening of the DTA peak is observed for silane treated sample. The
gradual degradation and percentage weight losses of untreated and treated fibres
can be understood from Table 3.6. From these results, it can be concluded that

alkali treatment is found to be more effective in improving the thermal stability.

3.2.6 Mechanical Performance

The strength and Young’s modulus of the OPEFB fibre is greater than that of oil
palm mesocarp fibre. But the mesocarp fibre shows higher percentage of

elongation. The mechanical performance of the mesocarp fibre is comparatively
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low with respect to other natural fibres (Table 3.5). Properties of lignocellulosic
fibres depend mainly on the cellulose content and microfibrillar angle. Various
mechanical properties of oil palm mesocarp fibres are given in Table 3.7. The
average density of this fibre is found to be 0.9 kg/m’. An average diameter of
0.02 x 104 pm is observed for these fibres. The stress-strain characteristics of
treated and untreated fibres are given in Figure 3.28. The modulus of the fibre is

increased upon modification by alkali and silane coupling agent.
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Figure 3.27 TG and DTA curves of oil palm mesocarp fibres: (a) untreated,
(b) alkali treated, and (c) silane treated.
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Silane treatment is found to be more effective. Silane treated fibre shows
maximum tensile strength. However, alkali treatment slightly decreases the tensile
strength. The elongation at break is maximum for untreated fibres. The value
shows decrease upon treatment. The firmly bound three dimensional network of
cellular arrangement may be partly destroyed upon treatment. Alkali treatment
reduces the tensile strength of the mesocarp fibre. This may be due to the
bleaching of the oily and waxy materials from the fibre surface. Mesocarp fibres
may contain traces of oil even after processing since the oil is present in the flesh
of the fruit. Silane treatment is found to be more effective in improving

mechanical properties.

Table 3.6 Weight Losses of Untreated and Treated Oil Palm Mesocarp
Fibres at Various Temperatures

Untreated Alkali Silane Weight loss
°C) §(®) 4] (%)
138 180 165 10
218 285 285 20
275 310 315 30
290 340 330 40
315 350 350 50
328 355 360 60
340 410 370 70
373 450 425 80
430 470 480 90
455 540 520 100

Figure 3.29 is the scanning electron micrograph of tensile fracture surface of
mesocarp fibre. The structural failure of the fibres on application of stress is clear
from the micrograph. The fractured surface shows irregularities in its morphology.
As the applied stress increased the weak primary cell wall collapses and

decohesion of cells occurs which leads to the failure of the fibre.
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Table 3.7 Mechanical Performance of Parent and Modified Oil Palm Mesocarp Fibres

Oil palm mesocarp | Tensile strength | Young’s modulus | Elongation at break
fibre (MPa) (MPa) (%)

Untreated 80 500 17

Alkali treated 64 740 6.5

Silane treated 111 1120 13.5

3.2.7 Dimensional Changes on Treatments

The dimensional changes of the mesocarp fibres afier treatments are given by the
distribution curves in Figure 3.30. The measurements were done as in the case of

OPEFB fibre. Here too chemical treatment reduces the diameter of the fibres.
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Figure 3.28 Stress-strain characteristics of untreated and treated
oil palm mesocarp fibres



Figure 3.29 Scanning electron micrograph of tensile fracture of oil palm mesocarp fibre

Fibre diameter x 10" ("m)

Figure 3.30 Distribution curve of fibre diameter of untreated and treated
oil palm mesocarp fibres

3.2.8 Theoretical Prediction of Microfibrillar Angle and Strength of the
Oil Palm Mesocarp Fibre

The fibre shows about 17% elongation at break. Using Equation 3.1, the

microfibrillar angle of the fibre is calculated. It is found to be 46°. Using

Equation 3.2, the strength of the fibre is predicted. The calculated strength of the

fibre is 269 MPa. But the experimental value is very much lower than this. This

may be due to the nature of cellular arrangement of the fibre and the effect of
traces of oil present on the fibre surface.
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CHAPTER 4

Influence of Fibre Surface Modifications
on the Mechanical Performance of Oil
Palm Fibre Reinforced Phenol
Formaldehyde Composites

Results of this study have been accepted for publication in the journal
Applied Composite Materials (In press)

Abstract

OPEEFB fibres have been used as reinforcement in phenol formaldehyde resin.
In order to improve the interfacial properties, the fibres for reinforcement were
subjected to different chemical modifications such as mercerisation,
acrylonitrile grafting, acrylation, latex coating, permanganate treatment,
acetylation, and peroxide treatment. The effect of fibre coating on the interface
properties has also been investigated. The incorporation of the modified fibres
in PF resulted in composites having excellent impact resistance. Fibre coating
enhanced the impact strength of untreated composite by a factor of four.
Tensile and flexural performances of the composites were also investigated.
Finally, inorder to have an insight into the failure behaviour, the tensile and
impact fracture surfaces of the composites were analysed using scanning

electron microscope.
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Mechanical performance of a fibrous composite is mainly determined by the fibre

properties. Extent of interfacial interaction between the fibre and matrix determines
the stress transfer ability of a fibrous composite. Possibility of forming mechanical
and chemical bonding at the interface is mainly dependent on the surface
morphology and chemical composition of the fibres, polarity of the matrix or
presence of reactive probes in the matrix resin etc. Hydrophilicity of the fibre and
resin is an important factor determining the extent of fibre-matrix adhesion.
Therefore, microscopic analysis of fibre surface topology and fracture surface
morphology deserves utmost importance in fibrous composites.

Natural fibres are amenable to modifications as they bear hydroxyl groups
from cellulose and lignin. The hydroxyl groups may be involved in the hydrogen
bonding within the cellulose molecules thereby reducing the activity towards the
matrix. Chemical modifications may activate these groups or can introduce new
moieties that can effectively interlock with the matrix. Surface characteristics such
as wetting, adhesion, surface tension, porosity etc. can be improved upon
modifications. Chemical bleaching of the fibres may lead to major changes in fibre
surface roughness. The irregularities of the fibre surface play an important role in
the mechanical interlocking at the interface. Parameters such as van der Waals
force, dipole-dipole interactions, hydrogen bonds etc. determine the extent of
physical bonding. Enhancement in the physical and chemical adhesion can be
understood from the schematic model (Fig. 4.1). The model represents increase in
adhesion of the resin onto the fibres due to the physical and chemical changes
occurred on the fibre upon chemical treatments. Physical changes may include
removal of the waxy cuticle layer, changes in the surface roughness, physical
appearance of the fibre and density. This may lead to changes in the adhesive
strength of the fibre onto the matrix. As a result, the interface properties of the
composite will be improved. Chemical bond formation at the interface is possible
by some treatments that lead to a higher compatibilized system. Extensive studies
on the important modification methods for vegetable fibres and their effect on the

mechanical performance of the natural fibre composites were reported.'
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Figure 4.1 Schematic model showing fibre modifications

Corona discharge treatment on cellulosic fibre and hydrophobic matrix was found to
be effective in improving compatibilization between hydrophilic fibre and
hydrophobic matrix.”® King and co-workers introduced electrochemical polymeric
coatings for improving fibre-matrix adhesion in liquid crystalline polymer
composites.”* Plasma treatment is another important method to achieve better
interfacial bonding between fibre and matrix."> ' Modification effects by plasma
treatment depend on the nature, flux and energy distribution of the incident species.
Improved fibre-matrix interactions upon chemical modifications of natural fibres
such as pineapple leaf fibre, sisal, banana etc. have already been reported by
Thomas et al."? Chemical modifications such as introduction of coupling agents,
peroxide treatment, alkali and permanganate treatments make the pineapple leaf

fibre more compatible with the hydrophobic polyethylene matrix thereby improving
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the mechanical performance of the composites.'” Benzoylation of the sisal fibre
was found to enhance the tensile properties of the sisal reinforced polystyrene
composites.'® Tensile properties of sisal fibre reinforced LDPE composites were
enhanced upon chemical treatment.”” Silane treatment onto the banana fibre
improves interfacial adhesion with polyester matrix, which increases the mechanical
strength of the composite %°.

In this chapter the role of fibre surface modifications on the static
mechanical properties of the composites is presented. Fibres were subjected to
acetylation and mercerisation. Effects of benzoyl peroxide, permanganate treatment
and y radiation of the fibre on the mechanical performance were tested. Coupling
agents such as toluene diisocyanate and triethoxy vinyl silane were tried on the fibre
surface in order to improve the interface properties. Acrylation reaction and
acrylonitrile grafting were also performed on the fibre surface. In order to reduce
the surface cracking and to improve impact strength, latex modification of the fibres
were tried. The physical and chemical modifications occurred to OPEFB fibres on
various treatments were discussed in Chapter 3. Mechanical properties of the oil
palm fibre reinforced phenol-formaldehyde composites were investigated. The oil
palm fibre is strongly polar due to hydroxyl groups and C-O-C links in its structure.
This renders it more compatible with polar polymers. The phenol formaldehyde
resole type resin is highly polar owing to its phenolic hydroxyl groups and methylol
groups. Since both the fibre and the matrix are hydrophilic they are highly
compatible. Chemical modifications may decrease the hydrophilicity of the fibre
thereby reducing the interfacial adhesion. The influence of modifications such as
mercerisation, peroxide treatment, permanganate treatment, acrylonitrile grafting on
the mechanical properties of the composites has been studied in detail. The most
characteristic property of the thermoset composites, the impact performance is
highlighted in this study. More specifically, the influence of hydrophobic-
hydrophilic balance on the impact properties has been analysed in detail. Finally
the tensile and impact fractography of the modified and unmodified composites

were analysed using scanning electron micrographs.
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41 EFFECT OF FIBRE SURFACE MODIFICATIONS ON THE
MECHANICAL PERFORMANCE OF THE COMPOSITES

4.1.1 Tensile Properties

Figure 4.2 gives tensile stress-strain behaviour of the parent and treated composites
having 40wt.% fibre loading. Treatments such as mercerisation, permanganate and
peroxide treatment on resin lead to brittle failure of the composites. The y
irradiated, acrylonitrile grafted as well as untreated composites show behaviour in
between brittle and ductile failure. Isocyanate, silane, acrylated, latex coated and
peroxide treated fibre composites can withstand the tensile stress to higher strain
level. Necking followed by catastrophic failure is observed in untreated,
mercerised, permanganate treated, acrylonitrile treated, y irradiated and peroxide
treated composites. Comparatively lower elongation is observed in these
composites. Isocyanate treated, silane treated, acrylated, acetylated and latex coated
composites show yielding and high extensibility. Latex modified composite

exhibits maximum elongation and shows a rubbery nature.
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T —A— Acetylated
7 c0, ~—v— Peroxide on fibre
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Figurc 4.2 Tensile stress-strain behaviour of the parent and treated oil palm fibre/PF
composites having 40 wt.% fibre loading
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Mechanical performance of unmodified oil palm fibre reinforced PF
composites as a function of fibre length and fibre loading were analysed and are
reported elsewhere.”' Tensile strength values of the composite show a marginal
increase on permanganate treatment. The values are given in Table 3.4 (refer
Chapter 3). Permanganate treatment of fibre leads to composites having better
tensile properties. However on fibre modifications by other chemical agents, the
tensile strength is found to be decreased. Natural fibre reinforced plastic
composites often show enhancement in tensile properties upon different
modifications owing to the increased fibre-matrix adhesion.? 74 '® Treatments
like mercerisation, peroxide, y irradiation and permanganate treatment do not make
any major changes to the hydrophilicity of the lignocellulosic fibre. The interfacial
bond remains intact even after these modifications. Generally, the interaction of
cellulose fibre with PF resin is excellent due to the hydrophilic nature of cellulose
and PF resin. This is shown schematically in Figure 4.3. Hydrophilicity of the fibre
arises from the cellulosic hydroxyl groups and lignin hydroxyl groups, which are
the major components of the fibre. These can easily form hydrogen bonds with the
methylol and phenolic hydroxyl groups of the resole in the prepreg stage. On
curing at 100°C, these groups can undergo condensation reaction leading to a three-
dimensional network between the fibre and matrix. However upon acetylation,
silane treatment, isocyanate treatment, acrylation, acrylonitrile grafting and on latex
modification the hydrophilic fibre -OH groups are replaced by hydrophobic
moieties. This decreases the strength of the chemical interlocking at the hydrophilic
centres of the phenol formaldehyde resin. Thus, effective stress transfer does not
take place at the interface leading to easy debonding of the fibres under tension.

Tensile modulus of the composites at 2% elongation (Table 4.1) shows slight
enhancement upon mercerisation and permanganate treatment. The composite
properties are mainly dependent on the interfacial strength. The interfacial strength
in fact depends on the fibre and matrix properties. Modifications of the fibre play
an important role on the interface properties. Increased adhesion upon

mercerisation and permanganate treatment leads to better interfacial strength which
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Figure 4.3 Schematic model showing the interface of oil palm fibre and phenol
Formaldehyde

enhances the modulus of the composite. However, all other treatments show a
decrease in tensile modulus due to the increased hydrophobicity of the fibre.

Elongation at break of the composites shows considerable change upon
different modifications. Maximum elongation is observed for latex coated samples.
The higher extensibility is attributed to the better stress transfer ability of the fibre
due to the improvement in flexibility imparted as a result of latex coating. The
variations in the elongation at break on different modifications are attributed to the
changes in the chemical structure and bondability of the fibre.

Scanning electron micrographs of the tensile fracture of the untreated and
treated composites reveal the failure mechanisms. Figure 4.4 shows the tensile
fracture of untreated composite. Fibre breakage is the main failure criteria

observed. Alkali treated composite shows better fibre matrix adhesion (Fig. 4.5).



Table 4.1 Tensile and Flexaral Properties of Untreated and Treated Oil Palm Fibre
Reinforced PF Composites

Oil palm Tensile Tensile Elongation Fleawral Flexral Flewral
fibre/ PF stregth modullus at atbreak stregth  Strainat  modulus at
composite 2% elongation break 1% strain
(MPa) (MPa) D)) MPa) ) (MPa)
Untreated 37 1150 4 49 6 3050
Mercerised 35 1300 3 75 6 2950
Acetylated 19 800 6 36 7 1900
Peroxide on
fibre 35 1125 3 71 3 3950
KMn04 40 1200 4 55 3 3750
y irnradiated 21 825 3 30 2 2200
Isocyanate 20 700 8 32 9 1800
Silare 15 700 8 23 8 1200
Acrylated 18 600 9 29 8 1800
Aciylonitrile 26 800 4 52 5 2500
Peroxode on
resin 37 1050 5 54 7 3050
I -atex coated 13 550 9 16 8 700
Figure 4.4 SEM oftersile fracture of Figure 4.5 SEM oftasile fracture of alkali

untreated oil palm fibre/PF composite(x50) treated oil palm fibre/PF composite (xX100)
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Fibre-matrix debonding is clear from the fracture surface of acetylated composite
(Fig. 4.6). Matrix cracking and fibre breakage were observed in peroxide treated
fibre composite (Fig. 4.7). Permanganate treatment leads to very good fibre-matrk
adhesion, as is evident from the highly fibrillated structure of the fibre (Fig. 4.8).
Fracture surface of the silane treated composite shows crowded fibres and several
broken ends (Fig. 4.9). This indicates decreased fibre-matrix interfacial adhesion.
Fibre-matrix debonding is the main failure process observed in peroxide treated

composites (Fig. 4.10). Fibrillation is observed here also.

Figure 4.6 SEM oftasile fracture of Figure 4,7 SEM oftasile fracture of peroxide
acetylated oil palm fibre/PF composite(x98) treated oil palm fibre/PF composite (46)

Figure 4.8 SEM oftasile fracture of Figure4.9 SEM oftersile fracture of silae
KMn04 oil palm fibre/PF composite(X200) treated ail palm fibre/PF composite (34)
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Figure 4.10 SEM oftasile fracture of oil palm fibre/PF composite
having peroxide treatment on resin (x34)

4.1.2 Flexural Properties

The deformation behaviour of the untreated and treated composites having 40wt.%
fibre loading under flexural stress is seen from Figure 4.11. In the case of y
irradiated fibrous composites, the flexural stress abruptly decreases to a very small
value at the break point. In all other treated composites, crack initiation and its
gradual propagation is observed. The increasing deflection brings on matrix rupture
progressively, resulting in fracture and pulling out of fibres, leading to a more or
less regular decrease of strength. There is considerable energy absorption after
partial failure of the sample. The regular decrease in the strength after partial
rupture denotes composite's sensitivity towards fibre distribution. The behaviour is
similar to that obtained on application of tensile stress. Permanganate treated,
peroxide treated, acrylonitrile grafted and y irradiated composites show necking
effect. All others show yielding and high strain values. Composite’s ability to
withstand the applied flexural stress can be manifested by the strain values
(Table 4.1). Higher strain values indicate the increased elastic nature of the
composite.

Resistance to the compressive failure of the composites is manifested in

flexural tests. The flexural properties of the composites are given in Table 4.1.
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Figure4.11 Flexural stress-strain behaviour of the parent and treated oil palm fibre/PF
composites having 40 wt . % fibre loading

Mercerisation and peroxide treatment on the fibre increase the flexural strength of
the composites. Permanganate treatment and acryionitrile grafting give moderate
stiffness to the composite. Peroxide treatment on resin also enhances the stiffness.
The variation in these properties can be explained on the basis of the changes in
chemical interactions at fibre-matrix interface on various treatments as explained
under tensile properties.

Flexural modulus at 1% strain is given in Table 4.1. Improvement in
flexural modulus is observed upon peroxide and permanganate treatments. Flexural
modulus is a measure of strength and stiffness of the composite. Decrease in the
values upon other modifications is attributed to the weaker interfacial bond formed.

4.1.3 Impact Properties

The main disadvantages of the thermoset mouldings are high shrinkage during
curing, high brittle behaviour and surface cracking.  Phenol formaldehyde



mouldings exhibit all these drawbacks. Incog)oration of the oil palm fibres in
phenol formaldehyde almost eliminates these drawbacks. Impact performance of
the resin largely improved upon fibrous reinforcement. Inorder to use as a
structural material, the phenolic composite should have good resistance to impact.
Figure 4.12 shows the izod impact strength of the unmodified and modified
composites having 40 wt.% fibre loading. Much promising results are obtained on
modifications. Latex coating, acetylation, silane and TDIC treatment leads to
Impact resistant composites. Increased hydrophobicity of the fibres upon these
treatments leads to weak interfacial linkage thereby facilitating the debonding

process on stressed condition. This leads to the fibre pull out.
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Figure4.12 (Jnnotched izod impact strength of the untreated and treated oil palm fibre
Fibre/PF composites having 40wt . % fibre lcading

Detailed studies have already been reported on the impact resistance of short fibre
reinforced polymer composites.™”’ Fibres may have a significant effect on the

impact resistance probably through the principle of stress transfer. When an impact
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load is applied perpendicular to the fibres, good fibre-matrix adhesion is required
for even moderate impact strength. When it acts parallel to the reinforcing fibres
the better impact strength are obtained if the adhesion is relatively poor and the
fibres are short, so that maximum energy can be dissipated by mechanical friction
during the pullout process and by debonding of the fibres.”® The strength of the
matrix, the weakest part of the material should be related to the failure process. The
total energy dissipated in the composite before final failure occurs is a measure of
its impact resistance. The total energy absorbed by the composite is the sum of the
energy consumed during plastic deformation and the energy needed for creating
new surfaces. Major microfailure mechanisms operating during impact loading of
the composite include initiation and propagation of matrix cracking, fibre-matrix
debonding, fibre breakage and fibre pullout. The involvement of fibres in failure
process is related to their interaction with the crack formation in the matrix and their
stress transferring capability. The range of impact resistance provided by the fibres
depend on several factors such as fibre rigidity, interfacial stress resistance, fibre
aspect ratio etc.

| Impact fracture morphology and failure mechanisms are clear from the
respective scanning electron micrographs of impact fracture surface of untreated
and treated composites. The failure process with respect to fibres is a combination
of fibre pullout and fibre breakage and is evident from the respective scanning
electron micrographs. Brittle fracture of the phenol formaldehyde matrix and fibre
can be understood from the scanning electron micrograph of the untreated
composite (Fig. 4.13). Alkali treated composite shows severe fibre breakage (Fig.
4.14). Fibre pullout occurs as a result of the impact failure in acetylated composites
(Fig. 4.15). Impact strength shows lower value for permanganate treated composite.
This may be due to enhanced fibre-matrix interlocking (Fig. 4.16). The silane
treatment leads to easy debonding at the interface. The introduction of silane onto
the fibre was found to make it more hydrophobic resulting in a decreased fibre-

matrix interaction than in untreated composites.



Figure4.13 SEM ofimpact frectureof Figure 4.14 SEM ofimpact fracture of alkali

untreated oil  palm fibre/PF treated oil palm fibre/PF composite
composite(x50) xI100)
Figure4.15 SEM of impact fracture of Figure4.16 SEM ofimpact fracture of
acetylated oil  palm fibre/Pr KMnO4treated oil palm fibre/PF
composite(x50) composite (X5)

This will lead to easy debonding of the fibres. Extra energy is needed to do the
work of debonding which enhances the impact strength. Crack propagation is easier
in this composite (Fig. 4.17). Liu and Kagawa investigated the basic problems
involved in debonding and frictional sliding in fibre reinforced brittle matrix

composites.*



Figure 4.17 SEM ofimpact fracture of silare treated oil palm fibre/PF composite (x100)
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CHAPTER 5

Mechanical Performance of Oil
Palm/Glass Hybrid Fibre
Reinforced Phenol Formaldehyde
Composites

Results of this study have been submitted for publicatior
in the journal Composites Science and Technology

Abstract

The effects of glass fibre loading on the performance of glass mat reinforced phenol
formaldehyde resin composites were studied. Tensile strength, tensile modulus
and flexural strength increase with increase in fibre loading. However elongation at
break and flexural modulus are found to decrease beyond 40 wt.% fibre loading.
Impact strength and the density of the composites showed similar trend. Compared
to the gum sample, hardness of the composites decreased by glass fibre
reinforcement. Hybrid composites were prepared from glass and oil palm empty
fruit bunch (OPEFB) fibres. Hybrid effect of glass fibre and oil palm empty fruit
bunch fibre on the tensile, flexural and impact response of the composites was
investigated. Randomly oriented glass and OPEFB fibre mats were arranged as
interlayers to enhance the hybrid effect. The overall performance of the composites
improved by the glass fibre addition. Impact strength shows great enhancement by
the introduction of slight amount of glass fibre. Density of the hybrid composite
decreases as the volume fraction of the OPEFB fibre increases. Hardness of the
composites also showed slight decrease on increased volume fraction of OPEFB
fibre. Scanning electron micrographs of the fractured surfaces were taken to study
the failure mechanism and fibre-matrix adhesion. The experimental results were
compared with theoretical predictions. Hybrid effect of glass and OPEFB fibre

was also calculated.
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Hybrid composites are materials made by combining two or more different types of
fibres in a common matrix. They offer a range of properties that can not be
obtained with a single kind of reinforcement. By careful selection of reinforcing
fibres, the material costs can be substantially reduced. Mechanical performance of
composites is mainly dependent upon the properties of matrix and reinforcement
and the interaction between matrix and reinforcement. Now-a-days FRP
composites are used in thousands of structural applications such as aerospace,
automotive parts, sports and recreation equipment, boats and office products,
machineries etc. Glass fibre represents an excellent performance reinforcement for
fibre reinforced plastic composites. High strength, light weight, dimensional
stability, resistance to corrosion and electricity etc are major advantages of the
glass reinforced composites. Glass has proven its major contributions in marine,
transportation, communication, housing, chemical processing, construction
industry etc. Glass fibres effectively reinforce thermoplastics as well as in
thermosets. Mechanical strength of the composite is dependent upon the amount,
type and arrangement of fibre within the composite. On the application basis
glass is used as continuous strand mat, chopped strand mat, milled fibres and as
glass flakes. Karger-Kocsis and co-workers” > have worked on the failure
behaviour of short and long glass fibres and glass mats reinforced polypropylene
composites.

Addition of glass fibre to oil palm empty fruit bunch fibre reinforced PF
composites will lead to improved performance qualities. Hybridisation of oil palm
fibres with glass minimises water sorption and improves thermal stability of the oil
palm/PF composites. Hybrid effect of the glass and oil palm fibre will improve the
strength properties. The properties of the hybrid composite mainly depend upon
the fibre content, length of the individual fibres, orientation, arrangement of both
the fibres, extent of intermingling of the fibres and fibre to resin adhesion. Miwa

et al.’ investigated the effect of fibre lengths on the mechanical performance of



hybrid composites. They found that there is optimum fibre length beyond that
properties are decreased.

Now-a-days natural fibres play an important role in FRP systems since they
provide good reinforcements in plastics and enhance the biodegradation of plastic
systems thereby eliminating the great disposal problem of synthetic FRP's. It has
been reported that glass has got good reinforcement effect along with natural fibres
like sisal, jute etc.*® Oil palm empty fruit bunch fibre showed good reinforcement
effects in phenolics. Mechanical property analysis of the composites based on
OPEFB fibre and phenol formaldehyde resin has been reported earlier by our
research group.® The physical and chemical structure and properties of the
OPEEFB fibre have also been reported.’

This work establishes the mechanical performance of the glass/PF
composite and glass/OPEFB fibre hybrid PF composite. Tensile properties such as
tensile stress-strain behaviour, tensile strength, tensile modulus and elongation at
break of the composites as a function of fibre composition were analysed. Tensile
fracture mechanism of the composites were studied by scanning electron
microscopy. Three point flexure properties of the composites such as flexural
strength and flexural modulus were also investigated. The work of fracture of the
composites was analysed as a function of relative volume fraction of fibres.
Impact fracture mechanisms were studied using scanning electron microscopy.
Variations in hardness and density of the composites with various fibre volume
fractions were also checked. The density and void content of the composites were
calculated to understand the variations in strength parameters. Finally the hybrid

effects of the glass and OPEFB fibres were calculated.

5.1 TENSILE PROPERTIES
5.1.1 Tensile Stress- Strain Behaviour

Figures 5.1 and 5.2 show respectively the stress-strain behaviour of glass/PF

composites and glass/OPEFB hybrid PF composites. The behaviour of neat PF
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resin is also presented in Figure 5.1. The brittle nature of the resin is clear from
the curves. The modulus and tensile strength of glass/PF composites become
higher and larger as the glass fibre content is increased while a reverse trend is
observed as the OPEFB fibre volume fraction increased in hybrid composites.
Eventhough glass fibre is brittle its incorporation in PF resin reduces the
composite’s brittleness. The stress-strain curves of the composites show a linear
behaviour at low strains followed by a significant change in slope showing a non-
linear behaviour which is maintained up to complete failure of the composite.
Composites with 45wt.% glass shows maximum tensile strength. Fibres and
matrix behave linearly at lower strains (Fig. 5.1). The second stage of the curves
leading to decrease in slope corresponds to the plastic deformation of matrix and to
micro-crack initiation in matrix.

Randomly oriented fibres inhibits the crack propagation. Gradual
debonding of the fibres from the matrix occurs during plastic deformation.
Unstable propagation of the initiated cracks through matrix occurs and the strength
decreases abruptly to an almost zero value. As the volume fraction of OPEFB
fibre increased, the slope change of the stress -strain curve occurs at an early stage
of deformation (Fig. 5.2). Toughness of the composite increased upon increasing
the oil palm fibre reinforcement. Slight irregularities were observed due to the
variations in wetting of the fibre layers. The toughness of the hybrid composites
lies in between the unhybridised glass/PF and OPEFB/PF composites. This can be

understood from the stress-strain curves.

5.1.2 Tensile Strength

Important tensile properties of glass and OPEFB fibre are shown in Table
2.1 (refer Chapter 2) and in Table 3.4 (refer Chapter 3) respectively. Figure 5.3
shows the variation of tensile strength with glass fibre loading in glass/PF

composites. The strength linearly increases with fibre loading. Mechanical
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characteristics of the interfacial bond strength of glass-epoxy resin composites
were reported by Koenig et al.* The hybrid effect of OPEFB fibre and glass on the
tensile strength of the composite having 40wt.% fibre loading is depicted in
Figure 5.4. Comparatively less volume fraction of glass along with OPEFB fibre
reinforcement results in composites of enhanced performance than 100% OPEFB
fibre reinforced composites. Thus we can produce economically viable composites
having high performance. It has been reported that glass fibre addition to sisal,
jute and coir fibre filled thermoplastic as well as in thermosets improves the
mechanical properties of the composites.”!! It is found that at very high OPEFB
fibre loading the processing is difficult and the dispersion becomes very poor and
this may be the reason for the decrease in properties at higher volume fraction of
OPEEFB fibre. Fibres layered out at higher loadings due to decreased interlaminar
bonding. Packing defects may occur at higher loading which may reduce effective
stress transfer from the matrix to the fibres. Possibility of fibre entanglement
increases and uniformity in fibre dispersion decreases at higher loading. However

rapid crack propagation is hindered by the interlining fibres.
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Figure 5.3 Effect of glass fibre loading on the tensile properties of glass/PF composites
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Figure 5.4 Variations in tensile properties of glass/fOPEFB hybrid PF composites with
relative volume fractions of glass and OPEFB fibre. (Total fibre loading of the
composite = 40wt.%)

A schematic model showing the general fibre alignment in hybrid composites is
given in Figure 5.5. In compression moulding the squeezing flow causes some
transverse fibre orientation in the surface area which is a decisive factor in the
mechanical performance of the composite. Possibility for this type of fibre
orientation is decreased at higher fibre loading. Composite tensile strength slightly
increases with increasing interlaminar shear strength and can be predicted by the
rule of mixtures formulation. Marom et al."”? discussed about the conditions of
positive or negative deviations in hybrid effects on the mechanical properties of
the composites from the rule of mixtures behaviour. The failure of the composite
under tensile load is a complex, statistical process involving fibre strength
characteristics, matrix and interfacial properties that determine the failure process.
Zweben" predicted that the introduction of high elongation fibres in a low
elongation fibre composite raises the strain level required to propagate fibre breaks

because the high elongation fibres behave like crack arrestors on a

micromechaincal level.
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Figure 5.5 Schematic model showing the arrangement of fibre layers in hybrid composites.

5.1.3 Tensile Modulus

Tensile modulus of glass/PF composites and glass/OPEFB hybrid PF composites at
2% elongation are shown in Figure 5.3 and 5.4 respectively. Modulus values show
similar trend as tensile strength in both the composites. Incorporation of 0.74
volume fraction of OPEFB fibre leads to composites having superior performance.
Maximum intermingling of the fibres and higher compatibility are achieved at this
volume fraction of fibres. The adhesion efficiency between the fibres and matrix
determines the strength property of the composites. This is dependent upon the

nature, shape and surface roughness of the reinforcing material.
5.1.4 Elongation at Break

The OPEFB fibre is highly cellulosic and shows high elongation while glass fibre
has got low elongation properties. The percentage elongation at break of glass/PF
composites declines after 40wt.% glass fibre loading (Fig. 5.6); upto 40wt.% fibre
loading the elongation at break increases linearly. At very high fibre loading fibre
agglomeration results which leads to decrease in adhesion between fibre and
matrix. Easy debonding and fibre failure occur at lower stain. High elongation

materials arrest the propagation of cracks in a composite on a macroscopic level.
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Figure 5.6 Variations in percentage elongation at break of glass/PF composites
with different glass fibre loadings.

The elongation at break of the hybrid composite decreases by the presence of
OPEFB fibre eventhough it is a high elongation fibre. This is evident from the
Figure 5.7. This is due to the decreased strength of oil palm fibre compared to
glass fibre. Glass being low elongating fails first and the oil palm fibre withstand
the applied stress. As it is a low strength fibre catastrophic failure occurs very
early than its actual extensible strain. However at 0.74 V. F. of oil palm fibre, the
hybrid composite exhibits higher elongation due to the increased fibre-matrix
adhesion. The hybrid composite exhibits medium elongation compared to the
individual fibre reinforced composites. Brittle fracture due to glass fibre and PF
resin happens preferably to oil palm fibres on tensile loading. This will lead to

negative hybrid elongation effect of the composites.

5.1.5 Tensile Fracture Mechanism

Scanning electron micrographs of the tensile fractured surfaces of the composites

were taken to understand the fracture mechanism. Figure 5.8(a & b) shows the
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Figure 5.7 Variations in percentage elongation at break of glass/fOPEFB hybrid PF
composites with relative volume fractions of glass and OPEFB fibre.

fractographs of the glass/PF composites having 10 and 40wt.% fibre loadings
respectively. Mainly the fibre breakage is observed. This implies the strong
adhesion between the fibre and matrix. Figure 5.9 shows optical photograph of the
tensile fracture surface of the composite. Crack propagation is clear from the
photograph. The non uniformity in fibre dispersion is observed in the photograph.
The strength of the composites is govermned by the control of flow initiation
characteristics. When a microcrack is initiated it propagates through the matrix
and when it arrives at an interface it continues along the interface upto fracture of
the fibre. After the fibre fracture, the crack propagates again into the matrix, then
follows the next interface and so on upto complete fracture. The growth of
microcracks which produces sharp stress gradients are influenced by the shape
and orientation of reinforcements. Randomly oriented short fibres account for the
better resistance to fracture. Figure 5.10 (a and b) show the fracture surfaces of
hybrid composites under different magnifications. Layering out of the fibres can
be seen from Figure 5.10a. Fibre breakage and short fibre pullout are also

observed. This is responsible for the decline of their fracture resistance.



Figure 5.8 Scanning electron micrographs of tasile fractured surfaces of glass/PF
composites (@) Fibre loading 10 wt.% (b) Fibre loading 40wt .%

Figure 5.9 Optical photograph of tasille failured portion of oil pahn
Tibre/PF composite ¢&0).

Fracture mechanisms like matrix cracking and fibre-matrix debonding are clear
from Figure 5.10b. The photograph of tensile failure surfaces of the glass/PF and
glass/OPEFB hybrid FF composites having 40wt.% fibre loadings are shown in
Figure 5.11. The brittle nature of the glass is understood from the breakage mode.
In hybrid composites, glass fibre show large extent of pullouts resulting from the
low interaction with the oil palm fibre and PF matrix. Many scientists have
investigated the fibre fracture behaviour in hybrid composite systems.Fracture

is of elastic-plastic nature in hybrid composites.



Figure 5,10 Scanning electrton micrographs of tasile fractured surfaces ofglass/OPEFB
hybrid PF composite under different magnifications @ x 20 (b) x 100.

Glass/PF Glass/OPEFB/PF

TENSILE FRACTURE

Figure 5.11 Photograph of tasile fracture ofglass/PF and glass/Oil pahn
hybrid PF composites (X 5)

5.2 FLEXURAL PROPERTIES
521 Flexural Stress-Strain Behaviour

Figures 5.12 and 5.13 show flexural stress-strain characteristics of glass/PF
composites and glass/fOPEFB hybrid PF composites respectively. Almost linear
deformation is observed for glass/PF composites (Fig. 5.12) except for 10wt.%
glass fibre loading in which case a slope change is seen. The increasing deflection
brings on matrix rupture progressively, resulting in fracture and pull out of fibres

leading to a more or less regular decrease of strength.
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Figure 5.12  Flexural stress-strain behaviour of glass/PF composites having
different glass fibre loading

The hybrid composites show linear deformation followed by a domain with
decreasing slope characterised by crack initiation. The stiffness of the composite
shows its highest value in composite having highest glass fibre reinforcement and
is readly understood from the stress-strain curves (Fig. 5.13). The crack
propagates through the matrix. The non-cracked matrix and fibres with stand the
total fracture of the test specimen. Fibre distribution and orientation greatly

influence the crack propagation. The flexural strain increases as the oil palm fibre

volume fraction in the composite increases.

5.2.2 Flexural Strength

Flexural strength of the glass/PF composites and glass/fOPEFB hybrid— PF
composites are given in Figure 5.14 and 5.15. The flexural strength increases as
the fibre loading increases in glass/PF composites. Flexural strength is a

combination of the tensile and compressive strengths which directly varies with

the interlaminar shear strength.
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Figure 5.13  Flexural stress-strain behaviour of glass/OPEFB hybrid PF composites having

FLEXURAL STRENGTH (MPa)

Figure 5.14

different relative volume fractions of OPEFB fibre.
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Variation of flexural strength upon hybridisation of glass and OPEFB fibre
is shown in Figure 5.15. The incorporation of 0.53 volume fraction of OPEFB

fibre leads to hybrid composites having good flexural performance.
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Figure 5.15  Variations in flexural properties of glass/fOPEFB hybrid PF composites with
relative volume fractions of glass and OPEFB fibre.

5.2.3 Flexural Modulus

Flexural modulus at 0.5% strain shows a decrease above 40wt.% glass fibre
loading in glass/PF composites (Fig. 5.14). Flexural modulus of the hybrid
composites shows similar trend as flexural strength. Hybridisation of lower
quantities of glass fibre and OPEFB fibre (0.24 : 0.76)gives rise to composites
having sufficient modulus (Fig. 5.15). Kretsis'® have made a review on the
flexural properties of hybrid fibre reinforced plastics and according to the author,
the flexural properties not only depend on the hybrid composition but also on the
placing of the material layers. Peijs et al.”” investigated the influence of

composition and adhesion level of fibre on the mechanical properties of hybrid
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composites. They have reported linear variation of compressive properties with

fibre composition.

5.3 IMPACT PROPERTIES

Impact resistance of a composite is the measure of total energy dissipated in the
material before final failure occurs. Composite fracture toughness is affected by
interlaminar and interfacial strength parameters. The interlaminar splitting and
interfacial debonding act to relieve the stress concentrations at the crack tip. Thus
high composite fracture toughness and high composite interlaminar properties are
incompatible. The local volume fraction of the fibres and the local fibre spacing
have a major role in the fracture toughness of the composites.

Figure 5.16 shows the variation of work of fracture of glass/PF composites
with fibre loading. Impact strength shows its highest value at 40wt.% loading.
The neat PF sample shows very low impact strength. A linear enhancement in
impact strength is observed by the glass fibre addition upto 40wt.% fibre loading.
At lower loading, (<40wt.%) fibres are found embedded in the matrix and hence
fibre breakage and fibre pull-out occur on application of a sudden force. But at
highe\r loadings fibre to fibre contact increases and fibre breakage will be the
predominant failure mechanism. The inter fibre interaction decreases the effective
stress transfer between the fibre and matrix. This contributes to a decrease in
impact properties at higher fibre loadings.

When glass fibre is combined with OPEFB fibre, the work of fracture is
considerably improved. This can be seen from Figure 5.17. By the addition of
small amount of glass fibre, the impact performance of the OPEFB/PF composite
has increased by above 100%. The maximum impact strength is observed for
hybrid composites having 0.74 volume fraction of OPEFB fibre. The value is
higher than glass/PF composites. Peijs and co-workers” have found that

hybridisation of polyethylene fibres with carbon fibres resulted in composites
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Figure 5.16  Izod impact strength versus glass fibre loading for glass/PF composites.
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Figure 5.17  Izod impact strength versus OPEFB fibre volume fractions for
glass/OPEFB hybrid PF composites.



having higher impact resistance than thicker and heavier laminates constructed
entirely of carbon/epoxy. The fibres play an important role in the impact
resistance of the composites as they interacts with the crack formation in the
matrix and acts as stress transferring medium. Many works have reported on the
Impact behaviour and factors affecting the impact strength of laminated composite

materials. "

531 Impact Fracture Mechanism

Impact fracture of composites could be a combination of fibre pull out and fibre
breakage. The impact fractured portions of the composites were viewed under the
scanning electron microscope. Figure 5.18(a & b) is the scanning electron
micrograph of the impact failure surfaces of glass/PF composites having 10 and

40wt.% fibre loading.

Figure 5.18 Scanniing electron micrographs of impact fractured surfaces of glass/ PF
composites @ fibre loading 10wt.% (b) fibre loading 40wt . %

At low fibre loading fibre pullout paths are visible. Fibre-matrix interfacial failure
is evident from the Figure 5.18a. Pulled out fibres are visible in Figure 5.18b. The
fibre crowding leads to easy debonding at higher loading which increase the
Impact resistance. The difference in the impact failure of glass and OPEFB fibre
can be seen from the impact fractography of the hybrid composite (Fig. 5.19). Oil

palm fibre debonding and pull out occur as seen from the photograph.



Glass/PF Glass/OPEFB/PF

IMPACT FRACTURE

Figure 5.19 Scanning electron micrograph of Figure 5,20 Photograph of impact fracture
impact fractured surface of glass/OPEFB of glass/PF and glass/0PEFB hybrid PF
hybrid PF composite. composites (Magnifications x 5)

Decreased adhesion between the glass fibre and the matrix is evident from the
surface morphology of the pulled out glass fibres. Oil palm fibre is more
compatible to PF resin than glass fibre. Oil palm fibre breakage is also observed.
Figure 5.20 is a photograph of fractured portions showing failure mode of impact
tested composite samples. Brittle failure of glass fibres on the surface layers is
observed. Compared to oil palm fibres, glass fibres show high pull out showing

the decreased interaction with the matrix.

5,4 HARDNESS. DENSITY AND VOID FORMATION

Hardness and density of the composites are interrelated. The values are given in
Table 5.1. Phenol formaldehyde itself is very hard and brittle. Reinforcement
decreases its hardness. The oil palm fibre reinforcement decreases the value by 15
units. Density of glass is much higher than oil palm fibre (Table 2.1). Density of
composites also shows the same trend. In the case of glass reinforced PF
composites, as the glass fibre loading increases the density of the composites
increases and reaches a maximum at 40wt.% fibre loading. At much higher fibre
loadings (>40wt.%) the processing may be difficult due to fibre agglomeration
leading to void formation inside the composite. That will affect the composite
performance and decreases the density. Bowles and Colleagues™™ investigated the

effect of voids on the interlaminar properties of graphite fibre reinforced
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composites. The density of the hybrid composite decreases as the quantity of
" OPEFB fibre increases. By 100% OPEFB fibre reinforcement, the density became
the lowest. Thus the weight of the composite can be considerably reduced by oil

palm fibre reinforcement.

Theoretical density of the composites was calculated according to the

following ASTM equation

100 5.1)
R r1 r2
|:D dl d2jl

where T is the theoretical density R, rq and rp represent resin, glass fibre and oil

7d =

palm fibre wt.% respectively. D, dq and dy denote densities of resin, glass and oil

palm fibre. The values are given in Table 5.1.

Table 5.1 Hardness and Density Values of Glass/PF and Glass/fOPEFB Hybrid PF
Composites (Total Fibre Loading = 40wt.%)

Composite ~ Composition Hardness Density Density Void Content
ShoreD- units Experimental Theoretical Theoretical
(g/cc) (g/cc) (vol. %)
Glass wt.%
10 90 1.34 1.27 0
23 94 1.36 1.37 0.73
Glass/PF 27 92 1.37 1.40 2.14
40 92 1.48 1.52 2.63
45 80 1.35 1.57 14.01
Gum >95 1.33 1.20 0
OPEFB(V.F)
0 92 1.48 1.52 2.63
0.24 90 1.45 1.50 3.33
0.55 85 1.37 1.37 0
Glass/OPEFB/PF 0.74 86 1.27 1.25 0
0.87 82 1.30 1.16 0
0.92 83 1.19 1.12 0
0.96 82 1.20 1.08 0
1 80 1.03 1.06 2.83
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Except for 10wt.% of glass fibre loadings, the experimental density values
of glass/PF composites are lower than the theoretically predicated values. This
points out the possibility of having voids in the composites. Efficient packing and
high extent of interfacial adhesion may be the reason for higher density value of
10wt.% glass/PF composites. In the case of gum samples, the density is greatly
affected by the moulding temperature, moulding time and thereby the extent of
crosslinking.  Thus the density may vary according to these parameters.
Theoretical void content of the composites are given in Table 5.1.

The void content is calculated using the equation

\Y = 100 (T4 - Mg)/T4 (5.2)
where Ty is given by theoretical composite density, My measured composite
density and V the void content in volume percent. Composites at higher fibre
loadings exhibit voids. Voids in polymer composites is largely attributed to the
processing effect which may arise from various sources such as volatiles arising
during cure of the resin, residual solvents or from entrapped air. Shrinkage during
curing of the resin and the cooling rate play important role in void formation.
Presence of void is detrimental to the mechanical properties of the composites.
Glass/PF composites at higher loadings exhibit voids (Table 5.1). The effects of
fibre content and fibre length on void formation in short fibre thermoplastic
composites were investigated by Vaxman et al.”® Processing of the composite
becomes difficult at higher fibre loadings. The fracture surfaces of the composite
(Figs. 5.8, 5.10 and 5.19) show microvoids in the matrix and at the fibre ends. A
decrease in density is observed with increase in fibre volume fraction of OPEFB
fibre in hybrid composites and may be due to the decreased density of the fibres.
Scanning electron micrograph of tensile fracture of the hybrid composites
(Fig. 5.10b) shows cavities around the fibres. This is due to the poor fibre-matrix
adhesion. Such cavities at the fibre-matrix interfaces contribute slightly to the

void level in the composites. This will adversely affect the composite properties.
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Akay and Regan® investigated the generation of voids in fibre reinforced

composites. Hybridisation decreases the void content considerably.
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CHAPTER 6

Stress Relaxation Behaviour of Oil
Palm Fibres and Composites
Based on Short Oil Palm Fibre and
Phenol Formaldehyde Resin

Results of this study have been submitted for
publication in the journals Composites Science and
Technology & Journal of Applied Polymer Science

Abstract

Tensile stress relaxation behaviour of individual oil palm empty fruit bunch
fibre was investigated. The effects due to fibre surface modifications, physical
ageing and strain level on the relaxation behaviour of the fibre were analysed.
Stress relaxation of the fibres was reduced considerably with surface treatments
like latex modification due to the physical interaction between the fibre surface
and latex particles. Water ageing and thermal ageing reduced the relaxation rate
of the oil palm fibre. It was found that the rate of relaxation of the fibre was
maximum at 10% strain level. The relaxation in short oil palm empty fruit
bunch fibre reinforced phenol formaldehyde composites as a function of fibre
loading, fibre treatment, physical ageing and strain level was studied.
Maximum stress relaxation was observed for 30wt.% fibre loading. Treated
composites showed higher relaxation except in alkali and toluene
2, 4-diisocyanate treated composites. Water ageing increased the rate of
relaxation. Effect of hybridisation of oil palm fibres with glass fibres on the
relaxation behaviour was examined. The stress relaxation rate of the composite
was lowered upon hybridisation. Rate of relaxation for different time intervals
and crossover time was calculated in order to explain the relaxation mode of the
fibres and composites. Master stress relaxation curves were drawn to explain
the long-term behaviour of fibres and composites by superimposing the stress
values at different strains by a horizontal shift along the logarithmic time axis.
The relaxation modulus values for the fibre and composite show similar trend as
in the case of relaxation of stress in composites.
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emand for fibre reinforced plastic composites in static and dynamic applications as
structural materials particularly in automobile industry has increased as they
demonstrate increased mechanical performance along with structural reduction.
The long term mechanical behaviour of the composites receives much importance.
This necessitates a kind of accelerated mechanical testing of the materials. Stress
relaxation and creep are the two widely accepted test methods for predicting the
long term mechanical performance of the composites. Knowledge of the stress
relaxation behaviour of composites enables us to predict the dimensional stability of
load bearing structures and the retention of clamping force for bolts fastened to
composites.

_ Sullivan and co-workers' reported the various aspects of viscoelastic
behaviour of a series of resin/composite systems. They demonstrated that the
viscoelastic behaviour of composites and corresponding resins have a number of
important characteristics in common to reveal the universal aspects of composite
viscoelastic behaviour. Various aspects of polymer viscoelasticity were explained
using different models by Ferry.> The influence of carbon black on stress relaxation
behaviour of the black filled rubber vulcanizates at moderate strains was reported
by MacKenzie et al.> The effect of thermoplastic modifiers on the viscoelastic
behaviour of the composites was studied by Tsotsis.* Stress relaxation behaviour of
polypropylene at elevated temperatures at different strain rates was investigated.’
The strain rate and temperature change the tension loading behaviour as well as the
stress relaxation properties of the polypropylene specimens. The relaxation
behaviour of isotactic polypropylene was strongly influenced by crystallinity and
morphology of the system® The effects of volume changes on tension and
compression on the corresponding stress relaxation behaviour of polycarbonate
were reported.” Both the relaxation modulus and volume changes are found to be
time dependent.

Studies have been reported on the stress relaxation behaviour of short
cellulose fibre reinforced natural rubber composites and the properties were found

to be dependent on the rubber-fibre adhesion in the composite.® Recently Thomas
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et al.*'' reported stress relaxation studies on NR/PS blends, short sisal fibre
reinforced natural rubber composites and short pineapple leaf fibre reinforced
polyethylene composites. It was found that orientation of the fibres, fibre-matrix
interaction and fibre loading influence the relaxation mechanism.

The tensile stress relaxation mechanism of short fibre reinforced plastic
composites are much complicated owing to its physico-chemical variations within
the systems at long durations. The long term and short-term mechanical
performance of the composite depend on the interface properties. The stress
transferring ability of a short fibre composite is dependent on the fibre length
distribution, complicated non-uniform bulk distribution of the fibres and on
complicated orientation of the fibres. As stress is applied to the composite there is
possibility for matrix-fibre delamination, fibre breakage and destruction of matrix
interlayers between the fibres. At fixed strain level, relaxation in stress may occur
due to the molecular level rearrangements, fibre alignments, decreased fibre-matrix
bonding etc. The stress transfer ability of the fibre is dependent on the texture and
structure of the fibre. The relaxation processes that may occur in a fibre reinforced
polymer composite is represented in a schematic model which is given in Figure 6.1.
Bond breakage or rearrangement can occur which will lead to a stress relaxation in
the composite. Moreover the chain segments can be more orderly arranged during
relaxation which increases the crystallinity of the system. The major relaxation in a
fibrous composite arises from the changes in the alignment of fibres within the
matrix. In a randomly oriented composite the fibres become more oriented in the
stretching direction during relaxation. This leads to changes in the fibre-matrix
interaction that affects the stress relaxation in the composite. The percentage of
amorphous and crystalline components of natural fibre is a determining factor in the
mechanical behaviour of natural fibre reinforced plastic composites. Fibre surface
modifications lead to changes in the physical and chemical structure of the fibres.
This will affect the performance of the fibre and interface properties of the
composite. The intrinsic relaxation behaviour of the natural fibre plays a major role

in the stress relaxation of these composites.
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RELAXATION PROCESSES

1. CHEMICAL REACTION

Bond scission Reanangement

JZQ_’}A; = 5,

2 CRYSTALLIZATION
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3 MOLECULAR REARRANGEMENT

=y

4. ORIENTATION OF FIBRES

Figure 6.1 Various relaxation processes occurring in a fibrous composite.

Therefore a detailed study on the tensile stress relaxation of the oil palm empty fruit
bunch fibre is presented. Changes in relaxation of the fibre upon various fibre
modifications and on physical ageing were investigated. Relaxation of the fibre as a
function of strain level was also investigated. The stress relaxation behaviour of oil
palm empty fruit bunch fibre reinforced phenol formaldehyde composites has been

studied in detail. Changes in the relaxation mechanism with fibre content’ were
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analysed. Variations in relaxation of treated composites were also examined.
Studies on the influence of environmental effects on composite relaxation
mechanism were carried out. Hybrid composites were prepared by incorporating
glass fibres along with oil palm fibres. Studies on stress relaxation in these hybrid
composites have been made. Relaxgtion mechanism as a function of strain level
was analysed. The rate of relaxation at different time intervals was calculated in
order to explain the gradual changes in the relaxation mechanisms. At a given
strain level the complete viscoelastic properties is certainly not covered. Therefore
the stress relaxation data obtained at different strain levels have been superimposed

by a horizontal translation along the logarithmic time axis.

6.1 STRESS RELAXATION BEHAVIOUR IN OIL PALM EMPTY FRUIT
BUNCH FIBRE

6.1.1 Effect of Fibre Treatments

The physical and chemical modifications that occurred on the oil palm fibre surface
on various treatments were discussed in chapter 4. In order to understand the
behaviour of the fibres on static loading, stress relaxation studies of the fibres
become necessary. Influence of fibre structure on the stress relaxation behaviour of
polyethylene fibres was studied by Grubb et al.”* Stress relaxation of polyethylene
fibre occurs above room temperature and is associated with the crystalline a
relaxation. Treated and untreated oil palm empty fruit bunch fibres were subjected
to uniaxial tension up to 50% strain level. The variations in relaxation mechanism
were clear from the o/o, Vs log time plot (Figure 6.2). The changes in the
relaxation directly dependent on the modifications happened to the fibres. The oil
palm fibre is lignocellulosic having 65% cellulose, 19% lignin and 2% ash content
(Table 3.1, refer Chapter 3). The structure and properties of these fibres were
extensively studied and reported elsewhere.”” Qil palm fibre has a firmly bound
structure by three-dimensional linkage of crystalline cellulose in lignin bound
together by waxy materials. Fibres are composed of fibrils held together by

non-cellulosic substances. Application of stress may lead to failure processes such



! 137

Treament
X Untreated
0.90 - S Lo
V¥ Gamma inadiaton
o ™
& Acdybted
0.75 A
bo
o 0.60
0.457
0.30
¥ 1 1 ]
0 1 2 3 4

log TIME (s)

Figure 6.2 Stress relaxation curves of untreated and treated oil palm empty fruit
bunch fibres at 10% strain.

as slipping out of fibrils, disruption of the chemical structure, decohesion of cells,
rupture of cell walls etc. Propagation of these failures at constant strain determines
the relaxation pattern. It is reported that radiation crosslinking restricts the
molecular motion thereby reducing the relaxation time of ultra high molecular
weight linear polyethylene.* Slight irregularities are observed in the stress decay
for the fibres (Fig.6.2). The fibre undergoes different relaxation mechanism during
stress relaxation.

The crossover from one mechanism to another is evident from the changes in
the slope of the relaxation curves and from crossover times (Table 6.1). Except
silane treated fibres, all other treated fibres exhibit three steps in relaxation curves.
Silane treatment shows a two step mechanism. The change over from first slope to
second slope in treated fibres may be due to sudden failure of the cellular skeleton.
At this time a change over takes place. Further changes in slope observed may be
due to gradual rupture of the bound structure of the fibres. Silane and latex treated
fibre shows almost constaﬁt stress values at longer duration. This may be due to the

reorganised structure of the fibre after the initial stress decay. But in all other cases
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Table 6.1 Crossover Time of Oil Palm Fibres during Stress Relaxation

Cross-over time : log Time (s)
Oil palm fibre
lSl 2nd 3rd 4lh Slh

Untreated

1.80 2.05 2.45 . 3.45
(Strain level 10%) 294
Silane 7.88 — — | e
(Strain level 10%) '
Latex 3.42 e e
(Strain level 10%)
y ray irradiation 3.42 o o I
(Strain level 10%)
TDI 23 — — [
(Strain level 10%) ’
Acetylated 3.14 —— —— S
(Strain level 10%) '
Thermal aged 2.22 3.66
(Strain level 10%)
Water aged 7213 327 — ST
(Strain level 10%) ' '
Untrt?ated 3.27 —_—- —— —_—— ——
(Strain level 3%)
Untn;ated 3.60 —- — [ B
(Strain level 17%)

the stress goes on decreasing. The physical and structural failure of the fibre may
advance for longer duration. Untreated fibre shows a six-step relaxation curve. The
failure of the fibre is taking place at different stages: It is mainly due to the
rearrangements and breakage of the crystalline cellular network. The cellular
network is joined together by amorphous waxy and gummy materials. These
amorphous components restrict the deformation of network. However, the stress
decreases slightly at stretched condition and sometimes the value remains constant
due to very slow relaxation process. At longer durations the stress decay will be too
rapid to hinder it by the binding materials. These processes lead to different steps in
stress relaxation.

The crossover time at each change in mechanism is given in Table 6.1.

Compared to treated fibres the mechanism changes at shorter times in untreated
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fibre; comparatively higher crossover time is observed in treated fibres. The
relaxation of untreated fibre is much complex due to the présence of impurities,
waxy materials etc. These will be eliminated upon fibre treatments. Amorphous
component of the fibre gives major contribution to the relaxation. This is evident
from the higher initial crossover time in treated fibres. The changes in mechanism
of the treated fibre at higher times are attributed to the changes in the chemical
structure of the fibres. Figure 6.3 shows the relaxation modulus of the fibres. A

similar trend as the stress relaxation is observed in this case.
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Figure 6.3 Modulus relaxation curves of untreated and treated oil palm empty
fruit bunch fibres at 10% strain.

The rate of relaxation of the fibres at successive time spans are calculated
and recorded in Table 6.2. The untreated, silane modified, latex coated and y ray
irradiated fibres show a gradual increase followed by decline in the rate of
relaxation. Initially, the rate will be low due to the slight rearrangement in the
crystalline region. As the time proceeds the weak primary cell wall will break and
the regular ordered structure will be perturbed. This increases the rate of relaxation.
The alignment of this disrupted structure again takes place at longer duration. This

will be at slow rate. The irregular rate is observed for TDI treated and acetylated
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fibres. Exceptionally high relaxation is observed for acetylated fibre at longer time.
Chemical treatments especially acetylation removes the amorphous component of
the fibre by bleaching. On acetylation the fibre became hard and brittle. At a
stretched condition possibility of catastrophic brittle failure within the cellular
network of the fibre is possible which relaxes the stress considerably at a particular
time. An unexpected sudden failure within the cellular network can lead to very

high relaxation rate.

Table 6.2 Rate of Stress Relaxation (%) in Untreated and Treated Qil Palm Empty
Fruit Bunch Fibres at 10% Strain

Range(s) | Untreated | Silane Latex | yirradiation TDI | Acetylated
1-10' 3.79 3.35 3.01 414 4.84 3.74
10'-10? 13.18 1361 | 1025 12.82 11.79 10.57
10%-10° 11.77 11.75 9.16 12.73 9.85 10.19
10%-10* 7.07 5.03 4.09 10.21 11.39 39.03

6.1.2 Effect of Physical Ageing

Thermal and moisture effects on the relaxation mechanism of the fibre were given
in Figure 6.4. A three stage mechanism is observed in water aged and oven aged
fibre. The initial crossover time is increased upon ageing (Table 6.1). But the
relaxation is found to be decreased upon ageing. The oven aged fibre shows the
lowest rate of relaxation. On thermal ageing water entrapped at the interstices of
the cells may be eliminated and hence the probability dislocation decreases.
Moreover the nature of the amorphous materials changes on ageing and that will not
help in the fibrillation of the fibre on application of stress. This will reduce the
relaxation of the fibre. In contrast on water immersion, water enters the interstices

of the cells. This entrapped water affects the relaxation mechanism. The water
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molecules will have a plasticizing effect. Water aged sample shows relaxation in

between the unaged and oven aged samples. On ageing, the change in slope in
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Figure 6.4 Stress relaxation curves of unaged and physically aged oil palm
empty fruit bunch fibres at 10% strain.
the stress relaxation curve becomes less prominent than in unaged sample. From
the rate of relaxation values we can see the decreased rates for aged fibres
(Table 6.3). Initially gradual increase in rate was observed and thereafter decreases

to an almost constant value.

Table 6.3 Rate of Stress Relaxation (%) in Unaged and Aged Oil Palm Empty
Fruit Bunch Fibre at 10% Strain.

Range (s) Unaged Thermal aged Water aged
1-10 3.79 4.67 ' 4.26
10'-10? 13.18 11.18 13.09
10%-10° 11.77 8.77 6.43
10*-10* 7.07 5.58 1.41
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6.1.3 Effect of Strain Level

The test speed and the deformation rate will affect the failure pattern of the fibres
and thereby the relaxation mechanism. The stress relaxation curves at 3, 10, and
17% strain was given in Figure 6.5. The extent of fibre failure occurred would be
different at different strains. The crossover times are found to be increased at lower
and higher strain levels. However, the number of steps is decreased at lower and
higher strain levels than at 10% strain (Table 6.1). The major change in slope is
observed for sample at 10% strain level. On application of stress, physical and
chemical rearrangements may occur but on relaxation, the mechanism is purely
physical. It is observed that the end relaxation is lower for 3% strain. At higher
strain levels the highly fractured portions of the fibre leads to higher relaxation

owing to its physical rearrangement.
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Figure 6.5 Stress relaxation curves of oil palm empty fruit bunch fibre at
different strain levels.

The rate of relaxation shows the highest value for high strain levels particularly at
longer durations (Table 6.4). Initial rearrangements at the lower strain level may be
easy as evident from the rate of relaxation. At very low strain levels, commendable

failure of fibre does not happen. In such a system, the relaxation rate will be very
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low. At very high strain level also, there is possibility for a slow relaxation as the
failure is already occurred. However, for the fibres which are not fully strained,
ie. at a strain level of 10%, the fibres pass through a complicated failure mechanism.

Hence the fibres, which are strained to 10% exhibit higher relaxation rate.

Table 6.4 Rate of Stress Relaxation (%) in Qil Palm Empty Fruit Bunch Fibre
at Different Strain Levels.

Strain level (%)
Range (s)
3 10 17
1-100 | 424 3.79 3.82
10'-10? 11.74 13.18 11.81
10%-10° 13.98 11.77 11.48
10%-10* 5.52 7.07 10.92

A master curve is constructed for all the strain levels with respect to 10% strain level
and is given in Figure 6.6. The method of superposition was first suggested by
Leaderman who observed that creep recovery data of polymers obtained at different
temperatures can be superimposed by horizontal translation along the logarithmic
time axis."> Later Tobolsky and co-workers modified the superposition principle to
account for proportionality of modulus to absolute temperature and applied to
experimental data."> ' William, Landel and Ferry [WLF] proposed a shift factor at
different strain levels to construct a master curve in order to explain the validity of
the superposition principle.'®

The horizontal shift factors were calculated by giving an empirical
horizontal shift along the logarithmic axis of the stress relaxation curves.'” % It is
found that the points at different strain levels merge into a single line on shifting.
From this curve we can predict the relaxation behaviour of the fibre at a required

strain level. The computed shift factors, log aT were plotted against corresponding
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strain levels to understand the strain dependence of the shift factors (Figure 6.7). A

curve parabolic to the axis is obtained.
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Figure 6.6 Master stress relaxation curves for oil palm empty fruit bunch
fibre with respect to 10% strain.
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Figure 6.7 Semilogarithmic plot of strain dependence of the horizontal shift
factors for oil palm empty fruit bunch fibre.
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6.2 STRESS RELAXATION BEHAVIOUR IN OIL PALM EMPTY FRUIT
BUNCH FIBRE REINFORCED PHENOL FORMALDEHYDE COMPOSITES

6.2.1 Effect of Fibre Loading

Figure 6.8 shows the stress relaxation behaviour of the composites having different
fibre loading. Incorporation of the fibre results in a two step relaxation process. The
relaxation mechanism is complicated due to the presence of fibre in between the

matrix layers.
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Figure 6.8 Stress relaxation curves of oil palm fibre/PF composites having
different fibre loading at 2% strain,

Irregular trend is observed with fibre loading. The neat phenol formaldehyde resin
has three dimensionally crosslinked network structure. It has got poor impact
performance and is highly brittle. The examination of stress relaxation in gum
sample became impractical as they undergo catastrophic failure at the initial stage of
the experiment itself. Iligh brittle failure of the matrix is observed in tensile tests.
Therefore relaxation owing to the matrix resin could not be monitored. The
relaxation mechanism of the fibre reinforced composite depends upon the uniformity

of the fibre dispersion, extent of fibre to fibre contact, extent of fibre-matrix
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interaction etc. Fibre-matrix bond failure contributes to the first step relaxation.
This is illustrated in the schematic model (Figure 6.9). Therefore the extent of fibre-
matrix interaction determines the initial relaxation. The second step relaxation is due

to the matrix phase relaxation.

Matrix Matrix
(LT (L rry
Fibre _—» ~ Fibre
JUl Tl Judo ot
Before relaxation After relaxation

Figure 6.9 Schematic representation of debonding at the fibre matrix interface

Initially higher rate of relaxation is observed for 20wt.% loading (Table 6.5).
Relatively rapid decay of stress is associated with a change of microcrystalline
structure or texture of the sample, ie. an orientation of crystalline material arising
from fibres (Figure 6.1). Tobolsky reported that birefringence study is an important

Table 6.5 Rate of Stress Relaxation (%) in Oil Palm Fibre/PF Composites
having Different Fibre Loading at 2% Strain.

Fibre loading (wt.%)
Range (s)
20 30 40
1-10! 2.67 2.04 2.03
10'-10? 7.65 5.09 5.86
10%-10° 7.42 6.33 6.35
10%-10* 3.74 10.40 6.52

tool to analyse the stress relaxation arising from the growth of oriented crystalline
material?> But at very long times the relaxation rate becomes too high for
composites having higher loading. The initial relaxation process may be due to the

propagation of fibre-matrix debonding process. Thereafter relaxation in lower fibre
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loading is retarded and is noted by the slope changé. The number of steps involved
in the relaxation process of composites having different fibre loading is evident from
Figure 6.8. The initial crossover time decreased upon higher loading (Table 6.6). At
lower fibre loading, fibre-matrix failure has got major contribution on relaxation due
to the fine dispersion of fibres. As the initial relaxation is due to the debonding
process, the relaxation rate becomes high at this stage at low fibre loading. In
composites having 30 and 40 wt.% fibre loading, fibre alignment or gradual
displacement of the fibres may happen, which facilitates the relaxation process and is
denoted by the slope change in the stress relaxation curve (Figure 6.8). A notable
change in fibre alignment will be observed at higher loading only. At higher
loading, fibre to fibre contact increases which facilitates fibre alignment. At lower
fibre loading, fibres are well impregnated in the matrix. The fibre-fibre interaction
will be comparatively low at Jower loading. This is evident from the higher
crossover time for the lowest fibre loaded composite (Table 6.6). Fibre
entanglement acts as temporary physical cross links that may break and remake.
Breaking of bonds relaxes the stress. It is reported that the stress relaxation rate
increases with increase in particulate reinforcement loading.?> The relaxation
modulus curves of the composites having various fibre loading are given in
Figure 6.10. The modulus relaxation behaviour of the composites can be explained

in a similar manner as in the case of stress relaxation.
6.2.2 Effect of Fibre Treatment

Fibre surface modifications bring out major changes in the physical and chemical
bonding at the interface. It has already been reported that alkali treatment to the oil
palm fibre improves the tensile properties. It is also reported that latex coating and
introduction of coupling agents decrease the hydrophilicity of the fibres, which
reduces the compatibility with the hydrophilic matrix resin. These composites have

an advantage of superior impact resistance at the expense of decreased

compatibilisation.
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Table 6.6 Crossover Time of Treated and Untreated Oil Palm Fibre/PF Composites and Oil
Palm Fibre/Glass Hybrid PF Composites during Stress Relaxation.

Er) (MPa)

Composite Cross-over time : log Time (s)

1* 2™
Oil palm/PF 360 L

(Fibre loading 20wt.%; Strain level 2%) )
Oil palm/PF 314 L

(Fibre loading 30wt.%; Strain level 2%) ’
Oil palm/PF 333 .

(Fibre loading 40wt.%; Strain level 2%) ’
Oil palm/PF 355 .

(Fibre loading 30wt.%; Strain level 1%) ’
Alkali treated Qil palm/PF 375 L

ibre loading 40wt.%; Strain level 2%) )
Latex treated Qil palm/PF 311 L

(Fibre loading 40wt.%; Strain level 2%) ’
Silane treated Oil palm/PF 390 L

(Fibre loading 40wt.%; Strain level 2%)

Isocyanate treated Qil palm/PF 313 388

(Fibre loading 40wt.%; Strain level 2%)

(Fibre loading 40wt.%; Strain level 2%)

Oil palm/glass hybrid PF 3.50

(Fibre loading 40wt.%; Strain level 2%)

Glass/PF 313

(Fibre loading 30wt.%; Strain level 2%)

Oil palm/PF, Oven aged 3.72

(Fibre loading 40wt.%; Strain level 2%)

Oil palm/PF, Water aged 373

390
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Figure 6.10 Modulus relaxation curves of oil palm fibre/PF composites
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having different fibre loading at 2% strain.
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The variations on relaxation mechanisms are clear from the Figure 6.11. The
decreased relaxation rate in the alkali treated fibre composite may be due to the
strong interfacial interlocking between the fibre and matrix. A two-step relaxation
process is observed for this composite. The crossover time is higher than that of the
untreated composite (Table 6.6). The net relaxation in isocyanate treated composite
is lower than untreated composite. Here, changes in slope give evidence to a three-
step process. The silane treated composite also involves a two step relaxation
process.  Successive progress in the physical rearrangement of the fibres and
chemical debonding may be responsible for the process. Latex treated composite
exhibits maximum stress relaxation. A small change in slope is observed at long
duration. Molecular rearrangements at the rubber phase may lead to higher
relaxation. Latex coating and silane treatments impart hydrophobicity to the fibres,
which reduces the fibre-matrix compatibility within the composite. The extent of
fibre-matrix bonding in the untreated and treated composites is evident from the
respective scanning electron micrographs of the tensile fracture surfaces (Figs. 4.4,
4.5 & 4.9; refer Chapter 4). This decreased bonding at the interface decreases the
strength and stiffness of the composite and facilitates faster relaxation processes.

The crossover time is considerably decreased in these composites (Table 6.6).
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Figure 6.11 Stress relaxation curves of treated and untreated oil palm ﬁbre/PE composites
having 40wt.% fibre loading at 2% strain.
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The rate of relaxation values shows gradual increase for all the composites
(Table 6.7). The relaxation modulus of the untreated and treated composites was
plotted against log time in Figure 6.12. Same trend as in the case of stress relaxation

is observed here. All treated composites exhibit a steady relaxation in modulus

values.

Table 6.7 Rate of Stress Relaxation (%) in Treated and Untreated Oil Palm Fibre/PF
Composite having 40wt.% Fibre Loading at 2% Strain.

Range (s) | Untreated | Mercerised | Latex Silane TDI

1-10! 2.03 2.20 2.14 2.39 2.17
10'-10? 5.86 4.75 10.13 8.47 6.53
10%-10° 6.35 4.86 11.91 9.62 7.35
10°-10* 6.52 5.99 15.55 11.73 9.21
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Figure 6.12 Modulus relaxation curves of treated and untreated oil palm fibre/PF
composites having 40wt.% fibre loading at 2% strain.
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6.2.3 Effect of Hybridisation with Glass

Relaxation behaviour of oil palm fibre/PF composite, oil palm fibre/glass hybrid PF
composite and glass/PF composite were compared in Figure 6.13. Nonlinear stress
relaxation behaviour was reported in thermosets such as polyester and phenolics.2 2
Stress relaxation behaviour of polyethylene-carbon fibre reinforced PMMA hybrid
composites was recently reported.”® In this study the relaxation properties are
dominated mainly by polyethylene fibres. The rate of stress relaxation decreases
with time at all strain levels. The hybrid composite shows very low relaxation than
glass/PF composite. The oil palm fibre/PF composite shows maximum relaxation.
The intrinsic stress relaxation behaviour of the reinforcing fibre plays an important
role in the relaxation process. The glass fibre is highly brittle and oil palm fibre is
more elastic in nature. The hybridisation of these fibres may disrupt the relaxation
process. Major change in slope in glass/ PF composite may be due to the uniaxial

orientation of glass fibre.
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Figure 6.13 Stress relaxation curves of oil palm fibre/PF, oil palm fibre/glass hybrid PF and
glass/PF composites having 40wt.% fibre loading at 2% strain.
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The crossover time for the hybrid composites is higher than that of
unhybridised composites (Table 6.6). Rate of relaxation of each composite is given
in Table 6.8. Hybrid composite exhibit very low rate of relaxation. This is due to
the inherent lower relaxation behaviour of the glass in hybrid composites. Very high
rate of relaxation is observed at long duration for glass/PF composites. Thus
hybridisation of oil palm fibre with glass fibre results in composites having superior

long-term mechanical performance.

Table 6.8 Rate of Stress Relaxation (%) in Oil Palm Fibre/PF, Oil Palm Fibre/Glass
Hybrid PF and Glass/PF Composites at 2% Strain.

Range (s) | Oil palm fibre/PF | Oil palm/glass /PF | Glass/PF

1-10! 2.03 1.41 1.46
10'-10? 5.86 3.95 4.09
10%10° 6.35 3.54 3.91
10%-10* 6.52 1.66 i} 9.01

6.2.4 Effect of Physical Ageing

The environmental effects especially the influence of moisture and temperature on
composite mechanical properties has been extensively investigated. The information
on the effect of environment on long term mechanical performahce is rather
limited. % The effect of environmental cycling on the tensile performance of
reinforced plastics for various fibre orientations, time of exposure, temperature etc.
were investigated by Lendemo et al.*° Khan and Al studied the effect of accelerated
weathering on the mechanical properties of wood-plastic composites.*!

The stress relaxation behaviour of the water aged and thermal aged oil palm
fibre/PF composites are given in Figure 6.14. The water aged samples show
increased relaxation. This may be due to the changes in the interface properties
attained on ageing. At long duration both water and thermal ageing leads to a major
slope change. The crossover time of the water aged and thermal aged composites is

higher than unaged composite (Table 6.6). Thermal and water ageing may change
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the behaviour of fibres within the matrix. The phyéical and chemical interactions at
the fibre-matrix interface are disrupted on thermal and water ageing. Hence the
initial relaxation will be higher for aged samples. This is due to the weak interface
in aged composites. The crack propagation pattern in the aged sample may change
from that of unaged samples. It may be noted that the intrinsic stress relaxation rate
of the fibre decreased upon ageing. The stress decay is faster at the initial stages for
the aged samples. At higher durations the relaxation process gets retarded upon
ageing [Table 6.9]. Struik studied the volume changes associated with physical

ageing and found that the stress relaxation shifts to longer time span.*?
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Figure 6.14 Stress relaxation curves of unaged and aged oil palm fibre/PF composites having
30wt.% fibre loading at 2% strain.

Table 6.9 Rate of Stress Relaxation (%) of Unaged and Aged Oil Palm Fibre/PF
Composites having 30wt.% Fibre Loading at 2% Strain.

Range (s) Unaged | Thermal aged | Water aged

1-10! 2.04 . 1.88 2.33
10'-10? 5.09 6.87 7.39
10%-10° 6.33 7.26 9.09

10°-10* 10.40 4.43 5.81
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6.2.5 Effect of Strain Level

Figure 6.15 gives the stress relaxation behaviour of the oil palm fibre reinforced
phenol formaldehyde composite at various strain levels. The relaxation mechanism
varies according to the applied initial strain. Usually in composites, strain rate and
the extent of strain applied to the composite affect the interfacial stress transfer and
thereby their mechanical properties.** ** Effect of strain rate and strain level on the
stress relaxation behaviour of the short fibre composites and blends were studied by
many researchers.*®3® It has been reported that no substantial change in the shape of
the decay curve occurs over the range of strains and times investigated for iPP. It is

merely needed to multiply the stress decay curve by a strain dependent factor.*
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Figure 6.15 Stress relaxation curves of oil palm fibre/PF composites having
30wt.% fibre loading at different strain levels.

Increase of strain level from 1 to 2% increases the rate of relaxation of oil palm
fibre/PF composites and further increase in strain level decreases the stress
relaxation (Fig. 6.15). Beyond a certain strain level the fibre rearrangement during
the application of stress will lead to partial internal failure of the composite. This
processes is irreversible and possibility for further physical or chemical

rearrangement leading to relaxation is decreased. A two-stage process is observed
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at 2% strain level. The relaxation process at 1% strain level can be explained on the
basis of the extent of deformation occurred to the specimen. Upto 1% strain the
specimen undergoes initiation of the failure mechanisms like crack formation,
debonding etc. Small amount of fibre is involved in the deformation. Thus the
stress relaxation in this case will be considerably low. At this strain level the
relaxation undergoes different mechanisms. The crossover times for change in
mechanism is given in Table 6.6. But at 2% strain, maximum fibres are involved in
the failure process and the sample undergoes the crack propagation stage. The
crossover time becomes higher at higher strain levels. A complicated mechanism
involving the rearrangements of the partially failured fibres and the gradual scission
of the interfacial bonds may occur at this stage. This will lead to a higher stress
relaxation rate. At longer time the relaxation is found to be very fast owing to the
increased failure of the fibres and can be understood from the relaxation rate at this
stage (Table 6.10). Irregular relaxation rate is observed at 1% strain level

[Table 6.10]. The relaxation rate gradually increased with time at 2% strain.

Table 6.10 Rate of Stress Relaxation (%) of Oil Palm Fibre/PF Composites having
30wt.% Fibre Loading at Different Strain Levels

il Strain level (%)
Range (s)
1 2
1-10! 1.60 2.04
10'-10° 5.97 5.09
10%-10° 3.69 6.33
10%-10* 4.55 10.40

The stress relaxation values at different strain levels were superimposed by a
horizontal shift along the log Time axis. Figure 6.16 is the master stress relaxation
curve with respect to 2% strain. We can predict the long-term behaviour of the

composite using this curve. The corresponding shift factors were calculated by
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horizontal shift of the respective curves along the time axis. Figure 6.17 shows the

shift factors plotted against corresponding strain levels.
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Figure 6.16 Master stress relaxation curve for oil palm fibre/PF composites
with respect to 2% strain
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Figure 6.17 Semilogarithmic plot of strain dependence of the horizontal shift factors
for oil palm fibre/PF composites.
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CHAPTER 7

Dynamic Mechanical Properties of Oil
Palm Fibre/Phenol Formaldehyde and
Oil Palm-Glass Hybrid Fibre/Phenol
Formaldehyde Composites

Results of this study have been submitted for
publication in the journal Polymer Engineering Science

Abstract

The dynamic mechanical properties of oil palm fibre reinforced phenol formaldehyde
composites and oil palm/glass hybrid fibre reinforced phenol formaldehyde composites
were investigated as a function of fibre length, fibre content, fibre treatment and hybrid
fibre ratio. Scanning electron microscopy was used to study the morphology of the
fibre surfaces and interface adhesion in composites. The samples were subjected to
dynamic mechanical thermal analysis at different frequencies over a range of
temperatures (25 to 160°C). Variations in storage modulus E', loss modulus E" and
mechanical damping parameter, tand, of the polymer upon the addition of fibres were
investigated. The dynamic modulus of the neat PF sample decreases with decrease in
frequency. Glass transition attributed with the o relaxation of the gum sample was
observed around 140°C. The tand values and storage moduli show great enhancement
upon fibre addition. The values increase with increase in fibre content. The loss
modulus shows a reverse trend with increase in fibre loading. Incorporation of oil palm
fibre shifts the glass transition towards lower temperature value. Mercerisation of the
fibre leads to an increase in the modulus and damping characteristics of the composite.
The latex treated composite exhibits highest damping. The dynamic modulus of the
composite is found to be increased on oil palm fibre surface modifications. The glass
transition temperature of the hybrid composites is lower than that of the unhybridised
composites. Highest value of mechanical damping is observed in hybrid composites.
Storage modulus of the hybrid composites is lower than unhybridised oil palm fibre/PF
composite. Similar trend is observed for loss modulus also. Activation energies for the
relaxation processes in different composites were calculated. Activation energy
increases with fibrous reinforcement. Complex modulus variations and phase behaviour
of the composites were studied from cole-cole plots. Finally, master curves for the
viscoelastic properties of the composites were constructed on the basis of

time-~temperature superposition principle.
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Dynamic behaviour of composite materials receives considerable attention as most of

the composite components on engineering applications are subjected to dynamic
stress and strain. Knowledge of dynamic moduli and properties of composite
materials is indispensable to intelligent design with these materials. Dynamic
mechanical analysis has been used to determine the glass transition region,
relaxation spectra, degree of crystallinity, molecular orientation, crosslinking, phase
separation, structural changes resulting from processing and chemical composition
of polymer composites. Time and temperature are extremely important factors in
the study of dynamic properties of polymeric materials. The investigation of the
dynamic modulus and loss factors over a wide range of temperatures has been used
to evaluate the miscibility, interface, damping characteristics and morphological
variation of polymer blends and composites'™. The dynamic modulus and internal
friction are the most basic of all the viscoelastic properties. They are sensitive not
only to many kinds of molecular motion but also to various transitions, relaxation
processes, structural heterogeneities and the morphology of multiphase systems.
The dynamic mechanical response of the multicomponent systems like composites
is highly complex which requires the concepts of micromechanics and constitutive
equations. It is dependent not only on the nature of constituents but also on the
physical or structural arrangement of phases such as morphology and interface.
Dynamic modulus gives a measure of the hardness or stiffness of the polymeric
material and is temperature dependent.

The mechanical damping or internal friction of composite materials is
important not only as a property index but also for environmental and industrial
applications. High damping is essential in decreasing the effect of undesirable
vibration, by reducing the amplitude of resonance vibrations to safe limits®.
Incorporation of reinforcements brings out major changes in the damping
characteristics of the matrix. Composite damping property results from the inherent
damping of the constituents. This can be represented as °

tan 8, = Vg tan & + (1 —Vy) tand, (7.1
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where tand,, tand; and tand,, are the damping values of the composite, the fibre and
the polymer respectively and Veand V,, are the volume fraction of the fibre and the
matrix respectively. The tand value of the composite is dependent upon the fibre
agglomeration in the composite and interactions at the polymer—filler interface. In
the transition region the damping is high owing to the initiation of micro—Brownian
motion in molecular chains. Some of the molecular chain segments are free to
move, while others are not. For every time a stressed frozen—in segment becomes
free to move, its excess energy is dissipated as heat. If the segments are either
completely frozen in (below T,) or free to move (above Ty), the damping is low.
Neilsen,® Manson and Sperling” briefly reviewed studies on dynamic mechanical
properties of composites. According to Niclsen,® the composite to be ideal,
agglomerate free and excluding interactions at the interface, the damping of a
composite, tand, can be estimated by using the rule of mixtures. He explained that
for reinforcement of low damping, tang, is given by the proportional contribution of
the matrix according to its relative content.

tand, = tand,, (1 - ¢p) (7.2)
where tand,, is the damping value of the matrix and ¢; is the volume fraction of
filler.

Around T,, the matrix phase will not in general deform the filler particles.
Damping therefore is due primarily to the polymer phase and the relative damping
should be related simply to the polymer volume fraction as above. If there is
significant physico-chemical or specific interaction between polymer and filler, this
will tend to immobilisg a layer of polymer around each solid particle. As a result of
such matrix-fibre interaction eqn. (7.2) is rewritten as

tand, = tand,, (1 - Bdp (7.3)
Where B is a correction parameter related to the effective thickness of the fibre-
matrix interphase which was first introduced by Ziegel et al.’ The stronger the
interfacial interactions, the thicker the immobilised layer and higher the value of

parameter B. The damping parameter is dependent on the orientation of fibres with



162

the direction of oscillation. Thomason'® studied the influence of varying the fibre
direction in glass fibre reinforced composite between 0 and 90 degrees. It was
found that the presence of a second peak is dependent on the fibre orientation with
respect to the damping direction. The crystallinity of the composite has a great
effect on the primary relaxation corresponding to glass transition. Effect of the
fibre volume fraction, interphase material and fibre diameter on the tand values of
glass fibre reinforced polyester composites has been investigated by Chua'l.
According to him, the relationship between tand and volume fraction cannot be
predicted by simple rule of mixtures. He suggested that

tand = Vitand; + V,tand, + V;tang; (74)
where V;and tand; represent the values for the interphase of the material, a region
surrounding the fibre where properties differ from those of the bulk matrix.'> The
interface is deliberately built into the composite by coating the fibres with a layer of
material before the inclusion in the composite. Interface is dependent on the nature
of the constituent materials of the composite and may be unexpectedly formed from
a rigid polymer layer next to the fibre surface caused by the restricted molecular
motion due to the fibre-matrix interaction.””> Tand value changes with fibre
diameter because bonding surface area changes with fibre diameter.

Dynamic properties of short carbon fibre reinforced butadiene-styrene
thermoplastic composites were investigated by Ibarra et al.'* > It was found that
the dynamic properties depend upon the reinforcing fibre stifftness. Several studies
have been reported on the dynamic mechanical analysis of polymer composites and
blends.’*" It was found that natural fibre reinforcement in polymer changes its
dynamic properties to a considerable extent. Studies on dynamic properties of
pineapple fibre reinforced LDPE and sisal fibre reinforced NR and low-density
polyethylene systems were recently reported from this Iaboratory.”® 2 # It was
found that incorporation of treated pineapple fibre reinforcement in LDPE leads to
significant improvement in modulus owing to the increase in interfacial stiffness

achieved through more intense fibre-matrix interaction. Addition of short sisal fibre
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to natural rubber increased the storage modulus, loss modulus and tand of rubber
vulcanizates. It was found that the viscoelastic. properties of sisal fibre filled
low-density polyethylene composites were influenced by fibre length and fibre
orientation.”? In natural fibre reinforced plastic composites the adsorbed water on
fibre surface will affect the dynamic properties of the composites. The effects of
adsorbed water on dynamic mechanical properties of wood were investigated by
Obataya et al.”® They have discussed the effects of adsorbed water on the matrix
and the moisture dependence of E' and tand. The cure conditions and the extent of
curing of the final product will be a determining factor of the dynamic properties of
the composites. Valea et al.** discussed the variation of the dynamic properties of
several vinyl ester and unsaturated polyester resins upon various cure conditions.
Effect of temperature and frequency on dynamic thermomechanical properties of
poly(ethylene terephthalate) was studied in detail by Bikiaris et al.”> 1t is reported
that in a compatibilized thermoplastic/thermoset blend the viscoelastic behaviour of
the interphase relaxation is associated with the conditions of confinement of the
components in the interphase zone.”

The dynamic mechanical analysis of phenolic composites receives utmost
importance as the crosslinking of the phenolics during cure is accompanied by
increase in glass transition temperature which in tum have profound effect on the
high temperature usefulness of these materials. This chapter discusses the effect of
fibre length, fibre loading, fibre modification by mercerisation and hybrid fibre ratio
of oil palm fibre/glass hybrid composites on storage modulus, loss modulus and
mechanical damping parameter of the composites over a range of temperatures
(25 t0150°C). The effect of frequency on the dynamic properties of the composites
was evaluated. Glass transition temperature of the composites was determined from
the relaxation spectra of the respective composites. Apparent activation energy of
the relaxation process of the composites was analysed. Cole-cole plots were drawn
to understand the heterogeneous nature of the composites. Master curve was
constructed based on time-temperature superposition principle to explain long term

dynamic behaviour of the composites.
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7.1 DYNAMIC MECHANICAL PROPERTIES OF NEAT PHENOL
FORMALDEHYDE

Dynamic mechanical behaviour of neat PF sample is shown in Figures 7.1 and 7.2.
The variation of storage modulus, mechanical damping factor and loss modulus at
different frequencies was plotted. At a frequency 0.1Hz, the sample shows two

relaxation peaks in the tand curve.
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Figure 7.1 Temperature dependence of tand and storage modulus of neat PF sample at
different frequencies

The primary relaxation due to glass transition region is shown at a temperature of
139°C. This is due to the initiation of the molecular motions. The secondary
relaxation observed at lower temperature is due to the restricted motion of the
molecular chains in the crosslinked network.> The secondary transitions are caused
by the same type of motion occurred at the main Tg but for some reasons become
active at much lower temperatures.® As expected ,the transition temperatures are
shifted to higher temperatures as the frequency is increased. The width of the
relaxation spectrum expresses the diversity of chain segments and is expected to be
higher in three-dimensional polymers than in linear polymers.”’ The damping
shows its highest value at 0.1Hz frequency. The damping decreases beyond Tg.
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The tand maximum and Tg from the tand curve for the PF gum sample at different
frequencies are given in Table 7.1. The glass transition temperature increases with
increase in frequency. The dynamic modulus of the neat PF resin decreases with
decrease in frequency. Above Tg, the modulus decreases sharply showing the
highly crosslinked nature of neat PF sample. This is due to the fact that the chain

motions will be perturbed in the immediate vicinity of crosslinks.

Table 7.1 Values of Tan 8 Maximum, E" Maximum and Tg Values of Neat PF and Oil Palm
Fibre Reinforced PF Cmposites having 40wt.% Fibre Loading

Fibre 1and max. Tg from tand gy, (°C)
length
(mm)
Frequency (Hz) Frequency (Hz)
0.1 1 10 50 100 0.1 1 10 50 100

Neat PF | 0.07 { 0.04 0.04 0.03 0.03 139 143 143 145 145

20 0.11| 0.09 | 0.09 | 0.08 | 0.08 115 115 115 117 116
30 0.09{ 0.07 | 0.07 | 0.07 | 0.07 126 126 126 125 125
40 0.08 | 0.06 0.05 0.05 0.05 133 138 138 137 137
50 008} 006 | 0.06 | 0.06 | 0.06 139 137 139 139 138

E" Max. x107 (Pa) Tg from E" (°C)

Neat PF | 3.4 1.6 1.4 1.2 1.1 134 134 141 142 140
20 6.5 5.8 5.8 53 52 111 111 112 114 114
30 5 4.5 4 3.5 34 106 105 105 105 103

40 5 3.8 3.5 34 3 132 138 137 137 136
50 3.8 2.9 2.5 24 23 108 107 107 106 105

The loss modulus of the gum sample at different frequencies is given in
Figure 7.2. The curves for 0.1 and 1Hz frequencies show sharp peaks at 134°C.

The glass transition temperatures from the E" curves at different frequencies are
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given in Table 7.1. The E" maximum shows its highest value at the lowest

frequency. The Tg value is always lower than that obtained from the tand curve.
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Figure 7.2 Temperature dependence of loss modulus of neat PF sample at different
frequencies.

The influence of moulding time and temperature conditions on the modulus-
temperature behaviour of phenolic resins has been reported by Landi et al.?® He
studied the effect of moulding time and temperature on the modulus and glass
transition of phenolics. It was found that Tg of the phenolics increases with post
baking. They also found that at low degrees of cure either through short cure time
or by low mould temperatures, there were frequently more complex curves, with
more than one large stepwise change in modulus and more than one tand peak.
They have reported that for cure time 30s at mould temperature 154°C sharp drop in
modulus occurred at 120°C and tand peaks were observed at 160 and 240°C. But
when the cure time was increased to 1800s; sharp changes in storage modulus and
tand at glass transition observed around 180°C. Increase in crosslink density causes
an increase in modulus. They also report that modulus of the phenolic resin

increases as moulding temperature decreases. The activation energy of the PF
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sample for the relaxation at glass transition region was calculated from the

Arrhenius plot, which shows a lower value than the filled samples (Table 7.2).

Table 7.2 Activation Energy Values of Neat PF and Oil Palm Fibre/PF Composites having
40wt.% Fibre Loading for Relaxation at Glass Transition Temperature.

Fibre Length Activation energy
(mm) (kJ/mol)
Neat PF 14
20 151
30 264
40 63
50 93

7.2 DYNAMIC MECHANICAL PROPERTIES OF OIL PALM FIBRE/PF
COMPOSITES

7.2.1 Effect of Fibre Length

Incorporation of lignocellulosic oil palm fibre in PF resin leads to major changes in
the dynamic mechanical properties. Variations in mechanical damping factor and
dynamic modulus of the composite as a function of fibre length and temperature at a
frequency of 10Hz are drawn in Figure 7.3. It is seen that mechanical damping
parameter tand increases upon fibre addition. Maximum damping is observed for
composites having 20mm fibre length at lower frequency and for 40mm fibre length
at higher frequency (Table 7.1). At 40mm fibre length, uniform dispersion of the
fibres result which leads to better fibre-matrix adhesion and will exhibit
comparatively high modulus. However at 20mm fibre loading there will not be
sufficient fibre length to withstand the full stress applied at higher frequencies.
Irregular trend is observed with fibre length. Broadening of the tand peak is
observed upon fibre addition. The o transition is dependent upon the

morphological changes of the components in the composite. Theoretically it is
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predicted that the intensity of tand peak decreases with increasing degree of
crystallinity.”” Incorporation of oil palm fibre in PF resin has got a marked impact
on the damping characteristics of the composite. A systematic decrease in the
intensity of the relaxation with crystallinity is reported for poly (ether ether ketone)

by Krishnaswamy et.al.*

Viscoelastic response of the matrix may be perturbed by
the presence of fibres. The fibre has got crystalline cellulose region and amorphous
waxy materials. This will make changes in the damping characteristics of the
composites when incorporated with these fibres. Guo and Ashida®' reported that the
relative damping of main relaxation of short fibre thermoplastic elastomer
composites decreased with increasing fibre length. This is attributed to the
unevenness of the strain distribution in the matrix phase, which depends on the fibre
length and the modulus of matrix. The molecular and structural characteristics of
oil palm fibre reinforced PF composite are more complex owing to its

heterogeneous phases and interactions between them.
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Figure 7.3 Variations in tand and storage modulus of oil palm fibre/PF composites
with fibre lengths having 40wt.% fibre loading at a frequency of 10Hz
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The fibre is hydrophilic due to its cellulose and lignin hydroxyl groups. This can
form strong chemical adhesion with the hydrophilic resole PF resin. This can be
explained using the schematic model of the interface interaction which is given in
Figure 4.3 (refer Chapter 4). The morphology and interactions at the interface
influence the relaxation. Scanning electron micrograph of tensile fracture of oil
palm fibre/PF composites give evidence for the fibre-matrix interactions
(Fig. 4.4; refer Chapter 4). Fibre breakage and fibrillation were found to be the
major failure criteria, which results from the better fibre-matrix adhesion. Ibarra
and Panos®® interpreted dynamic properties of SBS/carbon fibre composites based
on Tg measured in terms of maximum damping temperature as well as the apparent
activation energy of the relaxation process to explain the fibre-matrix interactions.
Viscoelastic phenomena in the fracture of thermosetting resins were reported
recently by McKilliam et al.*® The thermosetting resins have shown viscoelastic
non-linearity to be compatible with the complex fracture behaviour of thermosets.
In the case of composites having 20 and 30mm fibre lengths, a secondary relaxation
peak is observed at a temperature of 115 and 105°C respectively (Fig. 7.3). The
secondary transition may be due to the vibrational motion of the entrapped chain
segments or chemical groups within the crosslinked network.® The a-transition
parameters (Tg) exhibit significant sensitivity to the morphological differences,
chemical changes such as rupture of hydrogen bonds etc. occurring in the system.
Presence of fibres restricts the segmental mobility. It is reported that the effect of
fibre will depend on the fibre-matrix bond strength because strong bonding is
essential for the activation of the fibre constraint during the stress transfer
mechanism at the interface, whereas poor bonding results in energy dissipation at
the interface.**

Fibre length has got a determining role at the interfacial phenomena.
Effective stress transfer takes place only at uniform dispersion of the fibres at
critical fibre length. Figure 7.4 shows the variation of tand at 100°C with fibre
length. Upto 30mm fibre length gradual increase in damping is observed at all
frequencies. Atl40mm fibre length the value at 100°C decreases and further
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increase in fibre length increases the tand value. This can be attributed to the better
fibre-matrix adhesion at 40mm fibre length. At very low fibre length, fibre
agglomeration and at very high fibre length, fibre entanglement results which leads
to increased fibre to fibre contact. These aspects change the effective aspect ratio.
As aresult fibre-matrix interaction is decreased. It has already been reported that at
40mm fibre length oil palm fibre exhibits better mechanical properties with PF due
to the increased fibre-matrix interaction.® This is considered as its critical fibre
length. Inorder to understand the effect of frequency on the dynamic mechanical .
properties of the composites, the tand and storage modulus were plotted as a
function of temperature at different frequencies (Fig. 7.5). The tand value shows

regular increase with decrease in frequency of vibration while E' shows a reverse

trend.
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Figure 7.4 Effect of fibre length on the tand and storage modulus of the oil palm fibre/PF
composites at 100°C.
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Higher relaxation is expected at low ﬁbfe length due to its inefficient
packing than at higher fibre length. The increase in damping in a composite can be
attributed to the matrix material. In a discontinuous fibre composite, the distance
between two abutting fibre ends is called the fibre end gap size. The increased
amount of matrix material leads to increased damping.*® However, when the fibre
length is increased the fibre end gap size decreases thereby decreasing the damping
peak. Further increase of fibre length decreases the glass transition temperature of
the system (Table 7.1). This can be interpreted as a result of variation in the
properties of the interface between fibre and matrix of the composites having
different fibre lengths. Composites having 20 and 30mm fibre lengths show high
relaxation peak heights, which are closely related to glass transition phenomenon.

Fibre incorporation increases the storage modulus due to the stiffness
conferred upon the material by the fibre within the matrix. For 20 and 30mm fibre
length sharp drop in modulus is observed around 120°C (Fig. 7.3). Above this

region these composites have lower modulus than PF gum sample. Variation in
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Figure 7.5 Effect of frequency on the variations in tand and storage modulus of oil palm
fibre/PF composites having 40wt.% fibre loading and 30mm fibre length.
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dynamic modulus at 100°C with fibre length at different frequencies is plotted in
Figure 7.4. The dynamic modulus and loss factors in fibre reinforced plastic
composites are influenced by fibre orientations. At higher fibre lengths, fibre
entanglement may occur which reduces the fibre orientation in composites.
Randomly oriented fibres restrict the segmental motion of the polymer chains to a
higher extent than aligned fibrous composite. The irregular variations in modulus
with fibre length can be attributed to these changes in the orientation factor.
Composites having the fibre with 20 and 40mm length exhibit comparatively higher
Joss modulus (Fig. 7.6). The E" maximum observed for different fibre lengths is
given in Table 7.1. Changes in loss modulus with frequency as a function of
temperature for composite having 30mm fibre length is evident from Figure 7.7.
The loss factor decreases with increasing the frequency. The glass transition

temperatures from E" curve are determined.
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Figure 7.6 Variations in loss modulus of oil palm fibre/PF composites with fibre lengths
having 40wt.% fibre loading at a frequency of 10Hz.

The relationship between glass transition temperature and frequency for the

composites are well explained by the Arrhenius relationship. The apparent
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activation energy (H) for the relaxation process at the glass transition region were
calculated by means of the following equation."”

| log f = log f,— H/2.303 RT (7.5)
Where f; is an experimental constant, f and T are the measuring frequency and the
glass transition temperature respectively and R is gas constant. The activation
energy for the relaxation process is much increased upon fibrous reinforcement.
Maximum activation energy is observed for 30mm fibre length (Table 7.2).
Presence of fibre restricts the motion of the molecular chains and segments, which
increases the apparent activation energy. Fibre length is a determining factor,
which affects the relaxation process thereby the activation energy of the process. At
higher fibre lengths, due to the lack of effective fibre-matrix adhesion, activation

energy required for the relaxation is decreased.
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Figure 7.7 Effect of frequency on the variation of loss modulus of oil palm fibre/PF
composites having 40wt.% fibre loading and 30mm fibre length.

7.2.2 Effect of Fibre Content

It is seen from Figure 7.8 that as the fibre content increases,the mechanical damping
increases at a frequency of 10 Hz. The fibre-matrix interfacial area is proportional

to the fibre content. The increase in the mechanical damping can be explained by
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the fact that the larger the interface area, the more energy loss at the interfaces.
Dong and Gauvin®’ observed a linear increase of the damping at the interfaces with
fibre volume fraction in carbon fibre/epoxy composites. The composites having
50mm fibre length show two damping peaks. This may be due to the decreased
fibre-matrix adhesion and agglomerate formation of the fibres within the matrix.
The presence of single peak in damping curve of the composites suggests better
interaction between the fibre and matrix. This is due to decreased heterogeneity in
the composite. Hon and Chao®® have carried out DMTA investigations on
benzylated wood/polystyrene composites. They used dynamic properties as a tool

to determine the compatibility and dispersion of wood and polystyrene.
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Figure 7.8 Variations in tand and storage modulus of oil palm fibre/PF composites with
fibre loading having 40mm fibre length at a frequency of 10Hz.

The tand maximum observed at different frequencies is given in Table 7.3.
Highest tand value is observed for 50wt.% fibre loading at all the frequencies.
Figure 7.9 gives the variation of tand at 100°C with fibre content at different

frequencies. A gradual increase in damping is observed with fibre content for all
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frequencies. The effect of frequency on the mechanical damping of the composites
1s similar to that discussed earlier. Damping increases as frequency decreases. This
can be understood from the three dimensional damping peak of 50wt.% composite
from Figure 7.10. The glass transition temperature of the composite obtained from
damping curve decreases beyond 30wt.% fibre loading at all frequencies (Table
7.3). Since the Tg of the natural fibre is expected to be very much lower than PF,
fibre incorporation normally results in a decrease of the glass transition temperature.
Flexibility of groups, molecular polarity of components and presence of voids in
composites affect the Tg of a composite. The chances for void formation are higher
with increasing fibre loading. At very high loading this effect becomes prominent
and facilitates the chain mobility at lower temperatures resulting in the decrease of

Tg value.
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Figure 7.9 Effect of fibre loading on the tand and storage modulus of oil palm fibre/PF
composites at 100°C.
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Table 7.3 Values of Tan 6 Maximum, E" Maximum and Tg Values of Neat PF and Oil Palm
Fibre/PF Composites having 40mm Fibre Length

Fibre tand pax. Tg from tand pay (°C)
loading
(wt.%)
Frequency (Hz) Frequency (Hz)

0.1 1 10 50 | 100 | 0.1 1 10 50 | 100

Neat PF | 0.07 | 0.04 | 0.04 | 0.03 | 0.03 | 139 | 143 | 143 | 145 | 145
30 0.08 [ 0.07 | 0.07 | 0.07 | 0.07 | 148 | 148 | 148 | 147 | 147
40 0.08 | 0.06 { 0.05 ] 0.05 | 0.05 | 133 | 138 | 138 | 137 | 137
50 0.10 | 0.08 | 0.08 | 0.15 | 0.15 | 119 | 119 | 119 | 136 | 142

E" Max. x107 (Pa) Tg from E" (°C)

NeatPF | 34 | 16 | 1.4 | 1.2 | 1.1 | 115 | 134 | 141 | 142 | 140
30 6 46 1 44 1 43 | 41 | 129 | 130 | 130 | 130 | 130

40 5 38 | 35| 34 3 132 | 138 | 137 | 137 | 136
50 4.8 4 37 { 3.1 {28 | 118 | 117 | 119 | 119 | 119

Changes in dynamic modulus, a measure of the stiffness of the composites with
fibre loading at 10Hz frequency is given in Figure 7.8. Maximum modulus is
observed for 30wt.% loading. Noticeable decrease in modulus value is observed for
50wt.% loaded composite beyond 95°C. This value is less than the neat PF
sample.The E' value at 100°C is plotted as a function of fibre loading at different
frequencies (Fig. 7.9). The decrease in the modulus values for 50wt.% may be due
to the decreased interfacial bonding. At higher fibre loading processing becomes
difficult resulting in the uneven distribution of the fibres in the matrix which leads
to agglomeration, increased fibre to fibre contact and presence of voids in the
composite. These factors will reduce the modulus of the composite. As the
temperature increases the modulus decreases which may be due to the changes in

the properties of the oil palm fibre and interfacial debonding during vibrational
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motion. In the case of carbon fibre reinforced nylon 66 composites, an increase in
relative storage modulus at all temperatures was observed with increase in volume
fraction of fibre.*® This is explained by the fact that the modulus of the carbon
fibres is not affected by changes in temperatures. As frequency of vibration
increases, the E' value of the composites increases. A regular trend is observed for

all the composites. A sharp drop in modulus is observed at the glass transition

region.
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Figure 7.10 Mechanical damping parameter of oil palm fibre/PF composite having
50wt.%fibre loading and 40mm fibre length.

Figure 7.11 shows the variations in E" value with fibre loading. The value
decreases marginally with fibre loading. However it is greater than the gum sample.
The loss factor of 50wt.% composite decreases to a very low value that is lower
than that of PF sample beyond 120°C. Highest value of E" maximum is observed
for 30wt.% loading (Table 7.3). The Tg values obtained from E" curves were lower
than that obtained from tand curves. This is due to the fact that the relaxation peak

in loss modulus is always slightly shifted to lower temperature compared to the
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damping peak. The variation of Tg with fibre loading of the composites is plotted
in Figure 7.12. The Tg value shifts to a higher value at 30wt.% fibre loading, but a
negative shift observed from loss modulus measurement. The loss modulus
increases with decreasing frequency as described earlier. The large drop in modulus

is observed at a temperature around 120°C for 0.1 and 1Hz frequencies.
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Figure 7.11 Variations in loss modulus of oil palm fibre/PF composites with fibre loading
having 40mm fibre length at a frequency of 10Hz.

Activation energy for the relaxation process at glass transition region is
calculated from the Arrhenius relationships. The activation energy values are given
in Table 7.4. As the fibre loading increases, the activation energy decreases. At
higher fibre loading the fibre-matrix adhesion decreases due to the increased
fibre-fibre contact and phase separation, which decreases the activation energy for
the relaxation process.

Composites having 30wt.% fibre loading exhibits highest energy as
explained by its highest dynamic modulus. At a high fibre loading, fibre to fibre
contact is more. Application of a vibrational stress therefore brings about interfacial

failure.



Tg (°C)

150 -
145 -

L
140
135 -
130 -
125 -

120

—A— From Tan §
—e—From E"

115 .

j 1 1 1

20 30 40 50

179

Fibre Loading (wt.%)

Figure 7.12 Variation of glass transition temperature of the oil palm fibre/PF composites with
fibre loading at a frequency of 10Hz.

Table 7.4 Activation energy values of neat PF and oil palm fibre/PF composites having
40mm fibre length for relaxation at glass transition temperature

Fibre loading Activation energy
(wt.%) (kJ/mol)
Neat PF 14
30 308
40 63
50 15
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7.2.3 Effect of Fibre Modification

The dynamic mechanical properties of the treated composites were analysed.
Detailed discussion on the physical and chemical modifications occurred on the fibre
surface on various treatments such as alkali treatment, acetylation, silane treatment,
acrylonitrile grafting, latex coating, peroi(ide treatment, permanganate treatment and
isocyanate treatment were given in Chapter 3. Damping and modulus characteristics
of the treated composites are given in Figure 7.13. Composite mercerised for 24hrs.
shows a jump at the glass transition with prominent secondary relaxation peak in the
damping curve. A gradual increase in peak height is observed with frequency

(Fig. 7.14).
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Figure 7.13 Variations in tand and storage modulus of treated oil palm fibre/PF
composites having 40wt.% fibre loading and 40mm fibre length at a
frequency of 10Hz,

Increasing the treatment time to 48hrs. decreases the value, which is lower than for
the untreated sample. However composite treated for 72hrs. shows higher value than
untreated sample. It has already been observed that the higher the damping at the
interfaces, the poorer the interface adhesion.’’ A decrease in damping associated

with the improvement of interface bonding is observed by Cinquin et.al.*’ Ko et al.*!



181

also observed a decrease in the damping that was related to the changes of interfaces
in carbon fibre epoxy systems. This is due to the fact that a composite with poor
interface bonding tends to dissipate more energy than that with good interface

bonding. The highest value of tand maximum is observed for 24hrs. treated

composite (Table 7.5).

Bending tan ¢

_ Figure 7.14 Mechanical damping parameter of alkali treated (24hrs) oil palm fibre/PF
composite having 40wt.%fibre loading and 40mm fibre length.

Variation of tand at 100°C with treatment at different frequencies is given in
Figure 7.15. Effect of frequency on tand shows similar trend as earlier. The highest
jumping at Tg is observed at highest frequency. The variation of tand with
temperature shows similar trend at all frequencies for 24hrs. treated composite. The
damping characteristics of other treated composites are shown in Figure 7.16. At all
temperatures the latex treated composites exhibit highest tand value among the
untreated and treated composites. The fibre became most hydrophobic on latex
coating, which leads to less fibre-matrix interaction resulting increase in damping

properties. Other treatment leads to slight enhancement in damping values
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(Table 7.5). Damping values of the treated composite generally decreased on
increase of frequency. The tand values at 100 °C for the untreated and treated
composites are given in Table 7.6. Compared to the untreated composites all treated

composites exhibit higher damping.
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Figure 7.15 Effect of mercerisation time on the tand and storage modulus of alkali treated oil
palm fibre/PF composites having 40wt.% fibre loading at 100°C.

The glass transition temperature shows a shift towards higher temperature
region on increasing the time of treatment. On silane, acrylation, acrylonitrile and
latex treatments, a considerable decrease in Tg values is observed especially at lower
frequencies. Lowest value is observed for latex coated composite (Table 7.5). This
is also attributed to the weak interfacial interaction, which facilitates the relaxation
process. The dynamic modulus of the composite increases with treatment time

(Fig. 7.13). Maximum stiffness is exhibited by composite treated for 72hrs.
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Table 7.5 Values of Tan 6 Maximum, E" Maximum and Tg Values of Untreated and Treated
Oil Palm Fibre/PF Composites having 40mm Fibre Length and 40 wt.% Fibre

Loading.
tand oy Tg from tang pey (°C)
Frequency (Hz) Frequency (Hz)

Fibre treatment | o1 | 1 | 10 {50 | 100 | 01 | 1 | 10 | 50 | 100
Untreated 0.08 | 0.06 | 0.05 | 0.05| 0.05 133 138 138 | 137 | 137
Mercerised (24hrs) | 0.09 | 0.09 | 0.08 | 0.09 | 0.10 139 138 138 | 138 | 139
Mercerised (48hrs) | 0.07 | 0.06 | 0.06 | 0.06 | 0.07 146 145 | 145 | 144 | 144
Mercerised (72hrs) | 0.08 | 0.07 | 0.07 | 0.06 | 0.06 148 147 147 | 147 | 146
Acetylation 0.14 | 0.09 | 0.08 | 0.08 | 0.07 118 122 | 139 | 138 | 138
Peroxide 0.11 | 0.08 [ 0.07 | 0.06 | 0.06 147 148 | 156 | 156 | 153
Permanganate 0.11 | 0.08 { 0.06 | 0.05 | 0.05 151 151 155 | 155 | 154
Isocyanate 0.14 | 0.10 | 0.10 | 0.09 | 0.09 133 136 | 135 | 134 | 134
Silane 0.14 | 0.08 | 0.07 | 0.06 | 0.06 110 118 | 118 | 120 | 121
Acrylation 0.13 | 0.09 | 0.08 | 0.07 | 0.07 120 138 137 | 137 | 137
Acrlonitrile 0.14 | 0.10 [ 0.08 | --- -—- 114 122 120 -— -—
Latex 0.18 { 0.15 | 0.15 | - -— 107 119 | 122 | - -

E" Max. x107 (Pa) Tg from E" (°C)
Untreated 5 38 | 35 | 34 3 132 138 | 137 | 137 | 136
Mercerised (24hrs) | 5.8 48 | 45 3.8 133 133 131 | 131 { 130
Mercerised (48hrs) 5 39 | 35 3 34 138 137 | 137 | 137 | 137
Mercerised (72hrs) 7 4.5 4 38 | 39 135 134 | 134 | 135 | 135
Acetylation 7.88 | 7.70 | 7.65 | 7.60 | 7.57 97 120 119 | 122 | 121
Peroxide 797 | 787 | 7.84 | 7.81 | 7.77 130 142 | 145 | 149 | 151
Permanganate 791 | 7.78 [ 7.72 { 7.66 | 7.63 144 151 155 | 155 | 155
Isocyanate 799 | 7.77 {7.70 | 7.71 | 7.70 102 129 | 131 | 132 | 132
Silane 793 | 773 | 7.65 | 7.61 | 7.58 101 103 | 106 | 106 | 106
Acrylation 783 | 761 | 7.52 {748 | 7.42 113 124 | 126 | 126 | 129
Acrylonitrile 805 { 785 | 7.79 | --- --- 99 113 114 -— -—
Latex 749 | 744 | 744 | - -— 101 102 | 102 | --- -
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Figure 7.16 Effect of fibre surface modifications on the tand of oil palm fibre/PF composites at

a frequency of 10Hz.

Table 7.6 Values of E' at 100°C and Tan$ at 100°C of Treated Qil Palm

Fibre/PF Composites having 40wt.% Fibre Loading

E' at 100°C (Pa) Tan$ at 100°C (°C)
Fibre Frequency (Hz) Frequency (Hz)
Treatment

0.1 1 10 50 100 | 0.1 1 10 50 100
Untreated 7201780 | 820 | 860 | 860 | 0.07 | 0.04 | 0.04 | 0.04 0.03
Acetylation 881 (885|888 [ 889 | 89 [0.12| 0.07 | 0.06 | 0.05 0.05
Peroxide 9.04 {907 9.09 | 9.1 | 9.11 {007 | 0.05 | 0.04 | 0.04 | 0.03
Permanganate | 8.99 | 9.02 | 9.04 | 9.05 | 9.05 | 0.06 | 0.04 | 0.03 0.03 0.03
Isocyanate 894 |1 898 9.00 | 9.00 | 9.02 | 0.11 | 0.06 0.05 0.04 0.04
Silane 881 {886 | 889 | 890 | 891 0.‘13 0.07 | 0.06 | 0.05 0.04
Acrylation 878 | 882 | 883 | 885 | 886 [ 0.10| 0.06 | 0.04 | 0.03 0.03
Acrylonitrile 8.95 1899 9.02 -— - 0.13 | 0.07 0.05 -—- -—-
Latex 8.18 | 8.23 | 827 -—- -—- 0.18 | 0.14 0.13 - -—
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This can be attributed to the increased fibre-matrix adhesion. Composite
treated for 24hrs. shows a sharp drop in dynamic modulus beyond 110°C. Modulus
of the treated composites at 100°C is plotted in Figure 7.15. Modulus increases with
frequency. The storage modulus of the treated composites is given in Figure 7.17.
Highest modulus is observed for peroxide and permanganate treated composites. In
acetylated, silane treated, acrylonitrile, isocyanate and acrylated composites a sharp
decrease in modulus is observed around 120°C. Latex treated composite has got the
lowest storage modulus. The E' value at 100°C for treated composites is given in
Table 7.6. Compared to the untreated composite, the dynamic modulus of the
composites made out of treated fibre is high. The variation of loss factor for
different treated composites is given in Figure 7.18 and 7.19. Irregular trend is
observed with treatment time. But there is not much difference. Whenever there
exists a strong interface, the material resists high strain and the loss factor does not
show much increment. For 24hrs. treated composite two relaxations are observed.
Acrylated and latex treated composites show very low loss modulus values. The

E"maximum for each treated composites at different frequencies are given in

Table 7.5.
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Figure 7.17 Effect of fibre surface modifications on the storage modulus of oil palm fibre/PF
composites at a frequency of 10Hz.
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The Tg value obtained from E" curve are always lower than that obtained from tans
curve. Treated composites such as acrylonitrile, acetylated, isocyanate, silane and
acrylated composites show sharp relaxation at the glass transition region. The loss
modulus values increase with decrease in frequency. But after relaxation trend is
reversed.

Activation energies of relaxation processes in treated composites were given
in Table 7.7. The value of untreated composite is almost same for 24 hrs. alkali
treated composite. On increasing the mercerisation time to 48 and 72hrs. the
activation energy enhanced by four times. This supports the assumption that the
interfacial adhesion became strong upon alkali treatment for higher durations. The
relaxation process takes more energy for the tightly crosslinked fibre network
system of the composites. This raises the activation. energy. Permanganate
treatment increases the activation energy. All other treatments decrease the

activation energy for relaxation.
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Figure 7.18 Variations in loss modulus of alkali treated oil palm fibre/PF composites having
40wt. % fibre loading and 40mm fibre length at a frequency of 10Hz.
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Table 7.7 Activation Energy Values of Untreated and Treated Oil Palm Fibre/PF Composites

log Bending E" (Pa)

Figure 7.19

having 40mm Fibre Length and 40wt.% Fibreloading for Relaxation at Glass

Transition Temperature.
Fibre treatment Activation energy (kJ/mol)
Untreated 63
Mercerised (24hrs) 67
Mercerised (48hrs) 253
Mercerised (72hrs) 250
Acetylation 16
Peroxide 44
Permanganate 93
Isocyanate 17
Silane 40
Acrylation 20
Acrylonitrile 27
Latex 18
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Effect of fibre surface modifications on the loss modulus of oil palm fibre/PF

composites at a frequency of 10Hz.
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7.3 DYNAMIC MECHANICAL PROPERTIES OF OIL PALM FIBRE/GLASS
HYBRID PF COMPOSITES

7.3.1 Effect of Hybrid Fibre Ratio

A schematic representation of alignment of fibre in hybrid composites is given in
Figure 5. . In hybrid composites intermingling of oil palm fibre and glass is
possible on impregnation of fibre mats into PF resin. The variation of the
mechanical damping parameter with temperature for the hybrid composites having
different combinations of relative volume fractions of glass and oil palm fibres are
shown in Figure 7.20. Unhybridised oil palm fibre/PF and glass/PF composites
exhibit relatively lower damping compared to hybrid composites. Highest value of
damping is observed for hybrid composite having maximum oil palm fibre volume
fraction. However an irregular trend is observed with change in the oil palm fibre
fraction. Large relaxation jump at glass transition is observed for the hybrid

composites having 0, 0.3 and 0.7 relative volume fractions of oil palm fibre.
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Figure 7.20 Variations in tan of oil palm fibre/glass hybrid PF composites having
40wt.%fibre loading at a frequency of 10Hz.
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Broad peaks are observed for the hybrid composites. The broadening of the
transition region is due to the initiation of the relaxation process within the
composites upon the incorporation of the fibres. Similar effect has been observed
for glass-polyethylene/PMMA hybrid composites.* Upto 80°C the damping
decreases with increasing glass fibre content. At the glass transition region intense
damping observed. Thus the incorporation of small amount of glass fibre to oil
palm fibre/PF composite enhances the damping characteristics of the composite.
Ghosh et al.*’ studied the damping effect of jute fibre/glass hybrid epoxy composite.
They have found that use of jute fibre contributes to a lowering in the damping
character of the composite. The Tand maximum observed at different frequencies is
given in Table 7.8. The effect of relative volume fraction oil palm fibre on the tand

value is clear from Figure 7.21.

Frequency ........ Tan$ E'
--0.1+1 %10 850 %100 0.1 +1 *10 &850 X100 13

§in

201 XD,00T 38 Quey,

E'at 100°C x 10°® (Pa)

0 0.2 0.4 0.6 0.8 1

Relative volume fraction of oil palm fibre

Figure 7.21 Effect of relative volume fraction of oil palm fibre on the tand and storage
modaulus of oil palm fibre/glass hybrid PF composites at 100°C.
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At lower frequencies the value shows gradual increase with increasing relative
volume fraction of oil palm fibre. But at higher frequencies value decreases upon
increasing the relative volume fraction of oil palm fibre. Mechanical damping of
the composite decreased with increase in frequency. Prominent relaxation is
observed at the glass transition region. The variation in tand value as a function of
temperature at different frequencies can be understood from the three-dimensional
figure (Fig. 7.22). Glass transition temperature of the hybrid composites from the
tand curve is given in Table 7.8. The Tg value of the hybrid composites is lower
than that of the unhybridised composites. Glass fibre is less hydrophilic compared
to oil palm fibre and hence its reinforcement in hydrophilic PF resin leads to
decreased fibre-matrix interaction. The possibility of the fibre layering out was

observed at higher fibre loading. This lowers the temperature of relaxation due to

glass transition.
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Figure 7.22 Mechanical damping parameter of oil palm fibre/glass hybrid PF composite
having 0.3:0.7 glass/oil palin fibre relative volume fraction ratio.
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Changes in the storage modulus of the hybrid composites with temperature
at a frequency of 10Hz are given in Figure 7.23. Oil palm fibre/PF composite
shows almost constant modulus throughout the temperature range. But for the
glass/PF composite and hybrid composite having glass/oil palm fibre ratio 0.3:0.7,
considerable decrease in modulus was observed after relaxation. With increase in
oil palm fibre content in hybrid composites, the storage modulus decreases.
However the values are much less than the unhybridised composites. The stiffness
of the composite is dependent on the inherent stiffness imparted by the fibres that

allows efficient stress transfer.

Table 7.8 Values of tan d Maximum, E" Maximum and Tg Values of Oil Palm
Fibre/Glass Hybrid PF Composites having Various Relative Volume
Fractions of Oil Palm Fibre and Glass.

tand pox. Tg from tand pe (C)
Glass/oil Frequency (Hz) Frequency (Hz)
palm fibre
V.Fratio | 0.1 1 10 50 100 0.1 1 10 50 100

1:0 0.09 | 0.06 | 0.06 | 0.05 0.05 91 94 95 96 96
0.7:0.3 0.10 | 0.07 | 0.06 | 0.06 0.06 93 95 95 96 97
0.5:0.5 0.10 | 0.06 | 0.05 | 0.05 0.05 92 89 104 104 105
0.3:0.7 |0.11 | 0.08 | 0.07 | 0.06 0.06 94 97 97 102 99
0.1:09 |[0.10 | 0.06 | 0.05 | 0.04 0.04 89 94 91 89 94

0.08:092 | 0.12 | 0.07 | 0.06 | 0.05 0.05 86 90 94 95 94
0.04:0.96 | 0.13 | 0.08 | 0.07 | 0.06 0.06 86 91 102 103 104
0:1 0.08 ] 0.06 | 0.05 [ 0.05 0.05 133 138 138 137 137

E” Max. x107 (Pa) Tg from E" (°C)
1:0 58 | 39 | 3 2.8 2.7 87 90 92 90 92
. 0.7:03 6 | 38 | 35| 31 2.9 93 92 94 95 95
"0.5:0.5 4 | 27 [ 25| 22 | 2 97 96 102 | 102 | 103
03:07 |35 | 26 | 22 2 2 98 96 99 96 95

0.1.09 | 3.8 | 25 1.9 1.6 1.5 90 93 91 90 92
0.08:092 | 3.5 22 1.8 L5 1.4 85 88 92 93 93

0.04:096 | 28 | 18 | 15 1.4 1.3 85 91 98 98 99
0:1 5 | 38 { 35| 34 3 132 138 137 137 136
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Efficient packing is possible in the unhybridised composites. This leads to an ideal
composite having higher stiffness. In hybrid composites, decreased compatibility
between synthetic glass and natural fibre decreases the wetting of the matrix, which
decreases the stiffness of the composite. This is most pronounced in composites
coﬁtaining highest volume fraction of oil palm fibre. The fibre dispersion in hybrid
composites at lower and higher oil palm fibre loading is evident from the optical
micrograph of the tensile stressed portions of the composites (Fig. 5.9; refer
Chapter 5). Better fibre dispersion is observed in composites having low fibre
loading. The crack propagation upon the application of tensile load is clear from
the photograph. Fibre layering out is clear from the scanning electron micrographs
of the tensile failure surfaces (Fig. 5.10; refer Chapter 5). Better fibre-matrix
adhesion is observed in oil palm fibre/PF part of the hybrid composite. The trend in
the variation of E' with relative volume fractions of oil palm fibre at different
frequencies is evident from Figure 7.21. Among hybrid composites maximum
modulus is obtained for composite having 0.3 relative volume fraction of oil palm

fibre. As the frequency increases the modulus also increases.
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Figure 7.23 Variations in storage modulus of oil palm fibre/glass hybrid PF composites
having 40wt.% fibre loading at a frequency of 10Hz.
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Loss modulus also shows a similar trend as in the case of storage modulus
with variation of relative volume fraction of oil palm fibres (Fig. 7.24). The E"
maximum for the hybrid composites is given in Table 7.8. Highest value of
E"'maximum is observed for hybrid composite having lowest relative volume
fraction of oil palm fibre. Gradual decrease in loss modulus is observed with
increase in frequency (Fig. 7.39). Glass transition obtained from E" curve is shown
in Table 7.8.
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Figure 7.24 Variations in loss modulus of oil palm fibre/glass hybrid PF composites having
40wt.% fibre loading at a frequency of 10Hz.

The activation energies for the relaxation process of the hybrid composites
are given in Table 7.9. Incorporation of oil palm fibre decreases the activation
energy for relaxation in hybrid composites than that required for cent percent oil
palm fibre reinforced composites. This is evident from the lower Tg values of the
hybrid composites than that of the oil palm fibre/PF composites. This shows the
inefficient compatibility between the matrix and reinforcement upon the

incorporation of glass fibre.
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Table 7.9 Activation Energy Values of Oil Palm Fibre/Glass Hybrid PF Composites having
Various Relative Volume Fractions of Oil Palm Fibre and Glass for Relaxation at
Glass Transition Temperature

Glass/oil palm fibre Activation energy
relative V.F.ratio (kJ/mol)
1:0 78
0.7:0.3 108
0.5:0.5 20
0.3:0.7 50
0.1:0.9 17
0.08:0.92 41
0.04:0.96 20
0:1 63

7.4 COLE-COLE ANALYSIS

The viscoelastic properties of the composites were demonstrated by means of Cole-
Cole plot. Representative plots are given in Figure 7.25. All the curves show an
imperfect semicircular shape. Purely homogeneous system shows a perfect
semicircular curve. Incorporation of oil palm fibre gives a broad curve while hybrid
composite shows a narrow one. This shows that these composites are not perfectly
homogenous. It is seen that the amount and dimension of the dispersed fibres,
surface characteristics of the fibres and type of the fibres will affect the shape of the

Cole-Cole plot thereby influencing the viscoelastic response.

7.5 TIME - TEMPERATURE SUPERPOSITION

The dynamic modulus of the composite is a function of time (frequency) as well as
temperature. The long-term effects of frequency on the dynamic modulus can be
illustrated by time-temperature superposition principle. Time and temperature have

same effect on the viscoclastic behaviour while a reverse effect with frequency

OCCurs.
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Figure 7.25 Cole-cole plots of the composites

Figure 7.26 is a plot of the storage modulus as a function of time at five different

temperatures.

9.4

—m—40°C—e—80°C
—A— 100°G—w— 120°C
—&—140°C

8.8+

9.2

LogE'

8.6

<4
4
«

8.4 P

L 2
L J
)

8.2+

8.0 1 I i I 1 1 1
30 25 20 45 1.0 05 0.0 0.5

Logt

Figure 7.26 E' Vs logt curves of oil palm fibre/PF composites having 30mm fibre length
and 40wt.% fibre loading at different temperatures.
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Time is related to frequency by the following equation.

t = 12xnf (7.6)
Master curve is drawn by plotting log (/aT) Vs log (E'Ty/T) to explain the long-
term behaviour of the composite. In developing the master curve, the reference
temperature was randomly chosen as 100°C and aT values were found out. The
WLF fit of the shift factors of the composite at different temperatures is given in
Figure 7.27. Figure 7.28 shows the master curve of the oil palm fibre/PF
composite. Shift factors were calculated by displacing the logE' Vs log t curves

vertically and horizontally.
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Figure 7.27 Plot of shift factor of oil palm fibre/PF composite at different temperature
with 100°C as the reference temperature
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Figure 7.28 Storage modulus master curve for oil palm fibre/PF composite having 30mm
fibre length and 40wt.% fibre loading
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CHAPTER 8

Water Sorption Studies in Oil
Palm Fibres and in Oil Palm Fibre
Reinforced Phenol Formaldehyde

Composites

Results of this study have been submitted for
publicatfion in European Polymer Journal

Abstract

Sorption characteristics of two types of oil palm fibres, oil palm empty fruit bunch
(OPEFB) fibre and oil palm mesocarp fibre in distilled water, mineral water and
water containing salt at four different temperatures were investigated. The uptake
of water decreased with increase in temperature. The OPEFB fibre showed higher
sorption than the mesocarp fibre. The effects of OPEFB fibre treatment on the
sorption behaviour in distilled water were investigated at different temperatures.
Treatment reduced the overall water uptake at all temperatures. Changes in
physical and chemical modifications of fibres upon different treatments changed
the water sorption behaviour. Isocyanate treated composite showed least water
sorption. Sorption at the capillary region is also reduced on treatments. The effect
of sorption on the mechanical performance of the treated and untreated fibres were
also investigated

Water sorption kinetics in oil palm fibre reinforced phenol formaldehyde
composites and oil palm/glass hybrid fibre reinforced PF composites were
investigated with special reference to fibre loading, relative volume fractions of
fibres in hybrid composites and fibre surface modifications. Hybridisation of the
oil palm fibre with glass considerably decreased the water sorption by the
composite. The concentration dependency of the diffusion cocfficient is analysed
and discussed. The changes in the mechanical properties of the composites on
water sorption were studied.
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PART 1 WATER SORPTION STUDIES IN OIL PALM FIBRES

Being lignocellulosic and organic in origin, oil palm fibres are hydrophilic in
nature. To achieve the full potential of polymer composites, they must have good
environmental stability particularly that of moisture combined with high
temperature. Various aspects of the phenomenon of moisture absorption in
polymer composites and its effect on their mechanical properties have been
reported by many scientists.M Detailed study on the kinetics of water sorption and
influence of water on the interphases in plastics and rubber composites has been
reported.s-7 Sapieha et al.8 investigated the swelling of cellulosic fibres in
composites and showed that water sorption is a complex phenomenon that requires
detailed study. Mechanical changes of dry keratin fibres by water sorption was
studied in detail by Feughelman.’® As a raw material for polymer composites, the
water sorption behaviour of these fibres have to be studied in detail.

The present study pertains to the water diffusion characteristics of oil palm
fibres in distilled water, mineral water and salt water. The influence of
temperature on the sorption was investigated. Distilled water contains no
impurities. They contain mainly calcium, magnesium and carbonate ions. But
mineral water contains large number of ions such as Na+, K+, Mg2+, Ca2+, HC03' ,
Crl, SO 42_, F etc. The salt water used in this investigation contains mainly Na+
and Cl ions. The presence of these ions may affect the sorption and diffusion
mechanjsms. Effect of chemical modifications of fibre on the sorption behaviour
was also investigated. Mercerization, introduction of coupling agents like
isocyanate and silane, y irradiation effects, latex coating, acetylation and peroxide
treatment on fibre were done to reduce the water sorption. Tensile properties of
both the fibres in swollen stage and in the desorbed stage were analysed. Tensile
strength, percentage elongation at break and tensile modulus at 5% elongation
were evaluated. Effects of fibre treatment on the tensile properties in the swollen

and in desorbed stages were also analysed. Tensile fracture mechanism of the
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fibres were analysed using scanning elctron microscopic examination of the

fracture surfaces.

8.1 WATER SORPTION OF OIL PALM FIBRES IN DISTILLED WATER,
MINERAL WATER AND SALT WATER

The major factors that control the interaction between fibres and water are
diffusion, permeability and sorption. Swelling behaviour of natural fibres is greatly
affected by its morphology, physical and chemical structure. Oil palm fibres are
lignocellulosic. In addition to lignin and cellulose they contain waxy materials.
Feughelman explained the mechanism of water penetration by Keratin fibres.'
They made use of the basic concepts of structure for keratin fibres, consisting of a
water impenetrable phase embedded in a water penetrable matrix phase. The
water penetration through the natural fibre can be explained using a schematic
model given in Figure 8.1. Water penetration by capillary action through the
micropores of the fibre surface is evident from the model. The fibre has a porous
internal structure. The cross section of the fibres become the main access to the
penetrating water. The waxy materials present on the fibre surface helps to retain
the water molecules onto the fibre. The porous nature of the oil palm fibres

accounts for the large initial uptake at the capillary region.

Water

Lacuna

~— Micropores

Waxy meterials

Fikrills
Water penetration

Cross section ofthe fibre N

Figure 8.1 A schematic representation of water sorption in oil palm fibres.
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The water entering into the fibre may produce an advancing front of water.
The portion behind the advancing front is swollen relative to the portion ahead of
the front. As the water uptake proceeds, the outer layer of the fibre continuously
changes to accommodate the further sorption. The process stops when the sorption
reaches the equilibrium. Unlike other organic penetrants, water molecule is small
and is strongly associated through hydrogen bond formation. They can form
strong localized interactions with hydroxyl groups available on cellulose and

lignin. The possible hydrogen bond associations are as follows: '’

H
Fibre —(l) ------ H—QO------H—Q—Fibre
d
H
Fibre —O— H-r--- O — H - O—H---r- (I)_Fibre
hh

. . . . 12-14
General features of water absorption by cellulosic materials are reported earlier.

Oil palm fibres have micropores on its surface. The surface topography of OPEFB
fibre and the mesocarp fibre is evident from the scanning electron micrographs
given in Chapter 3 (Figs. 3.3 & 3.23, refer Chapter 3). The number and size of the
pores is higher for OPEFB fibre than mesocarp fibre. Water sorption is mainly
dependent on the penetrativity of water and radii of the capillaries. The length
and radii of the capillaries determine the capillary action. Average micropore
diameter of the OPEFB fibre is found to be 0.07um. Untreated oil palm mesocarp
fibre exhibits very little pores on its surface. Protruding portions and groove like
structures are seen on its surface (Fig. 3.23). Both the fibres show initially higher
uptake values. Water can easily penetrate through the micropores. This accounts
for the initial higher uptake at the capillary region. Among the two fibres, OPEFB

fibre has got higher sorption.
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Figures 8.2, 8.3 and 8.4 shows the mole% uptake of distilled water, mineral
water and salt water, respectively by OPEFB fibre at different temperatures. Upon
distilled water and mineral water sorption, the fibre shows single step behaviour at
90 and 70°C. At 30 and 50°C a two step behaviour is observed in both cases.
After the initial capillary uptake of water, a levelling off is observed. At the water
sorbed stage, structural rearrangements or creation of voids in the cellular network
of fibres may occur. This will lead to a case II sorption behaviour. Enhanced

hydrogen bonding at this stage facilitates the case II sorption. The sigmoidal shape

of the sorption curve also support this.
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Figure 8.2 Sorption curves for distilled water/OPEFB fibre at different temperatures.

The OPEFB fibre contains 8% cold water soluble matter and 10% hot water
soluble matter in it. The capillary region uptake is similar at all temperatures. But

in the advanced stage of absorption, at lower temperature the the sorption process
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Sorption curves for mineral water/OPEFB fibre at different temperatures.
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will be slow due to the presence of waxy cuticle layer. At higher temperature the
degradation of this waxy layer is possible and enables the sorption at a single
stretch. Sorption curves for salt water in OPEFB fibre is different from those of
distilled water and mineral water. A single step absorption is observed in this
case. The ionic solution can dissolve the amorphous matter present on the fibre
surface and can directly penetrate into the fibre. Similar sorption curves as
observed for OPEFB fibre is shown for oil palm mesocarp fibre also and is given in
Figs. 8.5, 8.6, & 8.7. Sorption behaviour at the capillary and non capillary region
is evident from the curves. In mesocarp/salt water system also a single stage
sorption behaviour is observed.

At 50°C the equilibrium reaches after at long duration. In this case after the
initial capillary uptake a slope change occurs and a linear increase in absorption
takes place. The initial stage of water penetration by capillary action followed by a
non-linear stage of water absorption could be easily understood from the curves.
Similar non-linear behaviour was reported for the absorption of moisture by jute
fibres and for the absorption of moisture by charcoal.”® The non-linear portion
for water absorption may arise from the late filling of the micropores and the slow
filling of the enlarged pores. The equilibrium mol% uptake Q,, for all the systems
are given in Table 8.1. The equilibrium sorption is higher for distilled water at
lower temperature in OPEFB fibre. But at higher temperature the sorption is
highest for salt water. A gradual decrease in the uptake with temperature is
observed for all the systems except for mesocarp fibre in salt water. The Q.
values are lower for mesocarp fibre. The mesocarp fibre is (60%) is less cellulosic
than OPEFB fibre (65%). Fibre surface morphological difference and difference in
cellulose content explains for the lower Q. values in measocarp fibre. Also,
presence of oily layer on the surface of the mesocarp fibre reduces the sorption.
The fibre surface have a waxy cuticle layer which on immersion in water gives
slimy appearance to the fibre surface at room temperature. This may enhance the

slow water sorption. But as the temperature increases the slimy nature disappears
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Figure 8.5 Sorption curves for distilled water/oil palm mesocarp fibre at different
temperatures.
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Figure 8.6 Sorption curves for mineral water/oil palm mesocarp fibre at different

temperatures.



Table 8.1 Values of Q. for the Different Systems at Different Temperatures
B Temperature Q. mole
Fibre Solvent °C %
30 13.37
Distilled water 50 11.17
70 10.15
90 8.71
30 12.73
OPEFB fibre Mineral water 50 11.24
70 10.72
90 9.09
30 13.33
Salt water 50 11.12
70 10.84
90 9.76
30 8.23
Distilled water 50 7.40
70 7.27
90 5.38
30 7.38
Mesocarp fibre | Mineral water 50 7.17
70 7.10
90 5.38
30 7.16
Salt water 50 9.19
70 7.05
90 5.16
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by leaching out of waxy materials and consequently the uptake decreases. Thermo

dynamic explanation for this behaviour is given later in this article.

The diffusion of water in water-cellulose system is reported to be non-

17,18 _ |
Fickian or anomalous by Newns and by Stamm. It is also reported that a two

stage absorption behaviour is observed in natural fibres. We can see a similar

observation for both the oil palm fibres at lower temperatures especially at 30 and

50°C. The two stage behaviour is prominent for distilled water and mineral water
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sorption. The initial stage completes rapidly while the second stage is a slow
process. The second stage sorption is independent of the thickness of the sample
to a great extent, suggesting the process is no longer diffusion controlled.]9

The sol-gel theory suggested by Feughelman can be applied to explain the
water absorption by natural ﬁbres.m’ 2 He had suggested that during sorption, the
initial hydrogen bonds in the water accessible regions of the fibre were broken to

form a sol like structure which slowly converted to a gel form with the reformation

of interchain hydrogen bonds.
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Figure 8.7 Sorption curves for salt water/oil palm mesocarp fibre at different

temperatures.

8.2 EFFECT OF OPEFB FIBRE TREATMENT ON THE MECHANISM OF
SORPTION

Figures 8.8, 8.9, 8.10 and 8.11 gives the sorption behaviour of treated OPEFB
fibre in distilled water at 30, 50, 70 and 90°C respectively. Treatment
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considerably reduces the overall water uptake at all temperatures. The initial
uptake due to the capillary action is also reduced, The equilibrium mol% uptake
for the treated fibres in distilled water at different temperatures are given in
Table 8.2. As the temperature increases generally the uptake decreases. However

there is irregularities observed in different treated systems.

Table 8.2 Values of Q,, for the Treated OPEFB Fibres in Distilled Water

at Different Temperatures
Treatment Temperature Q-
(°C) (Mol %)
30 7.26
Mercerization 50 7.74
70 6.91
90 7.37
30 7.65
Latex 50 6.15
70 6.06
90 5.89
30 7.36
v irradiation 50 7.17
70 6.68
90 7.37
30 8.51
50 6.90
Silane 70 7.14
90 6.27
30 6.94
Isocyanate 50 6.15
70 6.61
90 6.68
30 7.48
Acetylated 50 6.94
70 6.44
90 6.59
30 7.44
Peroxide 50 6.56
70 6.76
90 6.59
30 13.37
Untreated 50 11.17
70 10.15
90 8.71
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The decrease in uptake value for treated fibres will be attributed to the physical
and chemical changes occurred to the fibres upon different treatments. The
scanning electron micrographs of the treated fibre surfaces reveal the physical and
chemical changes occurred in the porous structure of the fibre (refer Chapter 3).
The leaching out of the amorphous waxy cuticle layer upon mercerization results
in reduced sorption. Decreased sorption at the capillary region is observed for the
latex coated fibres due to the partial masking of the pores on the fibre surfaces by
latex. Gamma ray irradiation partially eliminates the porous structure and causes
microlevel disintegration of the fibre. Reduced sorption is observed due to
decreased capillary action. Introduction of coupling agents and acetylation make
the fibre hydrophobic and thus reduce the moisture absorption. The shrinkage of
the micropores and collapse of the capillaries upon treatments will block the
capillary absorption. The isocyanate treated fibre shows least water sorption due
to its high hydrophobic nature. It is reported by Joly and coworkers that alkyl
isocyanate treatment on cotton cellulose fibres leads to decreased water uptake.'!
The interstices between the groups of microfibrils of the fibre would be blocked by
the linked agents which reduce the water accessibility.

The thermodynamics of sorption process is evaluated from the diffusion
data. The activation energies for permeation and diffusion processes were

calculated from the Arrhenius relationship19

X = X,e(-EJRT) (8.1
where X = PorD '

X, = P orD which is a constant

E, = Activation energy.

The values of permeation activation energy Ep and diffusion activation energy Ep
were calculated by linear regression analysis and is given in Table 8.3. The
diffusion activation energy is higher than the permeation activation energy for both
the fibres. OPEFB fibres have got higher values of E and E . But the values are

negative for both the fibres in salt water.
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Arrhenius plots of In P versus 1/T for both the fibres are drawn (Figures

8.12 and 8.13). This explains the temperature dependence of permeation

coefficient and diffusion coefficient. The heat absorption AHs is also calculated
(Table 8.3).

AHs = E -E| 8.2)

The activation energy for salt water permeation and diffusion are negative (Table

8.4). Presence of ions will have an effect on the permeation and diffusion process.

Highest activation energy is observed for distilled water. Similar trend is observed

for both the fibres.

Table 8.3 Values for Activation Energies for Water Absorption in Oil Palm Fibres

Fibre Solvent Ep Ep Aljs 1
(KJ/mol) (KJ/mol) (KJk mol )
Distilled water 991 58.88 -48.97
OPEFB Mineral water 0.62 8.07 -7.46
Salt water -4.34 -18.59 14.25
Distilled water 2.94 21.38 -18.44
Mesocarp Mineral water 1.66 14.44 -12.78
Salt water -8.39 -39.12 30.73

Thermodynamic functions AS, AH and AG were calculated by linear
regression analysis using Vant Hoff relation18 and is given in Table 8.4.

InKs = AS/R- AHs/RT 8.3)

AG = AH- TAS (8.4)

No. of moles of solvent sorbed at equilibrium

where Ks =
Mass of the fibre

AS = Entropy of sorption
AHs = Enthalpy of sorption
AG = Free energy change
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Figure 8.12  Arrhenius plots of InP vs 1/T for water/OPEFB fibre.
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The AH and AS values are negative for both the fibres showing that the process is
exothermic. Hedges21 and many other researcherszz-24 reported a large negative
value of AH for natural fibres at zero regain and a rapid increase in AH with
increasing regain. It is also reported that corresponding entropy of sorption is
generally negative following the increase in AH with regain. The AG values are

found to be positive for all the systems.

Table 8.4 Thermodynamic Functions AH, AS and AG for Water Absorption

in Oil Palm Fibres.
Fibre Solvent AH AS AG
(KJ/mol) (KJ/mol) (KJ/Mol)
Distilled water -6.32 -37.62 5.08
OPEFB Mineral water -4.81 -32.95 5.18
Salt water -4.43 -31.56 5.14
Distilled water -5.79 -39.57 6.21
Mesocarp Mineral water -5.65 -39.72 6.39
Salt water -5.37 -38.31 6.24

8.3 TENSILOMETRY

Major tensile properties of both the fibres in the swollen stage and in the desorbed
stage are given in Table 8.5. Large fibre to fibre variations in tensile properties are
observed for both the fibres. Therefore an average value of each property is
reported. The tensile strength values decreased upon sorption in the case of both
the fibres. The decrease in the tensile strength is most prominent in salt water
sorbed fibre. Around 30% decrease is observed in this case. The tensile strength
of the desorbed fibres also shows considerable decrease except in mesocarp fibre.
In mesocarp fibres, the desorbed fibres almost retain their strength. However, a
small decrease is observed in salt water and mineral water desorbed fibre. The
percentage elongation at break of the fibres considerably increased in the swollen

stage. Almost three times improvement is observed in the case of OPEFB fibre.
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The elongation at break of the desorbed OPEFB fibre is greater than the original
value. In the case of desorbed mesocarp fibre, the elongation values show a
decrease as compared to the original values. Figures 8.14-8.17 show the stress-
strain chracteristics of OPEFB and mesocarp fibres, both in the swollen stage and
in the desorbed stage. Major slope change is observed at lower elongations for the
swollen and desorbed OPEFB fibres irrespective of the virgin fibre. Similar trend
is observed in the case of swollen mesocarp fibres. But for desorbed mesocarp
fibres the stress-strain characteristics is very similar to that of virgin fibre. Water
sorption reduces the crystallinity of the fibres. The stress-strain behaviour of the
fibres show a brittle to tough change on sorption. Decreased crystallinity makes

the fibre more extensible.

Table 8.5 Tensile Properties of Untreated, Swollen and Desorbed Qil Palm Fibres.
Fibre Tensile strengh Elongation at break Young’s Modulus
(MPa) (%) (MPa)
Virgin fibre 248 . 14 6700
(OPEFB fibre)
Distilled water
Swollen 224 40 2200
Desorbed 217 32 1800
Mineral water
Swollen 156 37 2200
Desorbed 226 29 2800
Salt water
Swollen 152 28 1200
Desorbed 138 15 800
Virgin fibre 80 17 474
(Oil palm mesocarp fibre)
Distilled water
Swollen 64 20 516
Desorbed 80 10 3030
Mineral water
Swollen 64 26 774
Desorbed 78 9 1392
Salt water
Swollen 50 20 387

Desorbed 75 11 2048
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Figure 8.14  Stress-strain behaviour of OPEFB fibre in swollen stage.
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Figure 8.15  Stress-strain behaviour of OPEFB fibre in desorbed stage.
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Modulus of the fibres shows considerable variation upon sorption.
Modulus at 5% elongation of OPEFB fibres decreases upon sorption and
desorption. But in the case of mesocarp fibre the values show enhancement upon
desorption. Mannan and Talukder15 investigated on the stress-strain behaviour and
other tensile properties of jute fibres. They have obtained a two stage elastic
elongation due to the amorphous and crystalline phase of the fibres. Mechanical
performance of the fibres depends on the chemical structure, cellulose content and
microfibrillar angle. Decrease in the microfibrillar angle and increase in cellulose
content enhance the mechanical properties of the fibre. Lignin and hemicellulose
play a cementing role in the three dimensional network of the fibre structure. The
amophous phase of the fibres accounts for the high elongation of the fibres. Upon
sorption water molecule enters into the spaces between the cellulose fibrils and
microfibrils. Microporous nature of the oil palm fibres helps the retention of
moisture on to the fibres. Presence of water molecule destroys the lignin cellulose
network thereby decreasing the strength properties. The amorphous phase
becomes more active in the swollen stage which accounts for the high elongation
behaviour. ‘

Figures 3.22 and 3.29 (refer Chapter 3) are the scanning electron
micrographs of tensile fracture surface of OPEFB fibre and mesocarp fibre. The
structural failure of the fibres upon the application of stress is clear from the
micrographs. The fractured surface shows irregularities in its morphology. As the
applied stress is increased the weak primary cell wall collapses and decohesion of

cells occurs which leads to the failure of the fibre.

8.4 EFFECT OF FIBRE TREATMENT ON THE TENSILE PROPERTIES OF
THE OPEFB FIBRE ON SORPTION

Tensile properties of the OPEFB fibre in the unswollen, swollen and deswollen
stage are given in Table 8.6. Treatment reduces the strength of the fibres except
for silane treatment. Treatments lead to the breakage of the bound structure and

disintegration of the noncellulosic materials. This will reduce the strength of the
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Figure 8.16  Stress-strain behaviour of oil palm mesocarp fibre in swollen stage.
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fibres. The elongation properties show sharp increase upon modifications except
for silane treatment. Young's modulus of the fibre shows enhancement upon
mercerization and silane treatment. This may be attributed to the modifications
occured at the cellulose region of the fibres. In swollen stage the strength and
modulus were found to decline. Young’s modulus of the treated fibres except
silane treatment reduced to a lower value on sorption. Amorphous layer of the
fibre becomes more active in presence of water. As expected higher elongation is
observed in swollen stage.

The tensile stress-strain behaviour of the treated OPEFB fibre in the
unswollen and in swollen stage are shown in Figures 3.21 (refer Chapter 3) and
8.18 respectively. The silane treated fibre can withstand higher stress than the
untreated fibre. The fibre became more elastic upon treatments. This is evident
from the slope change of the stress-strain curves after an initial linear sorption.
Untreated, silane treated and mercerized fibres exhibit brittle behaviour which is
due to its crystalline nature. The crystallinity of the fibre is due to the increased

n.~lecular interactions due to the above treatments.

350
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Figure 8.18  Stress-strain behaviour of treated OPEFB fibre in the swollen stage.
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Table 8.6  Tensile Properties of the Treated OPEFB Fibre

Treatcment Fibre Tensile Strength  Elongation at Break  Young's Modulus

(MPa) (%) (MPa)

Unswollen 248 14 6700

Untreated Swollen 224 40 2200

Mercerization Unswollen 224 16 5000
Swollen 170 35 265

Latex Unswollen 98 23 1850
Swollen 82 29 455

v irradiation Unswollen 88 25 1600
Swollen 41 33 190

Silane Unswollen 273 14 5250

' Swollen 238 20 2500

Isocyanate Unswollen 160 22 2000
Swolllen 84 37 341

Acetylated Unswollen 143 28 2000
Swollen 81 41 341

Peroxide Unswollen 133 24 1100
Swollen 84 30 190

Crystallinity of the fibre is dependent on the structural regularity, cellular
arrangement, secondary interactions within the fibre etc. Treatments like latex
coating leads to physical interaction through the micropores present on the fibre
surface. The elongation of the fibre increased upon treatments like isocyanate,
peroxide, acetylation, latex coating and gamma irradiation in the unswollen stage.
In the swollen stage, all treated fibres except silane treatment exhibits a linear
enhancement in stress without significant slope change. The exceptional
behaviour of the silane treated fibre will be due to the decreased water absorption.
The elongation at break of the fibres considerably increased upon sorption. Fibre
surface modification lcads to major changes in the fibrillar structure and removal

of amorphous components. This affects the slope changes in the stress-strain
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curve and fracture pattern of the fibres. The elongation at break is increased due to

the plasticisation action of the water molecules.
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PART Ii WATER SORPTION IN OIL PALM FIBRE REINFORCED
PHENOL FORMALDEHYDE COMPOSITES

Water sorption in polymer composites receives considerable attention owing to its
theoretical and practical significance, as they are important for many applications
such as wastewater treatment, packaging, and building industry. Water sorption
have effects on the physical properties of the composites and can affect the matrix
structure and the fibre-matrix interface resulting in changes of bulk properties such
as dimensional stability, mechanical and electrical properties. The important
factors that affect water sorption of composites are the hydrophilicity of the
individual components and the structural arrangement of the fibres within the
matrix.

Natural fibres being lignocellulosic are highly hydrophilic in nature and are
permeable to water. Incorporation of natural fibres into polymeric matrices thus
generally increases the water sorption ability. Aditya and Sinha reported that
moisture diffusivities of epoxy- jute composites were observed to be eight times as
high as that of equivalent epoxy-glass laminates." Oil palm fibre is lignocellulosic
having 65% cellulose and 19% lignin content. The fibre is highly hydrophilic due
to its polarity owing to the free hydroxyl groups from cellulose and lignin. These
hydroxyl groups can hold water molecules by hydrogen bonding. Cellulose is a
hydrophilic glucan polymer consisting of linear chain of 1, 4-f anhydro glucose
units. The hydroxy! groups on crystalline regions can form hydrogen bonds
between parallel chains thereby reducing the water sorption. The mechanism of
absorption in fibre incorporated composite material can be illustrated with the help
of a schematic model (Fig 8.19). Water can enter through the interface and can
enter directly through the porous structure of the fibres as seen in the figure. The
cross sectional area of the composite becomes the main absorption face. Each fibre
is found to be surrounded by the PF resin as they can penetrate through individual
fibres. Three dimensionally crosslinked thermoset matrix have practically no

sorption. The water penetration and diffusion are mainly through the fibre-matrix
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Figure 8.19  Schematic representation of water sorption mechanism at cross-section
of oil palm fibre reinforced PF composite

interfacial region and cross sectional portions of the fibre by capillary mechanism.
This mechanism involves flow of water molecules along the fibre-matrix interface,
followed by diffusion from the interface into the matrix and fibres.> Extent of fibre-
matrix adhesion is an important factor in determining the sorption behaviour of the
composite. The cross sectional structure of the oil palm fibre is evident from the
scanning electron micrographs of the fracture surfaces of the embedded fibres in PF
matrix (Fig. 8.20). It shows a lacuna like portion in the middle surrounded by
porous tubular structures. This can be a major access to the penetrating water.
Karmaker et al.’ reported that in jute fibre reinforced polypropylene composites, a
gap surrounding the fibre results from the thermal shrinkage of the matrix. In the
case of thermoset matrix this thermal shrinkage during curing is comparatively high
and result in decohesion between oil palm fibre and PF matrix resin. This is

evident from the scanning electron micrograph of the cross section of an embedded



oil palm fibre in PF matrix (Fig. 8.21). Due to the high hydrophilic nature of
phenolic resin and oil palm fibre, higher compatibility is achieved at this interfacial
region. Thus the gap width is comparatively lower in phenolic composites. This
gap is pictorised in the schematic model (Figure 8.19). The mechanism of water
sorption is pictorised in the model. Water sorption by the fibres results in an
increase of the fibre diameter and fills the gap surrounding the fibres. This results
in a better stress transfer at the interface and thus the interfacial properties of the

composite enhanced at swollen stage. This is discussed later in this chapter.

Figure 8J0 SEM of fractured oil palm fibre Figure 8.21 SEM ofcross section ofan
embedded in PF matrix (xIOO) embedded oil palm fibre in PF matrix (x200)

Moisture is sorbed in the polymer composite mainly by the dissolution of
water in the polymer network, moisture sorption onto the free volume if any present
in the glassy structure and by the hydrogen bonding between hydrophilic groups of
water and the components of the composite. Microcracks can also pave way to
moisture transport involving flow and storage of water within the cracks. The
present article summarises the water sorption behaviour of untreated and treated oil
palm fibre reinforced PF composites and oil palm fibre/glass hybrid PF composites.
The effects of fibre loading, fibre treatment and relative volume fractions of fibres
in hybrid composites on the sorption kinetics are highlighted in this study. The
mole percent uptake of water by the composites at four different temperatures,

ie. 30, 50, 70 and 90"C were analysed. The Kinetic parameters of water diffusion
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were determined in order to understand the mechanism of sorption. The values of
diffusion coefficient, sorption coefficient and permeability coefficient were also
calculated. Activation energy values and thermodynamics of water sorption were
studied. The concentration dependency of the diffusion coefficient at room
temperature was analysed. Finally the mechanical performance of the swollen
composites were compared with that of the normal composite. The effects of water
sorption on the tensile, flexural and impact performance of the composites were
investigated. Scanning electron micrographs of the fractured portions were taken to

study the failure mechanism.

8.5 WATER UPTAKE

Water absorption in a fibrous composite is dependent on temperature, fibre
loading, orientation of fibres, permeability of the fibre, surface protection, area of
the exposed surfaces, diffusivity etc. Mole percent uptake of the untreated, treated
and hybrid composites as a function of immersion time at different temperatures is
given in Figures 8.22-8.33. The variations in water uptake of the untreated oil
palm fibre/PF composites as a function of fibre content at 30°C are evident from
Figure 8.22. Upon reinforcing PF resin with oil palm fibre, a large increase in
sorption (10wt.%) takes place and thereafter it decreases. Lowest sorption is
observed for composite having 40wt.% fibre loading. The value is lower than that
of PF gum sample. Beyond 40wt.% fibre loading the sorption again increased. It
is already reported that composite having 40wt.% fibre loading exhibits maximum
mechanical properties. Similar results are observed in the case of epoxy-glass
composite laminates.” But at longer durations cross over takes place and the water
content of the laminate becomes higher than that of the pure resin system. It is
also reported that in the case of glass-polyester composites, the plain resin shows
lower water sorption than the reinforced resin upto the saturation level.® The
decreased water sorption and the good mechanical performance at 40 wt.% fibre

loading is due to the increased fibre-matrix adhesion. The hydrophilic oil palm
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Figure 8.22  Sorption curves showing the mol percent uptake of oil palm fibre reinforced PF
composites having different fibre loading at 30°C.
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Table 8.7 Values of Q,, for Oil Palm Fibre/PF Composites having Different

Fibre Loading at Different Temperatures

Composite fibre

loading Temperature Q.
(Wt.%) ‘o mole(%)

30 0.40

Gum 50 0.16

70 0.20

90 0.18

30 1.41

10 50 1.00

70 1.35

90 1.21

30 1.14

50 0.85

20 70 1.07

90 1.13

30 1.00

50 0.39

30 70 0.75

90 0.59

30 0.50

50 0.33

40 70 0.42

90 047

30 1.02

50 0.89

50 70 0.98

90 1.21
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fibre and PF resole resin leads to strong chemical interaction at fibre-matrix

interface. Effect of temperature on sorption can be understood from the respective

sorption curves in Figures 8.23-8.25. At all temperatures the neat PF gum sample

exhibits lower water uptake.

Water sorption is comparatively maximum in

composites having 10 and 50wt.% fibre loading at all temperatures. On increasing

the temperature the extent of sorption is considerably reduced. This is evident

from the Q. values of the composites having various fibre contents at different

temperatures (Table 8.7). Lower sorption is observed at 50°C. The value shows

increase upon increasing the temperature. However the value shows its maximum

at 30°C except in the case of 40wt.% fibre loaded composite in which case
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Figure 8.24  Sorption curves showing the mol percent uptake of oil palm fibre reinforced
PF composites having different fibre loading at 70°C.
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Figure 8.25  Sorption curves showing the mol percent uptake of oil palm fibre reinforced
PF composites having diffcrent fibre loading at 90°C.
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maximum sorption is observed at 90°C. The lowest sorption in this case is
observed at 50°C. It was found that in ultrahigh modulus polyethylene fibre
reinforced epoxy resin composites, the increase of temperature, enhances the rate
and extent of sorption of water by the epoxy resin.” This is attributed to higher
microcavitation expected to occur at elevated temperatures since water solubility is
a decreasing function of temperature. They also found that the filler volume
fraction has a negative contribution to the extent of water sorption.

Effect of fibre modifications on the water sorption characteristics of the
composites is clear from the sorption curves in Figures 8.26-8.29. Most of the
treatments increase water sorption of the oil palm fibre/PF composites. However
alkali treatment decreases the water sorption. Normally the free hydroxyl groups
of cellulose and lignin become chemically bonded in treated fibres thereby the
hydrophilic character of the fibre is reduced. This will decrease the moisture
uptake of the fibres. In the case of oil palm fibres, all these fibre surface
modifications resulted in considerable decrease in water uptake. But in the case of
composites a reverse trend observed. As explained in Figure 8.19, water sorption
is not only dependent on the fibre and matrix structure but also on the fibre-matrix
interface. The more hydrophobic is the fibre, the less is the extent of fibre-matrix
interaction. This will lead to a substantial decrease in the interaction between fibre
and matrix, which facilitates the sorption process. But in the case of alkali
treatment, the amorphous waxy cuticle layer of the fibre, which holds water
molecules is removed. Moreover, the inactive hydroxyl groups become active by
alkali treatment and a strong chemical interaction between the fibre and matrix is
possible. This will reduce the moisture sorption and is evident from the sorption
curves. We have already found that latex coating makes the fibre most
hydrophobic and this will reduce the interfacial adhesion.” This latex treated
composite exhibits maximum water sorption. Other treatments such as silane,
acrylonitrile etc. also exhibits higher sorption. The decreased fibre-matrix

adhesion in silane treated composite is evident from the tensile and impact fracture
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Sorption curves showing the mol percent uptake of treated oil palm fibre

reinforced PF composites having 40wt.% fibre loading at 30°C.
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Sorption curves showing the mol percent uptake of treated oil palm fibre

reinforced PF composites having 40wt.% fibre loading at 50°C.
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Figure 8.28  Sorption curves showing the mol percent uptake of treated oil palm fibre
reinforced PF composites having 40wt.% fibre loading at 70°C.
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Figure 8.29  Sorption curves showing the mol percent uptake of treated oil palm fibre
reinforced PF composites having 40wt.% fibre loading at 90°C.
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of the silane treated composite (Figure 4.9 and 4.17). The weak interface could
lead to the formation of void structures within the composites, which facilitate the
water sorption. It is reported by Mishra and Naik® that the absorption of water
increases with increase in time in hemp, banana and agave fibre/polystyrene
composites and on esterification with maleic anhydride, all these composites
showed decrease in water sorption. This is due to the decrease in the number of
free hydroxyl groups upon reaction with MA. The absorption of water is due to
the capillary phenomenon but the presence of hydroxyl groups enhances the
absorption of water by forming hydrogen bonding.

The Q., values of the treated composites at different temperatures are given
in Table 8.8. As the temperature is increased from 30 to 90°C the water uptake
first decreases and then increases. In most cases maximum sorption is observed at
30°C. This shows that temperature has a strong effect on the fibre-matrix
interaction. At higher temperature the adhesive bonding is deteriorated. The
temperature affects the penetration rate of the water to the interface. Bellenger
et al.’ observed that in styrene crosslinked polyesters, the water equilibrium
concentration is an increasing function of temperature whereas in epoxies it 1s
practically constant with temperature. With increase of temperature, as a result of
the expansion the volume fraction accessible to water molecules is increased and
enhances the water uptake.

Changes in the water sorption characteristics of oil palm fibre/PF
composites upon hybridisation with glass fibre at different temperatures were
studied. Sorption curves of hybrid composites having different relative volume
fractions of oil palm fibre at 30, 50, 70 and 90°C are given in Figures 8.30-8.33
respectively. From the sorption curves it is evident that a rapid initial uptake
occurs in hybrid composites unlike in unhybridised composites. This is most
predominant at higher temperatures. The unhybridised glass/PF and oil palm/PF

composites show much less absorption at all temperatures than the hybrid

composites.
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Table 8.8 Values of Q, for Treated Oil Palm Fibre/PF Composites having 40wt.%
Fibre Loading at Different Temperatures.

Treatment Temperature (°C) Q. mole (%)
30 0.50
50 033
Untreated 70 Pyt
90 0.47
30 0.32
50 0.18
Alkali 70 0.28
90 0.32
30 ‘ 1.45
50 1.05
Silane 70 151
90 1.43
30 0.47
50 1.33
y radiation 70 0.47
90 0.52
30 0.85
50 0.50
Acetylated 70 0.92
90 0.86
30 131
50 1.25
Isocyanate 70 1.23
90 1.31
30 0.72
50 0.30
Peroxide 70 0.45
90 0.58
30 0.56
50 0.34
KMnO4 70 0.59
90 0.60
30 2.16
50 1.43
Latex 70 1.82
90 2.03
30 1.20
50 0.69
Acetylated 20 07
90 1.05
30 1.55
50 1.02
ACN 70 1.52
90 1.60
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Sorption curves showing the mol percent uptake of oil palm fibre/glass hybrid
PF composites having different relative volume fractions of oil palm fibre and
glass at 30°C.
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Figure 8.31  Sorption curves showing the mol percent uptake of oil palm fibre/glass hybrid
PF composites having different relative volume fractions of oil palm fibre and
glass at 50°C.
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Sorption curves showing the mol percent uptake of oil palm fibre/glass hybrid

Figure 8.32
PF composites having different relative volume fractions of oil palm fibre and
glass at 70°C.
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Figure 8.33  Sorption curves showing the mol percent uptake of oil palm fibre/glass hybrid

PF composites having different relative volume fractions of oil palm fibre and
glass at 90°C.
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)

As the relative volume fraction of oil palm fibres is increased, the water
absorption linearly increases. At 30°C, the hybrid composite having a relative
volume fraction of oil palm fibre, 0.96 shows highest sorption while at higher
temperature the highest sorption is observed for the hybrid composite having
relative volume fraction of oil palm fibre, 0.92. The increased sorption of the
hybrid composites can be attributed to the poor compatibility between glass fibre
and oil palm fibre. At higher volume fractions of oil palm fibres, the microlevel
processing of composites becomes difficult and may lead to the fibre layering out
which creates micro voids and cracks within the composites. This will facilitate
the water sorption. This is evident from the scanning electron micrograph of
tensile fracture of hybrid composite (Fig. 5.10, refer Chapter 5). Antoon and
Koenig reported that water can chemically degrade glass fibres and roughen the
surface of the fibres."

The equilibrium sorption values, Q,, of hybrid composites is given in Table
8.9. It is observed that at 30 and 70°C the sorption for oil palm/PF and glass/PF
composites are equal. Eventhough oil palm fibre is highly hydrophilic the
composite based on this exhibits low water sorption. This is due to the higher
compatibility between the hydrophilic fibre and matrix resin. There will not be
any inhomogenety or unreacted species within the composite, presence of which
may enhance the water sorption. At 50 and 90°C glass/PF composites show
comparatively lower sorption. For all hybrid composites lowest sorption is

observed at 50°C.
8.6 KINETICS OF WATER SORPTION

In order to study the mechanism of water sorption the kinetic parameters n and k,
diffusion coefficient, sorption coefficient and permeability coefficient of water

sorption in different systems were analysed from the following relationships.

log (Q/Q,) = logk+nlogt 8.5)
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Table 8.9 Values of Q,, for Oil Palm Fibre/Glass Hybrid PF Composites having
40wt.% Fibre Loading with Various Relative Volume Fractions of
Oil Palm Fibre at Different Temperatures.

Relative V.F of oil Temperature Qu
palm fibre ‘o) mole(%)

30 041

50 0.26

0 70 0.42
90 0.34

30 0.80

50 0.39

0.24 70 0.73
90 0.78

30 1.11

50 0.95

0.55 70 0.99
90 1.11

30 1.13

50 1.02

0.74 70 1.08
90 1.03

30 1.08

50 1.01

0.87 70 1.19
90 1.27

30 1.47

50 1.29

0.92 70 1.74
90 1.34

30 1.47

50 1.11

0.96 70 1.42
90 1.27

30 0.50

50 0.33

1 70 0.42
90 0.47

where Q, is the mole percent increase in uptake at time t, Q, is the mole percent
increase in uptake at equilibrium, t is the time and k is a constant characteristic of
the polymer, which indicates the interaction between polymer and water. The

values of n and k are determined by linear regression analysis.

The value of diffusion coefficient D was calculated from the relationship
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D = 7n(h0/4Q.) ©(8.6)

where 0 is the slope of the initial linear portion of the sorption curves and h is the

initial thickness of the samples.

The sorption coefficient has been calculated using the equation

_Ma (8.7)
M

14

S

where M,, is the mass of water taken up at equilibrium and M, is the initial mass of

the polymer.

The permeability coefficient can be expressed as
P = DS (8.8)

Table 8.10 shows values of n and k for water sorption in oil palm fibre/PF
composites having different fibre loadings at different temperatures. The value of
n is equal to 0.5 for a Fickian diffusion mechanism. At all fibre loading the value
is vary close to 0.5. ie. the amount of water sorption increases linearly with the
square root of time and then gradually approaches the equilibrium plateau. This
means that water sorption is diffusion controlled and the same mechanism was
reported for reinforced epoxies.’’ A slight deviation from Fickian behaviour was
observed at 50°C in all cases. The diffusion coefficient, sorption coefficient and
permeability coefficient of the unhybridised composites having different fibre
loading is given in Table 8.11. The diffusion coefficient is found to be increased
with increase in fibre content at lower temperatures. This is due to the inherent
hydrophilic nature of the fibres. The diffusion coefficient increases with increase
in temperature except in the case of 40wt.% fibre loaded composite. At higher
temperature the diffusion coefficient varies irregularly with fibre content. The
diffusion coefficient characterizes the ability of water molecule to diffuse through
the polymer. The sorption coefficient is found to be higher at lower fibre loading

and is related to the equilibrium sorption of the water. As the temperature
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increases the sorption coefficient decreases at lower fibre loading. The
permeability coefficient, a function of sorption and diffusion, shows sharp increase
with increase in temperature. Maximum value of permeability coefficient is

observed for composite having 30wt.% fibre loading (Table 8.11).

Table 8.10 Values of n and k For Qil Palm Fibre/PF Composites having Different
Fibre Loading at Different Temperatures.

Composite
Fibre loading Temperature n k
(Wt.%) (o) (¢/g min®)

30 0.450 0.035

50 0.451 0.063

Gum 70 0.508 0.058
90 0.502 0.064

30 0.519 0.022

50 0.332 0.063

10 70 0.461 0.044

90 0.447 0.069

30 0.485 0.036

50 0.450 0.054

20 70 0.506 0.046
90 0.555 0.041

30 0.621 0.040

50 0.430 0.075

30 70 0.539 0.061
90 0.575 0.052

30 0.482 0.023

50 0.335 0.064

40 70 0.418 0.057
90 0.497 0.037

30 0.382 0.061

50 0.445 0.047

50 70 0.494 0.051
90 0.423 0.079

Water sorption behaviour of treated composites is different from that
of untreated composites. Sorption mechanism of the composites deviated from

Fickian behaviour on treatments like silane, acrylation, latex coating and
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Table 8.11 Values of Diffusion Coefficient, Sorption Coefficient and Permeability
Coefficient at Different Temperatures for Oil Palm Fibre/PF Composites having

Different Fibre Loading.

Composite
fibre loading Temperature Dx 10° S Px 10°
(wt.%) ) (cm’S™) (e/2) (cm’S™)
30 02.10 0.072 01.50
50 01.50 0.029 00.43
Gum 70 15.00 0.036 05.42
90 16.80 0.032 05.39
30 01.35 0.253 03.40
S0 01.12 0.180 02.02
10 70 02.81 0.239 06.70
90 05.94 0.217 12.90
30 02.4 0.206 04.95
50 02.83 0.153 04.33
20 70 04.90 0.192 09.40
90 06.34 0.203 12.90
30 10.40 0.178 18.50
50 05.61 0.071 03.96
30 70 12.80 0.135 17.30
90 12.90 0.107 13.80
30 01.05 0.090 00.45
50 07.35 0.060 04.40
40 70 04.15 0.075 03.10
9 03.55 0.086 03.05
30 01.95 0.184 03.58
50 01.88 0.160 03.00
50 70 04.51 0.177 07.96
90 05.01 0.218 10.90

acetylation. Value of k shows irregular trend with temperature (Table 8.12).
Diffusion coefficient in treated composites ‘show higher value compared to
untreated composites (Table 8.13). In most cases the diffusion coefficient
increases with temperature. Higher sorption coefficient values are observed for
latex treated composite than untreated composite. Silane treatment, isocyanate
treatment and acrylation reaction raise the permeability coefficient to a higher
value than untreated composite. Increase in temperature increases the permeability

coefficient to a certain extent (Table 8.13).
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Effects of hybridisation of oil palm fibre with glass on the kinetic
parameters were analysed and are given in Tables 8.14 and 8.15. The diffusion
mechanism shows non-Fickian behaviour as is evident from the value of n in
hybrid composites. Higher k values are observed for hybrid composites. The
value increases with increase in temperature. The diffusion coefficient decreases
as the volume fraction of glass in the hybrid composite is increased. This is due to
the lower hydrophilicity of glass than oil palm fibres. Sorption coefficient shows
irregular trend with increases in temperature. Permeability coefficient shows its
highest value at 096 volume fraction of oil palm fibre in hybrid

composites (Table 8.15).

8.7 THERMODYNAMICS OF WATER SORPTION

The temperature dependence of permeation and diffusion coefficient can be used

to calculate the energy of activation for the process from the Arrhenius relationship

X Xoexp (-Ex/RT) (8.9)

where X is the transport coefficient, X, is a constant, Ex is the activation energy, R
the universal gas constant and T the absolute temperature. The Arrhenius plots of
In P and In D verus 1/T are shown in Figures 8.34 and 8.35 respectively. From the
slope of the curves, the activation energy of permeation Ep and that of diffusion Ep
were calculated by linear regression analysis.

The heat of sorption AHs, is given by

AHs = Ep —Ep (8.10)
The values of Ep, Ep and AHs for untreated, treated and hybrid composites are
given in Table 8.16. There is no systematic trend observed with increase in fibre
Joading and on treatments. However at higher volume fraction of oil palm fibres,

the activation energy of permeation becomes higher than that of diffusion in hybrid

composites.



Table 8.12 Values of n and k for Treated Oil Palm Fibre/PF having 40wt.%
Fibre Loading at Different Temperatures
Temperature n k

Treatment °c (g/g min®)
30 0.507 0.027
50 0.357 0.073
Alkali 70 0.558 0.046
90 0.488 0.047
30 0419 0.067
50 0.261 0.207
Silanc 70 0.380 0.119
90 0416 0.104
30 0453 0.035
50 0.444 0.048
v radiation 70 0.455 0.053
90 0.445 0.047
30 0319 0.137
50 0.245 0.242
Acrylated 70 0.160 0.3%4
90 0312 0.178
30 0.475 0.041
50 0.439 0.052
Isocyanate 70 0.455 0.072
90 0.497 0.052
30 0.579 0.020
50 0.459 0.055
Peroxide 70 0.507 0.063
90 0416 0.069
30 0.575 0.026
. 50 0.498 0.057
KMnO4 70 0.512 0.056
90 0.536 0.043
30 0.172 0.268
50 0.304 0.126
Latex 70 0.278 0.167
90 0.161 0.351
30 0.198 0.260
Acetylated 50 0.298 0.171
70 0.307 0.136
90 0.229 0.245
30 0.446 0.022
50 0.487 0.029
ACN 70 0.454 0.043
: 90 0.464 0.042
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Table 8.13 Values of Diffusion Coefficient, Sorption Coefficient and Permeability
Coefficient at Different Temperatures for Treated Oil Palm Fibre/PF
Composites having 40 wt.% Fibre Loading,.

Treatment Temperature °C D x 10° S Px10°
(cm’S™) gg (cm’S™)

30 01.05 0.090 00.45

Untreated 50 07.35 0.060 04.40
70 04.15 0.075 03.10

90 03.55 0.086 03.05

30 ‘ 01.69 0.058 00.98

Alkali 50 01.48 0.032 00.47
70 04.81 0.050 02.40

90 03.81 0.057 02.19

30 03.83 0.261 09.99

Silane 50 05.54 0.189 10.50
70 07.95 0.271 21.50

90 11.40 0.258 29.40

30 02.17 0.085 01.83

y radiation 50 03.78 0.240 09.06
70 04.37 0.084 03.69

90 03.44 0.093 03.20

30 02.83 0.154 04.35

Acrylated 50 07.45 0.089 06.66
70 05.78 0.165 09.54

90 . 12.00 0.155 18.60

30 03.26 0.235 07.66

Isocyanate 50 03.66 0.225 08.24
70 08.98 0.221 19.90

90 06.56 0.235 15.40

30 02.18 0.129 02.81

Peroxide 50 04.55 0.054 02.46
70 09.30 0.081 07.56

90 04.51 0.105 04.74

30 03.53 0.102 03.58

KMnO4 50 06.45 0.062 03.99
70 06.91 0.107 07.39

90 05.79 0.108 03.93

30 01.98 0.389 07.70

Latex 50 03.06 0.258 07.89
70 04.37 0.328 14.30

90 02.95 0.365 10.80

30 02.68 0.216 05.78

Acetylated 50 04.61 0.125 05.74
70 03.73 0.142 05.29

90 03.61 0.190 06.84

30 01.22 0.280 03.41

ACN 50 02.66 0.183 04.87
70 04.01 0.274 11.00

90 04.90 0.287 14.10




Table 8.14  Values of n and k for Oil Palm Fibre/Glass Hybrid PF Composites having
40 wt.% Fibre Loading with Various Relative Volume Fractions of Qil Palm
Fibre at Different Temperatures.

Relative V.F of Temperature n k
oil palm fibre. °’Cc (g/g min®)
30 0.015 0.743
50 0.032 0.636
70 0.016 0.879
0 90 0.024 0.882
30 0.091 0.519
50 0.039 0.553
70 0.048 0.682
0.24 90 0.073 0.623
30 0.153 0.377
50 0.107 0.401
70 0.087 0.528
0.55 90 0.113 0.497
30 0.139 0.376
50 0.080 0.465
70 0.115 0.478
0.74 90 0.116 0.478
30 0.170 0.345
50 0.090 0.453
70 0.125 0.455
0.87 90 0.100 0.528
30 0.193 0.280
50 0.110 0.432
70 0.213 0.290
0.92 90 0.159 0.375
30 0.188 0.310
50 0.108 0.422
70 0.137 0.424
0.96 920 0.210 0.311
30 0.482 0.023
50 0.335 0.064
1 70 0418 0.057
90 0.497 0.037

The activation energy of permeation lies in the range 45.43 to —6.74 kImol™ and

that for diffusion lies between 48.46 and —6.57 kJmol™.
The enthalpy and entropy of sorption have been calculated from van’t Hoff

relation;
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Table 8.15 Values of Diffusion Coefficient, Sorption Coefficient and Permeability
Coefficient at Different Temperatures for Oil Palm Fibre/Glass Hybrid PF
composites having 40wt.% Fibre Loading with Various Relative Volume
Fractions of Oil Palm Fibre.
Relate V.F of | Temperature Dx 10° S P x 10°
oil palm fibre °c (cm’S™) g/ (em’S™)
30 0.03 0.073 00.02
50 0.10 0.048 00.05
0 70 0.06 0.076 00.05
90 0.24 0.061 00.15
30 1.23 0.143 01.76
50 0.11 0.071 00.08
0.24 70 0.57 0.132 00.75
90 0.89 0.141 01.25
30 2.62 0.200 05.23
50 0.68 0.172 01.22
0.55 70 1.03 0.177 01.83
90 1.51 0.200 03.01
30 2.15 0.203 04.36
50 0.71 0.184 01.31
0.74 70 2.18 0.194 04.22
90 1.96 0.185 03.62
30 393 0.194 07.64
50 0.95 0.182 01.72
0.87 70 3.19 0.214 06.82
90 2.09 0.228 04.76
30 4.49 0.264 11.80
50 2.12 0.232 04.91
0.92 70 7.79 0.314 24.40 .
90 4.33 0.240 10.40
30 5.26 0.265 13.90
50 1.53 0.200 03.06
0.96 70 4.56 0.255 11.60
90 5.28 0.228 12.00
30 01.05 0.090 00.45
50 07.35 0.060 04.40
1 70 04.15 0.075 03.10
90 03.55 0.086 03.05
InKs = As/R - AHS/RT (8.11)
No. of moles of solvent sorbed at equilibrium
where Ks =

Mass of the polymer
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The ASand AH values are given in Table 8.17. The AS is found to be negative in
all cases. In composites having 20, 40 and 50wt.% fibre loading and in hybrid
composites having 0.24 and 0.87 volume fraction of oil palm fibre, the AH is found
to be positive. Alkali, silane, acrylation, permanganate and acrylonitrile treatment
lead to composite having positive enthalpy value. The free energy AG can be

calculated from the relation

AG =  AH—TAS (8.12)

In all cases the AG value is found to be positive (Table 8.17)

8.8 CONCENTRATION DEPENDENCE OF DIFFUSION COEFFICIENT

The diffusion coefficient is found to be dependent on the concentration of the
sorbed water. Figure 8.36 shows the concentration dependency of diffusion
coefficient in oil palm fibre/PF composites having different fibre loading. Upto the
concentration range of sorbed water, 30-40 wt.% the diffusion coefficient increases
and thereafter decreases. The diffusion coefficient of composite having 30wt.%
fibre loading shows a constant value in the concentration region, 50-65wt.% of the
sorbed water. The maximum diffusion coefficient is observed for composite having
30wt.% fibre loading and a sharp decrease with increase in concentration of sorbed
water is observed in this case. Effect of concentration of the sorbed water on the
diffusion coefficient of hybrid composites and treated composites are shown in
Figure 8.37 & 8.38. In isocyanate treated composites an increasing trend is
observed upto 60wt.% sorbed water. In acrylonitrile grafted composites the value
declined beyond 20wt.% concentration. In acrylated, permanganate treated,
acetylated and latex treated composites, the diffusion coefficient increased upto
45wt.% concentration. In silane treated, peroxide treated, alkali treated and
gamma irradiated composites, the diffusion coefficient values decline around
35wt.% concentration of the sorbed water. The relationship between solvent

. . . . . 12
concentration and diffusion coefficient was discussed by Kokes et al.
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Figure 8.35  Arrhenius plots of InD versus 1/T
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Table 8.16 Values of Activation Energy For Untreated Oil Palm Fibre/PF Composites having
Different Fibre Loading, Oil Palm Fibre/Glass Hybrid PF Composites having
Various Relative Volume Fractions of Qil Palm Fibre and Treated Oil Palm
Fibre/PF Composites. [Total Fibre Loading = 40wt.%)]

Composite
Qil palm fibre loading Ep Ep AHs
(Wt.%) (kJmol™) (kKJmol™) (kJmol™)
Gum 45.43 48.46 -3.03
10 23.19 23.89 -0.7
20 16.42 15.71 0.71
30 02.01 6.29 -4.28
40 08.73 5.30 3.43
50 19.34 11.08 8.26
Relate V.F of oil palm
fibre in hybrid
composites
0 24.74 26.03 -1.29
0.24 02.57 1.48 1.09
0.55 -06.74 -6.57 -0.17
0.74 02.12 333 -1.21
0.87 00.98 3.82 -2.84
0.92 05.59 5.25 0.34
0.96 03.16 2.55 0.61
i 08.73 5.30 3.43
Treatment
(Fibre loading 40wt.%)
Untreated 08.73 5.30 3.43
Alkali 17.92 16.48 1.44
Silane 17.83 16.54 1.29
vy radiation 42.61 07.36 35.25
24.8 18.65 6.15
Acrylated
13.78 13.87 -0.09
Isocyanate
12.40 13.51 -1.11
Peroxide
04.40 07.44 -3.04
KMnO4
07.35 02.65 47
Latex
01.81 03.42 -1.61
Acetylated
23.14 21.18 1.96
ACN
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Table 8.17 Thermodynamic Functions For Untreated Oil Palm Fibre/PF
Composites having Different Fibre Loading, Oil Palm Fibre/Glass
Hybrid PF composites having Various Relative Volume Fractions of
Oil Palm Fibre and Treated Oil Palm Fibre/PF Composites. (Total
Fibre Loading = 40wt.%)

Composite

Oil palm fibre loading AH -AS +AG
(Wt.%) (kJmol™) (K mol™) (kKJmol™)
Gum -13.21 +89.62 13.76
10 -00.97 +39.53 11.00
20 . 01.27 +34.26 11.66
30 -02.77 +50.23 12.44
40 04.04 +33.77 14.25
50 02.89 +29.35 11.77
Relative V.F of oil palm
fibre in hybrid

composites
0 -02.65 +55.02 14.02
0.24 02.08 +35.50 12.84
0.55 -00.11 +38.18 11.40
0.74 -00.91 +40.61 11.39
0.87 03.09 +27.79 11.51
0.92 -00.62 37.05 10.61
0.96 -00.96 38.83 10.81
1 04.04 33.77 14.25

Treatment

(Fibre loading 40wt.%)

Untreated 04.04 33.77 14.25
Alkali 01.59 4425 15.0
Silane 01.31 31.84 10.96
v radiation -03.77 53.34 12.39
Acrylated 02.35 33.24 12.42
Isocyanate -00.41 37.41 10.92
Peroxide -00.44 45.31 13.29
KMnO4 02.74 35.65 13.54
Latex -00.54 34.88 10.03
Acetylated -01.11 42.20 11.68
ACN 01.56 30.74 10.87
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Figure 8.38  Concentration dependence of the diffusion coefficient for oil palm fibre/glass
fibre hybrid PF composites having different relative volume fractions of oil
palm fibres at 30°C.

Conflicting reports are there in literature about the concentration
dependence of the water diffusion coefficient in polymers. It was reported by
Hsu et al.” that interpolymer hydrogen bonding decreases the diffusion coefficient
of water clusters in PMMA and the diffusion coefficient decreases with increasing
concentration of the diffusant. In hybrid composites, the initial water uptake is
higher than unhybridised composites. Hence the evaluation of diffusion
coefficients at lower concentration is difficult. However for the entire hybrid
composites and glass/PF composite the diffusion coefficient decrease sharply

beyond 55wt.% of sorbed water concentration (Figure 8.38).
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8.9 EFFECT OF WATER SORPTION ON THE MECHANICAL PROPERTIES
OF THE COMPOSITES

8.9.1 Tensile Properties

Water molecules can diffuse into the polymer matrix and can alter the fibre-matrix
adhesive strength. Tensile properties of the composites before and after water
sorption are given in Table 8.18. Silane and latex treated composites show higher
extensibility upon water sorption. The tensile strength values of composite
increased upon water sorption except in untreated and gamma irradiated
composites in which cases the values remain almost constant. Water sorption
results in swelling of the reinforced fibres and can produce some radial pressure at
the fibre-matrix interface> This can enhance the tensile strength of the
composites. Chua and Piggott'* have worked on the effect of water on interface

pressure on the mechanical properties of glass/polyester interphase. The pressure

Table 8.18  Tensile Properties of the Composites having 40wt.% Fibre Loading Before and

Water Sorption
Before water sorption After water sorption
Composite . ) . . )
Tensile | Elongation Tensile Tensile | Elongation Tensile
strength | at break modulus | strength at break modulus
MPa) | (%) | (MPa) | MP) | (%) | (MPd)
Untreated 37 4 1150 36 4 1068
Hybrid 30 4 1600 54 4 1727
Alkali 35 3 1300 39 5 1932
Silane 15 8 700 25 12 773
v irradiated 21 3 825 17 7 591
Acrylated 18 9 600 19 8 830
Isocyanate 20 8 700 29 7 955
Peroxide 37 5 1050 37 8 1318
KMnQOy 40 4 1200 46 4 1523
Latex 13 9 550 14 15 364
Acetylated | 19 6 800 21 7 727
ACN 26 4 800 35 5 830




was governed by the thermal and chemical shrinkages, water dilation of the
polymer etc. Tensile fracture behaviour of the composites before and after water
sorption can be understood from the respective scanning electron micrographs
(Figure 4.5, 4.8; refer Chapter 4 and 8.39a & b). Pulled out fibres are seen in
alkali treated composites before water sorption (Figure 4.5). The fibre-matrix
debonding is reduced to some extent in water sorbed composite as is evident from
the decreased fibre-matrix interaction (Figure 8.39a). In permanganate treated
composite the fibre breakage pattern is changed upon water sorption. Brittle
breakage is observed in water sorbed composite (Figures 4.Sand 8.39b). Tensile
modulus of the composite also showed increase on water sorption. However
untreated, latex treated and acetylated composites show small decrease in the
modulus value upon water sorption. Modulus is a measure of the stiffness of the

composite.

Figure 8.39 Scanning electron micrographs of tasile fracture of composites
@ Alkali treated (Water sorbed)  (b) Permanganate treated (Water sorbed)

8.9.2 Flexural Properties

Water absorption does not make much effect on silane, acrylated,
isocyanate treated, acetylated and latex treated composites. Latex coating imparts
hydrophobicity to the fibre surface. Water sorption can further lower the adhesive

strength between latex coated fibre and matrix. This results in a lower value of



flexural strength. Flexural strength of the composites decreased upon water
sorption except in the case of acrylated and hybrid composites (Table 8.19). The
decrease can be attributed to the slippage of the sorbed fibre upon the application
of compressive force. Glass fibre exhibits decreased water sorption. Presence of
glass fibres can withstand slippage to a certain extent and enhances the flexural
strength of the composites. The flexural strain increases on sorption except in the
case of peroxide treated composite. Elongation of fibre increased considerably on
water sorption. This high elongation of fibre on water sorption can withstand
compressive force avoiding brittle failure of the composite and increases the
flexural strain. However there is a considerable decrease in flexural modulus

values in all unhybridised composites upon water sorption.

Table 8.19 Flexural Properties of the Composites having 40wt . % Fibre Loading Before

and After Water Sorption.
Before water sorption AT erwater sorption
Fleural Flewral Flexral Flewral Flewral Flewral
Composite strength strain modulusat  stregth strain modulus at
1% strain 1% strain

(MPa) ) (MPa) MPa) ) (MPa)
Untreated 49 6 3050 34 7 1284
Hybrid 56 2 3889 78 4 6149
Alkali 75 6 2950 61 6 2687

Silare 23 8 1200 16 8 776
Y inadiated 30 2 2200 22 9 1284
Acrylated 29 8 1800 30 8 1612
Isocyanate 32 9 1800 24 10 1284
Peroxide 54 7 3050 35 6 2299
KMn04 55 3 3750 49 5 3224

Latex 16 8 700 1 8 448
Acetylated 36 7 1900 22 8 1015
ACN 52 5 2500 32 7 1731
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The high modulus glass fibre in hybrid composites increases the flexural modulus
of the composites on sorption. This may be due to the increased compatibility of

the natural fibre, glass fibre and matrix on water sorption.

8.9.3 Impact Properties

Impact prbperties of the composites before and after water sorption are given in
Table 8.20. An irregular trend is observed among treated composites. Impact
strength of untreated, alkali treated, isocyanate treated, peroxide treated and
acrylonitrile grafted composites enhanced on water sorption. In hybrid composites
and in some treated composites (gamma irradiated, latex treated and acetylated
composites) commendable decrease is observed. Decreased impact strength is due
to the increased compatibility of the water sorbed hydrophilic fibres. Changes in
the impact fracture mechanism on water sorption are evident from Figures 4.13

(refer Chapter 4) and 8.40a, b & c.

Table 8.20 Impact Properties of the Composites having 40wt.% Fibre Loading Before

and After Water Sorption.
Impact strength (kJ/m?) | Impact strength (kJ/m’)
Composite Before water sorption After water sorption
Untreated 41 48
Hybrid 280 202
Alkali 48 50
Silane 165 160
y irradiated 105 69
Acrylated 129 ) 120
TDIC 155 162
Peroxide 56 - 200
KMnO, 53 | 45
Latex : 190 102
Acetylated 181 120
ACN o 59 63




In the untreated composite, fibre-matrix debonding is found to be one of the main
failure criteria in the sorbed stage. Extra energy is needed to do the work of
debonding and increases the impact strength of the composite. In latex treated

composite, the elasticity of fibres withstand the brittle failure. More fibrillation is

observed in water sorbed composite.

Figure 8,40  Scanning electron micrographs of impact fracture of conposites
(@ Untreated (Water sorbed)  (b) Latex treated (Before water sorption)

Figure 8,40  Scanning electron micrographs of impact fracture of conposites
(© Latex treated (Water sorbed)
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CHAPTER 9

Environmental Effects in Oil Palm
Fibre Reinforced Phenol
Formaldehyde Composites: Studies
on Thermal, Biological, Moisture and
High Energy Radiation Effects

Results of this study have been submitted for
publicafion in the journal Composifes

Abstract

Accelerated weathering studies of untreated and treated oil palm fibre reinforced
phenol formaldehyde composites and oil palm/glass hybrid fibre reinforced phenol
formaldehyde composites were conducted. Thermal, water, biological and y
radiation effects on the composite properties were analysed. Mechanical properties
such as tensile, flexural and impact properties of thermal and water aged samples
were investigated. The extent of biodegradation and y irradiation effects was
estimated from variations in tensile and impact properties. The tensile and impact
fracture mechanism and changes in fibre-matrix adhesion were studied using
scanning electron microscopic analysis. The changes in the tensile and flexural
stress-strain characteristics as well as deformation behaviour of aged composites
are well explained by respective stress-strain curves. Thermogravimetric analysis
of the composites was done to determine thermal stability of the materials.
Mechanical performance of the composites decreased upon thermal ageing.
Marked decrease in these properties of the composites is observed upon radiation
ageing. However water immersion leads to an increase in strength properties in
some treated composites such as on acetylation, silane, acrylonitrile grafting,
isocyanate, permanganate treatment, alkali treatment etc. It is found that oil palm
fibre increases the biodegradability of the composites.
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Response of polymer composites to environmental exposure must be known to utilise
their full potential as a structural material. Polymers often undergo degradation
rapidly in outdoor applications. The environmental degradation of polymeric
materials includes thermal, mechanical, photochemical, radiation, biological,
chemical degradation etc. Polymer degradation is mainly caused by chemical bond
scission reactions in macromolecules.! Several studies have been reported on the
thermal, photo, biological and outdoor weathering of polymer composites.*® It was
found that long-term exposure of the composites to elevated conditions affect the
mechanical properties. Recently Hancox reviewed the effects of temperature and

environment on the performance of polymer matrix composites.’

Natural fibres are susceptible to moisture, temperature, high energy radiation
and attack from bio organisms. Most of the natural fibres are stable upto 300°C.
Hence incorporation of natural fibres into plastics changes their environmental
stability. Phenolic resins are highly heat resistant and they find applications in
aerospace as ablative heat shields for protection of space vehicles. Changes in the
thermal degradation behaviour of natural fibre reinforced phenolic composites can
be evaluated from thermogravimetric analysis. Incorporation of natural fibres

accelerates the thermal degradation process.

Present work describes various ageing effects on the mechanical properties
of oil palm fibre reinforced phenol formaldehyde composites. Thermal, water,
boiling water, y irradiation and biodegradation effects are investigated.
Thermogravimetric analysis is used to study the degradation behaviour of the

composites.

9.1 AGEING EFFECTS ON TENSILE PROPERTIES

The tensile stress-strain behaviour of unaged and aged composites are given in
Figures 9.1-9.6. The unaged composite shows necking followed by catastrophic
failure (Fig. 9.1). Alkali and permanganate treatments improve the fibre-matrix

interaction leading to the brittle fracture of the composites for which the
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stress-strain curves are evidence. Presence of oil palm fibre in hybrid composites
makes the composite less brittle. Treatments such as peroxide on resin, acrylonitrile
grafting and gamma irradiation cause necking effect. The stress-strain curves of
unaged, isocyanate, acrylated, acetylated, silane and latex treated composites show
major slope change at an early stage. These composites exhibit yielding and higher
extensibility. A dramatic change in the stress-strain behaviour of the composites
was observed upon thermal ageing (Fig. 9.2). Except latex treated composites all
composites show sharp brittle failure. Crack propagation in a thermal aged
composite is faster which leads to catastrophic failure of the system. Fibre breakage
will also easier in a thermal aged composite. In latex treated composite, latex can
form a protective coating on the fibre surface. Crack propagation can be hindered
by the presence of elastic phase and leads to a higher elongation. On water
immersion the necking effect becomes more prominent (Fig. 9.3). The decreased
brittle nature is attributed to the plasticising effect of water in composites. Effect of
boiling water ageing on the tensile stress-strain behaviour of the selected
composites was given in Figure 9.4. Catastrophic failure occurred in untreated and
in peroxide treated fibre composites. It is found that biological effects by the fungi
affect the stress-strain behaviour of the composites. A prominent necking effect is
observed in silane treated composite upon biodegradation (Fig. 9.5). The radiation
effects on the stress-strain behaviour are evident from Figure 9.6. Gamma
irradiated acrylated composite shows exceptionally high elongation. Hybrd
composite shows higher brittle behaviour.

The effect of ageing on the tensile strength values of the composites is given
in Table 9.1. Untreated and most of the other treated composites show changes in
properties upon thermal ageing, biodegradation and radiation ageing. However, on
water immersion the tensile strength retains and in most cases enhancement ‘in
strength value is observed. This is due to the swelling of the fibre on water
immersion thereby decreasing the void size at the fibre-matrix interphase. This can
exert a radial pressure leading to higher tensile strength values. Among water aged

composites boiling water aged composites show comparatively lower values.
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Table 9.1 Tensile Strength Values (MPa) of Unaged and Aged Composites
Gamma irradiation
Sample Unaged | Thermal | Cold Water Boiling Biodeg- Dose (Mrad)
aged aged water aged radation

(100°C; (2 weeks) (2hrs.) (8 months)

72hrs.) 0.1 1 10 | 50 100
Untreated 37 16 38 28 35 28 25 |20 | S 6
Hybrid 30 33 54 39 22 39 60 | 45| 40 33
Acetylated 19 16 21 - -— 22 19 (24| 14 11
Acrylonitrile 26 9 35 27 9 29 13 [ 29| 10 11
Peroxide  on 37 27 37 29 31 27 39 132126 18
resin
Latex 13 12 14 -—— -— 16 14 (18 { I3 11
Isocyanate 20 25 29 23 27 22 23 {28 |21 10
Acrylation 18 17 19 19 -—- 20 27 | 22 | 12 10
Silane 15 18 25 17 16 25 27 120} 14 11
KMnOq4 40 19 46 - 30 46 35 (32|19 16
Mercerisation 35 -—— 39 m—— 41 40 | 41 | 34 | 31 30
Peroxide  on 35 22 - 31 -—— 33 31 | 33| 30 12
fibre
Fibre Y 21 21 17 -—— — B T B I
irradiated

Similar enhancement in

polymer composites was
attributed to the plasticising effect of water and better fibre-matrix adhesion at

strength properties of various natural fibre reinforced

reported.® ° The retention in tensile properties can be

lower water absorption stage. Thermal degradation occurred in composites except

hybrid, isocyanate and silane treated composites. Glass fibre is stable above 900°C

without any weight reduction. Major degradation in phenolics occurs at 500°C. Oil
palm fibres were found to be stable upto 325°C. Upon thermal ageing, degradation

in interface properties may occur from the decrease in fibre-matrix adhesion.

Physical interaction between the fibre and matrix decreases owing to the shrinkage

of the oil palm fibre in thermal environment. But fibre coatings like silane and
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protective layers by glass etc. can eliminate this type of thermal deterioration in
composites. Among the biodegraded composites, isocyanate, silane and alkali
treated composites show enhanced tensile strength values. Presence of moisture can
lead to more stable system by plasticising effect. Studies have been reported on the
degradation behavi(;ur in various thermosetting composites under thermal and
chemical environments.' "' It was found that thermal degradation is a complex
phenomenon that changes thermal and mechanical properties of the material in an
irreversible form. A small dose of gamma irradiation on composite increases the
tensile strength except in untreated and resin peroxide treated composites. However
at higher doses of radiation, the strength decreased considerably. It is reported that

gamma irradiation of polymers can result in chain scission, molecular weight

12

changes, molecular rearrangements, free radical initiation etc.”” The free radicals

formed can enhance the crosslinking between the fibre and matrix thereby
enhancing the strength. But at higher radiation doses, disintegration of fibre and
matrix causes degradation in properties. Similar results have been reported in
carbon fibre reinforced epoxy composites in which case the ultimate tensile strength
keeps its value until the first influence and then falls to 60-70% at higher dose
levels.”® Also, in graphite reinforced epoxy composite, the graphite fibre strength is
not affected by radiation, but the tensile properties of the epoxies were adversely
affected by the radiation.'* However in this system it is reported that the interfacial
shear strength value increases with the radiation dose.

Variation in elongation at break of the composites upon various ageing is
given in Table 9.2. The elongation of the composites decreased upon thermal
ageing. In most cases the values show enhancement upon water ageing and
biodegradation. The decreased elongation upon thermal ageing is due to the
decreased elongation of the fibre on thermal degradation. It has already been found
that the elongation at break of oil palm fibre considerably enhanced upon water
immersion.”” The intrinsic elongation behaviour of the fibre on water ageing leads
to composites with higher elongation. Gamma irradiation increases the elongation

of the composites. Changes in the fibre-matrix interactions are responsible for the
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enhancement in elongation of the composites. However in the case of
thermoplastics such as polyethylene, a decrease in elongation at break is reported

with absorbed dose of high energy ion irradiation.'®

Table 9.2  Elongation at Break Values (%) of Unaged and Aged Composites.

Gamma irradiation
Sample Unaged | Thermal | Cold Water Boiling Biodeg- Dose (Mrad)
aged aged water aged radation

(100°C; (2 weeks) (2hrs.) (8 months) '

72hrs.) o1 | 1 10 | 50 | 100
Untreated 4 2 4 3 7 8 5 5 26 | 21
Hybrid 4 3 4 4 9 12 | 5 6 6 7
Acetylated 6 3 7 -—-- - 11 | 15 11 5 25
Acrylonitrile 4 3 5 4 8 9 6 23 4 | 26
Peroxide  on 5 2 8 8 12 11 {13 5 5 10
resin
Latex 9 8 15 e -—— 18 17 11 4 9
Isocyanate 8 2 7 8 11 9 11 8 6 3
Acrylation 9 2 8 9 - 12 | 37 13 15 12
Silane 8 3 12 11 17 20 17 15 5 3
KMnO, 4 2 4 -—-- 8 8 6 6 5 4
Mercerisation 3 —— 5 — 5 4 4 4 4 3
Per.oxide on 3 2 — 4 ——— 6 3 6 5 18
resin
Fibre 14 3 3 7 — —— — —— ——— —— | e
irradiated

The tensile moduli of the composites at 1% strain of the unaged and aged
composites are compared in Table 9.3. Thermal ageing leads to enhanced modulus
in acetylated, peroxide treated resin, isocyanate, acrylated and silane treated
composites. Increased temperature leads to increase in cross linking which
increases the modulus of the composites. The stiffness of the peroxide, isocyanate,

acrylated, silane, pcrmangate and alkali treated composite increased upon water
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ageing. Upon biodegradation decrease in modulus is observed in all systems.
Modulus of the untreated composite enhanced upon gamma irradiation. Peroxide
on fibre and alkali treated composite also showed enhanced modulus values upon

gamma irradiation.

Table 9.3  Tensile Modulus Values (MPa) of Unaged and Aged Composites

Sample Unaged | Thermal aged | Cold Water Boiling Biodeg- Gamma
(100°C; aged water aged radation irradiation
72hrs.) (2 weeks) (2hrs.) (8 months) 1Mrad
Untreated 746 600 688 702 286 873
Hybrid 1665 1438 1217 1010 412 1223
Acetylated 682 740 633 ———— — 304
Acrylonitrile 810 670 605 758 259 164
Peroxide on 685 938 1022 996 552 528
resin
Latex 575 262 299 -—-- -—- 136
Isocyanate 660 938 828 535 552 528
Acrylation 468 623 661 632 - 234
Silane 532 542 633 521 189 500
KMnO, 1045 646 1189 -—- 552 667
Mercerisation 853 -—-- 2107 - 678 947
Fibre Y 746 530 578 -——- - ——--
irradiated
Peroxide on 858 565 -——- 954 — 947
fibre

9.1.1 Tensile Fracture Mechanism

Tensile fracture mechanism in aged condition is studied by scanning electron
microscopy. Tensile fractograph of water aged alkali treated composites is given in

Figure 9.7. Better fibre-matrix interaction is evidenced from the fracture surface.



Major failure occurred by fibre breakage. Effect of gamma radiation on the matrix

failure is clear from the scanning electron micrograph of tensile fracture of PF gum

sample (Fig. 9.8).

Figure 9.7 SEM oftasile fracture of cold Figure 9.8 SEM oftasile fracture of
water aged alkali treated oil palm fibre/PF gamma irradiated neat PF sample. (X100)
composite. (X30)

Multiple fracture arising from the disintegration of the sample by radiation is
evident from the above figure. Tensile fracture of gamma irradiated alkali treated
composite shows matrix cracking (Fig. 9.9). Brittle fibre failure is observed here.

In gamma ray irradiated permanganate treated composite, fibrillation is

observed(Fig. 9.10).

Figure 9,9 SEM oftemsile fracture ofgamma Figure 9.10 SEM oftersile fracture of
inradiated allkali treated oil palm fibre/PF gamma irrediated permanganate trested oil
composite. (x100) palm fibre/PF composite. (I 11)



Fibre-matrix debonding and ductile failure of the fibre is seen. In hybrid
composites, radiation causes disintegration. This is clear from the micrograph
(Fig. 9.11). Glass fibre-matrix debonding becomes easier upon radiation ageing

which is evident from the debonded paths found in the micrograph.

Figure 9.11 SEM oftasile fracture ofgamma irnradiated oil palnv/glass
hybrid fibre PF composite. (x200)

9,2 AGEING EFFECTS ON THE FLEXURAL PROPERTIES

The flexural stress-strain behaviour of unaged, thermal aged and water aged
composites are given in Figures 9.12-9.15. Due to the presence of glass fibre, the
hybrid composite undergoes catastrophic failure upon application of flexural force,
which is a combination of tension and compression. Fibre exposed to gamma
irradiation and permanganate treated composites failed at lower flexural strain in
unaged condition (Fig. 9.12). On thermal ageing the failure strain decreased to a
very low value. However in thermal aged composites, acetylated and gamma
irradiated fibre reinforced composites withstand higher strain (Fig. 9.13). On water
ageing the composite became more flexible due to the presence of water and

therefore less brittle behaviour is observed (Fig. 9.14 & 9.15).
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Figure 9.12  Flexural stress-strain characteristics of unaged composites.
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Variation of flexural strength on thermal and water ageing are given in Table
9.4. Flexural strength of untreated composites decreased upon ageing. The flexural
properties of peroxide, latex modified and acrylated fibre composites showed
increase upon thermal ageing. However untreated and most of the treated
composites show decreased flexural performance on water ageing. Flexural
modulus shows similar trend (Table 9.5). In the case of hybrid composites cold
water ageing increased the flexural properties. Water can act as a plasticizer at the
fibre-matrix interface. The absorbed water affects the interlaminar properties of the

composites and hence the compressive failure of the composites.

Table 9.4  Flexural Strength Values (MPa) of Unaged and Aged Composites

Sample Unaged Thermal aged | Cold Water Boiling
(100°C; aged water aged
72hrss.) (2 weeks) (2hrs.)
Untreated 49 20 33 23
Hybrid — 23 78 65
Acetylated 36 40 22 26
Acrylonitrile 52 42 32 29
Peroxide on resin 54 67 35 40
Latex 16 35 11 11
Isocyanate 32 26 24 24
Acrylation 29 55 30 25
Silane 23 29 16 14
KMnO, 55 55 49 43
Mercerisation 75 — 61 -
Fibre y irradiated 30 31 22 18
Peroxide on fibre 71 85 - 30




Flexural stress (MPa)

Figure 9.14 Flexural stress-strain characteristics of cold water aged composites.

Flexural stress (MPa)

Figure 9.15 Flexural stress-strain characteristics of boiling water aged composites.
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9.3 AGEING EFFECTS ON THE IMPACT PROPERTIES

Izod impact strength values of composites on various ageing are given in Table 9.6.
Impact strength enhanced upon water ageing in untreated, acrylonitrile, peroxide
and isocyanate treated composites. Composite impact strength degraded upon
thermal, biodegradation and on gamma irradiation. The decrease is prominent at
higher doses of radiation and on thermal ageing. Izod impact strength is a measure
of the energy required to initiate and propagate a crack. Phenolics exhibit superior
heat resistance compared to polyesters and epoxies. This is directly related to the

structure and thermal degradation mechanism of phenolics.

Table 9.5 Flexural Modulus Values (MPa) of Unaged and Aged Composites.

Sample Unaged | Thermal aged | Cold Water Boiling
(100°C; aged water aged
72hrs.) (2 weeks) (2hrs.)
Untreated 3596 2292 1184 1402
Hybrid 4194 7652 2740
Acetylated 2280 2180 1568 1522
Acrylonitrile 2578 — 2032 1562
Peroxide on resin 3656 6596 2648 2218
Latex 782 2292 490 620
Isocyanate 1860 1622 1568 1316
Acrylation 2100 3800 2032 1358
Silane 1260 2906 952 490
KMnO, 4136 6484 4034 2218
Mercerisation 3478 - 2724 -—--
Fibre vy irradiated 2578 504 1568 1098
Peroxide on fibre 3814 7156 -— 1912
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Several research studies have been reported in improving the low impact strength of

18 1t is found that impact strength is strongly influenced by

the phenolics.
fibre/matrix interface and fibre length. Maximum energy can be dissipated by
mechanical friction during the pull out process and by debonding of the fibres.'®
The decline in the properties of the phenolic composite upon thermal ageing is due
to the breakdown of the bonds at the fibre-matrix interface. The unnotched and
notched izod impact performance of phenolic composites following thermal
exposure was studied in detail by Kuzak etal.’ They observed that the impact
performance of the S-glass (Strength-glass) reinforced phenolic composite declined

when exposed to 300°C temperature.

Table 9.6 Impact Strength Values (kJ/m?) of Unaged and Aged Composites
Gamma irradiation
Sample Unaged | Thermal | Cold Water |  Boiling Biodeg- Dose (Mrad)
aged aged wateraged | radation
(_} gl?;%; (2 weeks) (2hrs.) (8 months) o1 | 1 0 1sol 100
Untreated 41 16 48 59 17 7 |18 6 3 2
Hybrid 280 106 202 115 52 53147 34 |14 | 25
Acetylated 181 46 119 135 53 46 | 53 40 7 3
Acrylonitrile 59 12 63 54 11 20 | 23 15 4 5
Peroxidc on resin 56 21 199 152 28 38 27| 18 4 2
Latex 190 65 102 105 35 3147 | 23 12 | 2
Isocyanate 155 26 162 149 62 47 1 39 | 27 7 4
Acrylation 129 14 119 78 19 28 | 30 11 3 3
Silane 165 25 160 131 60 99 [ 70 | 46 4 | 24
KMnO, 53 18 45 52 27 27 [ 20 | 28 3 43
Fibre y irradiated | 10§ 21 69 64 28 R S IR U R
Peroxide on fibre | 44 22 53 17 1716 7 | 4] 4




They prepared a phenolic blend from resole and novolac and found to have best
retention in impact properties on thermal exposure. The izod impact strength of all
the composites declined to a very low value upon gamma irradiation. This is due to

the bond scission and disintegration at the fibre-matrix interface.
9.3.1 Impact Fracture Mechanism

Scanning electron micrographs of the impact fracture surfaces were taken to study
the fracture mechanism( Figs. 9.16 - 9.21). Pulled out fibre are seen in water aged,
acetylated and latex treated composites (Figs. 9.16 and 9.17). Moderate retention in
impact strength in these composites is observed. The exposed fibre indicates weak

adhesion at the interface.

Figure 9.16 SEM ofimpact fracture o f waterFigure 9.17 SEM of impact fracture o f water
aged, acetylated oil palm fibre/PF aged, latex coated oil palm fibre/PF
composite, (x 19) composite. (x8)

The impact fracture lines are clearly visible on failure surface of gamma
irradiated neat PF sample (Fig. 9.18). The interfacial disintegration on gamma
irradiation is evident from the fractograph of acetylated composite(Fig. 9.19).
Fibrillation is also observed. Fibre failure due to the cracking and splitting of the
fibres is visible in the failed surface of the gamma irradiated, latex coated composite
(Fig. 9.20). The fibre strength is decreased considerably in silane treated composite

upon gamma irradiation as is evident from the breaking pattern of the fibre

(Fig. 9.21).



9.4 THERMAL STABILITY OF THE COMPOSITES

The degradation temperature of the composites was determined using

thermogravimetric analysis and differential thermogravimetry. Figure 9.22 shows

the TG and DTG curves of neat PF sample and composites, analysed from ambient

- ic !1 WD
Figure 9,19 SEM ofimpact fracture of
gamma irradiated, acetylated oil palm

fibre/PF composite. (x98)

Figure 9.18 SEM of impact fracture of
gamma irradiated, neat PF sample.(x200)

Figure 9.21 SEM ofimpact fracture of
gamma irradiated, silane treated oil palm
fibre/PF composite.(x49)

Figure 9.20 SEM of impact fracture of
gamma irradiated, latex coated oil palm
fibre/PF composite.(x19)

to 800°C. The major degradation of phenolic resin occurs around 550°C

(Fig. 9.22a).

molecules from the resin.

Measurable weight loss occurs initially due to the escape of water

Degradation processes originate from an initial bond
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breaking reaction. This may be a prelude to a series of secondary chemical
reactions leading to further bond scission, recombination or substitution reaction.
Above 250°C cured phenolic resin decomposes®® Oxygen is present in the
amorphous domains of all polymers, degradation by chain oxidation reactions
involving oxygen is the most prevalent destructive process and is implicated in the
- degradation above 600°C.
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Figure 9.22a TGA and DTG curves of neat PF sample.

The DTG curve of the sample shows a sharp peak at 550°C. The glass reinforced -
PF composites show one major peak in its DTG curve at 580°C due to the
degradation of the resin (Fig. 9.22b). Pektas®' reported that E-glass fibres show no
mass loss upto 900°C. The slight weight loss at about 430°C is due to the
breakdown of methylene linkages in the phenolic network. In oil palm fibre/PF
composite, the major degradation occurs at 345°C followed by two minute peaks at
425°C and 575°C (Fig. 9.22c). It is found that oil palm fibres are stable upto
325°C. The thermogravimetric curves of untreated and treated oil palm fibres are

given in Figure 3.19 and 3.20. Dehydration process occurs within the fibre and at
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fibre-matrix interface, which accounts for the very initial weight loss in composite

samples. As the temperature increases, the primary bonds weaken and less ordered

region increases.

4.
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Figure 9.22b TG and DTG curves of glass fibre/PF composites.
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Figure 9.22¢ TG and DTG curves of oil palm fibre/PF composites.
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Further increase in temperature destroys the cellular structure of the fibre which
leads to the degradation of the fibre part. The thermal degradation of
dehydrocellulose also takes place at this temperature (345°C). It is reported that
maximum pyrolysis in PMMA grafted wood pulp occurs at 305-306°C. 2 Studies
have been reported on the effect of crystallinity, orientation and crosslinking on the
pyrolytic behaviour of cellulosics.?* ** In a fibrous composite the fibre-matrix

adhesion plays a key role in thermal stability.

Figure 9.22d shows the thermal behaviour of oil palm fibre/glass hybrid PF
composite. A major weight loss is observed at about 200°C which can be attributed
to the escape of adsorbed water on the fibres. This is followed by the major
degradation due to the fibre at 350°C. The phenolic disintegration starts at 550°C.
A shoulder peak is observed in between these two peaks. This is due to the
chemical degradation at the interface. The treated fibre composites show variation
in thermal stability. It was reported that 5-15% alkali treatment leads to an

optimum thermal stability to coir fibres.”
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Figure 9.22d TG and DTG curves of oil palm/glass fibre hybrid PF composites.
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Nishioka et al® studied the thermal decomposition behaviour of miscible
cellulose/synthetic polymer blends. They found a.decrease in thermal stability of

cellulose in the blends and were correlated to the miscibility effects.
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Figure 9.22¢ TG and DTG curves of silane treated oil palm fibre/PF composites.
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Figure 9.22f TG and DTG curves of latex trcated oil palm fibre/PF composites.
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Figure 9.22g TG and DTG curves of isocyanate treated oil palm fibre/PF composites.
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Figure 9.22h TG and DTG curves of KMnO, treated oil palm fibre/PF composites.



284

In the case of oil palm fibre/PF composites, most of the treatments decreased the
degradation temperature (Fig. 9.22¢, f, g, h, i & j). Only silane treatment gives
higher initial degradation temperature (Fig. 9.22¢). Silane treated fibres show
higher stability (Fig. 3.19). However the total degradation occurred is lower for the
untreated system. The decreased thermal stability of the treated composite can be
attributed to the decreased fibre-matrix bonding and the decreased stability of the
treated fibres (Fig. 3.19 and 3.20). In latex treated composite a shoulder peak is
observed at 398°C which corresponds to the degradation of the rubber phase present
(Fig. 9.22f). Major degradation occurs at 345°C. In alkali, permanganate and
isocyanate treated composites, the degradation peak in the DTG curve observed at
340°C (Fig. 9.22g, h & i). The peak shifted to lower temperature (338°C) in
acetylated composite (Fig. 9.22j). The weight loss occurred in various composites

at selected temperature are given in Table 9.7.
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Figure 9.22i TG and DTG curves of mercerised oil palm fibre/PF composites.
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Figure 9.22j TG and DTG curves of acetylated oil palm fibre/PF composites.

Table 9.7 Weight Losses of Composites at Different Temperature

285

Weight loss (%)
Sample 100°C 300°C 500°C 700°C
Neat PF 4 15 23 44
Glass/PF 0.2 6 17 34
Oil palm/PF 2 15 37 54
Oil palm/ glass hybrid PF 3 15 34 51
Acetylated oil palm/PF 5 19 47 61
Latex coated oil palm/PF 5 15 55 68
Isocyanate treated oil palm/PF 6 20 50 74
Silane treated oil palm/PF 4 23 45 58
KMnO; treated oil palm/PF 3 18 44 60
Mercerised oil palm/PF 3 16 38 61
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The decreased hydrophilicity of the fibre upon treatments will lead to weak

chemical bonding at the fibre-matrix interface. This will facilitate the thermal

degradation at an early time leading to higher weight loss. At 100°C, glass/PF

composite shows negligible weight loss. Compared to the hybrid and other treated

composites, oil palm fibre/PF  composite exhibits better thermal stability

particularly at lower temperatures. The total degradation can be minimised by

hybridisation of oil palm fibre with glass.
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CHAPTER | 0

Electrical Properties of Oil Palm
Fibre/Phenol Formaldehyde
Composites : Effect of Fibre

Loading, Fibre Surface

Modifications and Hybridisation

of Oil Palm Fibre with Glass

Results of this study have been submitted for
publication in Journal of Reinforced Plastics and
Composites

Abstract

The electrical properties of oil palm fibre/phenol formaldehyde composites have
been studied with special reference to the effect of fibre loading, fibre content
and hybridisation of oil palm fibre with glass. The electrical properties were
studied in the frequency range, 10KHz to 10MHz. The volume resistivity of PF
resin is increased with oil palm fibre loading. Fibre surface modifications such
as silane, isocyanate, acetylation, acrylation, acrylonitrile grafling and latex
treatment increase the resistivity of the composites. On hybridisation of oil
palm fibre with glass, the resistivity was found to decrease with increase of
glass fibre content. The dielectric constant of PF decreases considerably upon
oil palm fibre reinforcement. The value again decreases upon isocyanate
treatment. However the incorporation of glass fibre increases the dielectric
constant of the composites. Loss factor and dissipation factor show almost
similar trend as in the case of dielectric constant.
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Now—a-days fibre reinforced thermoset composites have been increasingly used in the

manufacture of enclosures for electronic equipments. This is mainly due to its
electrical insulating properties, mechanical performance, environmental stability
and ease of fabrication. Most of the polymeric materials in their pure state are
excellent electrical insulators. Phenol formaldehyde already proved its applications
in electronic industry. Incorporation of fillers and reinforcement changes the
electrical properties of polymers. The shape of the filler particles, dispersion,
orientation of the particles etc. affect the electrical properties of a composite. It is
reported that anisotropy of electrical conductivity is observed in carbon black,
carbon fibre, steel fibre and aluminium flake filled polyethylene composites.'
However isotropy of electrical conductivity is observed in randomly oriented
composites.

Generally the introduction of conductive fillers to matrix resin is found to
develop conductivity to the final composite product.>* In these cases, carbon fibre,
carbon black powder and glass fibre were used to improve the conductivity of the
polymers such as high density polyethylene (HDPE)/poly methyl methacrylate
(PMMA) blends, ethylene/ethyl acrylate copolymers and epoxy resin. In
HDPE/PMMA blends, a percolation threshold was observed at 1.25phr carbon fibre
content, which is much lower than those of the individual polymers when reinforced
with the carbon fibre.2 The filler content and the electrical conductivity of the
composites are interconnected since the conductivity of the composites implies
some sudden changes in the dispersion state of the conductive particles. The cross
over from a non-conducting stage to a conducting stage occurs at critical filler
content that is called the percolation threshold. A theoretical study of percolation
phenomena was reported by Kortschot et al.> They compared the theoretical
predictions with the experimental data and provided some practical suggestions for
maximising the efficiency of conductive fillers. The percolation threshold is
dependent upon the type of filler, polymer, dispersion state of the filler and the
morphology of the matrix. It is reported that processing techniques as well as

processing conditions influence the electrical property of the end product.”® They
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have found that an increase of mould time, mould'temperature and mould pressure
increases the conductivity of the composites.

Incorporation of lignocellulosic fibres into polymers changes the electrical
behaviour of the polymer. Normally lignocellulosic natural fibres and wood act as
insulators. Bhadani et al.' succeeded in converting insulating natural fibres such as
cotton, silk and wool to moderately conducting by subjecting them to electrical
treatment in the polymerising solution of pyrrole and thiophene. The electrical
property of natural fibre mainly depend upon the amorphous and crystalline
components of the fibre, polarity, dipole interactions etc. Recently electrical
property studies of sisal fibre-low density polyethylene (LDPE), coir fibre-LDPE
and pineapple fibre-LDPE were reported from this laboratory.'" !> 1* The dielectric
constants of sisal-LDPE, coir-LDPE and pineapple fibre-LDPE were found to
increase with increase in fibre loading. In the present work we report on the effect
of fibre loading, fibre treatment and hybridisation with glass on the electrical
properties of oil palm fibre/PF composites. The volume resistivity, dielectric

constant, loss factor and dissipation factor of the composites have been evaluated.

10.1 VOLUME RESISTIVITY

10.1.1 Effect of Fibre Loading

The volume resistivity of the composites is a very important property which
indicates their suitability as insulating materials for specific applications. Changes
in the volume resistivity of PF resin on oil palm fibre reinforcement are given in
Figure 10.1. Incorporation of the fibre marginally increases the resistivity of the
resin. At lower frequency 20wt.% fibre loading shows maximum resistance, but at
higher frequency 40wt.% fibre loading exhibits maximum resistivity. It is already
proved by earlier studies that natural fibres have got excellent electrical resistance.™*
They can be used as a replacement for wood in electrical applications. Increased

resistivity of the composite is attributed to the high resistivity of the fibres.
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Figure 10.1 Variation of volume resistivity of oil palm fibre/PF composites
with frequency at different fibre loading.

The resistivity of lignocellulosic fibres is dependent upon the moisture content,
crystallinity and amorphous component present, presence of impurities, chemical
composition, cellular structure, microfibrillar angle etc. The shape of the
reinforcement determines the interparticle contact which affects the conductivity of
the system. Elongated shapes such as fibres and flakes are much more efficient in
enhancing electrical conductivity.”® As the moisture content increases the resistivity
of the fibre falls. It is also reported by Kulkarni et al."* that defects occurring to
fibres during processing will also increase its resistivity. In oil palm fibre/PF
composite the resistivity values lie in between that of neat PF and lignocellulosic
fibres. With the increase in amorphous material the resistivity is found to increase.
Electrical resistivity of short fibre composites is highly sensitive to the presence of
voids, fibre orientation and microstructure. Since the oil palm fibre/PF composite is
randomly oriented it shows isotropy in electrical properties. As the frequency

increases the resistivity shows linear decrease (Fig. 10.1). This is due to the change
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in interfacial polarisation arising due to the heterogeneity of the system. Effect of
fibre loading on the volume resistivity at different frequencies is clear from Figure

10.2. It is seen that the increase in electrical resistivity with fibre loading is only

marginal.
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Figure 10.2 Variation of volume resistivity of oil palm fibre/PF composites
with fibre loading at specified frequencies.

10.1.2 Effect of Fibre Treatment

Oil palm fibre surface modifications with silane, isocyanate, acetylation, acrylation,
acrylonitrile grafting and latex lead to composites having higher electrical resistivity
at all frequencies (Fig. 10.3). However in alkali and permanganate treated
composites, a decrease in resistivity is observed. The difference in resistivity of the
treated composites from the untreated one is attributed to the physical and chemical

modifications happened to the fibre as discussed earlier in this paper. A decrease in
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amorphous component is observed upon alkali and permanganate treatment by
bleaching out of the waxy materials thereby increasing the crystalline component.
This will decrease resistivity because current flow is mainly associated with the
crystalline region of polymers. As in untreated composites, linear decrease in

resistivity is observed with increase in frequency.
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Figure 10.3 Variation of volume resistivity of treated oil palm fibre/PF
composites with frequency.

Figure 104 shows the resistivity values of treated composites at different
frequencies. At all frequencies alkali treated composite showed lowest resistivity.
The alkali treatment makes the fibre surface more rough and leads to better
compatibility with the matrix PF and may induce ionic conduction in the composite.
Usually in polymers, ionic conduction takes place from ions derived from fragments

of polymerisation catalyst, degradation and dissociation products of the polymer

itself and absorbed water."”
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10.1.3 Effect of Hybridisation

In oil palm fibre/glass hybrid PF composites, the resistivity increased with increase
in oil palm fibre volume fraction (Fig. 10.5). The resistivity of unhybridised
composite lies in the hybrid resistivity region. At high oil palm fibre loading, the
compatibility between glass and oil palm fibre decreases and this will result in the
increase of resistivity. Figure 10.6 shows the volume resistivity of hybrid
composites with relative volume fractions of oil palm fibre at different frequencies.
By replacing small amount of oil palm fibre with glass fibre in oil palm fibre/PF
composite results in hybrid composite having higher electrical resistivity. In all the
above discussed cases, no percolation threshold is observed which is indicated by

insulator-conductor transition.
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specified frequencies.
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10.2 DIELECTRIC CONSTANT

10.2.1 Effect of Fibre Loading

The dielectric constant of a composite material is mainly dependent on the dipole
interactions present and orientation effects. It is reported that the dielectric constant
of non polar polymers lies in the region 1.8-2.5."® The ¢' values for neat PF and oil
palm fibre/PF composites are higher than this (Fig. 10.7). The dielectric study of
cellulose fibres was carried out by Pai et al.'"” They have got a reasonably high
value of €' for natural fibres like jute, hemp and ramie. The differences in &' within
the natural fibres is due to the difference in the amorphous and crystalline
components in the fibres. The dielectric constant of neat PF is found to be greater
than that of lignocellulosic fibres. The incorporation of these fibres in PF resin is

found to decrease the dielectric constant (Fig. 10.7).
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Figure 10.7 Variation of €' of untreated oil palm fibre/PF composites with frequency.
Fibre loading: 40wt.%
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At lower frequencies the gum sample exhibits exceptionally high value of &'. The
intrinsic €' of a homogeneous solid will be very high. Interfacial polarisation as a
result of heterogeneity contributes to the dielectric constant at lower frequencies.
Structural defects usually occur during the curing process of highly brittle PF resin.
Resin shrinkage during curing is highest for PF among thermosets, which also leads
to defects in the physical structure of the cured resin. Presence of voids in
polymeric materials causes internal discharges in an applied field. The dielectric
constant of the gas filling a void is generally less than that of the polymer."

The decreased €' by the incorporation of oil palm fibre will be due to the
comparatively low dielectric value of the fibres. As the fibre loading is increased,
the value gradually decreased. The chemical and physical properties of oil palm
fibre and their compatibility with PF resin were reported elsewhere.'™ ' Oil palm
fibre exhibits polarity owing to the polar hydroxyl groups from cellulose and lignin.
There is good compatibility between hydrophilic PF resin and hydrophilic fibres.
This is evident from the scanning electron micrograph of tensile fractured portion of
the untreated composite (Fig. 4.4; refer Chapter 4). Fibre breakage is seen. The
efficient physical and chemical bonding in the composite minimises the orientation
polarisation which decreases the ¢'. The €' obtained for oil palm fibre/PF
composites is comparable to that of pineapple leaf fibre/LDPE, sisal/LDPE and
coir/LDPE composites which is reported elsewhere.'” * Figure 10.8 shows the
variation of €' with fibre loading at different frequencies. The value is almost
constant with increase in fibre loading. A sharp drop in the €' value of gum sample

occurred with fibre incorporation.

10.2.2 Effect of Treatments

Treated composites show higher €' than untreated composite (Figure 10.9).
Modifications bring out major physical and chemical changes in the fibre as
discussed earlier. Upon treatments with alkali, silane, acrylation, acetylation and

permanganate introduces polarisability in the fibre.
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Figure 10.8 Variation of €' of untreated oil palm fibre/PF composites with fibre
loading at specified frequencies.

Treatments like alkali and acrylation make the fibre more hydrophilic and become
more compatible with the matrix while treatments like latex coating makes the fibre
hydrophobic and hence results in a weak bonding with the matrix. This will affect
the electronic, atomic and orientation polarisations and thus the €. Moisture content
enhances the polarisation. Moisture uptake of the fibre is decreased by the
treatments like latex coating and isocyanate treatment . This decreases the dielectric
constant. Variation of the &' of various treated composites at different frequencies
are given in Figure 10.10. Alkali treated composite shows highest value at all
frequencies.  Alkali treatment increases the polarity of the fibre by the
intermolecular and intramolecular hydrogen bonding through hydroxyl groups of
the fibre. This will enhance the fibre-matrix adhesion and at the same time can

enhance the polarisability. This contributes to the higher €' value.
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10.2.3 Effect of Hybridisation

Figure 10.11 gives the dielectric constant values of hybrid composites. The
unhybridised oil palm fibre/PF composite shows least €. The glass/PF composite
also exhibits low value compared to hybrid composites at lower frequencies.
Highest €' observed for hybrid composite having 0.7 relative volume fraction (V.F)
oil palm fibre. Further increase in volume fraction of oil palm fibre decreases the
value. Highest glass fibre concentration also reduces the value. This can be
attributed to the compatibility in hybrid fibre composites. There‘ exists a weak
compatibility between oil palm and glass fibre layers. The decreased compatibility
between glass and oil palm fibre results in an increased heterogeneity of the system.
This enhances the interfacial polarisation. But at higher oil palm fibre or glass fibre

loaded composites, the compatibility enhances and the €' is decreased. This is

further clarified in Figure 10.12.
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Figure 10.11 Variation of €' of oil palm fibre/glass hybrid PF composites with frequency at
different relative volume fractions of glass and oil palm fibre.
Fibre loading: 40wt.%
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10.3 LOSS FACTOR AND DISSIPATION FACTOR

10.3.1 Effect of Fibre Loading

Variation of dielectric loss factor and dissipation factor of oil palm fibre/PF
composites with frequency is represented in Figures 10.13 and 10.14. The neat PF
sample exhibits highest loss factor and dissipation factor. Upon the incorporation of
oil palm fibre, both tand and €" value decreased considerably and similar trend is
observed in both the cases. In the tand curve, a relaxation peak is observed at a
frequency of 10>"Hz in both gum and composites (Fig. 10.14). This indicates that
the fibrous reinforcement does not affect the dielectric relaxation. The dissipation
factor is a measure of the energy lost during the reversal of electrical polarisation.
The decreased value of loss factor and tand on fibrous reinforcement can be

explained on the basis of higher fibre-matrix compatibility as discussed earlier.
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Figure 10.12 Variation of €' of oil palm fibre/glass hybrid PF composites with relative
volume fractions of glass and oil palm fibre at specified frequencies.
Fibre loading: 40wt.%
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Electrical properties of ramie fibres were studied in detail by Sao et al.?® They
reported that the tand curve of ramie fibres show no specific relaxation. Expecting
this behaviour to all lignocellulosic fibres, it can be concluded that the dielectric
relaxation in composites is mainly due to the PF. Figures 10.15 and 10.16 depict
the changes in €" and tand with fibre loading at different frequencies. The "
decreases by the incorporation of fibre followed by a levelling off. But tand
decreases linearly with fibre loading at lower frequencies. At higher frequencies, an

increase 1s observed at 40wt.% fibre loading.
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Figure 10.13 Variation of ¢" of untreated oil palm fibre/PF composites with frequency.

10.3.2 Effect of Fibre Treatment

Figure 10.17 and 10.18 shows the €" and tand values of treated oil palm fibre/PF
composites. All treatments except isocyanate show higher values of g"and tand
compared to untreated composites. Relaxation peak is observed in all cases at 107

frequency.The increased values may be due to the increased polarisation on

treatments.
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Figure 10.14  Variation of tand of untreated oil palm fibre/PF composites with frequency.
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Figure 10.17 Variation of €" of treated oil palm fibre/PF composites with frequency.
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The polarity enhancement is highest on alkali treatment. The €" and tand value of
treated composites at different frequencies is shown in Figures 10.19 and 10.20.
Alkali treatment shows the highest €" at all frequencies. Isocyanate treatment

decreases the €" and tand value at lower frequencies. Silane treated composite

exhibits highest tand at higher frequencies.

10.3.3 Effect of Hybridisation

The hybridisation of oil palm fibre with glass shows a similar trend as in the case of
dielectric constant (Fig. 10.21). The unhybridised composites show comparatively
lower values for €" and tand (Fig. 10.22). Hybrid composite having 0.7 relative V.F
of oil palm fibre show highest value of €". Hybrid composite having highest oil
palm fibre content exhibits maximum dissipation factor. The enhancement in values

is due to the extent of bonding between fibre and matrix as discussed earlier. With

the increase in frequency the €" and tand decrease.
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Figure 10.18 Variation of tand of treated oil palm fibre/PF composites with frequency.
Fibre loading: 40wt.%
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Similar trend is observed in the variation of €" with relative V.F of oil palm fibre at
all frequencies (Fig. 10.23). A lower value of €" is observed at 0.92 relative V.F of
oil palm fibre. At this composition a lower value of tand is also observed at lower

frequencies (Fig. 10.24).

0.35
log Frequency (Hz)
m5 [15.5 (96 BE7
0.3
o
by 0.25 —
'_
(3)
=
0.2
=z
o
'_ &~
& 0.5+ i
& hibet
% i
e 0.1 ﬁ §
\‘;g:’%
0.05 i %
0 - 2‘ B 1:-|_ & Bt ¥ :i

Untreated Alkali Silane  TDIC AcetylatedAcrylated ACN Latex KMnO4
FIBRE TREATMENT

Figure 10.20 Tand values of treated composites at specified frequencies.



307

12
’— Glass/Oil palm fibre
£1:0 4-0.7:0.340.3:0.7 €-0.08:0.92--0.04:0.96%0:1

10

LOSS FACTOR

0 T T T T T . —
4 45 5 55 6 - 6.5 7 75

log FREQUENCY (Hz)
Figure 10.21 Variation of " of oil palm fibre/glass hybrid PF composites with frequency at

different relative volume fractions of glass and oil palm fibre.
Fibre loading: 40wt.%
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Figure 10.22 Variation of tand of oil palm fibre/glass hybrid PF composites with frequency
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Fibre loading: 40wt.%



308

4
log Frequency (Hz)
=5 455 46 =7
3 -4
(14
o
[
0 q
£ 2]
» 4
173
o
-
4
p
"
A
] p
0 T T T T
0 0.2 0.4 0.6 0.8 1

RELATIVE VOLUME FRACTION OF OIL PALM FIBRE
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CHAPTER 1 1

Theoretical Modelling of Tensile
Properties of Oil Palm Fibre/PF
and Oil Palm Fibre/Glass Hybrid
PF Composites

Results of this study have been
submitted for publication in Journal
of Malerials Science

Abstract

Various theoretical models were used to predict the tensile strength and young’s
modulus of untreated and treated oil palm fibre/PF composites and oil palm
fibre/glass hybrid PF composites. The theoretical predictions were compared
with experimental results. The models selected were parallel, series, Hirsch,
modified Bowyer and Bader’s and modified rule of mixtures. Modified rule of
mixtures show good agreement with the experimental tensile properties.
Hirsch’s model also predicts the strength of the composites, which is close to
the experimental values. All models except rule of mixtures are based on the
assumption that there is perfect fibre-matrix interaction and the fibre is perfectly
cylindrical having smooth surface characteristics. Hence deviation from the
experimental value was observed in the case of real composites where the above
mentioned factors are not fully obeyed.
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)rediction of strength in reinforced polymers is a complex problem. A number of

- theories have been developed and reported in literature to describe the properties of
composite materials. Historically, the composite strength prediction began with the
work of Cox' in 1952: This treatment served as the basis of later development
- what is now called the shear lag analysis. Detailed analysis by Dow” and Rosen®
produced the same basic result with a slightly different formulation of the constant.
Kelly * has derived a multifibre shear lag expression, which predicts that 95% of
the strength obtainable with continuous fibres will be obtained with discontinuous
ones. Outwater’ has developed a mechanical friction theory for stress transfer to
discontinuous fibres. Lees® attempted to modify the shear lag approach of Kelly
by accounting for fibre lengths both above and below the critical transfer length, as
well as the shrinkage stress generated during cooling of the fabricated composites.
Except for very low volume fraction of fibres, agreement with experimental results
was poor. The main limitation of Lees equation was that the shear lag analysis
namely stress concentrations were not considered.

Schultrich et al.” developed a theory to predict the stress-strain behaviour of
short fiber composites. They accounted for fibre-fibre interactions but no
comparison with experiment was provided. Other ndteworthy contributions to
composite strength prediction were given by Piggott® Piggott modified Cox’s
theory by introducing a new theory that combines plastic deformation at the fibre
ends with elastic deformation towards the centre of the fibre during tensile loading.
Robinson and Robinson’ reviewed fundamental theory for discontinuous fibre
reinforcement in plastics. The theory given provides an adequate description of
fibre reinforcement predictions for the critical fibre length in model composites
based on glass fibres embedded in a range of matrices with different volume
fractions. Curtin et al.'">'? proposed models to predict the strengths of various
polymer matrix composites reinforced with graphite fibres and found good
agreement between experiment and theory. Various parameters such as inherent
strength properties of matrix, filler, fibre-matrix interactions etc. were taken into

account. Factors such as fibre orientation, fibre length and fibre dispersion can also
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influence the properties and hence must be taken into account while predicting the
properties. Various models, which could be applied for composites having rigid
inclusions in rigid matrix, were tried to predict the tensile properties of oil palm
fibre/PF composites. Of these, the following theories could be used to predict the

strength of the composites.
1 Parallel model

According to this model, the tensile strength Tc and Young’s modulus Mc

are given by the following equations.

Te =TV + TV (11.1)

M= MVs + MV (11.2)

where Tc, Tm and Tf are the tensile strength of the composite, matrix and fibre

respectively. Mc, Mm and Mf are the Young’s moduli of the composite, matrix and

fibre respectively.
2 Series model

According to this model, the tensile strength is given by,

. Inlr (11.3)
TVs + TV

. MaM (11.4)
MuVs + MyVm

3 Hirsch’s model

This is a combination of parallel and series models.”® According to this

model, the strength and modulus are given by the following equations.

TiTm

Ty +TiVm (11.5)

Te= x(Tme'f'.TfI/f)'*'(l —'.X')
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MM

Me = x(MuVn + MV + (1 - x) ————
( ) ( )MIIV/"I'M'Vm

(11.6)

where x varies between 0 and 1 which determine the stress-transfer between fibre

and matrix.
4 Modified Bowyer and Bader’s model

According to this model the strength of the composite is the sum of the
contributions from subcritical and supercritical fibres and that from the matrix.
The tensile strength is given by the following equation.

Te = TK \K Vs + TrVm (11.7)

where K is the fibre orientation factor and K, is the fibre length factor. K, changes
according to the changes in fibre orientation. For aligned short fibre composites K
is reported to be 1."* For composites having fibres arranged in random fashion, the
K, 1s reported to be 0.2. The value of K, can be calculated as follows.

For fibres with length 1> 1,
Koot (11.8)

2/

For fibres with length 1<1,

-t (11.9)
2.

where 1 is the length of the fibre and 1, is the critical fibre length. Young’s modulus
also can be calculated in a similar way and is given by the following equation.

(11.10)

K2

M = MjKlKZV]"‘f‘Mth

5 NModified rule of mixtures

Rule of mixtures (ROM) gives a simple and effective way of predicting the

propertics of fibre reinforced composites, but it fails to predict accurately the
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strength of a fibre reinforced composite.’>’”  Rule of mixtures is based on the
assumption that fibres in the composite are uniformly dispersed and a perfect
interaction exists between the fibre and the matrix. But in a real composite, non-
homogeneity of fibre dispersion and misalignment of fibre orientation may happen
during the various processing steps. Thus the ultimate strength of a composite is
affected not only by the fibre and matrix fractions but also the microgeometry of the
composite components. Lee and Hwang'® modified the rule of mixtures by
considering the factors influencing strength degradation. The modified rule of

mixtures can be given as follows:'®

O'cu=0"m(1—‘Vf)+Oqufe (1111)

where ., is the ultimate strength of the composites, 'y, is the matrix strength at the
failure strain of the fibre, oy, is the ultimate strength of the fibre, V; is the fibre
volume fraction and Vy, is the effective fibre volume fraction. The effective volume

fraction is given in terms of the fibre volume fraction and the ratio of real

contribution as given below.

Vie = Vi(1-P) (11.12)
where P is the degradation parameter for the effective fibre volume fraction, which
varies in the range 0 to 1. P can be calculated from the microgeometry of the
composite components and depends only on the fibre volume fraction and
processing technique. The following equation is obtained from the rule of mixtures

with the modification.

Ao _ (11.13)
Oju

where Ac,, is the difference between the experimentally measured strength and the

strength predicted by the rule of mixtures.
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These models were used to calculate the tensile strength and young’s
modulus of untreated and treated oil palm fibre reinforced PF composites and the
hybrid reinforcing effect of oil palm fibre and glass fibre in PF resin.

The law of additive rule of hybrid mixtures' was used to calculate the

hybrid effect. The rule is given by;

Xn=X1Vh+ X2V 2 (11.14)

where Xj; is characteristic property of hybrid composite. X; and X, are
characteristic properties of individual composites. V; and V, are the volume
fractions of the reinforcements in hybrid composites. All these models except
modified ROM is based on the assumption that there exists perfect fibre-matrix
interface and uniform fibre dispersion within the matrix. The possibility of
formation of microvoids during the preparation of composites is not accounted for.
Also, it is assumed that the fibres are perfectly cylindrical in shape. But in the
actual composite this does not hold good and is reflected in the deviation of the

experimental values from the theoretical predicted results.

11.1 THEORETICAL PREDICTION OF TENSILE PROPERTIES OF COMPOSITES

Figures 11.1 and 11.2 compare the theoretically predicted tensile strength and
Young’s modulus values by various models at different fibre loading respectively.
Modified rule of mixtures predicts the tensile strength and Young’s modulus of the
composites, which is in good agreement with the experimental data. The modified
rule of mixtures accounts for the degradation of the fibre and matrix materials,
structural defects and non-uniformity if any occur in the composites which enables
to predict the strength exactly. The values predicted by Hirsch’s model are very
close to the experimental values. Series and modified Bowyer and Bader’s models
give lower values than experimental strength values. Parallel model is found to be
in least correlation with the experimental values. It is observed that all the
predicted strength values except by modified ROM show increase with increase in

fibre loading. Experimentally, the tensile strength and Young’s modulus of the
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Figure 11.1 Variation of experimental and theoretical tensile strength values of
oil palm fibre/PF composites as a function of fibre loading.
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composites were found to decrease above 40wt.% fibre loading. Large deviation of
the predicted values from experimental result at higher fibre loading can be
attributed to the structural defects occurred during processing. At higher fibre
loading, the processing becomes difficult and fibre agglomeration or phase
separation may occur during processing. This increases the fibre to fibre contact,
which results in decreased fibre-matrix adhesion and in decreased strength
properties. Except in the case of modified ROM, all the other models do not taken
* into account the above mentioned factors.

The tensile strength and Young’s modulus of the composites with various
fibre lengths were predicted by modified Bowyer and Bader’s model (Figure 11.3
and 11.4). The predicted values are lower than that of experimental values. In a
randomly oriented fibre reinforced polymer composite, the effective fibre length
varies according to the processing characteristics. The theoretical curve shows

same trend as that of the experimental curve in both the cases.
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Figure 11.3 Variation of experimental and theoretical tensile strength values of
oil palm fibre/PF composites as a function of fibre length.
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However higher value is observed at 40mm fibre length, which was found to be the
critical length of the composite. Theoretical prediction also gave highest value of

1% reported

tensile strength of the composite for 40mm fibre length. Kalaprasad et a
the tensile strength and Young’s modulus prediction of sisal fibre reinforced low-
density polyethylene composites using the modified Bowyer and Bader’s model.
They observed a linear increase in the properties with increase in fibre length
irrespective of the experimental results. The exceptionally high strength value at
40mm fibre length is due to the uniform dispersion and perfect fibre-matrix

interaction at the critical length.
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Figure 11.4 Variation of experimental and theoretical Young’s modulus values of
oil palm fibre/PF composites as a function of fibre length.

Tensile properties of the treated composites were also predicted by various
models. Figure 11.5 and 11.6 give a comparison of the experimental and theoretical
tensile strength and tensile modulus value of untreated and treated composites.

Experimentally the strength of the composite decreased upon the incorporation of
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many of the treated fibres due to decreased fibre-matrix adhesion arising from the
increased hydrophobicity of the fibre. However, permanganate and alkali treatment

marginally increase the properties. Modified rule of mixtures and modified
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Figure 11.5  Variation of experimental and theoretical tensile strength values of
treated oil palm fibre/PF composites having 40mm fibre length
and 40wt.% fibre loading,.

Bowyer and Bader’s model predict the values of the treated composites which is in
good agreement with the experimental results. Parallel, series and Hirsch’s models
show deviation from the experimental values of the treated composites (Figure 11.5
and 11.6). These models are not reckoned with the topological characteristics of the
fibre. They are based on the assumption that the fibre surface is perfectly smooth.
But in the real composites, the fibre surface topology changes were observed in
various treated composites (refer Chapter 3). These variations affect the fibre-
matrix interlocking. This affects the effective stress transfer through the interface.
Because of these variations in the morphological properties, the strength predicted
by these models agrees least with that of the experimental value.

Figures 11.7 and 11.8 compare the experimental tensile properties of the
hybrid composites with theoretically predicted values. All the models show similar

trend as that of the experimental curve. Except parallel model, all the other models
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Figure 11.6  Variation of experimental and theoretical Young’s modulus values of
treated oil palm fibre/PF composites having 40mm fibre length
and 40 wt.% fibre loading.
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oil palm fibre/glass hybrid PF composites with various relative
volume faction ratio of oil palm fibre and glass.
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Figure 11.8 Variation of experimental and theoretical Young’s modulus values of
oil palm fibre/glass hybrid PF composites with various relative
volume faction ratio of oil palm fibre and glass.

predict lower values than experimental value. Theoretically perfect compatibility
between individual fibres are expected. However due to the difference in the
surface characteristics and other physical property changes, the compatibility
between oil palm fibre and glass fibre decreased in the oil palm/glass hybrid fibre
reinforced PF composites. Tensile strength and tensile modulus show negative
hybrid effect at lower and higher OPEFB fibre volume fractions. Theoretical
prediction expects complete intermingling of both the fibres within the matrix. In
the present étudy fibre layers are maximally intermingled, eventhough there is
layering out observed. This is evident from the tensile fractograph of hybrid
composite (Fig. 5.10; refer Chapter 5). A hundred percent hybrid effect can not be
achieved in sandwitch type composites because full intermingling is not possible.

This may be the reason for the negative hybrid effect.
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“Yhe present study reveals that oil palm fibres represent a potential reinforcement

- 1n resole type phenol formaldehyde resin. The main benefits of incorporating oil
palm fibres in phenolics are decreased shrinkage, reduced thermal stress during
curing, improved impact resistance, stiffness and lower costs. Hybridisation of
oil palm fibre with glass was tried to make high performance composites.

Structure and properties of the two important oil palm fibres, OPEFB fibre
and mesocarp fibres were analysed. Chemical composition of the fibres was
determined. The major constituents of these fibres were found to be cellulose.
Lignin content is comparatively low. The OPEFB fibre is more cellulosic than the
mesocarp fibre. The oil palm mesocarp fibre contains higher percentage of ether
soluble and caustic soda soluble matter. Chemical modification of fibres by alkali
treatment, acetylation and silane treatment has been carried out. This is to improve
the strength and therefore the reinforcing ability of these fibres. Morphological
studies revealed that treatment modified the fibre surface. The fine structural
changes of the fibres can be seen from the respective scanning electron
micrographs. IR studies give evidence for the chemical modification occurred
during treatments. Thermal stability and degradation characteristics of the fibres
were investigated by thermogravimetry and differential thermal analysis. It is found
that alkali and silane treatments increase the thermal stability of the fibres. Fibres
are stable up to 300°C without any considerable weight loss.

The silane treated OPEFB fibre showed maximum tensile strength. Alkali
treatment slightly decreases the tensile strength. The Young's modulus of the fibre
showed enhancement upon silane and alkali treatments. The strength of the
mesocarp fibre is less than that of OPEFB fibre. This is due to the high cellulose
content of OPEFB fibre. Silane treatment increases the strength of the fibre while
alkali treatment decreases. However, the stiffness of the fibre is increased by both
alkali and silane treatments. The untreated mesocarp fibre shows very good
elongation. Treatment reduces the elongation of the fibre. Microfibrillar angle and
strength of the fibres were theoretically predicted. The theoretical strength of the

OPEFB fibre was found to be close to the experimental value. However, in the case
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of mesocarp fibre, there is great deviation from the theoretical strength. It is
important to mention that the properties of oil palm fibres are comparable to other
natural fibres and therefore they could be used as a potential reinforcing material for
polymer matrices.

Oil palm fibres were incorporated as a reinforcement in phenol
formaldehyde matrix. Mechanical performance of the matrix is greatly enhanced by
the fibrous reinforcement. Chemical treatment of the fibre leads to composites
having excellent impact properties. Oil palm fibre is highly hydrophilic due to the
presence of hydroxyl groups from cellulose and lignin. Acetylation, isocyanate
treatment, silane treatment, acrylation and acrylonitrile grafting lead to strong
covalent bond formation thereby reducing the hydrophilicity of the fibre. The
scanning electron microscopy and IR studies revealed the physical and chemical
modifications occurred to the fibres. Tensile strength of the fibre declined upon
various treatments. However, silane treatment and acrylation enhanced the strength.
The brittleness of the fibres decreased upon chemical treatments. The Young’s
modulus and elongation at break of individual fibres increased upon chemical
modifications. Optimum mechanical performance is observed for silane treated and
acrylated fibre. Latex modification imparts elasticity to the fibres. The fibre
elongation properties show sharp increase upon modifications.

Due to the hydrophilicity of PF resin and oil palm fibre, they are highly
compatible. Incorporation of the treated fibres in PF matrix reduces the tensile
strength of the composite except for permanganate treatment, which exhibit
improved tensile strength. Fibre became more hydrophobic upon modifications that
reduce the interaction with PF resin, which leads to a decline in interface properties.
Extensibility of the composite considerably increased upon treatment. Maximum
elongation is observed for latex coated composites. Tensile modulus of the
composite shows enhancement upon mercerisation and permanganate treatment.
Scanning electron microscopic studies revealed the tensile failure mechanism.
Mercerisation, peroxide treatment, permanganate treatment and acrylonitrile

grafting resulted in composites having better flexural properties. Decreased
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hydrophilicity of the fibres upon chemical modifications resulted in composites
having very high impact resistance. Latex coating, acetylation, silane and
isocyanate treatments led to high impact composites. This is attributed to the
relatively poor fibre-matrix adhesion resulting from the hydrophobicity of the
modified fibres. This enables the samples to dissipate maximum energy by
mechanical friction during failure process. Debonding of the fibres was facilitated
upon various modifications and is evident from the scanning electron micrographs.
Major failure processes occurred were found to be fibre-matrix debonding leading
to fibre pullout and fibre breakage. Thus by reducing the hydrophilic nature of the
oil palm fibre, high impact composites could be obtained from PF resin and oil palm
fibre.

Mechanical properties of glass/PF and glass/OPEFB hybrid PF composites
were studied. Glass effectively reinforces in PF resin and mechanical performance
is maximum at 40wt.% loading. Different volume fractions of glass were added to
OPEFB fibre/PF composites. Composite properties such as tensile and flexural
behaviour showed considerable enhancement by the incorporation of small volume
fractions of glass fibre. The tensile and flexural properties of glass/PF and
glass/OPEFB hybrid PF composites were studied from the stress-strain curves.
Presence of OPEFB fibre enhances the impact strength of the composites.
Maximum value of the impact strength was observed for the hybrid composite
containing 0.74 volume fraction of OPEFB fibre. The value is greater than glass
reinforced PF composites. By replacing the brittle glass fibre by OPEFB fibre the
toughness of the composite could be increased. The tensile and impact fracture
mechanisms were evident from the respective scanning electron micrographs. On
enhancing the glass fibre loading in glass/PF composites the void content increases
and this can be understood from the decreased value of experimental density than
the theoretically predicted value. Porosity of the composite decreased upon oil
palm fibre reinforcement. Void formation associated with the fibre packing defects
is minimised upon oil palm fibre addition. Hardness and density of the composite

decrease as the volume fraction of OPEFB fibre increases. Phenol formaldehyde
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gum sample exhibits maximum hardness. Glass fibre reinforcement decreases the

hardness while increasing the density of the composite. Hybridisation of glass fibre

with 0.74 volume fraction of OPEFB fibre resulted in composites having superior

mechanical performance. Positive hybrid effect is observed in impact properties.

Stress relaxation behaviour of oil palm empty fruit bunch fibre and of the oil

palm fibre reinforced phenol formaldehyde composites were studied in detail. Fibre
surface modifications were carried out inorder to improve the interface properties.
Silane treatment, isocyanate treatment, latex coating, mercerisation, acetylation and
radiation treatment were attempted to modify the interface. The effect of these
treatments on the relaxation behaviour of the fibre was investigated. Latex coating
decreases the rate of stress relaxation of the fibre considerably. Other modifications
increase the rate of stress relaxation initially, however the relaxation rate is very low
at long durations of time as compared to untreated fibre. Thermal aged and water
sorbed oil palm fibres were subjected to stress relaxation experiments. Stress
relaxation rate is decreased upon both thermal and water ageing of the fibre. Effec’t
of strain level on the relaxation of the fibre was studied. Rate of relaxation is
maximum at 10% strain level. Stress relaxation behaviour in oil palm fibre/PF
composites was investigated by giving special emphasis to the effect of fibre
loading, fibre treatment, physical ageing and strain level. Higher relaxation is
observed for 30wt.% fibre loading. Alkali treated composite showed decreased
relaxation than untreated composife. Latex coating and introduction of coupling
agents increased the relaxation rate of composites. Latex coated composite exhibits
maximum relaxation. This is attributed to the decreased fibre-matrix interaction
between the less hydrophilic latex coated fibre and more hydrophilic phenolic resin.
Water ageing increased the relaxation of the composites. The variation in the
relaxation process of aged composites is due to the changes in the interface
properties upon ageing. On application of lower strain, the relaxation was
comparatively less and on further increase upto 2%, higher relaxation was observed.
At very high strain levels the relaxation again decreased. This may be due to the

extent of fibre breakage pattemn at different strain levels. Interesting results are
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obtained upon hybridisation of oil palm fibre with glass fibre. Very low stress
relaxation is observed for the hybrid composites. Relaxation modulus of the fibre
and the composite was also studied. To explain the long-term stress relaxation
behaviour of the fibre and composites with respect to strain levels, a master curve is
constructed by superimposing points at different strain levels by a horizontal shift
along the logarithmic time axis.

Dynamic mechanical behaviour of the oil palm fibre reinforced PF
composites and oil palm fibre/glass hybrid PF composites were investigated.
Variations in dynamic modulus, loss modulus and mechanical damping parameter
were analysed as a function of temperature and frequency. It is found that
incorporation of oil palm fibre increases the modulus and damping characteristics of
the neat sample. Irregular trend is observed with fibre length. Maximum damping
is observed for 20 and 40mm fibre lengths. As the fibre content increases
mechanical damping linearly increases. However maximum stiffness is observed
for 30wt.% fibre loading. The loss modulus value decreases with fibre loading.
Incorporation of oil palm fibre in PF resulted in decrease of glass transition
temperature. Lower Tg values are obtained from E" curve. Effect of fibre
modification by mercerisation on the dynamic properties of the composites was
analysed. Modification improves the interface properties. Highest value of tand is
observed for 24hrs mercerised composite. As the frequency increases, the tand
decreases. Latex treated composite exhibits highest damping behaviour. Glass
transition shifts to higher temperature with increase in mercerisation time. Stiffness
of the composite also increases with treatment. Dynamic modulus of the oil palm
fibre/PF composites is increased by fibre treatments. Irregular trend in the variation
of loss modulus is observed with treatment time. Acrylated and latex treated
composites show lower loss modulus. Effect of hybridisation of oil palm fibre with
glass fibre on the dynamic properties was analysed. Hybridisation increases the
damping value. The damping increased with relative volume fraction of oil palm
fibre. Glass transition temperature of the hybrid composite is lower than that of the

unhybridised compositc. The storage modulus and loss modulus decrease with
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increase in relative oil palm fibre volume fraction in hybrid composites after
relaxation. However maximum modulus was obtained for composite having 0.3
relative volume fraction of oil palm fibre. This is due to the better fibre dispersion
in hybrid composites at lower loading of oil palm fibre. Gradual decrease in loss
modulus of the hybrid composites was observed with increase in frequency.

Activation energy required for the major relaxation processes in different
composites during dynamic loading were calculated from the Arrhenius
relationship. Activation energy for relaxation at glass transition region for PF gum
sample. is comparatively low. The value increased upon oil palm fibre
reinforcement. As the fibre content increased the activation energy decreased.
Highest value is observed for the unhybridised composite having 30wt.% fibre
loading and 40mm fibre length. Mercerisation for about 48hrs increases the
activation energy due to the increased interfacial adhesion. Except mercerisation
and permanganate treatments all other treatments decrease the activation energy for
relaxation at glass transition region.  Activation energy decreases upon
incorporation of glass fibre in hybrid composites. Cole-Cole analysis reveals that
the composites are not perfectly homogenous. The long term dynamic behaviour of
the composites was predicted by master curve based on time-temperature
superposition principle.

Water sorption behaviour of both oil palm empty fruit bunch fibre and oil

palm mesocarp fibre has been investigated. Sorption behaviour of distilled water,

mineral water and salt water at 30, 50, 70 and 90°C was evaluated. Salt water
sorption is slightly different from that of distilled water and mineral water and can
be understood from the sorption curves. This is due to the presence of ions in salt
water. The OPEFB fibre showed higher sorption than oil palm mesocarp fibre.
This may be due to higher number of micropores present on the OPEFB fibre
surface than mesocarp fibre which facilitates the capillary action. Scanning electron
microscopic studies reveal the porous structure of both the fibres. Both the fibres
show a higher initial capillary uptake of water. A decrease in uptake with

temperature is observed in all systems except for salt water/mesocarp fibre systems.
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At lower temperature a two step behaviour is observed for distilled water and
mineral water. The effect of OPEFB fibre treatment on the sorption behaviour in
distilled water is studied at different temperatures. Treatment reduces the water
uptake at all temperatures. The decrease is due to its physical and chemical changes
occured to the fibres upon various modifications. Hydrophilicity of the fibre
decreased upon modifications and decreases water uptake. The thermodynamics of
sorption were studied in detail. The AH and AS values are found to be negative for
all the systems suggesting the sorption process exothermic. The mechanical
performance of the fibres decreases upon water sorption and it regains on
desorption. However modulus of the OPEFB fibre decreases on sorption and
desorption. In mesocarp fibres modulus shows enhancement upon desorption.
Treatment reduces the mechanical strength of the fibres. The elongation of the
fibres considerably increased upon treatments except silane. Young’s modulus
shows enhancement upon mercerisation and silane treatment. In swollen stage the
stiffness of the fibre is considerably reduced.

Water sorption characteristics of untreated and treated oil palm fibre
reinforced PF composites and oil palm fibre/glass hybrid PF composites were
studied. The effects of fibre loading, fibre treatment and relative volume fractions
of fibres in hybrid composites on the kinetic and thermodynamic parameters of
water sorption were analysed. Water sorption parameters of the composites at four
different temperatures 30, 50, 70 and 90°C were investigated and compared.
Among the untreated composites, highest sorption of water is found to be for
systems containing 10 and 50wt.% fibre loaded composites at 30°C. Fibre surface
treatment increases water absorption except in alkali treated composite. Most of the
treatments make the fibre hydrophobic, which decrease the fibre-matrix adhesion
and facilitate water sorption. The decreased fibre-matrix interface facilitates void
formation and can enhance sorption. Latex treated composite exhibits maximum
water sorption. In hybrid composites, as the relative volume fraction of oil palm

fibres is increased, the water sorption linearly increases. It is found that the
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unhybridised composites, glass/PF and oil palm fibre/PF exhibit less absorption
than hybrid composites.

The kinetic parameters of water sorption, n, k, diffusion coefficient, sorption
coefficient and permeability coefficient for different composites were calculated.
Untreated composites at all fibre loading exhibit Fickian diffusion mechanism.
Fibre surface treatment and hybridisation of oil palm fibre with glass deviate the
mechanism from Fickian sorption. The diffusion coefficient is found to be
increased with increase in the fibre content of the composites. Fibre modification
also lead to high values of diffusion coefficient. In hybrid composites the diffusion
coefficient values decrease as the volume fraction of glass is increased. Sorption
coefficient is found to be higher at lower fibre loading. Latex treated composites
have got higher sorption coefficient. Sorption coefficient in hybrid composites
shows irregular trend with temperature. Permeability coefficient shows its highest
value for 30wt.% fibre loaded composite. Treatments like silane, isocyanate and
acrylation raise the value than untreated composite. Highest value of permeability
coefficient in hybrid composites is observed for composite with highest volume
fraction of oil palm fibre. Activation energies for the permeation and diffusion
processes were calculated. The activation energy for permeation becomes higher
than that of diffusion in hybrid composites at higher volume fractions of oil palm
fibres. The entropy of sorption is found to be negative in all systems. The diffusion
coefficient is found to be concentration dependent of the sorbed water. Upto
30-40wt.% sorbed water, the diffusion coefficient increases and thereafter
decreases.

Variations in the tensile, flexural and impact properties on water sorption
were analysed. In most cases tensile strength values increased upon water sorption.
Scanning electron micrographs of tensile fracture surfaces revealed the changes in
the fibre-matrix interaction and failure criteria of the composites before and after
water sorption. Stiffness of the composites also increased upon water sorption.

However flexural strength and flexural modulus were considerably decreased on
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sorption. Impact strength values change irregularly among treated composites on
water sorption.

Environmental effects on the mechanical properties of oil palm fibre
reinforced PF composites have been investigated. Ageing effects were compared
with those of glass/PF and oil palm/glass hybrid PF composites. Various fibre
modifications were carried out and their effect on the ageing process was studied.
Thermal ageing, cold water and boiling water ageing, biodegradation and gamma
irradiation effects on the composite properties were analysed. Influence of ageing
on the tensile, flexural and impact properties of the composites was investigated.
The tensile and flexural stress-strain behaviours of the composites were affected by
ageing. The tensile strength of the composites decreased upon thermal,
biodegradation and gamma irradiation. However, water ageing did not decrease the
properties of the composites and in some cases enhancement is observed. The
extensibility of the composites decreased upon thermal ageing. However the value
increased upon biodegradation, water ageing and gamma irradiation. Thermal and
water ageing increased the tensile modulus of composites treated with silane,
peroxide, isocyanate and acrylated samples. Biodegradation decreases the modulus
values of all systems. Untreated, alkali and peroxide treated fibre composite show
enhancement in tensile modulus values upon gamma irradiation. Various tensile
failure processes were studied by scanning electron microscopy. The flexural
properties of the composites decreases upon water ageing. Thermal ageing leads to
higher flexural properties in composites treated with peroxide, latex and acrylic
acid. Izod impact strength of the untreated, acrylonitrile, peroxide and isocyanate
treated composites increased upon water ageing. Biodegradation, thermal ageing
and gamma irradiation decreased the impact resistance of the composite. Scanning
electron micrograph of the impact fracture surface revealed the failure mechanism.
Finally the thermal stability of the composites was determined by TG and DTG
analysis. The study showed that the untreated oil palm fibre/PF composite is
thermally stable upto 350°C without any considerable weight loss. The thermal
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stability can be improved by hybridising the oil palm fibre with small amount of
glass fibre. \ :

Electrical properties of oil palm fibre/PF composites and oil palm fibre/glass
hybrid PF composites: were studied with special reference to the effect of fibre
loading, fibre treatment and hybrid fibre ratio. Volume resistivity, dielectric
constant, loss factor and dissipation factor of the composites were analysed. Oil
palm fibre reinforcement increased the volume resistivity of PF resin. Fibre
treatments enhanced the resistivity of the composites. Hybridisation of oil palm
fibre with small amount of glass fibre again increased the electrical resistivity of the
composites. The changes in the resistivity values were attributed to the inherent
electrical resistivity of lignocellulosic oif palm fibres and the interactions at the
fibre-matrix interface. With the increase in frequency, the resistivity of the
composites decreased linearly. The incorporation of oil palm fibre decreases the
dielectric constant, loss factor and dissipation factor of PF resin. This may be due
to the lower dielectric values of lignocellulosic fibres. Changes in the polarisability
occurring in the composite determine the dielectric properties. Fibre treatments
were found to have great influence in the dipole interaction at the fibre-matrix
interface. Hybridisation of oil palm fibre with glass increases the dielectric
constant, loss factor and dissipation factor. The changes were due to the decreased
compatibility between oil palm and glass fibre layers in hybrid composite. The
scanning electron microscopic studies gave insight into fibre-matrix interface.

Thus oil palm fibre reinforcement in phenolic resin results in cost effective
and environment friendly composite materials. Hybridisation of glass and OPEFB
fibre and their reinforcement in PF resin resulted in lightweight composites having
good performance qualities. These composites may find applications as structural
materials where higher strength and cost considerations are important. By suitable
selection of the composition of the reinforcing fibres, high performance composites
having better damping and modulus characteristics can be prepared. This
composite will be a value-added substitute for conventional structural materials in

engineering applications. Also they can be safely used for structural applications in
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water environment without sacrificing the mechanical strength. They offer high
electrical resistivity, which is the most desirable characteristic of an insulator to
resist the leakage of electric current in electrical applications. The composite
material prepared could be safely used for high impact applications in building and
automotive industry. It will be a good candidate for wall panelling and interior
room partitioning as a wood substitute in low cost housing. Oil palm fibre
reinforced PF composites are lower in cost compared to particleboards from other
natural fibre reinforced polymer composites. Their reinforcement costs are
negligible. No complicated processing is needed in the preparation of these
composites.  This makes them less expensive. Since natural fibres are
biodegradable compared to other synthetic fibres, natural fibre reinforced thermoset
composites can find application in cars of the coming millennium. Low cost, low
density, high strength, biodegradability and eco-friendliness make them outstanding

among polymer composites.

Future Scope

In order to evaluate the versatile applicable potential of these composite
materials, further investigation in this topic is needed to characterise the various
aspects of reinforcement.

Flame Retardant Properties:- As the phenolics are highly heat resistant
materials, the flame retardant properties of composites should be studied to assess
the suitability of the composite material in thermal environments.

Bio-degradability:- Now-a-days, the non-degradable plastic pollution has
emerged as a major issue world-wide. Here comes the importance of added
biodegradability to composites. The synthetic matrix part in composites can be
made more biodegradable by introducing starch onto the polymers. For high
performance applications, these composite materials must have high strength

coupled with low density and biodegradability.
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Textile Composites:- To explore high strength materials, maximum
reinforcing action of the fibres could be achieved. ‘This will lead to the preparation
of textile composites. Composites with tailor made properties could be achievable
by hybrid textile composites.

Other Hybrid Composites:- Oil palm fibres can be hybridised with other
natural fibres or with strain compatible synthetic fibres such as polyethylene fibres
to achieve better properties. The reinforcing ability of these fibres in other polymer
matrices—both thermoplastic and thermoset-has to be investigated. Based on the

specific utility, the best composite can be chosen.
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UTILIZATION OF SHORT OIL PALM EMPTY FRUIT
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BSTRACT

ae brittle thermosetting plastic, phenol-formaldehyde, was reinforced with
| palm empty fruit bunch fiber. Composites were prepared from resol type
ienol-formaldehyde resin. Hand lay up technique followed by compression
olding was used for composite preparation. Fiber lengths of 20, 30, 40 and
) mm were used for composite fabrication. The effect of fiber length and
ser loading on the mechanical properties was studied. Tensile, flexural and
1pact properties of the composites were analyzed. The experimental results
are compared with the theoretical predictions. Scanning electron
icrographs of the fracture surfaces were taken to analyze the fiber-matrix
hesion, fiber pull-out and fiber surface topography. Finally, the properties
the composites were compared to those of other natural fiber filled PF

mposites.
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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. /13/ reported that wood pulp is a cost effective reinforcement in
polypropylene in terms of bending stiffness. Raj ef 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. Tt 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 afier 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 dimen-
sional 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 formalde-
hyde 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 /25-28/.
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 /29-32/.

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.

Fiber Strength Elongation Toughgess
(MN/m®) (%) (MN/m€)
0i1 palm 77 10 1250

empty fruit
bunch fiber

Sisal 580 4.3 1250
Pineapple 640 2.4 970
Banana 540 3.0 816
Coir 140 25.0 3200

Source: Reference 33.

is increase in Young’s modulus and tensile strength of cellulose based fibers
with decreasing microfibril angle and increasing cellulose content. Stress-
strain 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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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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Fig. 2:  Scanning electron micrographs of untreated OPEFB fiber;
(a) fiber surface (x 400), (b) fiber surface showing cross section
(x 200).



1.2. Tensile behavior of OPEFBfiber/PF composites

1.2.1, Effect offiber length

Stress-strain behavior of the composites for different fiber lengths on appli-
cation 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%6.]



deviation from linearity accounts for the decreased brittleness of the com-
posite. 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 0f40 mm. As compared to neat PF sample an increase of 190%

2l

ENS cc © 00U Us

FIBER LENGTH (mm)

Fig. 4:  Variation of tensile strength and tensile modulus of OPEFB
fiber/PF composites with fiber length. [Fiber loading 38 wt%.J



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 fiilly 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 phenol*
formaldehyde resin 1 OPEFB fiber reinforcement This m”~ 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 S.

FIBER LENGTH (mm)

Pig. 5. Effect of fiber length on the percentage elongation at break of
OPEFB fiber/PF composites. [Fiber loading 38 wt%.]



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
factore without ftill elongation of the fiber.

J.2.2. Effectoffiber hading

Stiess-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.]



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

Doy

TENG Y000 98

FIBER LOADING {wt. % )

Fig. 7: Variation of tensile strength and tensile modulus of OPEFB
fiber/PF composites with percentage of fiber by weight. [Fiber
length 40 mm.]



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 Joading there is a chance of phase separation and agglomeration of
fibers, therd” reducing the effec™”™ 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. %)
0

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 tensilefracture surfaces

Figure 9 shows the scanning electron micrograph of tensile fracture surface
of the neat PF resin. Figures 10a and I0b give the fractographs of the tensile
fracture surfaces of the composite having a fiber content of 38 wt% and fiber
length 0f40 mm. The fracture paths observed in difTerent 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

phenoi-formaldehyde sample (x 800).

tensile fracture surface of composite, resulting from fiber piUlout (Figure
10). Fiber breakage is also observed. Figure 10a clearly e?”lains the
debonding of fiber from the matrix and matrix failure. Under high tensile
stress” debonding occurs due to the bonding failure, and the debonded sites
facilitate the crack growth. The fiber pullout and resin fi~ctures can be
visualized from the fracture surfacQ3. 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



Fig. 10a, b: Scanning electron micrographs of tensile fi~“cture surfaces of
OPEFB fiber/PF composites (x 100).

matrix crack may cause broken fibers to pull out from the surrounding
matrix. Gent et al. /38/ reported the possibilities of either puUout or resin
cracking which can take place upon tensile failure. A flitting test method
was proposed by Tschegg et al. 1391 to characterize the cradc growth.



2. Properties in Flexure

Flexural strength is the abili® 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 intofacial
adhesion. On application of the flexural stress the composite did not break,
proving the excellent physical and chemical interloddng between the fiber

and matrix.

2.1. EffectofJlber length

The stress-strain behavior of OPEFB fiber reinforced PF congx>sites for
difTeFentfiberlengthsonai”ication<”~flexural AzessisshoirainFigure 11.
The difference in stress-strain characteristics of the composites, on
application of tensile and flexural stress, in”litt that the type (tf stress
~lied toasystemp I~ animportant 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 sketcIMd 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 </Jiher 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 stifihess 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-



FLEXURAL STRAIN (% )

Fig. 11: Stress-strain characteristics of OPEFB fiber/PF composites on
application of flexural stress under various fiber lengths. {Fiber

loading 38 wt%o.]

pared from fiber loading of 38 wt% exhibit maximum fiexural 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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Big. 12: Variation of flexural strength and flexural modulus of OPEFB
fiber/PF composites with fiber length. [Fiber loading 38 wt%J

3. Impact behavior

The fracture toughness of composite is perhaps its most characteristic
property. It is manifested in impact tests. The toughn”s of a fiber (x>mposite
is maiiUy dependent on the fiber stress-strain behavior. Fiben with excellent
mechanical properties impart high work of fracture /9/. Impact behavior is a
measure of the energy lequired to cause damage and the progress of *ure

within the composite. Cantwell et al. (ill reviewed the impact resistance of



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 at. /42/. The influence of the
reinforcing fiber in determining impact response and its failure mechanisms

were investigated by Curson et al /43/.



FIBER LOADING (wt. %)

Fig. 14: Variation of i3exural strength and flexural modulus of OPEFB
fiber/PF composites with percentage of fiber by wight. (Fiber
length 40 mm.]

X 1. Effectoffiber length

Figure IS shows a linear increase in impact strength with liber 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 inter&cial bond is weak, debonding occurs and extra energy is

needed to do the woric of debonding. Greater force is required to propagate a



FIBER LENGTH (mm)

Fig. 15: Variation of work of fracture of OPEFB fiber/PF composites with
fiber length. [Fiber loading 38 wt%.]

crack through the inter&ce during impact. Upon impact loading, fiber
fracture may occur and the broken ends of the fiber have to be pulled out as

the fiacture proceeds, which requires additional energy.

3.2. Fractography o fimpactfracture surfaces

Scanning electron micrographs of impact fiacture surfaces of neat PF and

that of composite sample are shown in Figures 16 and 17a, b, respectively.



Fig. 16: 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 com-
posite 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 js veiy complex. The microscale



Fig. 17a, b: Scanning electron micrographs of impact fracture surfaces of
OPEFB 15ber/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.

The parallel model and Hii*h model are tried topr”~ct tensilestrength
of the composites. Following arethe equations used for calculating the
tensile strength of the composites.

Parallel model

According to this model
To=TIVf+T,V, )

where Tc * composite strength, Tf= fiber strength, T,, = matrix strength, Vf
= volume fraction offibers, Va * volume Auction of matrix.

In this equation Tfis given by
Tf=in (2)
r

But1=U

where x = interfecial shear strength, r = radius, le = critical fiber length.

where <jf= fiber stress.

Hirsch model

This model is a combination  seri” and parallel models. According to this
model

T.=(T,,V,,+T,V,)+(1-X) - (4)
"f "m



where X - a parameter which varies between 0 and 1.

The experimental and theoretical valu® 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 3S% 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-

FIBER LOADING (WI. %)

Fig. 18: Comparison of theoretically predicted strength values of
composites with experimental values as a function of fiber

loading.



to-filer adhesion and uniform filler distribution in the matrix. However, in
the actual case the situation is very different. At low fiber loadings agglome-
ration does not practically affect the properties. But at higher fiber loadings
agglomeration results which decreases the flber-matrix interaction.

COMPARISON OF THE STRENGTH PROPERTIES OF SHORT
OPEFB FIBER/PF COMPOSITES WITH OTHER SHORT NATURAL
FIBER REINFORCED PHENOI"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'™ for coir fiber
reinforcement and 10 kJm*for sisal fiber reinforcement while OPEFB fiber
reinforcement gives a value of 52 kJm*. 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

Conpositd Tensile Flexural Inpact
strength strength strength
Oci/»
OPEFB fiber/PF 28.79 47.61 52.34
Sisal fiber/PF 42 66 10
Coconut fiber/PF - 53 19.1

Sotirce: References 8 and 44.



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 budding 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 3S% 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 fmlure
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. Th™ can rg>lace the

materials where cost considerations and visual performance are important



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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ABSTRACT: Oil palm fiber is an important lignocellulosic raw material for the prepara-
tion of cost-effective and environment-friendly composite materials. The morphology
and properties of these fibers have been analyzed. The properties of two important
types of fibers, the oil palm empty fruit bunch fiber and the oil palm mesocarp fiber
(fruit fiber) have been described. The surface topology of the fibers has been studied
by scanning electron microscopy. Thermogravimetry and differential thermal analysis
were used to determine the thermal stability of the fibers. Fiber surface modifications
by alkali treatment, acetylation, and silane treatment were tried. The modified surfaces
were characterized by infrared spectroscopy and scanning electron microscopy. The
chemical constituents of the fibers were estimated according to ASTM standards. Me-
chanical performance of the fibers was also investigated. Microfibrillar angle of the
fibers was theoretically predicted. The theoretical strength of the fibers was also calcu-
lated and compared with the experimental results. © 1997 John Wiley & Sons, Inc. J Appl
Polym Sci 66: 821835, 1997

Key words: oil palm fibers; surface modification; morphology; IR spectroscopy; ther-

mal analysis; mechanical property

INTRODUCTION

Qil palm is one of the most economical and very-
high-potential perennial oil crops. It belongs to
the species Elaeis guineensis under the family
Palmacea, and originated in the tropical forests
of West Africa. Major industrial cultivation is in
Southeast Asian countries such as Malaysia and
Indonesia. Large-scale cultivation has come up in
Latin America. In India, oil palm cultivation is
coming up on a large-scale basis with a view to
attaining self sufficiency in oil production.

Correspondence to: S. Thomas.
Contract grant sponsor: Council of Scientific and Industrial
Research, New Delhi, India.

Journal of Applied Polymer Science, Vol. 66, 821-835 (1997)
© 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/050821-15

0il palm empty fruit bunch (OPEFB) fiber and
oil palm mesocarp fiber are two important types of
fibrous materials left in the palm-oil mill. Figure 1
shows the photographs of fruit bunch fiber and oil
palm mesocarp fiber. OPEFB is obtained after the
removal of oil seeds from fruit bunch for oil extrac-
tion. Photograph of an empty fruit bunch is shown
in Figure 2. OPEFB fiber is extracted by the retting
process of the empty fruit bunch. Average yield of
OPEFB fiber is about 400 g per bunch. Mesocarp
fibers are left as a waste material after the oil ex-
traction. These fibers must be cleaned of oily and
dirty materials. The only current uses of this highly
cellulosic material are as boiler fuel and in the prep-
aration of potassium fertilizers. When left on the
plantation floor, these waste materials create great
environmental problems. Therefore, economic utili-
zation of these fibers will be beneficial. This requires
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Figure 1 Photograph of (a) oil palm empty fruit
bunch fiber and (b) oil palm mesocarp fiber.

extensive study ofthe chemical and physical charac-
teristics of these fibers.

We have reported earlier about the possibilities
ofusing OPEFB fiber as a potential reinforcement
in phenol-formaldehyde resin.~The mechanical
performance of phenol—formaldehyde resin is
greatly improved by the incorporation of these fi-
bers. The resultant composite product will be a
cost-effective and value-added substitute for con-
ventional building materials which can act as a
better substitute for wood in building industry.

Many of the natural fibers—such as coir, ba-
nana, sisal, talipot, palmyrah, jute, pineapple leaf
fiber, etc.—find applications as a resource for in-
dustrial materials.Properties of the natural fi-
bers depend mainly on the nature of the plant,
locality in which it is grown, age of the plant, and
the extraction method used. For example, coir is
a hard and tough multicellular fiber with a central
portion called “lacuna.” On the other hand, ba-
nana fiber is weak and cylindrical in shape. Sisal
is an important leaffiber and is strong. Pineapple
leaf fiber is soft and has high cellulose content.
Investigations based on these fibers are still ongo-
ing. Many studies have reported on the natural
fiber based composite products.™® Oil palm fibers
are hard and tough, and show similarity to coir
fibers in cellular structure. To date, no systematic
work has been undertaken to evaluate the mor-
phology and physical properties of oil palm fibers.

The physical properties of other natural fibers
have already been reported.Barkakaty” re-
ported on the structural aspects of sisal fibers.
Martinez and colleagues® studied the physical
and mechanical properties of the lignocellulosic
henequen fibers. Thermal stability and moisture

regain of wood fibers were studied by Rao and
Gupta.”™ They utilized a scanning electron micro-
scope to study the morphological characteristics.

Chemical treatments of cellulosic materials
usually change the physical and chemical struc-
ture of the fiber surface.”® Mukherjee and associ-
ates™* reported the effect of ethylene diamine on
the physicochemical properties of jute fibers. X-
ray and infrared (IR) studies can be used to inves-
tigate the changes in the fine structure of fiber
surface.Effects of alkali, silane coupling agent,
and acetylation have been tried on the oil palm
fibers. It is reported that the alkali treatment on
coir fiber enhances the thermal stability and max-
imum moisture retention. Prasad and cowork-
ers reported that the use of alkali-treated coir
fibers greatly improves the mechanical properties
of coir-polyester composites. Chemical analysis
ofthe oil palm fibers shows that the principal com-
ponent is cellulose. The cellulose content plays
an important role in the fiber’s performance. The
properties of the particle boards prepared from
OPEFB fiber and urea formaldehyde resin have
been reported earlier.*® Many studies have re-
ported on the determination of fiber strength us-
ing various techniques.*®"*®

In this article, we reporton the chemical, physi-
cal, and morphological characteristics of the oil
palm fibers. Surface modifications of the fibers by
alkali treatment, silane treatment, and acetyla-
tion have been tried. Morphological analysis has
been carried out with the help of IR and scanning
electron microscopy (SEM) studies. Chemical con-
stituents of the fibers were determined. Mechani-
cal properties such as tensile strength. Young’s
modulus, and elongation at break were evaluated.

Figure 2 Photograph of an oil palm empty fruit
bunch.
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Table I Chemical Composition of Oil Palm Fibers and Some Important

Natural Fibers

Lignin Cellulose Hemicellulose Ash Content

Fiber (%) (%) (%) (%)
OPEFB fiber 19 65 — 2
0il palm mesocarp fiber 11 60 — 3
Coir 40-45 32-43 0.15-0.25 —
Banana 5 63-64 19 —
Sisal 10-14 66-72 12 —
Pineapple leaf fiber 12.7 815 — —

Source: ref. 1.

The deformation characteristics of the fibers were
studied with the help of stress—strain curves.
Thermogravimetric (TGA) and differential ther-
mal analyses (DTA) were carried out to study the
thermal stability of the fibers. Microfibrillar angle
and strength of the fibers were theoretically calcu-
lated.

MATERIALS AND EXPERIMENTAL

The fibers were collected from Oil Palm India Ltd.,
Kottayam, India. The empty fruit bunch was
subjected to retting. Fibers were then cleaned,
washed, and dried.

Fiber Surface Modification
Alkali Treatment

Fibers were dipped in 5% sodium hydroxide solu-
tion for about 48 h. These were further washed
with water containing a few drops of acetic acid.
Finally, the fibers were washed again with fresh
water and dried.

Silane Treatment

Fibers were dipped in 1% silane solution (tri-
ethoxy vinylsilane) in water—ethano! mixture
(40 : 60) for about 3 h. The pH of the solution
was maintained to 3.5—4. Fibers were washed and
then dried.

Acetylation

Fibers were treated in glacial acetic acid for 1 h.
This was further treated with acetic anhydride
containing concentrated H,SO, as catalyst for 5
min. Fibers were then washed with water and
dried.

SEM Examination

The SEM photographs of fiber surfaces and cross
sections of untreated and treated fibers were
taken using a scanning electron microscope, Phil-
ips model PSEM-500.

IR Spectra

KBr disk method was followed in taking IR spec-
tra. The instrument used was a Shimadzu IR-470
infrared spectrophotometer.

Table II Solubility of Oil Palm Fibers in Different Solvents

Oil Palm Empty
Fruit Bunch Fiber

Qil Palm Mesocarp Fiber
(Fruit Fiber)

Chemical Constituent (%) (%)
Alcohol-benzene solubility 12 12
Ether solubility 12 20
1% caustic soda solubility 20 21
Cold-water solubility 8 12
Hot-water solubility 10 12




FIBER DIAMETER x 10-* (“m)

Figure 3 Distribution curve of fiber diameter of un-
treated and treated OPEFB fibers.

Thermal Analysis

Thermograms of untreated and treated fibers
were taken in an inert atmosphere at a heating
rate of 10°C/min. A Shimadzu DT-40 thermal ana-
lyzer was used for the study.

FIBER DIAMETER x 10* Aim)

Figxire 4 Distribution curve of fiber diameter of iin-
treated and treated oil palm mesocarp fibers.

@)

Figure 5 Scanningelectron micrographs ofuntreated
OPEFB fiber: (a) fiber surface (x400) and (b) cross

section (x200).
Chemical Estimation

Chemical compositions of fibers were estimated
according to the following ASTM procedures; lig-



PORE SIZE (“m)

Figure 7 Distribution curve of pore size of the un-
treated and alkali-treated OPEFB fiber surface.

nin—as™ D1106; holocellulose—ASTM D1104;
ash content—ASTM D1102; alcohol—benzene solu-
bility—ASTM D1107; ether solubility—ASTM
D1108; 1% caustic soda solubility—ASTM D1109;
and water solubility—ASTM DIIIO.

Mechanical Properly Tests

Strength of the oil palm fibers was determined
using a FIE TNE-500 electronic tensile testing
machine. The fibers were mounted in a fixture
made of paperboard with a central window and

Figure 9 Scanning electron micrograph of acetylated
OPEFB fiber surface (X400).

pulled at a strain rate of 20 mm/min. The gauge
length was 50 mm and 20 mm in the case of
OPEFB fiber and oil palm mesocarp fiber, respec-
tively. Strength, Young’s modulus, and elongation
at break were evaluated.

RESULTS AND DISCUSSION

Chemical Analysis

Table I shows the various chemical components
present in the OPEFB fiber and oil palm mesocarp
fiber. The OPEFB fiber contains a higher percent-
age of cellulose. Lignin content is comparatively
low. The total cellulose content (holocellulose) of
the fiber was found to be 65%. The fiber was found
to have a very low ash content. All these factors
contribute to better performance of the fiber as a
reinforcement in polymers. The fiber is hygro-
scopic and its moisture content was found to be
12%. Cellulose and lignin content of mesocarp fi-
ber is less than that of OPEFB fiber.

Table | compares the results with those of some
other important natural fibers. Compared with
coir fibers, OPEFB fiber is highly cellulosic. Coir
has a higher percentage of lignin than OPEFB
fiber. However, the cellulose content of OPEFB
fiber is slightly less than that of banana and sisal
fibers, and much less than that of pineapple leaf
fiber. The lignin contents of banana, sisal, and
pineapple leaf fibers are less than that of OPEFB
fiber.

Solubility of the fibers in different solvents is
given in Table Il. Caustic soda solubility is higher
when compared with other solvent solubility. The
OPEFB fiber contains 10% water-soluble matter.



Figure 10 Scanning electron micrographs of un-
treated oil palm mesocarp fiber: (a) fiber surface
(x400) and (b) cross section (x800).

Mesocarp fiber surface contains traces of oils, dis-
solves on treatment with NaOH solution, and
shows a higher-percentage solubility in ether,
caustic soda, cold water, and hot water than does
OPEFB fiber. Moisture content of the mesocarp
fiber was found to be 11%

Figure 12 Scanning electron micrograph of silane-
treated oil palm mesocarp fiber surface (x400).

Chemical Modifications

Fiber treatments such as alkali treatment, acetyla-
tion, and silane treatment were tried for OPEFB
fiber. Mesocarp fiber was subjected to alkaU and
silane treatments. Possible mechanisms of the
chemical modifications are given as follows.®

Alkali Treatment
Fiber— OH + NaOH -* Fiber— O Na™ + H20

NaOH treatment leads to the irreversible mercer-
ization effect which increases the amountofamor-
phous cellulose at the expense of crystalline cellu-
lose. Mercerization treatment improves the fiber
surface adhesive characteristics by removing nat-
ural and artificial impurities, thereby producing
a rough surface topography. The weight of the
OPEFB fiber was decreased by 22% after the al-
kali treatment. For mesocarp fiber, the weight re-
duction observed was 25%.

Acetylation

(
Fiber—OH + CH.COOH —*

Cone. H2S04

0
Fiber— O—C—CH3 + H"O

The extent of acetylation is estimated by the titri-
metric method. The number of O—acetyl groups in
a certEiin amount of acetylated fiber is estimated by
hydrolyzing with excess normal caustic soda; the
unreacted alkgji is then determined by titrating
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Figure 13 IR spectra of OPEFB fiber before and after
treatments.

against normal oxalic acid. The number of O—ace-
tyl groups in 0.5 g of acetylated OPEFB fiber was
found to be 0.006. The reaction is expected to take
place at the free OH groups available on cellulose
molecules. There was no significant weight change
of the fiber on acetylation. The fiber became more
hydrophobic after the treatment.

Silane Treatment

The silane having the following chemical structure
reacts with water to form a silanol and an alcohol.

H5C50 OC3H§

\Si/ CH?
chﬁo/ \/

Triethoxy vinyl silane

CH,CH Si(OCyH;); + 3H,0 —
CH.CH Si(OH); + 3C.H;O0H

(Silanol)

OIL PALM FIBERS 827

Silane molecules are chemisorbed onto the fi-
ber. The extent of silane chemisorption depends
on the availability of free OH groups in the fiber.
In presence of moisture, silanol reacts with cellu-
losic hydroxyl groups in the fiber, forming stable
covalent bonds to the cell wall.

CH,CHSi(OH); + H,0 + Fiber— OH —
CH.CHSi(OH),O—Fiber + 2H,0

The weight of the OPEFB fiber decreased by
6% on silynylation. A 7% decrease was observed
for mesocarp fibers. Hydrophobicity of the fibers
increased on silynylation. The hydrophobic cou-
pling agent forms a protective monolayer on the
proton-bearing surfaces and thus removes the
sites for moisture absorption.

These modifications are most effective in the
surface regions. As the concentration and time
of treatment increases, the treatment effect may

% Transmittance

Modifications

a.Untreated
b.Alkali treated

c.Silane treated

1§ g

r — T
2000 1500 -1 1000 500 400
Wave number,cm

Figure 14 IR spectra of treated and untreated oil
palm mesocarp fibers.
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Figure 15 TGA and DTA curves of OPEFB fibers: (a) untreated, (b) alkali-treated,

(c) silane-treated, and (d) acetylated.

penetrate into the fiber. However, there will be a
saturation point beyond which no further reaction
takes place.

Dimensional Changes on Treatments

The dimensional changes of the fibers after treat-
ments can be seen from the distribution curves (Figs.

3 and 4). The diameters of about 100 fibers before
and after treatments were measured and distribu-
tion curves plotted. Chemical treatment significantly
reduces the fiber diameter in both the fibers.

SEM Studies

Figure 5 shows SEM photographs of the un-
treated OPEFB fiber surface and its cross section.

4
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Table III Weight Losses of Untreated and Treated OPEFB Fibers at
Various Temperatures

Untreated Alkali-treated Acetylated Silane-treated Weight Loss
(°C) (°C) °C) (°C) (%)
150 235 145 180 10
260 290 240 300 20
300 325 285 328 30
315 350 308 360 40
340 352 325 370 50
340 352 338 370 60
345 360 340 370 70
395 415 370 420 80
440 460 435 440 90
480 510 495 520 100

The photographs show minute pores on the sur-
face of the fiber. The pores were found to have an
average diameter of 0.07 um. The cross section of
the fiber shows a lacuna-like portion in the mid-
dle. The porous surface morphology is useful for
better mechanical interlocking with the matrix
resin for composite fabrication. The alkali-treated
fiber surface is presented in Figure 6. The pores
became more prominent upon alkali treatment.
Average diameter of the pores was found to be
0.15 pum. The distribution of the pores of different
size before and after alkali treatment can be un-
derstood from the distribution curve (Fig. 7). Pore
size of about 100 micropores (selected at random)
on the fiber surface were measured from SEM
photographs and the distribution curve drawn.

Figures 8 and 9 give the micrographs of silane-
treated and acetylated fiber surfaces, respec-
tively. Acetylation clearly eliminates the waxy cu-
ticle layer on the surface. This is evident from the
micrographs.

Surface characteristics of the untreated oil
palm mesocarp fiber are clear from Figure 10(a).
The fiber surface is rough, exhibiting protruding
portions and groove-like structures on its surface.
The cross section of the fiber is not uniform [Fig.
10(b)]. The morphological changes of fiber upon
alkali treatment and silane treatment are evident
from the respective SEM photographs given in
Figures 11 and 12. Alkali-treated fiber surface
shows some protrusions (Fig. 11). This may be
associated with the removal of the cuticle layer
from the fiber surface. The fiber surface became
clear on silane treatment (Fig. 12). Large number
of micropores could be seen on the surface, having
an average diameter of 0.2 um.

IR Studies

IR spectra of the untreated and treated OPEFB
fibers are given in Figure 13. It can be understood
from the spectra that some chemical reactions oc-
curred during the different treatments. Major
changes are observed in the IR absorbance of al-
kali-treated, acetylated, and silane-treated sam-
ples. Peaks at 770 and 2850 cm™?, corresponding
to C—O stretching and C—H stretching vibra-
tions, are present in the untreated fiber. On modi-
fication, these peaks diminish. Alkali treatment
may reduce the hydrogen bonding in cellulosic hy-
droxyl groups, thereby increasing the OH concen-
tration. This is evident from the increased inten-
sity of the OH peak (3450 cm™) in alkali-treated
fiber. The alkali-soluble matter in the fiber is 20%.
A peak at 1730 cm™' in acetylated fiber indicates
the presence of an ester group. The peak at 1525
cm™!in the untreated fiber is shifted to 1600 em™*
upon silane treatment. This may be due to the
C=C stretching.

On comparing the IR spectra of untreated
OPEFB fiber and oil palm mesocarp fiber, it is
seen that there is structural similarity between
these fibers. Both of the spectra show intense
peaks at 3450 and 2850 cm™' (O—H stretching
and C—H stretching, respectively).

The fine structural changes of oil palm meso- ,
carp fibers upon chemical modification can be un-
derstood from the IR spectra given in Figure 14.
Major changes in the absorbance occur in the case
of alkali treatment. The C=O0O stretching fre-
quency of the carboxylic group (1730 cm™!) disap-
pears upon alkali treatment. This may be due to
the removal of the carboxylic group by alkali, Car-
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Figure 16 TGA and DTA curves of oil palm mesocarp fibers: (a) untreated, (b) alkali-

treated, and (c¢) silane-treated.

boxylic groups may be present on the fiber surface
from traces of fatty acids present. The intensity
of the peak at 2125 cm™' increases upon alkali
and silane treatments. This may be due to the
C—H stretching. Intensity of the hydroxy vibra-
tion absorption (3425 cm™) increased consider-
ably upon alkali and silane treatments, as in the
case of OPEFB fiber. Cellulosic hydroxyl groups
may be involved in hydrogen bonding. There are
chances for bonding with carboxylic groups of the

fatty acids present on the fiber. Presence of a peak
at 1730 cm™! in untreated fiber gives evidence for
this. On treatments, these bonds may break. The
peak at 1560 cm™* (C=C stretching) disappeared
upon alkali and silane treatments. This may be
due to the treatments’ removal of unsaturation
present in the traces of oils. From these studies it
is clear that several chemical reactions took place
during treatments.

Sao and Jain® studied the mercerization effects
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Table IV Weight Losses of Untreated and Treated Oil Palm Mesocarp

Fibers at Various Temperatures

Untreated Alkali-treated Silane-treated Weight Loss
(°C) (°C) °C) (%)
138 180 165 10
218 285 285 20
275 310 315 30
290 340 330 40
315 350 350 50
328 355 360 60
340 410 370 70
373 450 425 80
430 470 480 90
455 540 520 100

of aqueous NaOH on jute. Effect of weak alkalis
such as sodium carbonate on jute fiber was reported
by Sikdar and associates.”* The treatment cleaned
the fiber surface and led to higher yarn productivity.
The surface treatment of the fibers affects its me-
chanical properties.?> The incorporation of the
treated fibers into plastics and rubber increases the
usual strength of the composites.?*~28

Thermal Studies

Figure 15 shows the thermal degradation pattern
of untreated, alkali-treated, silane-treated, and
acetylated OPEFB fibers. Below 100°C, a 5—-8%
weight loss was observed. This may be due to the
dehydration of the fibers. Initial degradation tem-
perature is higher for the alkali-treated fiber. This
is evident from the DTA and TGA curves [Fig.
15(b)]. Major weight losses of the untreated and
acetylated fibers take place at about 325°C. Alkali
treatment raises this temperature to 350°C,

whereas silane treatment raises it to 365°C [Fig.
15(c)]. The DTA curve shows a major peak in this
region, which may be due to the thermal depoly-
merization of hemicellulose and the cleavage of
the glucosidic linkages of cellulose.? This is an
exothermic process. At the first stage of degrada-
tion, the DTA curve shows an endothermic peak
in all cases (Fig. 15). This peak may be due to
the volatilization effect. Breakage of the decompo-
sition products of the second stage (second peak)
leads to the formation of charred residue. The
third exothermic peak present in the DTA curve
is due to this oxidation and burning of the high-
molecular-weight residues. In acetylated fiber,
the second peak is not prominent. Complete de-
composition of all the samples takes place around
500°C. The percentage weight losses of untreated
and treated fibers at various temperatures are
given in Table III. From the table it can be under-
stood that both alkali and silane treatment im-
prove the thermal stability of the fibers.

Table V Mechanical Properties of Qil Palm Fibers

Tensile Strength Young’s Modulus Elongation at Break

Fiber (MPa) (MPa) (%)

OPEFB

Untreated 248 2,000 14

Alkali-treated 224 5,000 16

Silane-treated 273 5,250 14
0il palm mesocarp fiber

(fruit fiber)

Untreated 80 500 17

Alkali-treated 64 740 6.5

Silane-treated 111 1,120 13.5
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Figure 17 Stress—strain characteristics of untreated
and treated OPEFB fibers.

Thermal stability of OPEFB fiber is higher
than that of oil palm mesocarp fiber. Silane-
treated OPEFB fiber is stable up to 365°C,
whereas stability of the alkali-treated oil palm
mesocarp fiber reaches 340°C. TGA and DTA
scans of the untreated and treated mesocarp fi-
bers are presented in Figure 16. The untreated
fiber is stable up to 310°C. Alkali and silane treat-
ment raises the stability of fiber to 340°C. Alkali
treatment raises the initial degradation tempera-
ture (weight loss of 10%) to 180°C from 138°C.
The initial weight loss may be due to the vaporiza-
tion of water present in the sample. The DTA
curve shows a corresponding endothermic peak in
this region. Major degradation of untreated fibers

occurs at about 310°C; treatment raises this tem-
perature to 340°C. Decomposition of cellulose may
occur at this stage. A corresponding exothermic
peak is observed in the DTA curve. The third exo-
thermic peak in the DTA curve may be due to
the formation of charred residue from the first
degradation products. Broadening of the DTA
peak is observed for the silane-treated sample.
The gradual degradation and percentage weight
losses of untreated and treated fibers can be un-
derstood from Table IV. From these results, it can
be concluded that alkali treatment is more effec-
tive in improving the thermal stability.

It was reported by Mahato and colleagues'?
that 5 to 15% of alkali-treated coir fibers showed
maximum thermal stability. Varma and associ-
ates® also investigated the effect of alkali treat-
ment of natural fibers on thermal stability. Shah
and coworkers® reported that sodium hydroxide
treatment of lignocellulosic fibers leads to the for-
mation of a lignin—cellulose complex which gives
more stability to the fiber.

Mechanical Performance

The effects of various chemical treatments on me-
chanical properties of the OPEFB fiber were stud-
ied. The important mechanical properties of the
fiber are given in Table V. The nature and texture
of the fibers obtained from different plants may
not be the same. The diameter of the fibers varies
in the range from 0.015 X 10* to 0.05 X 10* um.
The density of these fibers lies in the range from
0.7 to 1.55 g/c3. All these factors will affect the
properties of the fiber, therefore there is large
variation in the observed properties. An average
value of the properties is reported.

The untreated fiber shows 14% elongation.
Elongation at break remains more or less same

Table VI Mechanical Properties of Some Important Natural Fibers

Tensile Strength Elongation Toughness

Fiber (MPa) (%) (MPa)
Sisal 580 4.3 1,250
Pineapple 640 2.4 970
Banana 540 3.0 816
Coir 140 25.0 3,200
OPEFB fiber 248 14 2,000
Oil palm mesocarp fiber 80 17 500

Source: ref. 32.



even after fiber treatment. This may be due to
the firmly bound chemical structure of the fiber.
Lignin binds the three-dimensional cellulose net-
work as well as the fibrils. Figure 17 shows the
stress—strain characteristics of the treated and
untreated OPEFB fibers. At the very beginning
(<1% elongation) there is linearity, and thereaf-
ter 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 difference in
stress—strain behavior of untreated and treated
fibers is evident from Figure 17. Fiber modifica-
tion by alkali treatment and silane treatment im-
proves the overall mechanical performance of the
fiber. Maximum tensile strength is given by si-
lane-treated OPEFB fiber. The stiffness of the fi-
ber is greatly improved upon modification. The
properties of the fiber were compared with those
of some important natural fibers (Table VI) .32 The
strength and stiffness of the OPEFB fiber is much
higher than that of coir. Coir shows highest elon-
gation among commonly used natural fibers.
OPEPFB fiber shows higher elongation than sisal,
pineapple, and banana. The fiber is highly tough.
However, the tensile strength of the fiber is less
than that of sisal, pineapple, and banana fibers.
The strength and Young’s modulus of the OPEFB
fiber are greater than those of oil palm mesocarp
fiber. But the mesocarp fiber shows a higher per-
centage of elongation. The mechanical performance
of the mesocarp fiber is comparatively low with re-
spect to other natural fibers (Table VI).
Properties of lignocellulosic fibers depend
mainly on the cellulose content and microfibrillar
angle. Various mechanical properties of oil palm
mesocarp fibers are given in Table V. The density
of the fiber was found to vary within the range
from 0.6 to 1.18 g/c®. An average diameter of 0.02
X 10* um was observed for these fibers. In fact,
the diameter even varied within a single fiber.
The stress—strain characteristics of treated and
untreated fibers are given in Figure 18. The mod-
ulus of the fiber increased upon modification by
alkali and silane coupling agent. Silane treatment
was found to be more effective. Silane-treated fi-
ber showed maximum tensile strength. However,
alkali treatment slightly decreased the tensile
strength. The elongation at break was maximum
for untreated fibers. The value showed decrease
upon treatment. The firmly bound three-dimen-
sional network of cellular arrangement may be
partly destroyed upon treatment. Alkali treat-
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Figure 18 Stress—strain characteristics of untreated
and treated oil palm mesocarp fibers.

ment reduced the tensile strength of the mesocarp
fiber. This may be due to the bleaching of the
oily and waxy materials from the fiber surface.
Mesocarp fibers may contain traces of oil even
after processing, since the oil is present in the
flesh of the fruit. Silane treatment was found to
be more effective in improving mechanical proper-
ties.

Theoretical Prediction of Microfibrillar Angle
and Strength of the Fibers

Strength properties of the fibers are dependent
mainly on the fibrillar structure, microfibrillar
angle, and cellulose content. There is a correlation
between percentage elongation ¢ and the microfi-
brillar angle 8 as®®:

€= "278 +7.28 X 107%9 + 7.7 X 107%9% (1)

Using this equation, the microfibrillar angle of
OPEFB fiber is found to be 42°. There exists a
relationship between the strength properties with
microfibrillar angle and cellulose content.®® This
is given by

o = "334.005 — 2.8300 + 12.22W (2)

where ¢ is the fiber strength, 8 is the microfibrillar
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angle, and W is the cellulose content. The strength
of the fiber was calculated as 341 MPa; however,
the experimental value was found to be 248 MPa.

The oil palm mesocarp fiber shows about 17%
elongation at break. Using eq. (1), the microfi-
brillar angle of the fiber is calculated and found
to be 46°. Using eq. (2), the strength of the fiber
is predicted. The calculated strength of the fiber
was 269 MPa, but the experimental value was
very much lower than this. This may be due to
the nature of cellular arrangement of the fiber
and the effect of traces of oil present on the fiber
surface.

CONCLUSIONS

Structure and properties of the two important oil
palm fibers, OPEFB fiber and mesocarp fiber,
were analyzed. ‘Chemical compositions of the fi-
bers were determined. The major constituents of
these fibers were found to be cellulose. Lignin con-
tent is comparatively less. OPEFB fiber is more
cellulosic than the mesocarp fiber. The oil palm
mesocarp fiber contains a higher percentage of
ether-soluble and caustic soda-soluble matter.
Chemical modification of fibers by alkali treat-
ment, acetylation, and silane treatment was car-
ried out. This is to improve the strength and
therefore the reinforcing ability of these fibers.
Morphological studies revealed that treatment
modified the fiber surface. The fine structural
changes of the fibers can be seen from the respec-
tive scanning electron micrographs. IR studies
give evidence for the chemical modifications that
occurred during treatments. Thermal stability
and degradation characteristics of the fibers were
investigated by TGA and DTA. It was found that
alkali and silane treatment increase the thermal
stability of the fibers. Fibers are stable up to
300°C without any considerable weight loss.

The silane-treated OPEFB fiber showed maxi-
mum tensile strength. Alkali treatment slightly
decreased the tensile strength. The Young’s mod-
ulus of the fiber showed enhancement upon silane
and alkali treatments. The strength of the meso-
carp fiber is less than that of OPEFB fiber, be-
cause of the high cellulose content of OPEFB fiber.
Silane treatment increased the strength of the fi-
ber while alkali treatment decreased it. However,
the stiffness of the fiber was increased by both
alkali and silane treatments. The untreated meso-

carp fiber showed very good elongation. Treat-
ment reduced the elongation of the fiber.

Microfibrillar angle and strength of the fibers
were theoretically predicted. The theoretical
strength of the OPEFB fiber was found to be closer
to the experimental value. However, in the case
of mesocarp fiber, there was great deviation. Fi-
nally, it is important to mention that the proper-
ties of 0il palm fibers are comparable to other nat-
ural fibers and therefore they could be success-
fully used as a potential reinforcing material for
polymer matrices. Several studies are progressing
in this direction at this laboratory.
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