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Abstract
A robust and safe design of composite structures for load bearing applications requires the
knowledge of their damage tolerance and crack resistance capabilities. To study the effect of glass
fiber hybridization on the intralaminar fracture toughness of woven sisal/epoxy composite, tensile
mode-1 intralaminar fracture toughness experimental tests were carried out on doubly-tapered
compact tension (2TCT) specimens prepared from pure sisal, two hybrids of sisal and glass, and
pure glass fiber reinforced epoxy composites under displacement control. A data reduction
technique recommended for composite laminates based on the finite element analysis (FEA) was
utilized. Load-displacement responses were obtained, fracture toughness values based on critical
energy release rate (G;.) were evaluated, and resistance curves (R-curves) were plotted for each
group of composite laminates and compared to examine the hybridization effect. The fractography
was also discussed. The results showed that interply hybridization of woven sisal fibers with
woven glass fibers in an epoxy matrix resulted in a considerable improvement of intralaminar
fracture toughness values. The hybrid laminates showed an intermediate fracture behavior among
their monolithic counterparts. The critical energy release rate (G,¢) values of the pure sisal, two
hybrids of sisal and glass, and pure glass fiber reinforced epoxy composites were found to be
16.32, 25.06, 27.64, and 39.62 kJ /m?, respectively. The results of the research provide an
experimental data, which can be used for the safe designing of energy absorbing and other low to

medium load bearing structural components.

Keywords: Intralaminar; doubly-tapered compact tension; resistance curve; critical energy release
rate; fractography; interply hybridization
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Chapter 1

Introduction

1.1. Background

Composite materials have been and continue to be widely used in structural and non-structural
applications. They can offer high specific strength, high specific stiffness, weight reduction
capability, high impact strength, enhanced fatigue and corrosion resistance, and design flexibility
compared to most of the conventional materials [1]-[3]. In addition, by using composite materials,
structures can be made with reduced number of parts, hence reducing the possibility of failure of
the structure. Contemporary advances in the aerospace, automobile, marine, agricultural and
biomedical industries are results of rapid decisive steps taking place in the field of composite
materials [4]. Large percentage of the conventional materials such as metals and polymers used in
these industries are being replaced by composite materials [5]. For example, a large percentage
(~50% by mass) of metal components that were traditionally used in the aerospace structures have

been replaced by fiber reinforced polymer composites (FRPCs) (Figure 1).

B Carbon laminate

[C] Carbon sandwich Titanium . S
. p “omposites - Ings
e [ N
B Fibre glass 15% 50% Centre wing box and keel beam 53%
: o :
B Aluminum Tall cone Composite |
o Titanium

: . . Skin panels
] Aluminum/steel/titanium pylons. Aluminum

20%

Frames, stringers and doublers
Doors (passenger and cargo)

(a) Boeing 787 [5] (b) Airbus A350 [6]

Figure 1 Percentage of composite materials used in the aerospace industry

Fiber reinforced composites (FRCs) are composed of two components: fiber and matrix. Fiber
could be synthetic or natural. FRCs which are employed in high performance application areas are
mostly synthetic fibers, such as glass, carbon and aramid fibers [7]. Even though synthetic fibers

have admirable mechanical properties and are less prone to environmental aging, they have
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adverse impact on human health and the environment [8]. Shortcomings of synthetic fibers owing
to their non-biodegradability implicates disposal and recycling issues leading to vast pollution to
the ecosystem. In addition, health concerns of employees throughout handling and manufacturing
processes, and the abrasion effect they impose into processing machines set limitation to their
application [7], [9].

Accordingly, there comes a demand for biodegradable materials, like natural fibers. Depending on
the technical requirements (such as strength and toughness) in specific application areas of the
FRCs, the utilization of synthetic fibers has to be replaced partly or entirely by natural fibers in
structural and non-structural applications. As of their high strength to weight ratio, excellent
specific stiffness and high fracture toughness, natural fibers are attractive alternatives for
application in lightweight mechanical and structural components [7], [8]. Compared with synthetic
fibers, natural fibers offer numerous advantages, for instance, low density, low cost, eco-friendly,
abundance, biodegradability, renewability, good acoustic property, relative non-abrasiveness and
minimal health hazards [3], [10]-[12]. For components made from natural fibers it is possible to
use disposal techniques such as composting and incineration, because natural fibers are renewable
and biodegradable. However, these techniques are not possible to use for most synthetic fibers
[10].

Though natural fibers have several advantages, they also come with shortcomings. The major
limitations of natural fibers include low strength, low stiffness, lack of good interfacial adhesion
and undesirable moisture absorption property [3]. Heterogeneity of fiber dimension, variation of
fiber quality and degradation of fiber quality by mechanical and thermal effects are also other
shortcomings of natural fibers that can render them unappealing in some applications. In fact, the
significant challenge for producers and suppliers in using natural fibers is the large inconsistency
of their properties. Their properties mainly depend on the origin and variety of the plant, and also
influenced by weather and soil conditions. Concerns in natural fibers regarding strength, stiffness,
interfacial adhesion and moisture absorption can be alleviated by certain strategies such as
application of fiber treatment process using appropriate chemicals, and utilization of hybridization
technique [9]. Majority of natural fibers have low degradation temperatures, that makes them
unattractive for processing them with thermoplastic polymers with processing temperatures more
than 200°C [13].



Based on their origin, natural fibers are categorized into plant, mineral and animal fibers. Plant
fibers are the most commonly used fibers. Based on the parts they are obtained, plant fibers are
categorized as leaf fibers (sisal, banana and abaca), bast fibers (hemp, flax, jute, ramie and kenaf),
seed fibers (cotton, palm, kapok and coir), straw fibers (corn, wheat and rice), grass fibers (bagasse
and bamboo) and wood fibers (softwood and hardwood) [14].

Sisal fiber (Figure 2) is one of the strongest natural fibers that is suitable to be use as a
reinforcement in composite materials for different engineering applications [15]. It is obtained
from the sisal plant (Agave sisalana). Its abundance, low density, enhanced specific strength,
inexpensive processing, better impregnation and favorable interfacial interaction with thermosets
make it a prevalent alternative to be used as a reinforcement in thermoset polymer composites [7],
[16]. High cellulose percentage (66 — 78%) and high microfibrillar angle (10° — 22°) are unique
characteristics of sisal fiber among other natural fibers. In natural fibers, enhancement of tensile
properties is attributed to better cellulosic interaction, whereas, improvement of impact properties
is related with higher micro microfibrillar angle. Besides, the lesser cells, larger cellulose aspect
ratio and larger lumen size of sisal fibers contribute to its higher strength. These sole characteristics
made sisal fiber feasible to be used as reinforcement for thermoset matrix composites in many

industrial applications [11].

Figure 2 Sisal fibers [17]

Natural fiber composites (NFCs) have generally lower mechanical properties and are susceptible
to mechanical property degradation compared to advanced composites such as glass fiber
composites. For many of the general-purpose applications, the most widely used synthetic fibers



such as glass and carbon fiber, and more advanced synthetic fibers such as Kevlar and aramid
fibers provide properties that are mostly beyond the requirements. The high-level manufacturing
technologies associated with these synthetic fibers make their realization costly. This further
encourages the incorporation of NFCs in a variety of applications, as evidenced by their
implementation in the transport sector [4]. These days, owing to their abundance and affordability,

natural fibers are substituting synthetic fibers in some applications [18].

NFCs such as the sisal fiber composite (SFC) and their hybrids are attractive alternatives for
industrial applications. Some of their application area include: automotive industry (energy
absorbing parts, structural and non-structural interior components like door panels, seat backs,
interior fittings, and ceiling panels) [6], renewable energy components (rotor blades of wind
turbine), infrastructural and construction parts (roof panels, beams, tanks, and pipes), cargo
transportation (cellulose based composites for noise attenuator in cargo floor tray) and other

consumer items (luggage, housewares, furniture products and electronic appliances) [19].

Natural fibers generally have low densities and excellent specific properties. These make NFCs
suitable alternative in the transportation industry, especially in the automotive sector. The first use
of NFCs in the automotive industry goes back in time to the nineties. During this period, Mercedes-
Benz used jute fibers to make door panels. Flax and hemp fibers have been the first and second
most significant natural fibers in the German automotive sector. These days, NFCs are
incorporated into both external and internal components of the latest vehicle models of all the
major automakers [20]. German car manufacturers, Volkswagen and Mercedes use NFCs in
different car components. For instance, Mercedes used sisal/epoxy composites as door panels and
coconut fibers composites for seats. Ford also employed kenaf/polypropylene composite material
for door panels in its Mondeo models. Toyota and Volvo also utilized NFCs to make interior parts
[21].

Despite their numerous advantages, the use of NFCs for major load carrying structural components
is limited. The hydrophilic (water-loving) characteristic of natural fibers is major shortcoming in
this regard, which results in poor fiber-matrix interfacial bonding and undesirable moisture
absorption behavior of NFCs, which both consequently have adverse effect on mechanical
properties of these biocomposites [22]. The use of fiber treatments and hybridization techniques

are the two major steps suggested in the literature to counteract the shortcomings of NFCs [3],



[23], [24]. Yet another challenge in the industrial use of NFCs is the lack of reliable material
property experimental data for design purpose. This can be attributed to the inconsistency of their
properties, as characteristics of natural fibers can depend on the origin and variety of the specific
plant they are obtained [9].

Hybridization technique can overcome many of the limitations of natural fibers and extend their
use to structural components. Hybrid composites formed by combining natural and synthetic fibers
in a polymer matrix system shows synergistic effect, that could not be attained by the individual
fibers. With hybridization technique, properties of composite materials can be improved to fulfill
certain design requirements. With this technique, it is possible to attain a new class of material,
which can expectantly mitigate the shortcomings and preserve the merits of the constituent
materials. The other benefit of this technique is the overall cost minimization of the resulting
composite, as some of the constituents are less costly than the others [3]. Hybridization reduces
the moisture absorption behavior of NFCs. It is also important to obtain well-adjusted mechanical
and thermal properties, and enhances the durability of NFCs [3], [7], [21]. In such a hybrid
composite, a balance of strength, weight and cost can be achieved for specific required application.

Natural/synthetic fiber hybrid composites have recently become an interesting area of research and
development. For example, sisal/glass/epoxy hybrid composite was developed and found to be
suitable for orthopedic bone fracture plate application [25], and automotive mono leaf spring
application [26]. Glass/jute/epoxy hybrid composite was developed and found to be a viable
alternative to the existing industrial safety helmet, as the hybrid composite had better mechanical

properties, including better impact behavior, and was light in weight [27].

To successfully implement SFC or its hybrid in the aforementioned engineering applications, it is
essential to experimentally conduct tests on these materials and avail reliable mechanical
properties (strength, stiffness, fracture properties, etc.) and functional properties (flammability,
acoustic and damping properties, etc.), and study ways in which its performance can be improved.
Majority of the researches on the mechanical property characterization of sisal fiber reinforced
epoxy composites and its hybrids focus on tensile [28]-[38], flexural [29], [31], [33]-[35], [37]-
[41], impact [4], [24], [29], [34]-[37], [39] and compressive properties [4], [17], [31], [37], [38].
Research papers addressing the fracture toughness [11], [12], [42], fatigue [25] and in-plane shear

properties [31] of these composites are limited.



Before the ultimate failure of FRC structures, various damage mechanisms take place which
involve crack initiation and propagation. The detail assessment of damage onset, crack propagation
mechanisms, and the corresponding fracture toughness values are crucial factors to take into
account for the effective, safe and durable design of FRC structures. Fracture in fiber reinforced
composite (FRC) laminates can occur either between two adjacent laminas (interlaminar fracture
or delamination) or within a lamina (intralaminar or translaminar fracture) (Figure 3). In the first
scenario, two neighboring plies separate, and the crack propagates primarily due to matrix failure
or matrix-to-fiber debonding. Besides, fiber failure bridging the delamination could happen as
well. In the second scenario, the lamina crack would have either a matrix crack running parallel to

the fibers or an angled matrix crack with fiber failure [43].

Transverse intralaminar Translaminar crack
matrix crack progression through fibre
tensile/compressive failure

-H.

. =

ey

- . fow 4 .
e
Sipiaanl Interlaminar crack

Resin-rich inter-ply Longitudinal
region intralaminar matrix crack

Figure 3 Fracture mechanisms in fiber reinforced composite laminates [44]

FRC failure mechanisms fall into three categories: fiber failure, matrix failure and fiber-matrix
debonding. Fiber failure in composites can be classified into two modes of failure: tensile (fiber
pullout, fiber fracture and debonding) and compressive fiber failure (fiber micro buckling and
kinking). Matrix failure can be categorized as intra-ply matrix failure (inter-fiber fracture) and
inter-ply matrix failure (delamination) [45]. All three types of fractures (matrix fracture, matrix-
to-fiber debonding, and fiber fracture) should be experimentally characterized for accurate
numerical modeling of composite laminates, even though delamination is the most common failure
mode in laminated FRCs and fiber fracture typically consumes a much larger amount of energy
than the other two [21]. Cohesive elements, smeared crack models, or X-FEM can be used to

numerically model the propagation of damage. Experimental determination of the fracture



toughness value corresponding to the particular failure mode that these numerical models are

modeling is necessary for each of these models [44].

FRCs intended for structural or semi-structural application should successfully sustain the applied
loads and exhibit ideal performance in a range of operating conditions. Prior to the final failure of
FRC structures, various damage mechanisms occur involving fracture initiation and propagation.
Surface cracks (such as caused by impacted foreign objects) may propagate to the inner layer of
the composite upon extended usage and/or internal damages (such as inevitable voids and matrix
cracks) may propagate when they are subjected to bending loads. The propagation rate must not
exceed the permissible limits to guarantee its safe operation and avoid premature catastrophic
failure [46]. NFCs and their hybrids are drawing recognition in structural and semi-structural
industrial applications [21]. In this regard, in addition to other physical and mechanical properties,
the study of the damage onset, crack propagation mechanisms, and corresponding fracture
toughness values are vital steps in the realization of SFC (or its hybrids) in structural or semi-
structural applications for the understanding of their damage tolerance and crack resistance

capabilities.

1.2. Statement of the Problem

Owing to their good mechanical performance, low density, low cost, biodegradability and
abundance of the fiber, sisal fiber reinforced composites are one of the most promising natural
fiber composites that could be used in many engineering applications. Nevertheless, one of the
reasons for their limited practical use in structural and semi-structural applications is the
inadequate knowledge of their fracture toughness properties. A good knowledge of their fracture
toughness is essential in designing damage tolerant structures, assessing residual strength and
structural integrity of structures. In the literature, very limited data is available about the
intralaminar fracture characterization of sisal fiber reinforced epoxy composite and up to the
knowledge of the author, the study of the effect of glass fiber hybridization on the intralaminar
fracture toughness of woven sisal/epoxy composite has not been adequately addressed yet. In this
research, the intralaminar fracture toughness of woven sisal/epoxy composite and the effect of
glass fiber hybridization on its intralaminar fracture toughness will be studied following the most

recommended method for woven composite laminates.



1.3. Objectives

1.3.1. General Objective

The main objective of this research is to study the effect of glass fiber hybridization on the

intralaminar fracture toughness of woven sisal/epoxy composite.

1.3.2. Specific Objectives

The specific objectives of this research are:

& to determine polynomial coefficients using FEA (Abaqus/CAE 2017).
& to generate load-displacement curves experimentally.

& to determine critical energy release rate (G,) values.

& to plot resistance curves (R-curves) (G;¢ Vvs. a).

& to qualitatively discuss the fractography.

1.4. Methodology

To achieve the objectives of the research, experimental based methodology was employed as

follows.

Literature Survey: Published articles, conference proceedings, MSc thesis papers,
commercial report papers and books were reviewed in the areas of natural fiber composites,
their mechanical characterization and application.

Fiber Processing: Sisal fibers were extracted from leaves of sisal plant using manual methods
and treated with appropriate chemical to enhance surface adhesion properties and reduce
undesirable moisture absorption property. The fibers were then dried in the sun. After that,
using hand weaving process, woven sisal fiber fabrics were prepared. Woven glass fibers were
purchased from local suppliers.

Specimen Preparation: Epoxy resin, mixed with hardener in the appropriate stochiometric
ratio, was reinforced with woven sisal fiber fabrics in a specific fiber volume fraction using
the hand layup technique to prepare composite laminates. To study the hybridization effect, a
pure sisal, two hybrids of sisal and glass, and pure glass fiber reinforced epoxy composite
laminates were prepared. Test specimens were cut from the prepared laminates as

recommended for intralaminar fracture test of composite materials.



e Experimental Investigation: To evaluate the fracture toughness parameters, tensile mode-I
intralaminar fracture toughness tests were performed on doubly-tapered compact tension
specimen under displacement control at an appropriate crosshead speed using universal
testing machine at room temperature.

e Computational Analysis: The FEA using Abaqus/CAE is employed to determine
polynomial coefficients, which are useful in the determination of G, values.

e Data Analysis: Data from the tests were compiled, resistance curves (R-curves) were plotted
and critical energy release rate (G,-) values were determined for each material system using

the recommended data reduction method.

1.5. Significance of the Study

Concerns about environmental pollution due to excessive consumption of fossil fuels have initiated
the use of environmentally friendly materials. In this regard, natural fiber composites offer most
invaluable alternative to non-biodegradable synthetic fiber composites. The study investigates
woven sisal/epoxy composite and its hybrids as a suitable alternative for full synthetic fiber
composites in structural and semi-structural applications. Studying the intralaminar fracture
toughness provides information about the damage tolerance and crack resistance capabilities of
these composite so that components can be designed to avoid catastrophic failure and ensure
safety. The study provides an experimental data for the accurate numerical modelling of these
composites. It can also be used as a reference for further investigation in this topic area.

1.6. Scope of the Study

In this research, the intralaminar fracture toughness of woven sisal/epoxy composite and the effect
of glass fiber hybridization is studied experimentally. Composite specimens are loaded in tension
to characterize their mode | intralaminar fracture toughness. The load-displacement responses and
resistance curves (R-curves) are plotted, and critical energy release rate (G;c) values are
determined for pure sisal, hybrids of sisal and glass, and pure glass fiber reinforced epoxy
composites, and the observed fracture behavior of the composites are discussed. Property variation

of sisal fiber due to its origin is considered insignificant and is not the scope of the study.

1.7. Organization of the Thesis
The thesis is organized into five chapters. The first chapter provides a general background of the

study along with the objectives to be achieved, methodologies to be followed, significance and



scope of the study. In the second chapter, an organized comprehensive review of relevant research
papers for the study is provided. The third chapter provides information about the materials,
methods and conditions employed in the study. Chapter 4 is dedicated for reporting results,
analyzing results and discussing outcomes of the study. In the last chapter, conclusion is drawn,

recommendations are provided and future study directions are suggested.
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Chapter 2

Literature Review
As a result of the escalating environmental concerns and excessive utilization of fossil fuels, there
is a need for eco-friendly materials. Even though synthetic fiber composites have high mechanical
properties and durability, they pose problem to the environment and the ecosystem due to their
non-biodegradability. In this regard, natural fiber composites are a promising replacement for
synthetic fiber composites due to their eco-friendly advantages. Their popularity is rising in
engineering, especially within the automotive sector. Car manufacturers are utilizing these
composites for various car components. Natural fiber composites not only benefit the environment
by being biodegradable and recyclable, but also contribute for the wight reduction of vehicles,
which translates to better gas mileage and reduced air pollution. One of the strongest natural fibers
that can be used as a reinforcement in composites in a variety of applications is the sisal fiber [15].

2.1. The Sisal Fiber and its Composite
2.1.1. The Sisal Fiber

Sisal fiber is a strong plant fiber obtained from sisal plant (Agave sisalana) leaves. While it is
originally from tropical parts of North and South America, sisal is now extensively cultivated in
tropical regions of Africa, Southeast Asia and Caribbean [7], [22]. Typically, a sisal plant produces
200 — 250 leaves before flowering. A matured leaf constituents 4% fiber, 0.75% cuticle, 8% dry
matter and 87.25% water and contains about 1000 — 1200 fiber bundles which has a length of
1 — 1.5m and a diameter of 100 — 300.m. Sisal fiber has an average density of 1450 kg/m3,
which is about 40% lower than that of glass fiber [22].

In the leaf of the sisal plant, there are three types of fibers, namely, structural, arch, and xylem
fibers. Structural fibers (also called mechanical or technical fibers) are found in the periphery of
the leaf (Figure 4(c)) which gives its stiffness. The cross-section of these fibers is rarely circular
and usually have a horseshoe shape (Figure 5(a)). These fibers are commercially valuable since
they almost never break during extraction process. Whereas, arch fibers (also called ribbon fibers)
appear as part of the conducting tissues (Figure 5(b)) and are normally scattered at the central part
of the leaf cross-section (Figure 4(c)). They extend all the way from base to the tip of the leaf and
possess excellent strength. In contrary, Xylem fibers run in the opposite direction to that of the
ribbon fibers. They are joined to the ribbon fibers within the conducting tissues. Xylem fibers are
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frequently damaged and lost in the course of the extraction process since they are made up of thin-
walled cells [47].

Arch fiber

tructructural
fibers

(a) (b) (©)

Figure 4 (a) Sisal plant (b) Sisal leaf (c) Optical microscopy of sisal leaf cross-section [47]

(@) (b)

Figure 5 Sisal fiber types (a) Structural fiber (b) Arch fiber [47]

Extraction of sisal fibers from the plant can be done in two main ways: (1) through soaking and
scraping process (retting method), or (2) using specialized machines known as decorticators
(mechanical method). While mechanical methods produce smaller amount of high-quality fibers,
the retting method yields a larger quantity of fibers having lower quality. Once extracted, the sisal
fibers get a thorough washing with clean water to remove any leftover plant material like leaf
juices, sticky residue, and chlorophyll. Finally, they get dried in the sun or by other drying
mechanisms. They are stored in a dry, clean and well-ventilated environment to prevent property

degradation as a result of exposure to moisture and other undesirable conditions [22].
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2.1.2. Mechanical Properties of Sisal Fibers

Mechanical properties of sisal fiber have been investigated by different researchers. For example,
the average longitudinal modulus of elasticity ranges from 13 — 40GPa, the average tensile
strength ranges from 400 — 675MPa, and the percent elongation ranges form 1.7 — 4.3% [28],
[32], [47]-[51]. These ranges are attributed to the variation in diameter and gage length of the
fibers tested, test methods, plant age and its source. Chand et al. [48] studied the effects of plant
age on tensile strength, tensile modulus and toughness by testing sisal fibers extracted from 3,5,7
and 9 years old sisal plants. They also studied the effect of temperature on these properties. It was
shown that the fiber tensile strength, tensile modulus and toughness increased with plant age and
decreased with increase in temperature. Inacio et al. [49] studied the dependence of tensile strength
on diameter of sisal fiber. They showed that diameter of fiber and tensile strength have inverse

relation (the smaller the diameter the larger the tensile strength).

2.1.3. Composite Fabrication Methods

In order to fabricate fiber reinforced composites (FRCs), fiber preforms are first prepared and then
reinforced with the appropriate matrix material using a variety of methods. Some of the
conventional techniques for manufacturing FRCs include the hand lay-up, spray-up, vacuum
bagging, resin transfer molding, compression molding, pultrusion process, injection molding and
filament winding techniques. These and other advanced composite manufacturing techniques are
reviewed in [52]. Each of these manufacturing techniques have their own merits which makes
them appropriate to be used in specific applications. Among these techniques the hand lay-up
technique (Figure 6) is the most popular. It is a simple and open mold technique used widely in

composite manufacturing.

Woven reinforcement Gel coat

Resin

ey

Figure 6 The hand lay-up method

In this technique, first the mold is coated with releasing agent (antiadhesive oil or gel), which

allows ease removal of the final part. Then, the required amount of pre-shaped fiber preforms are
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placed in the mold as per the desired orientation and sequence. Next, the matrix material is either
poured or brushed on. A roller then presses the resin into the fiber preform, ensuring good

impregnation of the fiber with the resin.

2.1.4. Mechanical Properties of Sisal/Epoxy Composite

When assessing the applicability of NFCs as engineering load-bearing components, the specific
strength and specific stiffness are two of the main engineering properties to be evaluated. These
parameters represent how efficient a material is in terms of strength and stiffness relative to its
weight. Specifically, they are ratio of effective strength to its density and effective stiffness to its
density, respectively. These and other mechanical properties of sisal/epoxy composite have been

studied by different researchers.

For unidirectional sisal/epoxy composite, the longitudinal tensile strength and modulus have been
evaluated by different researchers. Oksman et al. [28] obtained longitudinal tensile strength of
211 MPa, tensile modulus of 19.7 GPa and elongation at break of 1.9 % for fiber volume fraction
(V) of 46%. Li et al. [29] reported longitudinal tensile strength and modulus of 180.45 MPa and
14.8 GPa, respectively for fiber weight percentage of 46 wt%. Whereas, Dagne [30] obtained
longitudinal tensile strength and modulus of 102.53 MPa and 4.56 GPa, and transverse tensile
strength and modulus of 1.387 MPa and 0.17 GPa, respectively for fiber volume fraction of 40 %.
And, very recently, Zuccarello et al. [32] reported longitudinal tensile strength and modulus of
300 MPa, and 15 GPa for fiber volume fraction of 40%.

Dagne [30] also investigated the compressive and in-plane shear properties of unidirectional
sisal/epoxy composite and reported a longitudinal and transverse compressive strength of
11.5 MPa and 20.13 MPa, and in-plane shear strength and modulus of 0.533 MPa and
0.208 GPa, respectively for fiber volume fraction of 40 %. Regarding the flexural strength and
modulus of unidirectional sisal/epoxy composite, Bisanda and Ansell [31] obtained 266.5 MPa
and 15.93 GPa, respectively with fiber volume fraction of 40% and Li et al. [29] obtained
191.37 MPa and 11.86 GPa, respectively. Li et al. [29] also evaluated the impact strength of
unidirectional sisal/epoxy composite and obtained an impact strength of 46.75 kJ/m? for fiber

weight percentage of 46 wt%.

For randomly oriented chopped sisal/epoxy composite, Betelie et al. [39] studied the tensile,

flexural, and impact properties as a function of fiber content. Fiber weight fractions of 15, 25, 30,
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35 and 40 wt% were tested. Fibers were cut to a length of 300 mm and 10% NaOH treatment
was applied to improve the interfacial adhesion property of the fiber. A maximum tensile strength
of 85.5 MPa and a maximum flexural strength of 85.79 MPa was resulted for fiber weigh fraction
of 30 wt%. Whereas, a maximum impact strength of 24.5 kJ/m? was found for fiber weight
fraction of 40 wt%. For the same material system, Kebede [17] investigated the tensile and
compressive properties for fiber weight fraction of 15, 25 and 35 wt%. Fibers were cut to a length
of 9 mm and 18% NaOH treatment was applied. Composite samples with untreated fibers were
also tested. According to his report, maximum tensile strength of 40.11 MPa was found for the
35 wt% treated one and higher compressive strength of 10.9 MPa was found for the 25 wt%

untreated one.

For woven sisal/epoxy composite, Dennis [53] investigated the tensile, compressive, impact and
flexural properties. Alkaline treatment with 4% NaOH solution for 1 hr was used. For fiber
weight fraction of 30 wt% a tensile strength and modulus of 30.13 MPa and 3.87 GPa;
compressive strength and modulus of 22.26 MPa and 2.74 GPa; impact strength of 27.38 kJ /m?,
and flexural strength and modulus of 23.92 MPa and 2.98 GPa was reported, respectively.

A comparative study of tensile and flexural properties between unidirectional and woven fabric
form of sisal/epoxy composite was reported by Gupta and Sirvastava [33]. For fiber weight
percentage of 30 wt%, a tensile strength of 132.73 MPa and 89.3 MPa, and flexural strength of
288.6 MPa and 152.12 MPa was reported for unidirectional and woven form, respectively. The
woven fabric form exhibited less tensile and flexural properties than the unidirectional form. This
is quite expected as it is evident that as far as the total fiber content is kept constant there would
be less fibers aligned in particular direction for woven fabrics than the unidirectional one.
However, it should be noted that the woven form maintains these properties in the transverse
direction, whereas the unidirectional form could exhibit transverse properties even lower than the

matrix alone [32].

2.1.5. Effect of Fiber Treatment

The chemical composition of sisal fiber depends on its source and plant age. Generally, sisal fiber
contains 50 — 80% cellulose depending on its source and age, the rest being lignin, hemi-
cellulose, wax, and ash. Cellulose, which is the largest percentage of the sisal fiber, is a hydrophilic
glucan polymer which gives the sisal fiber hydrophilic properties. Owing to their hydrophilic
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properties, sisal fibers are known for their weak adhesion to hydrophobic epoxy matrix, which
leads to lower mechanical properties and undesired moisture absorption properties [22]. The usual

strategy to mitigate this problem is to employ fiber treatments.

Different chemical, physical and radioactive treatments are used to improve the interfacial
strength. Chemical treatments such as alkalization, acetylation and salination are observed to
improve the interfacial adhesion between sisal fiber and epoxy matrix [23], [24], water resistance
[31], [54], [55], porosity [23], tensile [4], [56], compressive [4], [31], interlaminar shear strength
(ILSS) [57] and impact [4], [24] properties. But in most cases these treatments were not observed
to have significant effect on flexural properties of sisal/epoxy composites [31], [40], [41]. Being
less common, physical [24], [58], [59] and radioactive [60] treatments can also be used to improve

interfacial adhesion and mechanical properties of sisal/epoxy composites.

Alkaline treatment (also called mercerization) is by far the most widely used chemical treatment
method for natural fibers. Alkalization has two effects on the fiber surface, (1) it cleans the surface
of the fiber by removing some of the waxy and oily substances, creating more chemically
homogeneous fiber surface and exposing cellulose to the surface in a larger extent; (2) it
depolymerizes the cellulose and exposes the short length crystallite, creating a rough fiber surface.

Both of these effects contribute for enhanced adherence of the fiber with the matrix [61].

Alkalization makes the cellulose more amorphous, which comes at the cost of reducing the amount
of crystalline cellulose. The desired condition occurring in the process is the removal of hydrogen
bond in the network structure. Addition of alkaline solution to natural fiber facilitates the ionization
of the hydroxyl group to the alkoxide. Both the concentration of the alkaline solution and the

duration of the treatment have impact on the final fiber properties [61].
Fiber_OH + NaOH — Fiber_ONa*t + H,0

If a treatment (chemical, physical or radioactive treatment) could strengthen the sisal fibers
themselves and also improve how well they bond with surrounding matrix material, it would
significantly enhance the mechanical properties of the resulting composite. An optimized fiber
treatment is a way of realizing sisal fiber composites and their hybrids for potential structural

application [59].
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2.1.6. Other Factors Affecting Mechanical Properties of Sisal/Epoxy Composite

Most of studies in sisal fiber are on the longitudinal properties. Whereas studies on the transverse
properties are limited. The anisotropy of sisal fiber has been studied by some researchers.
Zuccarello et al. [32], Ntenga et al. [62], and Thomason et al. [63] highlighted that sisal fiber
exhibits high degree of anisotropy. These researchers showed that the transverse tensile modulus
is about 5%, 12% and 7.3% of the longitudinal one, respectively. Sinitsky et al. [15] showed that
this high degree of anisotropy adversely affects the effective transverse modulus of elasticity of
SFCs and both the longitudinal and transverse modules must be considered when designing SFC

structures.

In addition to the anisotropy of the fiber, properties of sisal/epoxy composite depend on different
factors (fiber content, fiber arrangement etc.). Zuccarello et al. [32] also studied the influence of
fiber content on mechanical properties of the sisal/epoxy composite. They considered typical range
of fiber volume fractions (0.2 < V; < 0.7) used for structural applications. They showed that while
the longitudinal tensile strength and modulus increase with fiber content, transverse tensile
strength decreases. Whereas, increasing fiber content (in the range they have considered) seemed
to have no significant influence on transverse tensile modulus. Srisuwan et al. [41] have showed
that flexural strength and modulus of this composite also tend to increase with fiber contents. Better
penetration of epoxy resin into sisal fiber lumens can also improve its tensile, flexural and impact
behavior, and enhance its water absorption resistance [29]. It is worth nothing that there is what is
called ‘optimal fiber volume fraction’ beyond which mechanical property starts to decline. For
example, Betelie et al. showed that tensile strength [39], flexural strength [39] and intralaminar
fracture toughness [12] of sisal/epoxy composite increased with fiber loading and reached its

maximum at 30 wt% and started to decline afterwards.

Considering the sisal fiber arrangement, unidirectional form exhibits better tensile and flexural
properties than that of the woven fabric form in the longitudinal direction [33]. Woven fabric
composites are getting increasing acceptance in structural applications owing to their excellent
packaging of fibers, higher fiber volume fractions for a given volume of composite and superior
mechanical performances [11]. Using woven fabric improves the fracture toughness of NFCs [64].
Some of the advantages of woven fabric composites compared to unidirectional composite are

enhanced impact resistance, damage tolerance, dimensional stability and ease of manufacturing
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[45]. Mahtebu [65] studied the effect of fiber orientation on the fatigue performance of sisal/epoxy
composite. Laminates of [0°,90°],, [0° 45°],, and randomly oriented composite layups were
tested under completely reversed stress cycles using three-point bending test system. From his
results, all the three laminates manage to reach a fatigue life of 10 cycles. The [0°, 45°], laminate
demonstrated a better load carrying capacity with a representative flexural load of 220 N.
Whereas, the [0°,90°], and the randomly oriented laminates exhibited better fatigue life with a

representative flexural load of 150 N.

2.2. Hybridization

2.2.1. Hybrid Composites

Hybrid composites are FRCs that are prepared from the systematic combination of two or more
reinforcement fibers in a single matrix to achieve desired properties. Generally, hybrid composites
are designed to offer synergistic effects of the constituent reinforcements. They could be regarded
as the weighted sum of the different constituents, where the disadvantage of one constituent is
compensated by the other [21].

Based on fiber distribution, hybridization can be categorized into three, namely, interply, intraply
or super hybridization. Interply hybridization involves layers of individual reinforcements stacked
one over the other, intraply hybridization involves the mixing of different reinforcements within a
ply, whereas, super hybridization comprises layers of metal, composite and matrix combined in a

particular sequence [21].

Hybrid composites offer many advantages over monolithic composites, this includes but not
limited to, the flexibility of obtaining required properties and possibility of designing cost effective
composite. They also offer synergistic effects such as improved tensile and bending strength, and
change in fracture propagation behavior as well as compensation of disadvantages such as cost

effective and lightweight designs are possible with hybrid composites [21].

2.2.2. Natural/Synthetic Hybrid Composites

As of the inherent hydrophilic nature and variability of properties of natural fibers, NFCs struggle
to fulfill the mechanical and thermal property requirements for structural and semi structural
applications. Hybridization technique is one of the improvement strategies in this regard [21].
Natural fiber composite has lower strength than that of many of the synthetic fiber composites,
however hybridization of natural fiber with synthetic fiber significantly enhances not only its

18



strength but also has other additional benefits. Hybridization of natural fibers with synthetic fibers
in a polymer matrix gives the advantage of obtaining a combination of properties that can
overcome the limitations of natural fibers for use in structural components. Hybridization reduces
the moisture absorption behavior of NFCs. It is also important to obtain balanced mechanical and
thermal properties, and increases the durability of NFCs [3], [7], [21]. In such a hybrid composite

a balance of strength, weight and cost can be achieved for specific required application.

2.2.3. Mechanical Properties of Sisal/Glass Hybrid Composite

Addition of glass fiber has shown enhancement in the mechanical properties of SFCs. Arpitha et
al. [66] studied the mechanical properties (tensile, flexural and impact) of sisal/glass/epoxy hybrid
composite. Both the sisal and E-glass fibers were in plain-woven fabric form. Composite
specimens with five layers having different stacking sequence (all-glass, all-sisal, G/S/S/S/G, and
G/SIG/SIG) and total weight percentage of fibers ranging from 27 - 37 wt% were prepared using
the hand layup method followed by vacuum bagging. The G/S/G/S/G sequence exhibited better
tensile, flexural and impact properties (168.8 MPa, 241.2 MPa, and 976.1 ] /m) following the
all-glass specimens (346.6 MPa, 318.7 MPa, and 1470.5 J/m). The all-sisal specimens exhibited
the lowest values (33.1 MPa, 124.6 MPa, and 147.1 ] /m).

Arthanarieswaran et al. [34] evaluated the mechanical properties (tensile, flexural and impact) of
sisal/banana/glass fiber reinforced epoxy composite. The natural fibers were in chopped form
whereas the E-glass fiber were in woven form. Composite samples having different stacking
sequence (B, S, BS, G/B/G, G/S/G, G/BS/G, G/B/G/B/G, G/S/G/S/G and G/BS/G/BS/G) and total
fiber volume fraction ranging from 27 - 31% were prepared using the compression molding
method. Adding more layers of glass fibers increased its tensile strength. Two layers increased it
by a factor of 2.34, and three layers by a factor of 4.13. Better tensile strength (104 MPa) was
observed from the G/BS/G/BS/G sequence followed by G/S/G/S/G sequence (93 MPa). Better
flexural strength (192 MPa) was observed from the G/BS/G sequence followed by G/S/G/S/G
sequence (184 MPa). Better impact strength (13.3 J) was observed from the G/S/G/S/G sequence.

Ramesh et al. [35] evaluated the mechanical properties (tensile, flexural and impact) of
sisal/jute/glass fiber reinforced polyester composites. Composite specimens with five layers, the
top, middle and bottom layers being unidirectionally woven mat glass fibers and the second and

fourth layers being chopped sisal and/or jute fibers were prepared using the hand layup method.

19



The sisal/glass fiber composite resulted maximum impact strength (18.67 J), jute/glass fiber
composite yielded maximum tensile strength (229.54 MPa), and sisal/jute/glass fiber composite

displayed maximum flexural strength.

The results of the above researches show that addition of glass improves the mechanical properties
of SFCs significantly and the mechanical properties are directly affected by the stacking sequence.
Generally, the one with the glass fiber layers being at the top, middle and bottom layers exhibited

better properties. This was also evident by the work of Amico [67].

Regarding the fiber orientation, Ram and Raj [36] investigated the influence of fiber orientation
(0/90° vs. +£45°) on mechanical properties of woven sisal/glass/epoxy hybrid composite with a
50:50 combination of sisal-to-glass ratio. It was shown that the 0/90° orientation resulted
significantly better tensile strength than the +45° orientation (172.4 MPa vs. 64.2 MPa).
Whereas, the impact strength of +45° orientation was shown to be appreciably better than the
0/90° orientation (14.8 J/cm? vs. 19.2 ] /cm?).

Palanikumar et al. [37] investigated the mechanical properties (tensile, flexural and impact) of
unidirectionally woven glass and woven sisal fiber reinforced epoxy hybrid composite for different
proportion of these two fibers. For all the specimens, ten layers were used by varying the number
of sisal-to-glass layers. The volume of the epoxy resin was kept constant and the weight percentage
of the two constituent fibers was varied, glass-to-sisal ratio of 100: 0, 90: 10, 80: 20, 70: 30, and
60: 40 were tested. Results showed that the maximum values for the tensile, flexural and impact
strength were 181.84 MPa, 288.8 MPa, and 18.1 J for the pure glass fiber composite and due to
the substitution of glass fibers by sisal fibers from 0 to 40 wt%, a decrease in tensile, flexural and
impact strength by 21.7%, 27.8%, and 27.1% was observed. They identified the 80:20

combination as a good combination, which only exhibited 5.8% decrease in tensile strength.

John and Naidu [68] studied the effect of fiber content on impact strength and compressive strength
of chopped strand mat sisal/glass fiber reinforced polyester hybrid composite. The study found
that increasing glass fiber content as well as total fiber content significantly enhanced the hybrid
composite’s impact strength. Unlike impact strength, compressive strength of the hybrid composite
behaved differently. It decreased as the total fiber content increased, even falling below the
compressive strength of the matrix material. However, the compressive strength did actually

improve with a higher amount of glass fibers specifically in the hybrid composite.
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Arumugam et al. [38] studied the mechanical properties (tensile, flexural and compressive) of
plain-woven glass and sisal fibers reinforced epoxy hybrid composite aiming for orthopedic bone
plate application. The woven glass fiber and sisal fiber composite layers were arranged as a
sandwich structure, single glass fiber layers at the top and bottom, and 3 or 4 sisal fiber layers in
the middle. Chitosan particles were used in both type of layers to strength the epoxy matrix. By
varying the number of sisal fiber layers and wt% of chitosan particles used, six composite samples
were tested. In their report the tensile strength ranged from 120 - 146 MPa, the flexural strength
ranged from 201 - 343 MPa, and the compressive stress ranged from 237 - 380 MPa.
Extending the research, in [25] they studied the fatigue properties and biomimetic activity. A
fatigue life of more than 1 million cycles (1.2 x 10° cycles) was obtained for the hybrid
composite. The requirement for the formation of biological bone apatite layer was confirmed. They
concluded that the hybrid composite could be applied for orthopedic bone fracture plate

application.

2.3. Fracture Toughness

Fracture toughness is the ability of a material to store energy prior to fracture. It can also be seen
as the ability of a material to resist crack propagation [21]. Cracks (defects) originate in a material
during manufacturing (inevitable voids during molding, drilling, surface finishing, etc.),
transporting (mishandling) and service (impacted foreign objects). Crack initiation and
propagation generally cause the release of strain energy. Load bearing materials are expected to
absorb some amount of energy before final failure. Final failure is the consequence of unstable
propagation of cracks through the material. Fracture toughness is measured in terms of critical
stress intensity factor K., or critical energy release rate G.. The fracture toughness of FRCs is
evaluated either under quasi-static or cyclic fatigue conditions for the following loading modes:
mode | (tensile opening), mode Il (in-plane shearing), mode Ill (out-of-plane twisting) or a

combination of them (Figure 7).
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Figure 7 Common modes of fracture [44]
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2.3.1. Failure Modes of FRCs

Failure mechanisms of FRCs can be categorized as fiber failure, matrix failure and fiber-matrix
debonding. Fiber failure in composites can be of two modes of failure: tensile and compressive
fiber failure. Fiber pullout, fiber fracture and debonding are typical tensile fiber failure modes.
Fiber pullout failure occurs in composites where both the fiber and matrix are brittle. At the early
stage of tensile loading, fracture of local fibers occurs followed by stress redistribution. Then after,
fiber matrix debonding occurs which is accompanied by fiber breakage that leads to final failure.
However, in compressive loading, fiber failure is more associated with fiber stability like fiber
micro buckling and kinking rather than fiber strength. Besides, it is influenced by fiber
misalignment. Matrix failure can be categorized as intra-ply matrix failure (inter-fiber fracture)
and inter-ply matrix failure (delamination). Intra-ply matrix failure frequently begins at fiber-
matrix interface and propagate into the matrix. Delamination is caused by micro cracks in the
matrix between plies, which is a result of high interlaminar stresses [45]. Yet the most prevalent

failure mode in laminated FRCs is delamination [21].

2.3.2. Types and Modes of Fracture.

Prior to the final failure of FRC structures, various damage mechanisms occur which involve crack
initiation and propagation. For the effective, safe and long-lasting design of FRC structures, the
assessment of damage onset, crack propagation mechanisms, and the corresponding fracture
toughness values are fundamental factors to be considered. In FRC laminates, fracture can occur
either between two adjacent laminas (interlaminar fracture or delamination) or within lamina

(intralaminar or translaminar fracture) (Figure 8) [43].
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Figure 8 Fracture modes in laminated composites [69]
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The first results in debonding of consecutive layers and crack growth is majorly through matrix
failure or matrix-to-fiber debonding. Besides, some fibers bridging the crack may break as well.
In the second case, cracks inside a layer (intralaminar cracks) can propagate in two ways: either
along the fibers (propagation by matrix crack) or at an angle to them (propagation by both matrix
and fiber fracture). When these cracks take an angled path, the fibers that bridge the cracks either

arrest it or reduce the propagation rate until they themselves break [43].

Though the energy associated with fiber fracture is almost always higher than the others, for the
accurate numerical modeling of composite laminates all the three failure types (matrix fracture,
matrix-to-fiber debonding and fiber fracture) should be experimentally characterized [43]. Damage
propagation can be numerically modelled and analyzed employing cohesive elements, smeared
crack models, or X-FEM. For a successful modelling of a particular failure mode using these
numerical models, an experimentally determined fracture toughness value of the respective failure

mode is necessary [44].

The fracture toughness associated with interlaminar fracture has been given so much attention in
the literature for several years. As a result, different test specimens, testing methods and standards
have been developed for different modes of fracture [70]-[72]. However, the characterization of
intralaminar fracture toughness has not been studied in a greater extent as the occurrence of large-

scale fiber bridging poses some difficulties during the experimental process [46].

2.3.3. Fracture Toughness Test Standards

As can be referred in the ASTM E399-12 standard [73], the compact tension (CT) test specimen
was originally developed for studying crack propagation in metallic materials. It has also been
commonly used to evaluate intralaminar fracture toughness parameters in fiber reinforced polymer
composite (FRPC) laminates. A similar standard to that of the above standard which uses CT test
specimen for evaluating fracture toughness parameters of plastic materials is the ASTM D5045-
14 standard [74]. This standard has also been commonly employed to characterize intralaminar
fracture toughness in FRPCs [75].

The extended compact tension (ECT) specimen is another ASTM standardized specimen (ASTM
E1922-04 [76]) for characterizing translaminar fracture toughness in laminated polymer matrix
composites. The design of the ECT specimen is similar to the CT specimen, but taller in height.

There are also other varieties of the CT specimen such as widened compact tension (WCT) and
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tapered compact tension (TCT). The WCT and TCT specimens were proposed as alternative
versions of the CT specimen which can reduce the induced vertical compressive stresses generated
in the right edge of the CT specimen. Induced vertical compression stress in these specimens might
cause failure of the composite as a result of vertical compressive fiber breaking or kinking [75].

The use of the above standards for FRPCs should guarantee that the dominating damage
mechanism be crack propagation in the expected crack plane. To confirm that the expected crack
propagates without any other damage mechanism, Blanco et al. [75] studied the different varieties
of the CT specimen to determine the most suitable geometry for the characterization of tensile
intralaminar fracture toughness in woven composite materials. Using the finite element analysis in
combination with virtual crack closure technique, they examined the effect of various geometrical
parameters for the initiation and propagation of several failure mechanisms on different versions
of the CT specimens (CT, ECT, WCT, TCT) and a newly proposed doubly-tapered compact
tension (2TCT) specimen.

Examining the results of the considered specimens, they deduced that the 2TCT specimen offers
better assurance for crack propagation in the expected crack plane for intralaminar fracture
toughness characterization of woven laminated composites. They also noted that while this
specimen geometry could not guarantee the occurrence of other failure mechanisms during an
experimental test, it results in lower probability of failure by other failure mechanisms. Particularly
a 60% reduction in failure index was attained by the 2TCT specimen in failure due to vertical
compression stress at the right edge, which is the most undesired failure mechanism in CT
specimen. Particularly this is achieved when the specimen has sufficient thickness to avoid failure
due to global instability [75]. The proposed geometry of the 2TCT specimen is shown in Figure 9

where the initial crack length is a, = 20mm.
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Figure 9 Doubly-tapered compact tension (2TCT) specimen geometry [43]
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In the second part of the research by Blanco et al. [43] they experimentally examined the usefulness
of the 2TCT specimen for tensile intralaminar fracture toughness characterization of woven
composite laminates using carbon/epoxy composite. To determine the existence of other damage
mechanisms affecting the experiment by dissipating energy, they examined images captured using
digital image correlation (DIC), X-Ray and ultrasounds (C-Scan), during and after the test. They
concluded that the presence and effect of damage mechanisms other than intralaminar crack
advancement along the expected crack plane was insignificant and the experimental results were

reliable.

2.3.4. Factors Affecting Fracture Toughness of Natural Fiber Composites

There are number of research papers that focus on fracture characterization of NFCs in which some
of these were recently reviewed by Chittimenu et al. [8]. From their review they concluded that
since most of the NFCs incorporate a brittle matrix and a high elastic modulus fiber, their fracture
toughness could be determined using the linear elastic fracture mechanics (LEFMs) approach,
which considers materials behave elastically at the vicinity of the crack tip, with stress intensity
factor and energy release rate being the primary parameters. They also pointed that fracture
toughness of NFCs depend on fiber parameters like fiber type, fiber architecture, fiber treatment,

fiber orientation and fiber hybridization, and are affected by hydrothermal aging.

Silva et al. [77] studied the effect of fiber type, fiber architecture, fiber treatment and displacement
rate on fracture toughness (G,.) of sisal and coconut fibers reinforced castor oil polyurethane
composites employing the compact tension (CT) method. Short fibers and woven fabric were used
with and without 10% NaOH treatment. Their result shows that woven sisal fabric possessed the
highest G,- and short sisal fibers displayed better G,. than the coconut fiber composite. The
alkaline treatment reduced the G, of sisal fiber/castor oil polyurethane composite. Whereas, for
the coconut fiber/castor oil polyurethane composite the alkaline treatment improved the fracture

toughness. They pointed that the fracture toughness was not significantly influenced by strain rate.

Ismail et al. [78] investigated the role of fiber orientation on fracture toughness (K;.) of woven
kenaf/polyester composite with the single-edge notch bend (SENB) test. They used fiber
orientations such as 0/15/0/-15/0, 0/30/0/-30/0, 0/45/0/—45/0, and 0/90/0/—90/0. In
addition, they tested unidirectional type. From their result it was shown that there was no strong

relationship between fiber orientation and fracture toughness and unidirectional type composites
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showed better K;. compared to woven one since fibers are mostly aligned in the stress direction.
Whereas, Pinto et al. [79] studied the effects of fiber architecture on the fracture toughness of
jute/epoxy composite using the double cantilever beam (DCB) method. They showed that woven

form had better fracture toughness than the unidirectional form.

Liu and Hughes [80] studied the influence of linear density, weave configuration and stacking
sequence on fracture toughness (K;.) of woven flax fiber reinforced epoxy composite using the
CT method. They found that addition of woven fabric reinforcement enhanced the K, value by a
factor of 2 — 4 times when compared with that of the pure epoxy. The K. value was highly
influenced by the linear density of the weft tows and orientation of the stacking sequence; however,
the weave configuration had no significant effect. They concluded that fracture toughness is

appreciably affected by the fiber volume fraction rather than the fiber architecture.

Regarding effects of fiber treatment on fracture toughness, Abdullah et al. [81] examined the
effect of alkaline and silane treatments, and their combination on fracture toughness (K;.) of
coconut spathe fibers reinforced in epoxy resin. Composites with treated fibers showed decreased
K, values as compared to their untreated counterparts. Specifically alkaline treatment showed
60% drop and the other treatments displayed a slight drop. The sharp drop with the alkaline
treatment was due to the enhanced interfacial adhesion, which weakened the major energy
absorption mechanisms namely, debonding and fiber pullout. Pickering et al. [82] also reported
the decreasing trend of fracture toughness with alkaline treatment in random short hemp
fiber/polylactide (PLA) composite. Whereas, Li et al. [83] reported an improvement in fracture
toughness of woven sisal/vinyl ester composite when the fiber is treated with chemical coupling
with silane and oxidization with permanganate (KMn0,) and dicumyl peroxide. Pinto et al. [79]
also reported an improvement in fracture toughness of jute/epoxy composite with alkaline

treatment.

Zhang et al. [84] studied the interply hybridization effect on fracture toughness (G,.) of composites
made by synthetic and natural fibers. Unidirectional flax/glass fibers reinforced in phenolic resin
was tested using DCB method. They found that the fracture toughness of the hybrid composites
was even higher than pure glass fiber composite which was due to the improved performance of
the hybrid interface. Pereira et al. [85] examined the effect of intraply hybridization on fracture

toughness (G,¢) of sisal+curaua/epoxy and jute+curaud/epoxy composites using DCB method.
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They also found that the hybrid composites have higher G,. value than pure sisal and jute

composites. They pointed that the intraply hybridization suppressed the crack propagation.

Alomayri et al. [86] investigated the influence of water absorption on fracture toughness of cotton
fabric reinforced geopolymer composites. They exposed the composite to water aging for 133
days. The results showed that, magnitude of water uptake and diffusion coefficient increased with
an increase in fiber content and fracture toughness (K;.) value is decreased as a result of water
absorption. Islam et al. [87] examined the influence of hygrothermal aging on fracture toughness
(K;¢) of hemp/polylactic acid (PLA) composites using SENB test. The hygrothermal aging was
introduced by immersing composite samples in distilled water at 25°C and 50°C for 3 months. K,
value of the composite was found to decrease in both the water and hygrothermal aging cases. The
effect was more pronounced in the latter case. Islam et al. [88] further expanded their research to
study the influence of accelerated weathering. The hemp/PLA composite was exposed to ultra
violate (UV) irradiation and sprayed water at a temperature of 50°C for time intervals of 250, 500,
750, and 1000 hours). Their results showed a decrease in K;- value of the composite with
increasing weathering time. Despite the decline in K, value, the composite was found to perform
better that neat PLA.

2.3.5. Intralaminar Fracture Toughness of Natural Fiber Composites

Fracture toughness of the intralaminar failure mode is one of the fundamental mechanical
properties of FRCs. It is designated by G,- when articulated in terms of fracture energy, or K,
when described in terms of stress intensity factor. With growing application of NFCs, the
measurement of their intralaminar fracture toughness plays essential role in designing damage
tolerant structural and semi-structural components. In the literature, studies investigating the

intralaminar fracture toughness of NFCs are limited.

Hughes et al. [89] studied the intralaminar fracture toughness of chopped hemp and jute fiber
reinforced polyester composites using SENB test and compared with that of laminate reinforced
with chopped strand mat glass fiber. K, value of the NFCs was found to be three times lower than
the volume equivalent (V; = 0.2) of glass fiber mat composite. They explained that this is because
various micro-structural toughening mechanisms are not being stimulated to the same extent in the

NFCs as they are in GFRP composite.
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Silva et al. [77] reported G, = 11.5 kJ/m? of woven sisal/castor oil polyurethane composites
with Vy = 30% using the CT method according to ASTM D5045 standard. Using the same method

and standard, Li et al. [83] obtained K, = 4.2 MPam'/? for untreated woven sisal/vinyl ester
composites which improved to 5.5 and 6.0 MPam'/? with silane and KMnO, treatments,
respectively with V; ~ 32%. Ismail et al. [78] used the SENB test according to ASTM D5045
standard to evaluate the intralaminar fracture toughness of woven kenaf/polyester composite and
obtained K;. = 4.0 MPam/?. For the unidirectional kenaf/polyester composite K;. was as high
as 8.0 MPam'/?. Using the same method and standard, Ashik et al. [90] reported K. =
7.7 MPam/? for woven jute/epoxy composite with 50 wt% of fibers. Liu and Hughes [80]
obtained K;; = 9.0 MPam'/? of woven flax/epoxy composite with V; ~ 39% using the CT
method according to BS 7448 standard. Recently, Saadati et al. [91] studied translaminar fracture
toughness of unidirectional flax/epoxy composite using the compact tension (CT) method
according to ASTM E1922 standard. They reported G, = 7.37 kJ /m? for V; = 41%.

Gudeta [92] investigated the intralaminar fracture toughness and the effect of water aging on the
intralaminar fracture toughness of sisal/glass/polyester hybrid composite. The 2TCT specimens
according to ASTM D5045 and rectangular specimens according to ASTM 5229 were used for the
mode-1 intralaminar fracture toughness and water absorption tests, respectively, which were
manufactured by the hand lay-up method. A 2 mm and 5 mm thickness specimens were prepared
from 5% NaOH treated woven sisal fibers and randomly oriented E-glass fibers with total Vy ~
50% and relative Sisal-to-Glass fiber volume ratio of 45:55 with a stacking sequence of G/4S/
G and G/10S/G were used. The rectangular specimens were immersed in rain water for one week
period. He reported fracture toughness value of K, = 10.2MPam'/? and K, =
16.68 MPam'/?, and maximum water absorption value of 0.063% and 0.034% for 2 mm and
5 mm thickness specimens, respectively. Also, due to 7 days of rain water aging, the fracture
toughness value of the 5mm thickness specimen was reported to decrease to Ko =

12.27 MPam?/?,

In the literature, very few studies are available regarding the intralaminar fracture toughness of
sisal/epoxy composite. Betelie et al. [12] investigated the intralaminar fracture toughness of
chopped sisal/epoxy composite with fiber weight percentage ranging from 15 — 40 wt% using the

CT method according to ASTM D5045 standard. Composites were manufactured using the hand
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lay-up and compression molding techniques. Fracture toughness tests were conducted at crosshead
speed of 0.5 mm/min using universal testing machine (UTM). Results showed that K. value
increased as fiber content increased and reached a maximum value of K, = 5.54 MPam'/? (or

G,c = 13.72 kJ /m?) at fiber weight percentage of 30 wt%, and decreased afterwards.

Using the same method and standard, Kim and Seo [42] studied the influence of water absorption
on intralaminar fracture toughness of woven sisal/epoxy and sisal/vinyl ester. Two layers of plain-
woven sisal fibers which are twisted 3 times per inch were used with V; ~ 32%. Composite
samples, fabricated using resin transfer mold (RTM) method, were subjected to cycles of wetting
with distilled water for 9 days until it was fully saturated and dried for one day at a temperature of
50°C. Fracture toughness tests were conducted before and after 5 cycles of subsequent wetting and
drying. In both of the considered composites, water absorption by the composite was found to
increase and K;. value was found to decrease with increasing cycle times of wetting and drying.
The K, value for the sisal/epoxy and sisal/vinyl ester composites reached a maximum of

2.20 MPam'/? and 1.41 MPam/?, respectively.

On the other hand, using the SENB test method along with ASTM D5045 standard, Sahoo et al.
[11] investigated the effect of the addition of woven sisal fiber on intralaminar fracture toughness
of unmodified epoxy and bioresin modified epoxy matrix. In order to effectively toughen the epoxy
matrix, two different bioresins, epoxidized soybean oil (ESO) and epoxy methyl soyate (EMS),
were employed. Two woven sisal fabric layers were reinforced in epoxy resin with maximum of
Vs = 17%. Composites were manufactured using the hand lay-up and compression molding
techniques. SENB tests were carried out using UTM at crosshead speed of 1 mm/min. The K,
value was found to be 4.3, 4.8 and 5.8 MPam/?, respectively, for woven sisal fiber reinforced
with unmodified epoxy, modified with ESO and modified with EMS. They explained that the

enhancement in K;. value was due to the enhanced fiber-to-bioresin matrix interfacial bond.

2.4. Concluding Points and Research Gaps

For structural and semi-structural engineering applications, in addition to strength and stiffness,
the characterization of fracture toughness of NFCs and their hybrids is very essential. The desire
for an optimized, economical, damage tolerant and eco-friendly product along with ever growing
application of NFCs and their hybrids necessitates characterizing their fracture toughness. The

problem of lacking specific standardized procedure for characterizing the intralaminar fracture
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toughness of NFCs, enforced researchers to rely on different related standards originally prepared
for isotropic materials. This posed a challenge to researchers in providing reliable data about
fracture behavior of these composites. From the literature survey so far, it is quite evident that very
limited data is available about the intralaminar fracture characterization of sisal fiber reinforced
epoxy composite and the effect of glass fiber hybridization has not been adequately addressed yet.
In this research, the intralaminar fracture toughness of woven sisal/epoxy composite and the effect
of glass fiber hybridization on its intralaminar fracture toughness will be studied using the 2TCT

specimen as recommended in [43] for woven composite laminates.

30



Chapter 3

Materials and Methods
3.1. Materials

3.1.1. Fiber
For this experimental investigation, plain-woven sisal fiber (Figure 10(a)) and plain-woven E-glass
fiber (Figure 10(b)) were used as a reinforcement. Sisal fiber was first extracted from sisal plant
and plain-woven sisal fiber was prepared using the hand weaving process (see Section 3.2.1).
Plain-woven E-glass fiber was purchased from World Fiber Glass and Water Proofing
Engineering, Addis Ababa, Ethiopia.

Sisal fiber is among the strongest natural fibers. Its abundance, inexpensiveness, economical
processing, less density, higher specific strength, and good interfacial interaction makes it suitable
for using as a reinforcement in thermoset polymers [16]. E-glass fiber is the most widely used of
all reinforcement fibers as it offers good balance between performance and cost, high strength and
stiffness, good insulating properties and excellent resistance to chemical, moisture and heat [93],
[94].

(b)

Figure 10 Fibers used for the study (a) Plain-woven sisal fiber (b) Plain-woven E-glass fiber
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3.1.2. Matrix
For this study, epoxy resin (LY556) was used as matrix material and hardener (HY951) was used
for curing the epoxy resin, both imported from India. Epoxy resin is the most common type of
polymer matrix material as of its high strength, low viscosity, low flow rates, low volatility during
cure, low shrinkage rates, excellent resistance to chemicals and excellent adhesion to wide range

of fibers and fillers [93]. Typical properties of cured epoxy are presented in Table 1.

Table 1 Typical properties of cured epoxy [95]

Density 1.2 g/cm3
Tensile strength 72 MPa
Tensile modulus 3.4 GPa
Poisson’s ratio 0.3
Shear strength 34 MPa
Shear modulus 1.308 GPa

3.1.3. Other Chemicals
Distilled water and sodium hydroxide (NaOH) were used for processing and treating the sisal fiber.
Wax (Honey Wax 250) was applied as a mold releasing agent on the surface of the mold to prevent
the fabricated part form sticking into the mold surface. All the aforementioned chemicals (Figure

11) were purchased from local market (Addis Ababa, Ethiopia).

(a) (b) (c)

Figure 11 (a) Distilled Water (b) Sodium Hydroxide (NaOH) Pellet (c) Mold Releasing Agent
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3.2. Experimental Methods
3.2.1. Fiber Processing

e Fiber extraction
Sisal leaves were collected from local sources (Butajira, Ethiopia). They were harvested from
matured non-flowered sisal plant having dark green leaves. Sisal fibers were extracted from the
collected sisal leaves using manual decortication method as this method results in high quality
fibers [22]. First a separate leaf was sliced longitudinally in two mutually orthogonal directions to
give four pieces. This increases the quality and amount of fiber that can be extracted from a single
leaf by reducing fiber loss during the decortication process. The extracted fibers were then washed
and rinsed using plenty of pure water to remove wastes such as leaf juices, chlorophyll and
adhesive solids. The fibers were then dried in the sun and stored in room atmosphere. The fiber

extraction process is shown in Figure 12.
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(d)
Figure 12 The fiber extraction process (a) Sisal leaves (b) Extracting sisal fibers (c) Washing and drying
in the sun (d) Dried sisal fibers
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o Fiber fabric preparation
Plain-woven sisal fabric (warp and weft preform) was prepared using the hand weaving process
(Figure 13). First 230 mm by 550 mm wooden frame was prepared and pattern of nail was
created with 5 mm gap between successive nails around the wooden frame to represent grid of
mesh 5 mm by 5 mm. The total amount of fiber required for two layers of the composite laminate
was determined and measured. 35% extra fiber was used to compensate for the lost fibers in the
weaving process — this percentage loss was determined in a pilot fabric preparation and treatment
test. The measured fiber was then distributed evenly into the warp and weft tows by first aligning

the warp tows and interlacing the weft tows into the aligned warp tows as shown in Figure 13.

I T e

Figure 13 The hand weaving process
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e Fiber treatment

After extraction and fabric preparation process, the fibers were treated with 0.5 N solution of
NaOH (i.e, 2% NaOH solution — 20 g of solid NaOH pallets in 1 liter of distilled water) for 4 hrs
at room temperature in an airtight plastic container. This enhances its strength and surface adhesion
property as this concentration and soaking time resulted in optimal fiber properties [61] and surface
adhesion with epoxy resin [23] (Figure 14). The fibers were then washed thoroughly with plenty
of pure water to remove excess NaOH on the fibers. Finally, the fibers were rinsed with distilled
water and dried in the sun.

Figure 14 The fiber treatment (with 2% NaOH solution for 4hrs)

3.2.2. Specimen Preparation

e Fabrication of laminate composite panels

Four 200mm x 250mm X 5.6mm composite laminate panels (pure sisal, two hybrids of sisal and
glass, and pure glass fiber) were fabricated using the hand layup method followed by compression
molding technique. In the hybrid laminate design, the outer layers were glass fiber layers to
enhance the composite’s moisture absorption resistance property as glass fibers have better
moisture absorption resistance capacity. For all the tests total fiber volume fraction of 30% and
number of layers (seven) were kept constant. Table 2 shows the relative percentage of constituents

in the composite laminate panels. The detail analysis of the composite constituent was determined
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using standard composite micromechanics analysis procedure and can be referred from Appendix

A. The schematic representation of the four laminate designs is shown in Figure 15.

Table 2 Relative percentage of constituents in the composite laminates

Laminate  Constituents Fiber (V) Fiber (wt%)1
Designation  (all 7 layers) Sisal Glass Sisal Glass
S S/SIS/ISISISIS 30 0 34.12 0
H1 GIG/SISISIGIG 13 17 12.91 29.57
H2 GIG/SIG/SIGIG 8.5 21.5 8.17 36.18
G GIG/GIGIG/GIG 0 30 0 47.57

Laminate Laminate 0 Laminate

H1 H2 €

=

Figure 15 Schematic representation of the four laminate designs (Brown: Sisal fabric layers and Grey:
Glass fabric layers)

The required quantity of fabric and matrix for each composite laminate panels were precisely
measured using precision balance (to the nearest 0.1g). Epoxy resin (LY556) was then thoroughly
mixed with hardener (HY951) in stochiometric ratio of 100: 10 by weight as recommended by the
manufacturer. A rectangular steel mold of dimension 200mm X 250mm x 5.6mm (Figure 16)
was used to fabricate composite laminates by the hand lay-up method followed by compression
molding process (Figure 18). A thin layer of mold release agent (Honey Wax 250) was applied on
the surface of the steel mold for hindering adherence of epoxy into the steel mold and ease removal
of the fabricated composite panels. After wetting the bottom surface of the mold with sufficient
resin, the reinforcement fabric layers were successively placed along with the required quantity of

the resin, applied uniformly using a brush. A spike roller (Figure 17) was used during the hand

! Calculated values taking density of sisal fiber 1.45 g/cm?3 [22], [50], E-glass fibers 2.54 g/cm3 [94], and cured
epoxy resin 1.2 g/cm?3 [93].
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lay-up process to distribute the epoxy resin evenly into the reinforcement fabrics and remove

trapped air.

Figure 17 Spike roller

Figure 16 Steel mold

After impregnating the reinforcement fabrics with epoxy resin in the steel mold, the mold was
closed and allowed to cure under a compressive load in a press machine at room temperature for
24hrs. A 5.6 mm thickness steel inserts (Figure 16) were used as a spacer between the bottom
and upper mold part periphery to limit the thickness of the resulting composite panels. The

fabricated four composite panels are shown in Figure 19.
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Figure 18 The hand layup and compression molding process
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Figure 19 The fabricated four composite panels

e Specimen cutting
To evaluate the intralaminar fracture toughness parameters, critical energy release rate G,
specimens were prepared by cutting parts from the fabricated composite laminate panels using
hack saw. Doubly-tapered compact tension (2TCT) specimens were used as suggested for woven
composite laminates in [75]. The specimen was cut so that the warp direction of the woven fabrics
is oriented parallel to the direction of loading for better tracking of the crack propagation along the
expected crack plane [43]. The geometry and dimensions of the 2TCT specimen are shown in
Figure 9 and the configuration of six 2TCT specimens in the composite panels is shown in Figure

20. A 1 mm increment scale was drawn on the front face of the specimen to monitor the crack
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propagation length during test. The dimensions of each specimen were finally measured (Figure

21).

200

90

15

18

o 250

Figure 20 2TCT specimen configuration (all dimensions in mm)

Figure 21 Specimen marking, drilling, cutting and measuring process
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To establish a sharp crack tip for the initial crack (pre-crack), first 33 mm V-notch was created
(having 4 mm gap at its mouse) using 0.6 mm thick hack saw blade. Then, the final 1 mm sharp
tip was introduced using 0.4 mm thick surgical blade and 0.1 mm thick razor blade successively
by sawing action. The morphology of the initial crack and the magnified view of the crack tip is
shown in Figure 22. Figure 23 shows five 2TCT specimens from each four groups of composite

laminate panels ready for conducting intralaminar fracture toughness test.

Laminate
S
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Laminate
G

Figure 23 Specimens ready for testing (five specimens for each group)

3.2.3. Test Procedure and Setups
To experimentally evaluate the intralaminar fracture toughness parameters, mode-1 tensile tests
were performed on 2TCT specimens using Universal Testing Machine (Model: WDW-100S with
100kN load capacity) (Figure 25(a)) under displacement control at room temperature and
crosshead speed of 0.5 mm/min. A fixture (Figure 24) was used to load the 2TCT specimen. The
test procedures and setups were adopted from the ASTM D5045-14 standard [74]. The propagation
of the initial crack (pre-crack) was recorded using digital camera during the test (Figure 25(b)).
The load, displacement and time data were recorded in the computer system and the length of the

propagated crack was measured with millimeter scale drawn on surface of the specimens.

Figure 24 Loading fixture
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(@) (b)
Figure 25 (a) Universal testing machine (b) Loading and camera set up
3.3. Computational Methods

3.3.1. Data Reduction Technique

The determination of fracture toughness parameters for orthotropic materials needs special
attention. The majority of the researchers have used the stress intensity approach as per the ASTM
D5045 standard [74] which is developed for plastic materials or its metal counterpart ASTM E399
standard [73]. Both of these standards assume the materials being isotropic in nature. Due to this
isotropy assumption, a difference in result has been observed when comparing fracture toughness
values of composite laminates obtained from FEA and the stress intensity factor equations of the
above standards [96].

Observing this difference noticed in [96], Pinho et al. [97] developed a more accurate data
reduction formula for determining the fracture toughness of composite laminates based on energy
release rate using the FEA. Blanco et al. [43] also recommend this method for woven composite
laminates. The data reduction formula for calculating the critical energy release rate G, is
expressed as a function of the applied load, specimen thickness, and crack length as [43], [97]:

_ PC ’ 3 2
Gic = T (c3a° + cza” + cpa + ¢p) (@8]
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Where P, is the experimental load associated with crack propagation at specific crack length a, t
is the specimen thickness, and c;’s are polynomial coefficients determined from the FEA. The FEA

procedure for evaluating the polynomial coefficients is briefly described in [97].

In Eq. (1) the polynomial function expresses the normalized energy release rate f(a) obtained
from the J-integral (J) around the crack tip of the composite specimen of unit thickness subjected

to unit load which is defined as:

o = 1.(2m) @

1N
Once finding the values of the normalized energy release rate for different crack length, the

polynomial coefficients c;’s were determined for ranges of crack length along with the associated

interpolation error.

To find the critical value of the experimental load P. for crack initiation, as recommended in ASTM
D5045-14 standard [74], first a straight line AB (Figure 26) was drawn on the linear portion of the
load-displacement curve to determine the initial compliance (C) which is the reciprocal of the slope
of line AB. Then a second straight line AB’ was drawn with a compliance 5% greater than that of
line AB. If the maximum load P,,,, which the material is able to withstand falls between line AB
and AB’, then B4, is used as a critical value P, for crack initiation. If the B,,,, is outside the line
AB and AB’, then the intersection point Py, of line AB’ and the load-displacement curve is used

as a critical value P, for crack initiation.
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Figure 26 Determination of critical load P. for crack initiation
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3.3.2. The FEA Procedure

Taking advantage of the symmetry of the 2TCT specimen, a half crack model was developed using
3D deformable shell planar model in Abaqus/CAE 2017. Uniform square 8-noded (S8R5)
elements were used to mesh the model adopting finer mesh around the crack tip and load
application points. Elastic properties of the composite laminates (Table 4) were employed which
were obtained from the laminae values (Table 3) using the lamination theory. Symmetry boundary
condition was applied at the symmetric plane and the displacement of bottom right node was
constrained in the x-direction (Figure 27). The 2TCT specimen model was developed using unit
thickness and a tensile unit load was applied at top of the pin hole which tries to open the initial
crack. Defining the position of the crack front at the crack tip and setting the direction of
propagation of the crack along the expected crack plane, the FEA was run to evaluate J-integrals
of 5 contours around the crack tip.

Figure 27 2TCT FE half crack model in Abaqus (the red spot represents the crack tip position)

As these FEA was to be repeated several times starting from the crack length a = 20 mm with an
increment of 1 mm up to a = 64 mm for all the material models under consideration, to facilitate
readjustment of the crack length (position of the crack tip), material properties and mesh
refinements, a Python code was written (Appendix B) which performs the aforementioned FEA
procedure. Editing the crack length, material properties and mesh size factors, the Python code
was run in Abaqus to obtain J-integral values of the specific composite laminate at specific crack
lengths.

The laminae elastic properties of sisal fabric and glass fabric composite are presented in Table 3.
For the sisal/epoxy lamina, the tensile modulus values were taken from [53] and the in-plane shear

modulus and major Poisson’s ratio values were taken as that of the matrix [95], as these properties
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are matrix dominated properties (since experimental values of these properties are not available).
For the glass/epoxy lamina, the elastic properties were taken from [98]. Elastic properties of the
composite laminates (Table 4) that were required as an input in the FEA were calculated from the
respective laminae properties (Table 3) using lamination theory.

Table 3 Elastic properties of the composite laminae [53], [95], [98]

i Elastic Modulus (GPa) Major Poisson’s
Lamina .
E1 EZ GlZ ratIO, V12
Sisal/Epoxy 3.870 3.870 1.308 0.30
Glass/Epoxy 14.352 14.352 4.728 0.24
Table 4 Elastic properties of the composite laminates
. Elastic Modulus (GPa) Major Poisson’s
Laminate .
El Ez GlZ = 613 = 623 ratIO, V12
S 3.870 3.870 1.308 0.30
H1l 9.86514 9.86514 3.26229 0.2504
H2 11.3611 11.3611 3.75086 0.2460
G 14.352 14.352 4.728 0.24

3.3.3. Convergence Test
The mesh convergence test was performed considering different levels of mesh refinements. Two
mesh size factors (maximum and minimum size factors) were employed to control the mesh
refinement. The minimum size factor controls element sizes around the crack tip and load

application points, and the maximum size factor controls element sizes far from these locations.

Figure 28 shows 2TCT FE models representing coarse, intermediate and refined mesh refinements.

(a) Coarse mesh (b) Intermediate mesh (c) Refined mesh
Maximum size factor = 6 mm Maximum size factor = 3 mm Maximum size factor = 1 mm

Minimum size factor = 1.7 mm Minimum size factor = 0.8 mm Minimum size factor = 0.1 mm

Number of elements = 236 Number of elements = 964 Number of elements = 17,788

Figure 28 2TCT FE model mesh refinements
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Editing the two mesh size factors in the Python code (Appendix B), the mesh convergence analysis
was performed and mesh convergence analysis plot and data are shown in Figure 29 and Table 5,

respectively.

4.102E-05
__ 4.101E-05
E 4.100E-05
£ 4.099E-05
@ 4.098E-05
& 4.097E-05
&
S 4.096E-05
$ 4.095E-05
£ 4.094E-05
(o]
=2
4.093E-05
4.092E-05
1 2 3 4 5 6 7 8
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Figure 29 Mesh convergence plot
Table 5 Mesh convergence analysis data
Mesh Max_|mum M|n|_mum Number Total Normalized
. Size Size CPU Percentage
Refinement of . Energy Release
Factor Factor Time ) Error (%)
Level Elements Rate (m?/kJ)
(mm) (mm) (Sec)
1 6 1.7 236 0.6 4.0926E-05 0.2024
2 5 1.4 333 0.7 4.0968E-05 0.1000
3 4 1.1 558 1.3 4.0984E-05 0.0610
4 3 0.8 964 1.9 4.0991E-05 0.0439
5 2 0.5 2185 34 4.1000E-05 0.0219
6 1 0.2 10235 19.1 4.1008E-05 0.0024
7 1 0.1 17788 24.4 4.1009E-05 Reference

Figure 29 shows that the analysis result converges to a certain value as the mesh of the model is
refined. Taking the refined mesh (level 7) as a reference, the normalized energy release rate value

for the intermediate mesh (level 4) differs in 0.0439% and for the coarse mesh (level 1) differs in
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0.2024%. Considering the percentage error and total CPU time, mesh refinement level 6 was

chosen for the analysis (Figure 30).

Figure 30 Chosen mesh refinement (Level 6) (the red spot represents the crack tip position)
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Chapter 4

Results and Discussion
4.1. Polynomial Coefficients
The stress distribution in the 2TCT specimen is shown in Figure 31 (von Mises) and Figure 32
(maximum in-plane principal). It can be seen that the stress is confined around the crack tip
position, which favors the extension of the crack along the expected crack plane. As in this analysis

only a unit load (1 N) is applied, the stress magnitudes are very small.

action = -1.0}

+
+
+
+1.
+
+
+
+
+
+
+
+
+8.

Figure 31 von Mises stress distribution of 2TCT specimen

RIS S S o

Figure 32 In-plane principal stress distribution of 2TCT specimen
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Readjusting the elastic property parameters and crack length in the Python code (Appendix B) for

the four composite laminates under consideration and running in Abaqus/CAE 2017, the values of

normalized energy release rate f (a) for crack length a ranging from 19 - 64 mm were computed

and are presented in Appendix C. The values of the polynomial coefficients c;’s for the

interpolation of f(a) for ranges of crack length a were computed using MATLAB R2013a and

are presented in Table 6 along with associated maximum error.

Table 6 Values of polynomial coefficients for the four composite laminates

Crack Length
Range
19 <a<30mm
30<a<40mm
40 <a<50mm
50<a<60mm
60 <a<65mm

19<a<30mm
30<a<40mm
40 < a <50mm
50<a<60mm
60 <a<65mm

19 <a<30mm
30<a<40mm
40 < a <50mm
50<a<60mm
60 <a<65mm

19<a<30mm
30<a<40mm
40<a<50mm
50<a<60mm
60 <a<65mm

C3

1.049 x 1078
4174 %1078
2.274 %1077
2.532x107°
3.198 x 107>

4155 %1077
1.674x 1078
9.054 x 1078
1.006 x 107
1.274 x 107>

3.616 X 10~°
1.448 x 1078
7.856 X 1078
8.744 x 1077
1.106 X 107>

2.874 x 107°
1.149 x 1078
6.237 x 1078
6.937 x 1077
8.775 x 107°

For Laminate ¢S’

Cy Cq
~5908% 1077 1599 x 107>
~3383x107°%  1.045x107*
—2622%x107°  1.043x 1073
—3825x10°*  1.942x 1072
—5681x107° 3374x10°!

For Laminate ‘H1’
—2.008%x 1077  6.300x107°
~1358x107° 4.195%x 10>
—1.044x10™°  4152%x107*
~1520x107* 7.717x 1073
—2264%x107°  1.344x 107!

For Laminate ‘H2’
~1.748x 1077  5.482x107°
~1173%x107% 3.622x107°
—9.055x107°  3.600 x 10~*
~1.321x107%  6.704%x 1073
~1964x 107  1167x107!

For Laminate ‘G’
—1.391x1077 4.359x 10°°
—9315x 1077 2.876x107°
—7.190 x 107%  2.859 x 1074
~1.048x10™* 5319%x1073
~1559x 107> 9257 x 1072

Co

~5144x 107>
—9.633x 107*
~1.385 x 1072
~3.300 x 107!
~6.693

~1.951 x 107>
—3.870 x 107*
~5.510x 1073
~1.311x 107!
—2.667

~1.696 X 10>
—3.338x107*
—4.777 x 1073
~1.139x 107 *
—2.314

—1.352 x 1075
—2.650 x 107*
—3.794 x 1073
—9.040 X 1072
~1.837

Error
(%)
< 0.02
< 0.03
< 0.07
< 0.33
< 0.09

< 0.02
< 0.03
< 0.07
< 0.32
< 0.09

< 0.02
< 0.03
< 0.07
<033
< 0.09

< 0.02
< 0.03
< 0.07
<0.33
< 0.09
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4.2. Load-Displacement Curves
The intralaminar fracture toughness test was conducted as per the conditions described in Section
3.2.3. The resulting load-displacement (load versus load-point displacement) curves for each
specimen of the four laminates are presented in Figure 33 (a) to (d). The general shape of the load-

displacement curves of the four laminates showed similar trend.
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N
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(a) Laminate ‘S’ (b) Laminate ‘HI’
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o oo
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N U w

©
"

0o 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 18 20

Displacement (mm) Displacement (mm)

(c) Laminate ‘H2’ (d) Laminate ‘G’
Figure 33 Load-displacement curves for the four laminates (S: Sisal, H: Hybrid, and G: Glass)
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Five major phases can be discussed from the curves (Figure 33 (2)): Phase | (Preloading), Phase Il
(Elastic), Phase 111 (Damage initiation), Phase IV (Damage propagation), and Phase V (Final
failure). At Phase | or preloading phase, the loading pins (upper and lower pins) depress and micro-
penetrate the specimen holes to bring about system compliance. At Phase 1l or elastic phase, the
load is nearly proportional to the displacement and deformations are almost reversible. At Phase
I11 or damage initiation phase (or transition phase), the curves start to slightly shift from linearity
and form an abrupt changes around the peak load. At this phase, some of the fibers around the
crack tip start to break and debond from the matrix, which was identified by the clicking sounds

they made. No visible crack propagation was observed at this phase.

At Phase IV or damage propagation phase, a continual sudden falling and stablization of load is
observed and the curves reseble a falling steps.The sudden falling of the load is a result of unstable
crack propagation through the matrix rich zones where as the stablization of load is associated with
a stable crack propagation through fiber dominated zones. Crack propagation is continually
retarded whenever the crack tip faces bundles of fibers, and when the local fiber bundles are all
broken and the crack tip arrives at matrix rich zone, the crack propagates abruptly. The fact that
damage is progressive (not catastrophic) is one of the desirable properties of such FRC materials.

At Phase V or final failure phase, in addition to tensile failure around the crack tip, vertical
compressive failure modes such as fiber kinking, matrix crushing and delamination were observed
at the right side of the specimen for crack lengths greater than about 50 mm. The test results
showed good repeatablity. The average stiffness in the elastic phase for each laminates from (a) to
(d)are 1.17,1.43,1.72,and 1.76 kN /mm, respectively, and the average peak load each laminates
from (a) to (d) were able to sustain are 2.14, 4.07, 4.42, and 5.05 kN, respectively.

4.3. Critical Energy Release Rate Values
Using the load-displacement data along with the data reduction technique described in Section
3.3.1, fracture toughness values based on critical energy release rate (G;.) were computed for the
four laminates and presented in Table 7 and Figure 34 along with their respective standard
deviation (SD). The G, value of hybrid laminate ‘H2’ was found to be higher than that of hybrid
laminate ‘H1’ as the middle glass fabric layer in laminate ‘“H2’ offered better resistance against the
propagating crack through the middle layer. The G, values of the hybrid laminates ‘H1’ and ‘H2’

lied between the G, values of the monolithic laminates ‘S’ and ‘G’ (Figure 34).
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Table 7 Results of critical energy release rate (Gic) values

Parameters LaminateS Laminate H1 Laminate H2 Laminate G
Gic (kj/m?) 16.32 25.06 27.64 39.62
SD (kj/m?) 1.65 2.45 1.59 2.79

50
45
40
35
30

25
220
U]

15

10

5

0

S H1 H2 G

Laminate Designation

kJ/m?)

Figure 34 Results of critical energy release rate values (S: Sisal, H: Hybrid, and G: Glass)

An introduction of 56.7% of glass fibers from the constant total fiber volume fraction into the pure
sisal fiber laminate (to give laminate ‘H1’) increased the critical energy release rate value of pure
sisal fiber laminate by 53.6%. And, an introduction of that of 71.7% glass fibers into the pure sisal
fiber laminate (to give laminate ‘H2’) increased the critical energy release rate value of pure sisal
fiber laminate by 69.4%. On the other hand, with reference to the pure glass fiber laminate, an
introduction of 28.3% of sisal fibers from the constant total fiber volume fraction into the pure
glass fiber laminate (to give laminate ‘H2”) lowered the critical energy release rate value of pure
glass fiber laminate by 30.2%. In addition, an introduction of that of 43.3% of sisal fibers into the
pure glass fiber laminate (to give laminate ‘H1’) lowered the critical energy release rate value of

pure glass fiber laminate by 36.7%.

For comparison purpose, the critical energy release rate (G,;-) and critical stress intensity factor
(K;c) values were also computed according to the data reduction formula suggested in ASTM
D5045-14 standard [74] for plastic materials (isotropic materials). The difference in critical energy
release rate (G,.) values computed according to the data reduction formula Eq. (1) and the one
suggested in ASTM D5045-14 standard was found to be significant (Table 8).
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Table 8 Comparison of critical energy release rate values obtained using data reduction formula of Eq.
(1) and ASTM D5045 standard

Fracture Toughness Values

L aminates Using Eq. (1) Using ASTM D5045 Standard Percentage
Gic (k] /m?) Gie (kj/m?) Ko (MPam'/?) Difference
Laminate S 16.32 9.88 6.05 39.46 %
Laminate H1 25.06 15.14 11.84 39.58 %
Laminate H2 27.64 16.69 13.34 39.61 %
Laminate G 39.62 23.92 17.93 39.63 %

As can be referred from Table 8, the data reduction formula suggested in ASTM D5045-14
standard for plastic materials resulted values that are about 40% lower than that of the one
computed using Eqg. (1). This shows that the use of data reduction formula of ASTM D5045-14
standard for orthotropic composite materials is not recommended since this approach
underestimates their fracture toughness values. Such difference was also observed in [97]. Table
9 presents available literature data for intralaminar fracture toughness of related polymer matrix
composites.

Table 9 Intralaminar fracture toughness of related polymer matrix composites in the literature

_ Fiber Data Reduction Gic K¢

Material System Content Method (J/m?)  (MPam'/?) Ref.
Woven Sisal/Epoxy ~ 32% V¢ ASTM D5045 - 2.20 [42]
Chopped Sisal/Epoxy 30% wt% ASTM D5045 13.72 5.54 [12]
Woven Sisal/Vinyl ester ~ 32% V; ASTM D5045 - 42—-6 [83]
Woven Sisal/Polyurethane =~ 30% V¢ ASTM D5045 11.5 - [77]
Woven Sisal/Polyester 50 —-55%V;  ASTM E1922 - 6.5 [99]
Woven Flax/Epoxy ~ 33% V¢ BS 7448 - 7.2 [80]
Woven Jute/Epoxy 50 wt% ASTM D5045 - 7.71 [90]
Woven/chopped hybrid 39wt%  ASTME399  78.2 - [100]
Glass/Polypropylene
Unidirectional Flax/Epoxy 41% V; ASTM E1922 14.27 15.71 [91]
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4.4. Resistance Curves (R-Curves)
Using the video data for monitoring the crack length ‘a’ and load-displacement data along with
the data reduction technique described in Section 3.3.1, the R-curves (G, vs. a) were plotted for

the four laminates and presented in Figure 35 (a) to (d).

60
50
= 40 +S1
£ o
< 30 X S2
=3 &l X O gXgx X
o 0. gXaxgXBX . gx§ X% 80 m
9 20 % X EX X4 8 Ex o o 0s3
@@é @5@»( ° : © 0" © ® o Ot @°5z§+ o5
10
oss
0IllllIllllIllllIllllIlllllllllllllllllllllllll
20 25 30 35 40 45 50 55 60 65
a (mm)
(a) Laminate ‘S’
60
X * X
0 o ©
° o© o X %
240 920%%%20 o §>1<>K 225‘:'0 +H11
X {
S 50 3g8 %t AR RN AT sz
O 20 + = O0og H . OH13
» O H14
OH15
0I""I""I""I""I""I""I""I""I""I
20 25 30 35 40 45 50 55 60 65
a (mm)

(b) Laminate ‘HI’

55



60

50 O

o
o + @ <o
v $+§§% o % g g 8y 8 4 +H21
£ 208 B A Dmggog@DOSS
= 30 éDD‘:‘ 2] & 0 g H22
o o © @
© 20 | OH23
O H24
10
OH25
0 UL L L L L L L L L L L L L L e D I D B I B N DN BN RN N NN BN BN RN BN RN BN NENNN NN RN R |
20 25 30 35 40 45 50 55 60 65
a (mm)
(c) Laminate ‘H2’
60
+
2592
50 (o) &
a@@ggﬂé 9 0 &
~ 40 gt B © @ ¥ + % o +G1
S g O & g 8 6 7R " +
= 30 ©9 O35 %03 G2
=3 "bo@ o7 g g
S 20 Bogl el 0G3
© G4
10
oGs
0IllllllllllllllIllllIlllllllllllllllllllllllll
20 25 30 35 40 45 50 55 60 65
a (mm)

(d) Laminate ‘G’
Figure 35 R-curves for the four laminates (S: Sisal, H: Hybrid, and G: Glass)

The R-curves of the five specimens of each laminates showed good agreement with each other
except at higher crack lengths (typically for a > 50 mm). The general trend of the R-curves
obtained for the four laminates can be discussed by dividing the curves into three sections: Section

| (a < 30 mm), Secion Il (30 < a < 50 mm), and Section Il (a > 50 mm).

In Section | of the R-curves or for crack length a < 30 mm, the G, values are less scattered and
show general positive trend for all the four laminates. Good agreement is also found for the
initiation values of G,.. In Section Il of the R-curves or for crack length 30 < a < 50 mm, G,
values showed nearly constant trend for Laminate ‘S’ and ‘H2’, a slight negative trend for

Laminate ‘G’, and for Laminate ‘H1’, G, values showed a negative trend for almost half the range
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and positive trend for the rest half. In Section Il of the R-curves or for crack length a > 50 mm,
as described when discussing Phase V of the load-displacement curves in Section 4.2, due to the
considerable vertical compressive stress in the right side of the specimen, compressive failure
modes such as fiber kinking, matrix crushing and delamination were also observed in addition to
tensile failures around the crack tip. The G, values in this section are influenced by compressive
failure modes. The statistics for the G, values are highly scattered and no specific trend could be
captured for the five specimens of each laminate in this section. The crack propagation in all the

four laminates was very progressive, and no unexpected damage was observed during the test.

From the R-curves (Figure 35), the values of the average critical energy release rate for crack
propagation (G,¢ py,) Were evaluated for the four laminates. When computing the G, p,, Values,
data points in Section Il (crack length a > 50 mm) of the R-curves were not included as these
values are also influenced by the effect of the vertical compression stress at the right side of the
specimen. The G;¢ p, Values of the four laminates are presented in Table 10 and Figure 36 along
with their respective standard deviation (SD).

Table 10 Results of average critical energy release rate for crack propagation (Gic, pro) Values

Parameters LaminateS Laminate H1 Laminate H2 Laminate G
Gicpro (kJ/m?) 20.80 33.68 35.74 41.83
SD (kJ/m?) 3.27 5.63 4.06 8.38

40
€ 35
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S H1 H2 G

Laminate Designation

Figure 36 Results of average critical energy release rate for crack propagation values (S: Sisal, H:
Hybrid, and G: Glass)
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For all the four laminates, the G, values in Table 9 are lower than the average propagation G py
values in Table 10. This is because the initial fracture from the pre-crack plane was almost planar
and involved insignificant fiber pullouts, whereas, crack propagation along the crack plane
involved extensive fiber fracture and to some degree fiber pullouts, since woven fabrics were used
as reinforcement. Fiber-dominated failure modes (such as fiber pullout and fiber fracture) are high-

energy processes.

The trend of the R-curves and G, values obtained in this research are comparable with the one
obtained by Blanco et al. [43] for woven carbon fiber reinforced polymer composite using the
same 2TCT specimen and data reduction method based on FE approach. They obtained critical
energy release rate (G,.) value of 59.9 kJ/m? and average critical energy release rate for crack
propagation (G;¢ pro) Of 63.7 kJ /m?. Using the same data reduction method based on FE approach
along with CT specimen for unidirectional carbon fiber reinforced polymer composite, Pinho et
al. [97] obtained critical energy release rate (G,.) value of 91.6 kJ /m? and average critical energy

release rate for crack propagation (G;¢ pr,) Of 133 kJ /m?.

4.5. Fractography
A representative close-up view of the front faces of the fractured specimens for the four laminates
is shown in Figure 37. For all the specimens of the four laminates, the results showed brittle
fracture behavior, where extensive plastic deformation has not been observed before final failure
of the composites. However, crack propagation was progressive (not catastrophic) in all the four
laminates. Crack propagation direction was confined to the area around the expected crack plane
(the crack propagated just above the centerline). No visible damage was observed other than crack
propagation along the expected crack plane in the crack propagation zone. Crack propagation was
not totally on a straight line, rather it followed a direction between two adjacent weft tows within
a ply. Tow splitting in composite laminates is one of fiber failure modes where breakage of fiber
bundles from external layers occurs at a certain distance from the crack plane. Laminates H1, H2
and G showed similar trend of slight tow splitting in the outer layers of the specimens as these
laminates all have woven glass fiber outer layers, whereas, in Laminate S no tow splitting was
observed. On Laminates H1, H2 and G, visible compressive failures such as matrix crushing, fiber
kinking and delamination of layers was observed on the right side of the specimen. On the hybrid

laminates, delamination of layers was observed around the crack propagation plane, which can be
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identified by the white spotted areas. This shows that interlayer bond in these hybrid laminates

was not as strong as that of their monoletic counterparts.

Pre-crack Compressive
failure zone

Jone Crack propagation zone

(c) Laminate ‘H2’ (d) Laminate ‘G’
Figure 37 Close-up view of the front faces of the fractured specimens

After the test has been conducted representative specimens of the four laminates were opened
completely to investigate the fracture surface. Figure 38 shows the fracture surfaces (Upper and
lower surfaces, respectively) for the four laminates.

The fracture surface was not planar, rather it displayed fiber pullout in the warp tows of woven
glass fiber layers. Fiber pullout is one of fiber failure modes which involves pulling out of certain
length of fiber bundles from their pockets in the matrix as crack propagates. It is a high energy
process as it involves both debonding of fiber interface from its matrix and fiber fracture. The fiber
pullouts in the laminates H1, H2 and G are confined to the crack propagation zone with a slight

irregularity in distribution and length across the thickness of the specimen.

In the compressive failure zone of these laminates, no fiber pullouts are observed, rather
compressive failure modes such as fiber kinking, matrix crushing and delamination of layers are
observed widening the thickness of the specimen at this zone. The fracture behavior of laminate S
is different than the rest. The fibers fractured without pullout in the crack propagation zone. No

visible compressive damage is observed in the compressive failure zone.
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(c) Laminate ‘H2’

(d) Laminate ‘G’
Figure 38 Image of fracture surface (top image: upper surface; bottom image: lower surface)
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Chapter 5

Conclusion and Recommendation

5.1. Conclusion

In this research, an experimental investigation has been carried out to characterize the intralaminar
fracture toughness of woven sisal fiber reinforced epoxy composite material and study the effect
of woven glass fiber hybridization using doubly-tapered compact tension (2TCT) specimen. Four
different laminates (pure sisal, two hybrids of sisal and glass, and pure glass fiber reinforced epoxy
composite laminates) have been tested with five specimens for each group. A data reduction
technique recommended for composite materials based on the FE approach has been used. No
other damages have been encountered during the tests other than the expected crack propagation
in the expected crack plane up to crack length a = 50mm. For crack length a > 50mm,
compressive damages have been observed on the right side of the specimens for the hybrids and
pure glass fiber laminates. No visible compressive damage has been observed for the pure sisal
laminate. From the results it is possible to conclude that the 2TCT specimen ensure crack
propagation without other damage mechanisms for the considered materials at least for up to crack

lengtha = 50mm.

Load-displacement responses were obtained, fracture toughness values based on critical energy
release rate (G,-) were evaluated, and resistance curves (R-curves) were plotted. Results of load-
displacement response showed good repeatability. The critical energy release rate (G,.) values of
the pure sisal, two hybrids of sisal and glass, and pure glass fiber reinforced epoxy composites
were found to be 16.32, 25.06, 27.64, and 39.62 kJ /m?, respectively. The general shape of the
R-curves was found to be in agreement with previous literature on related composite materials.
The hybridization of woven sisal fibers with woven glass fibers in epoxy matrix displayed
synergetic effect. The G, values of the woven sisal/epoxy composite laminate were improved by
an amount nearly equal to that of the volume percentage of the added glass fibers. The intralaminar
fracture toughness of the hybrid laminates (Laminates H1 and H2) lied between that of their
monolithic counterparts (Laminates S and G). The results obtained have been found to be
comparable with available literature data of related composite materials. The fracture behavior of

the four laminates has also been discussed after completely opening the fractured specimen to
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expose the fracture surface. All the four laminates showed a brittle fracture behavior. A slight fiber

pullouts and tow splitting was observed in the hybrid and pure glass fiber laminates.

5.2. Recommendation

The study carried out on the four composite laminates showed that woven sisal fiber reinforced
epoxy composite and its glass fiber hybrids have demonstrated comparable intralaminar fracture
toughness values with pure glass fiber reinforced epoxy composite material. Depending on the
toughness requirements of a specific application, woven sisal fiber reinforced epoxy composite
and its glass fiber hybrids can be considered as a suitable alternative of pure glass fiber reinforced

epoxy composite material, which can considerably reduce the cost and weight of the structure.

From the results, it is possible to recommend the 2TCT specimen geometry along with data
reduction technique based on FE approach as a suitable method for computing intralaminar
fracture toughness values of other similar natural fiber composite laminates and their glass fiber

interply hybrids.

5.3. Future Works

In the present study, the mode-I tensile intralaminar fracture toughness of woven sisal/epoxy
composite and the effect of glass fiber hybridization is studied experimentally by considering four
different laminates (pure sisal, two hybrids of sisal and glass, and pure glass fiber reinforced epoxy
composite laminates). To extend the research under this topic area, the following study directions

could be suggested:

& The characterization of the intralaminar fracture toughness under loading modes mode-Il,
mode-I11 and mixed modes.

& The study of the effect of intraply hybridization.

& The investigation of the effect of fiber orientation and fiber loading, and the effect of
hybridization with other synthetic fibers.

& The characterization of the compressive intralaminar fracture toughness.

& The study of the effect of addition of nanoparticles for toughening the matrix.
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Appendix

A. Data of Composite Constituents

Laminate S - S/S/S/S/S/SIS
Constants Values | Parameters Values
Total fiber volume fraction Vs 0.3 | Density of composite, p (g/cm?®) 1.275
Required sisal fiber V¢ 0.3 | Mass of composite, m (g) 357
Required glass fiber V¢ 0 | Volume of sisal fiber (cm?) 84
Required relative Sisal:Glass Vs 1 | Volume of glass fiber (cm®) 0
Density of sisal fiber, ps (g/cm?) 1.45 | Volume of epoxy (cm?®) 196
Density of glass fiber, pr (g/cm?®) 2.54 | Mass of sisal fiber, ms (g) 121.8
Density of epoxy, pe (g/cm?) 1.2 | Mass of glass fiber, mg (g) 0
Volume of composite, V (cm?®) 280 | Mass of epoxy, me () 235.2
Sisal fiber wt% 0.3412
Glass fiber wt% 0
Relative Sisal:Glass wt% 1
Laminate H1 - G/G/S/SISIGIG
Constants Values | Parameters Values
Total fiber volume fraction Vs 0.3 | Density of composite, p (g/cm?®) 1.4603
Required sisal fiber V¢ 0.13 | Mass of composite, m (g) 408.884
Required glass fiber V¢ 0.17 | Volume of sisal fiber (cm?) 36.4
Required relative Sisal:Glass Vs 0.4333 | Volume of glass fiber (cm?®) 47.6
Density of sisal fiber, ps (g/cm?) 1.45 | Volume of epoxy (cm®) 196
Density of glass fiber, pr (g/cm®) 2.54 | Mass of sisal fiber, ms () 52.78
Density of epoxy, pe (g/cm?) 1.2 | Mass of glass fiber, mg (Q) 120.904
Volume of composite, V (cm?®) 280 | Mass of epoxy, me () 235.2
Sisal fiber wt% 0.1291
Glass fiber wt% 0.2957
Relative Sisal:Glass wt% 0.3039
Laminate H2 - G/G/SIG/SIGIG
Constants Values | Parameters Values
Total fiber volume fraction Vs 0.3 | Density of composite, p (g/cm?®) 1.5094
Required sisal fiber V¢ 0.085 | Mass of composite, m (g) 422.618
Required glass fiber Vs 0.215 | Volume of sisal fiber (cm?®) 23.8
Required relative Sisal:Glass V¢ 0.2833 | Volume of glass fiber (cm?®) 60.2
Density of sisal fiber, ps (g/cm?) 1.45 | Volume of epoxy (cm®) 196
Density of glass fiber, pr (g/cm®) 2.54 | Mass of sisal fiber, ms (g) 34.51
Density of epoxy, pe (g/cm?) 1.2 | Mass of glass fiber, mg (Q) 152.908
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Volume of composite, V (cm?®) 280 | Mass of epoxy, me () 235.2
Sisal fiber wt% 0.0817
Glass fiber wt% 0.3618
Relative Sisal:Glass wt% 0.1841
Laminate G - G/G/G/G/GI/G/G
Constants Values | Parameters Values
Total fiber volume fraction Vs 0.3 | Density of composite, p (g/cm?®) 1.602
Required sisal fiber V¢ 0 | Mass of composite, m (g) 448.56
Required glass fiber V¢ 0.3 | Volume of sisal fiber (cm®) 0
Required relative Sisal:Glass Vs 0 | Volume of glass fiber (cm?®) 84
Density of sisal fiber, ps (g/cm?) 1.45 | Volume of epoxy (cmq) 196
Density of glass fiber, pr (g/cm®) 2.54 | Mass of sisal fiber, ms (g) 0
Density of epoxy, pe (g/cm?3) 1.2 | Mass of glass fiber, mg (9) 213.36
Volume of composite, V (cm?®) 280 | Mass of epoxy, me () 235.2
Sisal fiber wt% 0
Glass fiber wt% 0.4757
Relative Sisal:Glass wt% 0
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B. Python Code for Normalized Energy Release Rate Analysis of 2TCT Specimen

3K 3K Kok sk 3k ok sk ke sk sk sk sk sk sk sk sk skosk sk sk skok sk sk sk sk sk sk sk sk skok sk sk sk sk sk sk sk sk ko sk sk sk ko sk sk ki sk sk sk sk sk sk sk sk skok sk sk sk sk ke sk sk sk skok sk sk sk okok sk sk kokok

#Normalized Energy Release Rate Analysis of 2TCT Specimen #
#**********************************************************************************#
#==================================================================================#
#Preparation

#==================================================================================#

from abaqus import *

from abaqusConstants import *

session.viewports[ 'Viewport: 1'].makeCurrent()

session.viewports[ 'Viewport: 1'].maximize()

from caeModules import *

from driverUtils import executeOnCaeStartup

executeOnCaeStartup()

Mdb ()

import os

os.chdir(r"S:\Programs\ABAQUSTemp")

s = mdb.models[ 'Model-1'].ConstrainedSketch(name="__profile ',
sheetSize=200.0)

g, v, d, ¢ = s.geometry, s.vertices, s.dimensions, s.constraints

s.setPrimaryObject(option=STANDALONE)

#::================================================================================#
#Parameters #
#==================================================================================#

#Crack Length
Csize = 20.0
#Material Properties
E1l = 14352.0

E2 = 14352.0

Nu = 0.24

Gl2 = 4728.0

G13 = 4728.0

G23 = 4728.0

#Mesh Size Factors

MAXsize = 1.0

MINsize = 9.2

e e e == e e == === === —=-==="———CCc{
#Part Module #
#f==================================================================================§

#Sketch the Geometry

s.Line(pointl=(0.0, 0.0), point2=(Csize, 0.0))
.HorizontalConstraint(entity=g[2], addUndoState=False)
.Line(pointl=(Csize, 0.0), point2=(76.0, 0.0))
.HorizontalConstraint(entity=g[3], addUndoState=False)
.ParallelConstraint(entityl=g[2], entity2=g[3], addUndoState=False)
.Line(pointl=(76.0, 0.0), point2=(76.0, 20.90))
.VerticalConstraint(entity=g[4], addUndoState=False)
.PerpendicularConstraint(entityl=g[3], entity2=g[4], addUndoState=False)
.Line(point1=(76.0, 20.0), point2=(56.0, 35.0))

.Line(point1=(56.0, 35.0), point2=(6.0, 35.0))
.HorizontalConstraint(entity=g[6], addUndoState=False) 75
.Line(pointl=(6.0, 35.0), point2=(-14.0, 20.0))
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.Line(pointl=(-14.0, 20.0), point2=(-14.0, 0.0))

.VerticalConstraint(entity=g[8], addUndoState=False)

.Line(pointl=(-14.0, 0.0), point2=(0.0, 0.0))

.HorizontalConstraint(entity=g[9], addUndoState=False)

.PerpendicularConstraint(entityl=g[8], entity2=g[9], addUndoState=False)

s.CircleByCenterPerimeter(center=(0.0, 13.0), pointl=(0.0, 17.90))

#Create 3D, Deformable, Shell Planar Part

p = mdb.models[ 'Model-1"'].Part(name="Part-1', dimensionality=THREE_D,
type=DEFORMABLE_BODY)

p = mdb.models[ "Model-1"].parts['Part-1"]

p.BaseShell(sketch=s)

s.unsetPrimaryObject()

p = mdb.models[ "Model-1"].parts['Part-1"]

session.viewports[ 'Viewport: 1'].setValues(displayedObject=p)

del mdb.models[ 'Model-1"].sketches[' profile ']

#Create Set 'CrackTip', 'SymmetricLine', and 'EndConstraintPoint’

session.viewports[ 'Viewport: 1'].setValues(displayedObject=None)

p = mdb.models[ '"Model-1"'].parts['Part-1"]

v = p.vertices

verts = v.getSequenceFromMask(mask=("'[#8 ]', ), )

p.Set(vertices=verts, name='CrackTip"')

p = mdb.models[ ‘Model-1"].parts[ Part-1"]

e = p.edges

edges = e.getSequenceFromMask(mask=("'[#8 1", ), )

p.Set(edges=edges, name='SymmetricLine")

p = mdb.models[ "Model-1"].parts['Part-1"]

v = p.vertices

verts = v.getSequenceFromMask(mask=("'[#10 ', ), )

p.Set(vertices=verts, name='EndConstraintPoint')

#Create the Set 'LoadingPoint'

p = mdb.models[ "Model-1"].parts['Part-1"]

session.viewports[ 'Viewport: 1'].setValues(displayedObject=p)

p = mdb.models[ "Model-1"].parts['Part-1"]

v = p.vertices

verts = v.getSequenceFromMask(mask=("'[#1 1", ), )

p.Set(vertices=verts, name='LoadingPoint')

n n n nu n

#Set Material Property

mdb.models[ 'Model-1'].Material(name="Material-1")

mdb.models[ 'Model-1"'].materials[ ‘Material-1"'].Elastic(type=LAMINA, table=((
El, E2, Nu, G12, G13, G23), ))

#Section Creation and Assignment

mdb.models[ '"Model-1"'].HomogeneousShellSection(name="'Section-1",
preIntegrate=0FF, material='Material-1', thicknessType=UNIFORM,
thickness=1.0, thicknessField='"', nodalThicknessField="'",
idealization=NO_IDEALIZATION, poissonDefinition=DEFAULT,
thicknessModulus=None, temperature=GRADIENT, useDensity=OFF,
integrationRule=SIMPSON, numIntPts=3)

p = mdb.models[ ‘Model-1"].parts['Part-1"]

f = p.faces

76


pc
Typewriter
76


faces = f.getSequenceFromMask(mask=("[#1 ]', ), )

region = regionToolset.Region(faces=faces)

p = mdb.models[ ‘Model-1"].parts[ 'Part-1"]

p.SectionAssignment(region=region, sectionName='Section-1', offset=0.0,
offsetType=MIDDLE_SURFACE, offsetField="",
thicknessAssignment=FROM_SECTION)

a = mdb.models[ "Model-1"].rootAssembly
a.DatumCsysByDefault (CARTESIAN)

p = mdb.models[ "Model-1"].parts['Part-1"]
a.Instance(name="Part-1-1', part=p, dependent=0FF)

a = mdb.models[ 'Model-1"].rootAssembly

session.viewports[ 'Viewport: 1'].setValues(displayedObject=a)

session.viewports[ 'Viewport: 1'].assemblyDisplay.setValues(interactions=0N,
constraints=0ON, connectors=ON, engineeringFeatures=0ON)

a = mdb.models[ 'Model-1"].rootAssembly

crackFront = a.instances[ 'Part-1-1"].sets[ 'CrackTip']

a = mdb.models[ 'Model-1"].rootAssembly

crackTip = a.instances['Part-1-1'].sets['CrackTip']

vll = a.instances[ 'Part-1-1"].vertices

v21 = a.instances[ 'Part-1-1"'].vertices

a.engineeringFeatures.ContourIntegral(name="'Crack-1"', symmetric=ON,
crackFront=crackFront, crackTip=crackTip,
extensionDirectionMethod=Q_VECTORS, gVectors=((v11[3], v21[4]), ),
midNodePosition=0.5, collapsedElementAtTip=NONE)

#Create 'LoadingStep'

mdb.models[ 'Model-1"'].StaticStep(name="'Loading', previous="Initial")

session.viewports[ 'Viewport: 1'].assemblyDisplay.setValues(step="Loading")

#Create 'History Output-1'

mdb.models[ '"Model-1"].historyOutputRequests[ 'H-Output-1"'].setValues(
frequency=LAST_INCREMENT, contourlIntegral='Crack-1', sectionPoints=DEFAULT,
rebar=EXCLUDE, numberOfContours=5)

#Create 'BC-1' and 'BC-2'

a = mdb.models[ 'Model-1"].rootAssembly

session.viewports['Viewport: 1'].setValues(displayedObject=a)

session.viewports[ 'Viewport: 1'].assemblyDisplay.setValues(step="Initial")

a = mdb.models[ 'Model-1"].rootAssembly

region = a.instances['Part-1-1'].sets[ 'SymmetricLine’]

mdb.models[ 'Model-1"'].YsymmBC(name="'BC-1', createStepName="'Initial",
region=region, localCsys=None)

a = mdb.models[ 'Model-1"].rootAssembly

77


pc
Typewriter
77


region = a.instances['Part-1-1'].sets['EndConstraintPoint']

mdb.models[ 'Model-1"'].DisplacementBC( ='BC-2", ="'Initial’,
=region, u1=SET, u2=UNSET, u3=UNSET, ~UNSET, =UNSET, =UNSET,
=UNSET, =UNIFORM, ='"', =None)
session.viewports[ 'Viewport: 1'].assemblyDisplay.setValues( ="'Loading")

#Create 'Load-1' (concentrated load of 1N)
a = mdb.models[ 'Model-1"].rootAssembly
region = a.instances['Part-1-1'].sets['LoadingPoint']

mdb.models[ 'Model-1"].ConcentratedForce( ='Load-1",
='Loading"', =region, =1.0, =UNIFORM,

=5 =None)
#==================================================================================
#Mesh Module
S ———
a = mdb.models[ ‘Model-1"].rootAssembly
session.viewports[ 'Viewport: 1'].setValues( =a)

a = mdb.models[ ‘Model-1"].rootAssembly
fl = a.instances[ 'Part-1-1"].faces

pickedRegions = fl1l.getSequenceFromMask( =("[#1 1", ), )
a.setMeshControls( =pickedRegions, =QUAD)
elemTypel = mesh.ElemType( =S8R5, =STANDARD)
elemType2 = mesh.ElemType( =STRI65, =STANDARD)

a = mdb.models[ ‘Model-1"].rootAssembly
fl = a.instances[ 'Part-1-1"].faces

facesl = fl.getSequenceFromMask( =("[#1 1", ), )
pickedRegions =(facesl, )
a.setElementType( =pickedRegions, =(elemTypel, elemType2))

a = mdb.models[ ‘Model-1"].rootAssembly
el = a.instances['Part-1-1"].edges

pickedEdges = el.getSequenceFromMask( =("[#1f2 1', ), )
a.seedEdgeBySize( =pickedEdges, =MAXsize, =0.1,
~FINER)

a = mdb.models[ ‘Model-1"].rootAssembly
el = a.instances['Part-1-1"].edges

pickedEdges = el.getSequenceFromMask( =("[#1 1", ), )
a.seedEdgeBySize( =pickedEdges, =MINsize, =0.1,
~FINER)

a = mdb.models[ 'Model-1"].rootAssembly
el = a.instances['Part-1-1"].edges

pickedEdges2 = el.getSequenceFromMask( =('"[#4 1", ), )
a.seedEdgeByBias( =SINGLE, =pickedEdges2, =MINsize,
=MAXsize, =FINER)

a = mdb.models[ 'Model-1"].rootAssembly
el = a.instances['Part-1-1"].edges

pickedEdgesl = el.getSequenceFromMask( =('[#8 1', ), )
a.seedEdgeByBias( =SINGLE, =pickedEdges1, =MINsize,
=MAXsize, =FINER)

a = mdb.models[ ‘Model-1"].rootAssembly
partInstances =(a.instances[ 'Part-1-1"7], )
a.generateMesh( =partInstances) 78
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#Create Job Named 'J_study G_a20' and Submit for Analysis

mdb.Job(name="J]_study_G_a20', model="Model-1', description=""', type=ANALYSIS,
atTime=None, waitMinutes=0, waitHours=0, queue=None, memory=90,
memoryUnits=PERCENTAGE, getMemoryFromAnalysis=True,
explicitPrecision=SINGLE, nodalOutputPrecision=SINGLE, echoPrint=0FF,
modelPrint=0FF, contactPrint=0FF, historyPrint=0FF, userSubroutine='",
scratch="", resultsFormat=0DB, multiprocessingMode=DEFAULT, numCpus=1,
numGPUs=0)

mdb.jobs['J_study _G_a20'].submit(consistencyChecking=0FF)

session.viewports[ 'Viewport: 1'].view.fitView()
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C. Normalized Energy Release Rate Values f(a) (m?/kJ) for values of the crack length

a ranging from 19 - 64 mm

Laminate S - S/S/S/S/S/S/S

a 19 20 21 22 23 24 25
f(a) | 1.4033E-04 | 1.4838E-04 | 1.5669E-04 | 1.6533E-04 | 1.7434E-04 | 1.8376E-04 | 1.9366E-04
a 26 27 28 29 30 31 32
f(a) | 2.0410E-04 | 2.1516E-04 | 2.2694E-04 | 2.3946E-04 | 2.5289E-04 | 2.6737E-04 | 2.8294E-04
a 33 34 35 36 37 38 39
f(a) | 2.9986E-04 | 3.1825E-04 | 3.3835E-04 | 3.6044E-04 | 3.8462E-04 | 4.1144E-04 | 4.4122E-04
a 40 41 42 43 44 45 46
f(a) | 4.7432E-04 | 5.1135E-04 | 5.5293E-04 | 5.9985E-04 | 6.5279E-04 | 7.1299E-04 | 7.8178E-04
a 47 48 49 50 51 52 53
f(a) | 8.6061E-04 | 9.5154E-04 | 1.0568E-03 | 1.1794E-03 | 1.3232E-03 | 1.4928E-03 | 1.6941E-03
a 54 55 56 57 58 59 60
5.1146E-03
f(a) | 1.9352E-03 | 2.2262E-03 | 2.5807E-03 | 3.0169E-03 | 3.5596E-03 | 4.2429E-03
a 61 62 63 64
f(a) | 8.3208E-02 | 6.2446E-03 | 7.7335E-03 | 9.7359E-03
Laminate H1 - G/G/S/S/SIGIG
a 19 20 21 22 23 24 25
f(a) | 5.6221E-05 | 5.9422E-05 | 6.2723E-05 | 6.6160E-05 | 6.9745E-05 | 7.3495E-05 | 7.7438E-05
a 26 27 28 29 30 31 32
f(a) | 8.1595E-05 | 8.6002E-05 | 9.0693E-05 | 9.5683E-05 | 1.0104E-04 | 1.0681E-04 | 1.1302E-04
a 33 34 35 36 37 38 39
f(a) | 1.1977E-04 | 1.2710E-04 | 1.3511E-04 | 1.4392E-04 | 1.5357E-04 | 1.6427E-04 | 1.7615E-04
a 40 41 42 43 44 45 46
f(a) | 1.8935E-04 | 2.0412E-04 | 2.2072E-04 | 2.3943E-04 | 2.6056E-04 | 2.8458E-04 | 3.1202E-04
a 47 48 49 50 51 52 53
f(a) | 3.4347E-04 | 3.7974E-04 | 4.2172E-04 | 4.7061E-04 | 5.2796E-04 | 5.9552E-04 | 6.7575E-04
a 54 55 56 57 58 59 60
f(a) | 7.7181E-04 | 8.8767E-04 | 1.0288E-03 | 1.2024E-03 | 1.4184E-03 | 1.6902E-03 | 2.0370E-03
a 61 62 63 64
f(a) | 2.4864E-03 | 3.0785E-03 | 3.8748E-03 | 4.9667E-03
Laminate H2 - G/G/S/G/SIGIG
a 19 20 21 22 23 24 25
f(a) | 4.8903E-05 | 5.1685E-05 | 5.4555E-05 | 5.7543E-05 | 6.0660E-05 | 6.3920E-05 | 6.7348E-05
a 26 27 28 29 30 31 32
f(a) | 7.0962E-05 | 7.4793E-05 | 7.8872E-05 | 8.3211E-05 | 8.7867E-05 | 9.2885E-05 | 9.8283E-05
a 33 34 35 36 37 38 39
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f(a) | 1.0415E-04 | 1.1053E-04 | 1.1749E-04 | 1.2516E-04 | 1.3354E-04 | 1.4284E-04 | 1.5317E-04
a 40 41 42 43 44 45 46
f(a) | 1.6466E-04 | 1.7750E-04 | 1.9193E-04 | 2.0820E-04 | 2.2657E-04 | 2.4746E-04 | 2.7132E-04
a 47 48 49 50 51 52 53
f(a) | 2.9867E-04 | 3.3021E-04 | 3.6670E-04 | 4.0921E-04 | 4.5908E-04 | 5.1783E-04 | 5.8758E-04
a 54 55 56 57 58 59 60
f(a) | 6.7109E-04 | 7.7182E-04 | 8.9455E-04 | 1.0455E-03 | 1.2332E-03 | 1.4695E-03 | 1.7710E-03
a 61 62 63 64
f(a) | 2.1616E-03 | 2.6764E-03 | 3.3686E-03 | 4.3177E-03
Laminate G - G/G/G/G/G/G/G
a 19 20 21 22 23 24 25
f(a) | 3.8802E-05 | 4.1008E-05 | 4.3284E-05 | 4.5653E-05 | 4.8124E-05 | 5.0709E-05 | 5.3427E-05
a 26 27 28 29 30 31 32
f(a) | 5.6292E-05 | 5.9330E-05 | 6.2565E-05 | 6.6005E-05 | 6.9698E-05 | 7.3677E-05 | 7.7958E-05
a 33 34 35 36 37 38 39
f(a) | 8.2612E-05 | 8.7668E-05 | 9.3194E-05 | 9.9270E-05 | 1.0592E-04 | 1.1330E-04 | 1.2149E-04
a 40 41 42 43 44 45 46
f(a) | 1.3060E-04 | 1.4078E-04 | 1.5223E-04 | 1.6513E-04 | 1.7970E-04 | 1.9627E-04 | 2.1519E-04
a 47 48 49 50 51 52 53
f(a) | 2.3688E-04 | 2.6189E-04 | 2.9084E-04 | 3.2455E-04 | 3.6410E-04 | 4.1068E-04 | 4.6599E-04
a 54 55 56 57 58 59 60
f(a) | 5.3222E-04 | 6.1209E-04 | 7.0940E-04 | 8.2905E-04 | 9.7791E-04 | 1.1653E-03 | 1.4043E-03
a 61 62 63 64
f(a) | 1.7140E-03 | 2.1221E-03 | 2.6709E-03 | 3.4234E-03
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