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Abstract: In this paper, the effect of surface modification and fibre arrangements of kenaf
fibers on fracture toughness of epoxy composite was investigated. The chemical treatment of
kenaf fibers (KFs) with 6 % NaOH was achieved, and composites with two different fibre
arrangements (X and Y) directions were fabricated. Values of fracture toughness (Kic)
measured of the compact tension (CT) specimens for both untreated kenaf fibre-reinforced
epoxy (ut-KFRE) composites and treated kenaf fibre-reinforced epoxy (treated-KFRE) were
much better than the neat epoxy. The K, value of the treated-KFRE composite in Y-fibre
direction was the highest of 2.74 MPa.m1/2 while it was 1.45 MPa.m1/2 for the neat epoxy.
Different toughening mechanisms were noticed in the fracture surfaces of the composites in
relation to the fibre reinforcement planar, they are shear yielding and fibre splaying with the

X-direction and broken fibers, fibre pullout and fibre delamination with the Y-fibre orientation.
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INTRODUCTION

In recent years, the development of sustainable or biodegradable materials representing at using

natural fibre reinforced polymer composites in commercial and medical applications has attracted a
remarkable attention from both academic perspective and industrial viewpoint. This attention has emerged
since these materials can be useable instead of non-renewable petroleum-based materials, particularly
petroleum-based plastic due to their lighter weight, cheap and provide better stiffness to weight than glass.
Additionally, by using natural fibres can preserve consumable resources such as petroleum, reducing landfill
capacities, and alleviating a global warming impact due to diminishing carbon footprints that are generated

by consumption of petroleum [1].

Page 505 Copyright © 2017 Al-Qadisiyah Journal For Engineering Sciences. All rights reserved.


mailto:mushtaqalbdiry@gmail.com
mailto:mushtaq.taleb@qu.edu.iq

i il wle. Y AL-QADISIYAH JOURNAL FOR  [NAIEURI
X, W g b X4 ENGINEERING SCIENCES ISSN: 1998-4456

Kenaf fibres are among many different natural fibres with different chemical compositions of cellulose,
lignin and hemicellulose (e.g., sisal, ramie, jute, flax, hemp, etc.), highly being used in reinforcing polymer
matrix composites due to its high tensile strength and Young’'s modulus of 930 MPa and 53 GPa,
respectively. Kenaf as natural (plant) fibers is normally used in reinforcing polymer matrix composites.
However, the main drawback of natural fibres is the complex structure of elementary fibres that contain
cellulose, hemicellulose, pectin lignin and others; is its hydrophilic nature with strong hydrogen bonds and
weak interfacial adhesion which complicates forming bonded interface with a relative non-polar hydrophobic

matrix and resulting in poor strength properties of the produced composites [2, 3].

In order to improve the bonded interface between hydroxyl groups in natural fibres with matrix resin,
thus different chemical, physical and mechanical modifications or treatments of the natural fibers have been
implemented. The chemical treatments (e.g., alkaline treatment, silane treatment, isocyanate treatment, and
acetylation) consider the most viable treatments, in which, reagents solution are normally used which contain
functional groups that are capable of bonding with the hydroxyl group from the natural fibres. Amongst them,
the alkaline treatment based on sodium hydroxide (NaOH) (or mercerization) is the most widely used for
natural fibers, especially for kenaf fibre when reinforcing thermoplastics and/or thermosets. Via applying the
alkaline chemical treatments ensures removal of lignin, hemicelluloses, pectin, wax and oils, etc. covering
the external surface of the natural fibers, breaks and disperses hydrogen bonds in the network structure and
increases the number of free hydroxyl groups on the surface of the fibres and therefore fibre reactivity [4, 5].
Additionally, the chemical treatment of the natural fibres by alkali enhances the fibre’s surface roughness,
which in turn causes surface fibrillization and drastically improves mechanical interlocking and fibre—matrix

adhesion.

Due to the growing demand of using natural fibres-polymer composites in structural applications, there
is a need to thoroughly understand the fracture toughness and behaviour of these composites especially
determining maximum loads applied to the component that can be carried before creating defects, initiating
microcracking and causing local stress concentrations that result in catastrophic failure. Thus, numerous
studies have been identified the fracture behaviour for different natural fibres-reinforced polymer composites,
and others reported the importance of chemical treatments especially alkaline treatment with sodium
hydroxide (NaOH) on mechanical and thermal properties of natural fibres/polymer composites [3, 6-8].
However, few works in the literature have conducted the influence of chemically treated natural fibres on the

fracture behaviour and toughness of composites [7, 9-12].

Nosbi et al. [13] discussed the degradation of compressive properties of pultruded kenaf fibre
reinforced unsaturated polyester composites. It was found that the strength and modulus of the composite
are reduced and the compressive strain at failure recorded an increase due to the formation of hydrogen

bonding between polymer molecules and cellulose fibers.
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The effect of reinforced fibre arrangements on the mechanism of toughening and fracture toughness of
glass fibre-reinforced composites and natural hemp fibre-reinforced PLA was presented by [14, 15],
respectively. They found that the fracture energy and toughness increases with increasing ply angle up to 40
and then it decreases. Nevertheless, there is no particular study has investigated the alkaline treatment of
kenaf and its arrangement (orientation) on crack path and fracture characteristics of composites. Hence, this
study aims to comprehensively understand the role of treated kenaf fibres with NaOH in improving fracture
toughness of the composites. And understanding the effect of fibre orientations (arrangements) on the
fracture resistance of the composites since the properties of the fibrous composite materials are strongly
affected by the fibre properties and its microstructural parameters such as fibre length and diameter, fibre

distribution, fibre orientation, volume fraction of the fibers and packing arrangement of the fibers.

1. EXPERIMENTAL

1.1. MATERIAL AND ALKALI TREATMENT

Epoxy (DER331) and hardener (JOINTMINE 905-3S) with ratio of 2:1 were used as a polymer resin for
kenaf fibre composites. After cleaning and extracting the kenaf fibres, portion of the prepared fibres were
treated with 6 % sodium hydroxide (NaOH) solution for 24 h at room temperature, then washed by
demineralised water and dried under sun light. The SEM micrographs for both untreated fibres and treated
with NaOH are shown in Figure 1 a & b. Some specifications of the neat epoxy (NE) and untreated kenaf

fibre reinforced epoxy (ut-KFRE) are listed in Table 1.

1.2. COMPOSITES FABRICATION

A conventional hand lay-up technique with aluminium mould of 110 mm x 110 mm x 16 mm was
utilised to fabricate epoxy-kenaf composite. The mould was waxed with release agent before pouring epoxy
into it to prevent cured composite from adhesion with the mould. Unidirectional kenaf fibres were then placed
on top of the resin and a steel roller covered with saturated resin was used to remove air bubbles and
maintain a fully impregnated between fibre and polymer resin. The procedure was repeated until the required
weight fraction of kenaf fibre (30 % wt.) is consumed. The composite samples of compact tension (CT)
geometry as well as a schematic graph showing different fibre orientations-reinforced composites i.e. X-
direction and Y-direction are illustrated in Figure 2 and Figure 3 a & b, respectively.
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Figre 1 SEM micrographs showing ureated kenaf fibr wit impurities (a), and treated kenf ibre with
exposed cellulose (b).

Table 1: Specifications of neat epoxy (NE) and untreated Kenaf fibre reinforced epoxy composite (ut-KFRE).

Property” NE KFRE
Fiber volume fraction 0% 30 %
Density g/cm?3 1.1 0.975
Modulus of elasticity GPa 3.2+0.3 135+2
Tensile strength MPa 75+5 133+£2
Elongation % 35+0.2 53+2

*all given properties are experimentally measured in this study.
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Figure 2: the compact tension (CT) geometry used in this study.
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Figure 3: Schematic graph of X- direction fibre orientations in the composite (a), and Y-direction (b)
according to ASTM 5045 standard.

1.3. FRACTURE TOUGHNESS MEASUREMENT

The neat epoxy (NE), untreated and treated kenaf fibre reinforced epoxy (ut-KFRE) and (t-KFRE) with
two different orientations were cut by a diamond saw from the cured composites to dimensions of compact
tension (CT) geometry according to ASTM 5045 standard [16]. The holes were opened using a steel drill, the
notch and pre-crack were cut precisely with a band saw and inserting a razor blade, respectively. Fracture
toughness testing was carried out using a universal tensile machine model LR 50 K with a crosshead speed
of 1.5 mm/min. Both the load and the displacement values for five specimens from each composite direction
(X and Y) are tested at room temperature and the averaged is recorded. A critical stress intensity factor (K)
is calculated from the following equations [16]:

R a
ch = {WQ“Z} f (W) .............. (1)

a
For a CT specimen, the shape factor, f (V—V) is given by

2+ 2

a W a a., a.s a.,
f(—=)=—""0.866+4.64(—)-13.32(— 14.72(—)° -5.6(—)" | ...
&) [ casa(2) 13322y 414722 (W)} o

a
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In order to satisfy the plain-strain conditions, the following size criteria are checked:

B,a,W —a)>25(K, /o)’ ©)

where PQ is the peak load, B the specimen thickness (16 mm), & the crack length (10 mm), W the specimen

width (42 mm), and “rthe yield stress of the material.

1.4. THE FRACTURED SURFACE STUDY

In order to understand the mechanism of fracture and deformation behaviour, the fractured surface of
the composite from Mode | fracture test was examined by using Scanning Electron Microscopy (SEM) model
Quanta 400 F. The samples were firstly coated with a thin layer of gold to improve the conductivity of the
material before doing the test.

2. RESULTS AND DISCUSSION

2.1 CHEMICAL TREATMENT

The SEM images for both untreated kenaf fibres (ut-KFs) and treated kenaf fibres (t-KFs) with 6 %
alkali NaOH are shown in Figure 1 a & b. There is a noticeable difference between the surface
morphologies for the ut-KFs and t-KFs in terms of smoothness and roughness. The characteristics of t-KFs
surface considerably improved and became cleaner and smoother after the NaOH treatment compared to
the ut-KFs. In addition, the fine fibres in the bundle are exposed after washing the outer layer of the fibres
with NaOH while the impurities are clearly noticed in the surface morphology of ut-KFs. Hence, the 6 %
NaOH treatment is adequate to eliminate the impurities from the natural kenaf surface determined in this
study. The improved surface morphology would improve the level of interfacial adhesion between the fibre

and the matrix under the applied load on the fabricated fiber-reinforced polymer composites.

2.2 FRACTURE TOUGHNESS

The load-displacement curves for the compact tension (CT) specimens made from neat epoxy,
untreated kenaf fibre reinforced epoxy (ut-KFRE) and treated kenaf fibre reinforced epoxy (treated-KFRE)
composites with two different X and Y fibre directions are presented in Figure 4. All CT fracture composite
specimens performed better and carried higher tension loads before fracturing than neat epoxy. The
composites reinforced by kenaf fibres in Y-direction conducted higher loads than these for the reinforced
composites by X-direction regardless the considerations of alkali treatment method. This is an obvious
indication since the neat epoxy (thermoset resin) is brittle in nature and the reinforced fibres contributed in

absorb more energy and carry further load before fracturing.
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The treated-KFRE in Y-direction CT specimens had the highest tension loads before fracturing where
they reached 1777 N, giving the maximum fracture toughness (K,.) of 2.74 MPa.m"?, which is almost double
its value of 1.45 MPa.m"? for epoxy as shown in Figure 5.
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Figure 4: Load-displacement curves of the fractured CT specimens under tension.

In Figure 5, the average values of the fracture toughness (K,;) for neat epoxy and the composites are
given. The Klic values of the neat epoxy considerably increased with the existence of the reinforced KFs
whether they are ut-KFs or t-KFs. The influence of the kenaf surface treatment on improving the fracture
toughness is clearly observed where it contributed in an increment of about 0.5 MPa.m™2. In other words,
considering of 6 % NaOH alkali treatment of KFs is working to improve K, values for the ut-KFRE
composites by 24 % of these untreated composites without taking the orientation of fibre reinforcement in
consideration.
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Figure 5: Fracture toughness of epoxy and composites with two KFs- reinforcement directions.

2.3. EFFECT OF FIBRE ORIENTATIONS

The K. values for the treated-KFRE (Y-direction) composites are superior compared with the neat
epoxy and epoxy reinforced by X-fibre direction. This is due to the improved interfacial adhesion between the
treated-KFs and epoxy which enhanced the stress-transfer from the resinous region to the fibers and
consequently enhanced the K. of the treated-KFRE composites [17]. The improved treated-KFs and epoxy
adhesion may also contribute to detain the growth of the delamination, which potentially occurs under the

tensile loading.

The fracture surface morphology of the neat epoxy is shown in Figure 6. It is brittle fracture showing
crazing region. However, with the improved interfacial bonding between the treated-KFs and epoxy, more
energy is consumed by fibre before pull-out or broken (fracturing). Using the Y-fibre to reinforce the
composites in this study is further improving its toughness where the applied stress is discreet by continuous
treated-KFs that can subsequently affect the toughening mechanism of the treated-KFRE composites. A
similar conclusion was revealed by Fiore et al. [18], it was revealed that the use of unidirectional (UD) kenaf
fibres or randomly oriented treated-KFs increased the tensile strength and tensile modulus due to the

improved compatibility between fibre and epoxy.
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Figure 6: Fracture surface of the neat epoxy.

The fibre arrangement in anisotropic materials such as polymer-based fibre composites is playing a
notable role in changing their toughening mechanisms and mechanical properties since their properties are,
in general, varying through each axis and depending on the fibre direction in which they are aligned. For
instance, in term of un-treated fibres aligned in X-fibre direction, it was observed that the dominant
toughening method is shear yielding of the resinous region and the progressive fibre splaying (see Figure 7).
The role of chemical modification on the fibre surface aligned in the same fibre direction emerged a little
amount of treated KFs pull-out along with broken fibre due to the good interfaces between the fibre and

matrix, as shown in Figure 8.

On the other hand, the KFRE composites reinforced by un-treated KFs oriented in 90° (Y-direction)
exhibited besides the fibre pull-out toughening mechanism other two mechanisms are fibre splitting and fibre
delamination as shown in Fig. 9. The reason of the appearance of such mechanisms and thereof the high
fracture toughness of the composites reinforced in Y-fibre direction could be attributed to the large crack-
bridging zones formed by intact kenaf fibres in the crack wake. The fracture surface of the treated-KFRE
composites reinforced in Y-direction exhibited a broken fibre as shown in Figure 9 and Figure 10.
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Figure 7: Fracture surface of ut-KFRE Figure 8: Fracture surface of treated-KFRE
composites in X-fibre direction. composite in X-fibre direction.

Propagation

Figure 9: Fracture surface of ut-KFRE Figure 10: Fracture surface of treated-KFRE
composites in Y-direction. composites in Y-direction.

CONCLUSIONS

In this study, composite materials from treated kenaf fibers (KFs) with 6 % NaOH chemical treatment

and epoxy were fabricated. Two different X & Y reinforcement fibre directions were applied. The fracture
toughness (K,) values of all composites are highly affected by the surface modification of KFs and
dependent on the fibre orientations. The composites reinforced by treated KFs in Y-direction had the
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maximum K. of 2.74 MPa.m'?

at 89 % improvement compared to the neat epoxy. Several toughening
mechanisms were observed changing with the conditions of composite materials i.e., shear yielding and little
pullout for the composited reinforced by X-direction and broken fibre and fibre delaminated as well as

fibrillation for the composites reinforced by KFs in Y-direction.
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