U[P|M

UNIVERSITI PUTRA MALAYSIA

PHYSICAL PROPERTIES OF INTERLOCKING CORE STRUCTURES OF
FLAX FIBRE-REINFORCED POLYLACTIC ACID COMPOSITE

By

SALEH NAJI MUSAED AL SUBARI

Thesis Submitted to the School of Graduate Studies, Universiti Putra Malaysia,
in Fulfilment of the Requirements for the Degree of Doctor of Philosophy

April 2023

FK 2023 41



All material contained within the thesis, including without limitation text, logos, icons,
photographs, and all other artwork, is copyright material of Universiti Putra Malaysia
unless otherwise stated. Use may be made of any material contained within the thesis for
non-commercial purposes from the copyright holder. Commercial use of material may
only be made with the express, prior, written permission of Universiti Putra Malaysia.

Copyright © Universiti Putra Malaysia



Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment of
the requirements for the degree of Doctor of Philosophy

PHYSICAL PROPERTIES OF INTERLOCKING CORE STRUCTURES OF
FLAX FIBRE-REINFORCED POLYLACTIC ACID COMPOSITE

By

SALEH NAJI MUSAED AL SUBARI

April 2023

Chair : Mohd Zuhri bin Mohamed Yusoff, PhD
Faculty : Engineering

In the composite industry, natural fibre flax has great potential to replace synthetic fibres
like carbon and glass due to their versatile characteristics like biodegradability,
lightweightness, low cost, and environmentally friendly materials. Therefore, this thesis
presents the findings of investigating the compression and fire properties of a range of
sandwich structures made from flax fibre reinforced polylactic acid (flax/PLA)
composite. Initial testing was focused on the effect of variation in manufacturing
processes on the tensile properties of flax/PLA composites. Then, a novel double cell
wall interlocking square core with three different cell sizes and honeycomb cores with
three different lengths were fabricated and tested under quasi-static compression loading
to determine their strength and specific energy absorption (SEA) capabilities. Following
this, the interlocking square and honeycomb cores were filled with two different high-
density foams and their strength and SEA values were determined. Furthermore, the fire
properties of empty interlocking square and honeycomb core sandwich structure
composites were investigated by cone calorimeter measurements at three different heat
fluxes. The findings on tensile testing revealed that flax/PLA composites manufactured
at a temperature of 180 °C and pressed for 10 mins gave the highest value of tensile
strength, whereas a temperature of 190 °C, pressed for 15 mins, was the lowest.
Furthermore, testing on empty and foam-filled double cell wall interlocking square core
sandwich structures showed that empty double cell wall significantly increased the
compressive strength and SEA values for foam-filled interlocking square core increased
up to 126 % and 64 %, respectively, as compared to the empty core structure. It was also
demonstrated that the higher the foam density filled in a smaller cell size core structure,
the greater the effect on its strength and SEA. In addition, the variation of the cell core
sizes was more pronounced in the case of the empty core structure compared to their
foam-filled core counterparts. It was also observed that the average SEAs of foam-filled
and empty honeycomb cores showed no significant difference, lying around 8.7 kJ/kg
and 8.2 kJ/kg, respectively. In contrast, its compressive strength was clearly pronounced,
in which the foam-filled core outperformed the empty counterparts by around 33 %.
Clearly, the addition of foam inside both core structures improved the literal support to
the core cell wall, resulting in a considerable delay in cell wall buckling and a significant



improvement in strength and SEA values relative to the empty core structures. The
mechanical strength and SEA values of these structures compare very favourably with
data from tests on a wide range of cores with and without foam reported in the literature.
Finally, the cone colorimeter and the results showed that, in terms of time-to-ignition
and heat release rate (HRR), the honeycomb core structure performed better than the
square core structure in almost all three heat fluxes. However, this advantage was only
really noticeable in the case of 35kW/m?, where the time-to—ignite was higher by 17
seconds. It is critical to note that the skin of sandwich structures played a significant role
in increasing HRR; as a result, improving the skin of the sandwich structures by applying
fire retardant is necessary for these structures to be used in engineering applications.
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SIFAT FIZIKAL STRUKTUR TERAS BERSEGI KOMPOSIT POLILAKTIK
ASID BERTETULANG SERAT FLAX

Oleh

SALEH NAJI MUSAED AL SUBARI

April 2023

Pengerusi : Mohd Zuhri bin Mohamed Yusoff, PhD
Fakulti : Kejuruteraan

Tesis ini membentangkan hasil dapatan kajian penyelidikan pemampatan dan sifat
kebakaran berbagai struktur komposit pelbagai lapisan diperbuat daripada komposit
gentian rami dikukuhkan oleh asid polilaktik (Flax/PLA). Ujikaji permulaan tertumpu
kepada kesan variasi proses pembuatan terhadap sifat tegangan komposit rami/PLA.
Seterusnya, dinding dua sel baharu menghubungkan teras segi empat sama dengan tiga
sel yang berbeza saiz dan teras sarang lebah yang mempunyai tiga kepanjangan yang
berbeza telah disediakan dan diuji dengan beban mampatan statik kuasi untuk
menentukan kekuatan dan keupayaan penyerapan tenaga spesifik (SEA). Berikutan ini,
teras segi empat sama yang berhubung dan sarang lebah telah diisi dengan dua busa
berketumpatan tinggi yang berbeza, dan kekuatannya serta nilai SEA ditentukan. Kesan
penggunaan dinding dua sel, saiz, dan panjang sel yang berbeza serta struktur teras berisi
busa turut dikaji. Teras segi empat sama berhubung disediakan melalui teknik “slotting”,
manakala teras sarang lebah dibuat menggunakan acuan beralun yang pada mulanya
digunakan untuk mencipta profil teras beralun, yang kemudiannya dipotong kepada
sarang beralun dan dipasang untuk membentuk teras sarang lebah. Tambahan pula, sifat
kebakaran teras segi empat sama berhubung yang kosong dan struktur teras komposit
pelbagai lapisan telah disiasat dengan pengukuran kon kalorimeter pada tiga fluks haba
yang berbeza. Hasil dapatan ujian tegangan mendedahkan bahawa komposit rami/PLA
yang dihasilkan pada suhu 180 °C dan dimampatkan selama 10 minit menunjukkan nilai
kekuatan tertinggi manakala suhu 190 °C, dimampatkan selama 15 minit adalah yang
terendah. Tambahan pula, ujian ke atas teras segi empat sama berstruktur pelbagai
lapisan yang kosong dan berisi busa menunjukkan bahawa dinding dua sel berstruktur
pelbagai lapisan yang kosong menunjukkan kekuatan dan keupayaan penyerapan tenaga
yang lebih baik. Di samping itu, kekuatan mampatan dan nilai SEA bagi teras segi empat
sama berhubung berisi busa masing-masing meningkat sehingga 126 % dan 64 % jika
dibandingkan dengan teras berstruktur kosong. Ia juga menunjukkan bahawa semakin
tinggi ketumpatan busa yang diisi di dalam struktur teras saiz sel yang lebih kecil,
semakin besar kesannya terhadap kekuatan dan SEA. Di samping itu, variasi saiz sel
teras lebih ketara dalam kes teras berstruktur kosong berbanding pasangannya teras berisi
busa. Ia juga dapat dilihat bahawa purata SEA bagi teras sarang lebah berisi busa dan
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kosong tidak menunjukkan perbezaan yang signifikan, masing-masing pada anggaran
8.7 kJ/kg dan 8.2 klJ/kg. Sebaliknya, kekuatannya lebih ketara, pada teras berisi busa
mengatasi pasanganya yang kosong sekitar 33 %. Jelas sekali, pengisian busa di dalam
kedua-dua struktur teras telah memperkukuhkan sokongan literal ke atas dinding sel
teras, menyebabkan kelewatan yang besar dalam lengkungan dinding sel dan
peningkatan yang ketara dalam kekuatan dan nilai SEA berkait dengan struktur teras
kosong. Perbandingan kekuatan mekanikal dan nilai SEA struktur-struktur ini adalah
baik daripada data ujikaji pelbagai teras berisi dan tidak berisi busa seperti dilaporkan di
dalam kajian lepas. Akhir sekali, kon kalorimeter dan ujian asap menunjukkan kedua-
dua struktur teras mempunyai gerakan yang sama dengan sifat kebakaran, kecuali apabila
fluks haba meningkat kepada 70 kW/m? di mana sarang lebah bertindak balas secara
berbeza daripada teras berhubung.
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CHAPTER 1

INTRODUCTION

This chapter contains a brief introduction to the research project and an overview of
composite materials, along with their applications. The rationale behind the need for an
efficient and lightweight energy-absorbing structure will be presented. Additionally, the
motivation, objectives of the research, and significance of the study are discussed. The
chapter closes with an overview of the thesis.

1.1 Overview

In recent years, there has been a growing interest in the research of sandwich structures,
particularly in enhancing the energy-absorbing ability and environmentally-friendly
lightweight structures. This leads to the introduction of natural fibres into many
engineering applications due to their explicit advantages as compared to synthetic,
conventional fibres. Here, the potential advantages, such as low cost, lower tool wear,
low density per unit volume, and acceptable specific strength, are some of the important
properties of natural fibres, along with their sustainable, renewable, and degradable
characteristics, which lead to the emergence of new inventions of composite materials.
This work presents contributions towards the development of lightweight sandwich
structures by employing natural fibre composite material. The sandwich structure is
completely made of flax fibre reinforced PLA and later embedded with different types
of foams with a view to enhancing the energy absorption capabilities of the structure.
The process of discovering the developed sandwich structure with and without a foam-
filled core was achieved through extensive experimental testing and knowledge gathered
from previous investigations. This study assesses the specific energy absorption (SEA)
and the corresponding failure modes by executing a range of tests based on several
parameters.

1.2 Sandwich structure

The sandwich structure is known as a core attached to the two identifiable skins. Stiff
and strong skins are utilised by sandwich composite structures, and the core distributes
the load from one skin to another. While the skins contribute to the bending and turgidity,
the adhesive that conveys the shear and axial loads to the core material is used as a
bonding agent. The skin (sometimes called a face sheet), which in rare cases weighs
some millimetres, is commonly composed of light alloys. These light alloys range from
aluminium, a single metallic layer, and laminated or fibre reinforced composite. In
sandwich structures, core designs such as honeycomb, lattice, truss designs or web-
reinforced options, and cellular are commonly used. Opting for particular sandwich
materials is largely dependent on a number of factors, which include the structure’s use,
lifetime loading, and the value and price of the materials. For aerospace applications,
carbon epoxy and graphite epoxy with multi-layered facings are used. However, for the
facings of civil and marine structures, glass epoxy or glass vinyl ester is utilised.
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According to Gay and Hoa [1], acrospace structures use a core made of aluminium or
Nomex honeycomb. Also, Birman [2] suggested that civil engineering requires the use
of closed-cell or open-cell foam, while ship sandwich structures require the use of balsa.
Therefore, this combination of materials resulted from a competitive structure in various
application areas such as aerospace, transport, marine, and civil structures where high
strength, low weight material, and fuel economy are essential factors.

The science and technology of sandwich structures and materials have advanced
significantly over the past several years, and an increasing number of products, from
sports equipment to satellites, are using these structures and materials [3]. The use of
composite sandwich structures in aeronautical, automotive, acrospace, marine, and civil
engineering applications is becoming extensive as these structures have excellent
stiffness-to-weight ratios that lead to weight reduction and fuel consumption. They are
characterised by high structural crashworthiness since they are capable of absorbing
large amounts of energy in a sudden collision. In aerospace applications, various
honeycomb core sandwich structures have been used for space shuttle constructions as
well for both military and aircraft.

More recently, due to their affordability and superior thermal efficiency, sandwich
structures are increasingly being employed in civil engineering projects like building
walls, roofs, and bridge decks. Additionally, sandwich structures are used in railcars for
rapid transit trains, buses, yachts, racing boats, racing vehicles, snow skis, water skis,
and canoes, according to Petras reports [4].

Because of the demands on safety criteria as well as the need to reduce the environmental
effect of the aviation manufacturing sectors, the creation of aircraft parts and components
has become a significant responsibility for engineers and scientists in the connected field
throughout the years. These parts and components must exceed severe safety criteria
imposed by the Federal Aviation Administration's Federal Aviation Regulations (FAR)
without sacrificing important aspects such as lightweight, cost, and durability. Because
weight plays a vital role in the aviation industry, lowering overall weight has a big
advantage for both the producer and the operator because it lowers overall production
and operating costs. This is because a lightweight aircraft has a lower carbon footprint
because it uses less fuel when in operation [5]. Consequently, weight-related issues with
aircraft were largely solved with the development of polymeric-based composites, which
have been used in interior components like flooring, bulkheads, cabin dividers,
restrooms, walls, ceiling panels, stowage bins, and galleys as well as aircraft parts,
including the wing and body (Figure 1.1). Therefore, in order to resolve the traditional
core materials' problems with the environment, weight, cost, and availability, a novel
core design made up of natural fibre is developed.



Figure 1.1 : (a) Seat panelling element and (b) ‘green’ biocomposite material option
for carriage door leaves at a comparable cost to aluminium bonded door leaves,
with a 35 % weight saving [6].

1.3 Potential Application of Natural Fibre Reinforced Polymer Composite

There are many industries that are exploring the use of natural fibre composites and
sandwich structures. Today, many efforts to develop environmentally friendly composite
and sandwich structures, with the aim of cost reduction, weight reduction, and even
pollution abatement, have been undertaken. Here, the applications of natural fibre
composites and sandwich structures in engineering applications are discussed.

Environmentally-friendly aircraft interiors made of natural fibres have received attention
in the aviation industry. For example, Boegler et al. [7] studied the potential use of ramie
fibre composites for aircraft wing boxes, providing a weight reduction over aluminium
alloy. In addition, Kling et al. [8] addressed the possibility of using renewable raw
materials for wing designs in the future. As of right now, a partnership consisting of 214
biomasses, biopolymer-based materials, and Bioenergy Aimplas (Spain), Boeing
Research and Technology Europe (Spain), INvent GmbH (Germany), and Lineo (France)
has been established under the European project [9]. The goal is to commercialise
environmentally friendly aircraft interiors made of natural fibres and reinforce them with
biodegradable polymer matrix composites for the aviation industry. The purpose of these
sandwiched composites made from natural fibres is to be used as cabin partitions, in
addition to preserving environmental sustainability by reducing the influence of climate
change. In a similar study, John et al. [10] focused on using woven flax fabric and
polymeric matrices to produce commercial interior cabin panels. They also worked more
on finding solutions to the problems of strength, moisture absorption, and adhesion
between the fibre and matrix in order to meet airworthiness regulations. Similarly, Haris
etal. [11] examined the characteristics of five different natural fibres—bamboo, oil palm,
banana, kenaf, and pineapple leaf—as a reinforcement for biocomposites for use in
aircraft radomes. Subash [12] highlighted the use of natural fibres as reinforcement for
aircraft interior structures, including hemp, kenaf, flax, and others. Furthermore, a report



by Red [13] indicated that by 2022, the market for aircraft interiors will see demand that
is two times greater than that for aircraft airframe structures. Additionally, it is suggested
that one of the possible uses for polymer composites is the construction of aircraft seats,
enabling the adoption of thinner seat designs for greater space. Eloy et al. [14] also
investigated the use of cotton fibre with polyurethane (PU) matrix as a promising natural
fibre composite for aeronautical interior components. The authors claimed that the use
of PU resin obtained from castor bean oil would allow a complete composite to be fully
manufactured utilising natural resources. In another report, [15] developed a novel
honeycomb from unidirectional kenaf-reinforced epoxy composites. This honeycomb
design allows it to support higher loads, making it suitable for usage in aircraft
constructions. The summary and conclusion of some of the related works are shown in
Table 1.1.

Table 1.1: Summary and conclusion of some of the related works [16]
Drown conclusion Reference
Ramie fibre-based composite is excellent for aircraft wing boxes since it is lightweight and (7. 16]
still maintains its structural integrity. ’
Due to its mechanical properties and resistance to rain erosion, hybrid kenaf/glass fibre-
reinforced polymer composites can be used for aircraft radome applications.
Better mechanical properties at low density will result from using honeycomb cores in
composite structures, and they are also resistant to buckling and bending.
For aircraft cabin interior panels, composites with honeycomb cores and woven flax fibres
between them are acceptable, although they must adhere to FAR regulations (fire
performance). Therefore, during the fabrication of the composite structure, it is important to
spray a fire retardant material on the surface of the natural fibre.
Green composites using bast fibres can be utilised for non-load-bearing components like seat
cushions, cabin linings, package shelves, etc.
In order to reuse and recycle the aircraft structure, commercial aircraft manufacturers like
Airbus and Boeing started their research utilising natural fibre.
When selecting natural fibre, it is crucial to carefully verify its microbial resistance, fire
resistance, and moisture absorption.
Natural fibre can be utilised in the cabin of the aircraft but not in situations where it requires
exceptional fire resistance.
The proper selection of natural fibre for a particular aircraft component must be made
throughout the product's design process.

[11]

[10]

[16]

Natural fibres are already being used in the automotive industry by German automakers
Mercedes, BMW, Audi, and Volkswagen for interior and exterior applications such as
inner door panels and door trim panels, [17] as shown in Table 1.2.



Table 1.2: The application of NFPC in automotive industry [18].

Manufacturer  Model Application
Peugeot 406 Front and rear door panels, seat backs, and parcel shelves.
Citroen C3 Picasso, C5 Parcel shelves, boot linings, door panels, interior door
panellings, and mudguards.
Opel Vectra, Astra, Zafira Door panels, pillar cover panels, head-liner panels, and
instrumental panels.
Volkswagen Passat Variant, Golf, A4, Seat backs, door panels, boot-lid finish panels, and boot-
Bora liners.
Audi A2,A3, A4,A4Avant,A6, Boot-liners, spare tire-linings, side and back door panels,
A8, Roadstar, Coupe seat backs, and hat racks.
Daimler A, C,E, and S class, Pillar cover panels, door panels, car windshields/car
Chrysler EvoBus (exterior) dashboards, and business tables.
BMW 3, 5, and 7 series and Seat backs, headliner panels, boot-linings, door panels,

Mercedes Benz

Fiat
Toyota
Mitsubishi
Rover
Lotus
Vauxhall
General
Motors
Volvo

Ford

other Pilot
C, S, E, and A classes

Punto, Brava, Marea, Alfa
Romeo 146, 156, 159

ES3
Fiat SpA

2000 and others
Eco Elise (July 2008)

Corsa, Astra, Vectra,
Zafira

Cadillac De Ville,
Chevrolet Trail Blazer

V70, C70

Mondeo CD 162, Focus

noise insulation panels, and moulded footwell linings.
Door panels (flax/sisal/wood fibres with epoxy resin/UP
matrix), glove boxes (cotton fibres/wood moulded,
flax/sisal), instrument panel supports, insulations (cotton
fibre), moulding rod/apertures, seat backrest panels,
(cotton fibre), trunk panels (cotton with PP/PET fibres),
and seat surfaces/backrests (coconut fibre/natural rubber).

Door panels.

Pillar garnishes and other interior parts.

Floor mats, indoor claddings, seat back linings, cargo area
floors, door panels, instrumental panels, and floor panels.
Rear storage shelves/panels and insulations.

Body panels, spoilers, seats, and interior carpets.

Headliner panels, interior door panels, pillar cover panels,
and instrument panels.

Seat backs, cargo area floor mats.

Seat paddings, natural foams,
dashboards, and ceilings.

Floor trays, door inserts, door panels, B-pillars, and boot-
liners.

cargo floor trays,

Furthermore, natural fibre composites have been employed to develop load-bearing
components such as beams, roofs, multifunctional panels, water tanks, and pedestrian
bridges for structural and infrastructural purposes [19].

In Malaysia, most studies focus on the potential application of natural fibres in general.
As an example, [20, 21] published a review on the potential usage of vegetable fibres,
and in particular, oil palm empty fruit bunch (EFB), as a roofing material in order to be
an energy-efficient approach to sustainable building. [22] reported that natural fibres
such as oil palm, sugar palm, pineapple leaf, coir, coconut shell, rice husk, banana
pseudostem, kenaf, rubber wood, bagasse, and bamboo are potentially used in industries
such as automotive, furniture, and building construction and in a move to use them in the
aerospace industry.



The variety of NFPC applications is expanding quickly across several engineering
disciplines. Many automotive businesses, like the Proton company, have given the
various types of natural fibre-reinforced polymer composite a significant amount of
attention in a variety of vehicle applications [23]. To sum up, synthetic fibre is already
recognised as having superior properties to other materials, as opposed to natural fibre
composite, which is yet relatively unexplored.

1.4 Problem Statement

In the realm of structural engineering, the search for materials that are both lightweight
and eco-friendly while retaining fire resistance poses a significant challenge. It is well-
established that manipulating the core material and its design can significantly alter the
overall properties of the composite. Different core designs exhibit varying capabilities in
terms of specific energy absorption. Recent data confirm the exceptional performance
potential of cores made of natural fibre-reinforced composites. However, an evident
research gap exists, as only limited studies have investigated the behaviour of sandwich
composite structures incorporating natural fibres under compression loading. This
deficiency underscores the active and underexplored nature of this research area.

Hence, this study aims to address this knowledge gap by focusing on the design of a
double cell wall square interlocking core structure fabricated using flax fibre reinforced
with polylactic acid (PLA). This innovative core design will be compared to a corrugated
honeycomb core sandwich structure, also manufactured from flax fibre reinforced with
polylactic acid (PLA). Through comprehensive testing and analysis, this research seeks
to provide new insights into the mechanical properties of sandwich structures and their
fire resistance capabilities. In doing so, this research aims to contribute to the
development of sustainable, fire-resistant structural materials, fostering advancements in
this actively evolving research field.

1.5 Objectives

The objectives of this research are:

1. To investigate the tensile properties of flax composites and their sensitivities to
various manufacturing temperatures.

2. To fabricate the square interlocking core and honeycomb core structures made
of flax/polylactic acid composite.

3. To study compression properties of empty and foam-filled square interlocking
core structures made of flax/polylactic acid composite, and compare the energy
absorption capability with the current widely used sandwich structures.

4. To study compression properties of empty and foam-filled corrugated
honeycomb core structures made of flax/polylactic acid composite.



5. To compare the energy absorption capability of double cell wall square
interlocking core and corrugated honeycomb core reinforced-foam structures.

6. To investigate the fire performance of square interlocking and honeycomb core
structures made of flax/polylactic acid composite.

1.6 Scope and Limitation of the Study

This study aims to investigate the compression properties under quasi-static compression
load and fire resistance of sandwich structures utilising flax fibre-reinforced composites
as core and skin materials. It will encompass material characterisation, composite
fabrication, compression testing, fire performance assessment, and comparative analysis
with synthetic materials. By assessing the structural and fire properties of flax fibre-
based sandwich structures, this research seeks to contribute to sustainable and fire-
resistant structural solutions in various industries. While conducting this study, several
limitations were encountered that are important to acknowledge. First, the onset of the
COVID-19 pandemic significantly impacted the research environment, leading to
resource constraints and logistical challenges. These limitations affected our ability to
carry out certain experiments as originally planned. For instance, due to limitations in
the machine's capabilities and availability, we were unable to vary the pressure during
the manufacturing process, resulting in the production of samples solely at a fixed
pressure level. Additionally, when employing the slotting technique for square
interlocking core manufacturing, we encountered difficulties in achieving a consistent
thickness of 1.4 mm. The inherent characteristics of the material made it prone to bending
or breaking, necessitating the use of thicker sections (3 mm) to ensure the successful
production of samples. These limitations should be considered when interpreting the
results and may have implications for the generalisability of our findings.

1.7 Thesis Layout

This thesis is structured into five chapters.

Chapter 1 contains a brief overview of sandwich structures along with their applications.
The potential application of natural fibre-reinforced polymer composites, the motivation
for the study, and the rationale behind the need to study the mechanical properties of
sandwich structures made of natural fibre are also presented.

Chapter 2 presents a comprehensive literature review on relevant areas associated with
the topics in this research. This chapter comprises the background, properties, and
applications of natural fibres, followed by an introduction to the sandwich structure and
an extensive review of the mechanical properties of cellular core structures, such as
cellular foam, corrugated, and honeycomb core structures. The chapter then discussed
different types of fabrication processes of core structures, NFCs material



characterisations, and mechanical properties of NFCs core sandwich structure and fire
properties of the sandwich structure. Finally, the key findings are drawn.

Chapter 3 describes the methodology of the research work proposed. The chapter starts
by discussing the material used and the fabrications process of composite panels using a
hot press machine under three different pressing temperatures. Then, sandwich
structures, square interlocking, and honeycomb core structure manufacturing processes
are also presented. Finally, tensile, mechanical, and fire characterisation testing of the
sandwich structure is discussed.

The following Chapter 4 presents the results and discussions of the research findings.
The first part of the chapter investigates the sensitivity of flax/PLA to the variations in
manufacturing temperature, mechanical properties, and specific energy absorptions of
square interlocking and honeycomb core structures with and without foam-filled. A
comparison between both sandwich structures and their fire performance is discussed.
Chapter 5 represents the summary of the results and discussions of the experimental
work, and this chapter also discusses potential future directions for the study.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The interest in using natural fibre-reinforced composites is currently at its highest.
Numerous studies have been conducted due to their positive benefits related to
environmental issues. Even though they have limitations for some load requirements,
this drawback has been countered through fibre treatment and hybridisation. Sandwich
structure, on the other hand, is a combination of two or more individual components with
different properties, which, when joined together, can result in better performance.
Sandwich structures have been used in a wide range of industrial material applications.
They are known to be lightweight and good at absorbing energy, providing superior
strength and stiffness-to-weight ratios, and offering opportunities, through design
integration, to remove some components from the core element.

Today, many industries use composite sandwich structures in a range of components.
Through the good design of the core structure, one can maximise the strength properties
while having a low density. However, the application of natural fibre composites in
sandwich structures is still minimal. Therefore, this chapter reviewed the possibility of
using a natural fibre composite in sandwich structure applications. It addressed the
mechanical properties and energy-absorbing characteristics of natural fibre-based
sandwich structures tested under various compression loads. The results and potential
areas of improvement to fit into a wide range of engineering applications are discussed.

2.2 Natural Fibre Composites: Background, Properties, and Applications

The utilisation of natural fibres as alternative materials in many industrial sectors has
been of major global interest in moving towards a greener environment and
sustainability. These natural fibres, e.g., kenaf, sugar palm, flax, jute, hemp, etc., have
been incorporated with polymeric resins to form new materials called natural fibre
composites (NFCs) [24-28]. These natural fibres can be mixed with bioplastics such as
PLA, phenolics, and starch to produce green composites [29-34]. In general, these NFCs
are constituted from thermoset or thermoplastic resins to offer specific qualities and
properties for various applications [35-37]. From this point of view, it can be seen that
the application of NFCs has grasped the attention of material researchers and engineers
due to the advantages they offer (Table 2.1) [38]. On top of this, the current
environmental issues have expedited the growing interest among industries for
innovating with NFCs for various products.
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From the aforementioned statements, NFCs have been suggested to substitute for the
previous traditional composites, including glass, basalt, carbon, and aramid fibre
composites [38]. This could be happening due to the NFCs themselves, which have low
manufacturing costs, higher productivity, as well as good mechanical strength and
stiffness. Generally, the performance of NFCs depends on the fibre type. For instance,
bast fibres tend to show superior flexural strength, while leaf fibres tend to offer excellent
impact properties [39]. Thus, the understanding of natural fibre properties and forms is
crucial for achieving successful improvement outcomes [40-42]. Chandrasekar et al. [43]
found that flax fibre-reinforced epoxy composites exhibited higher bending and impact
strengths. Of equal importance, an accurate aspect ratio should be considered because
natural fibres can exist in different forms, such as entangled yarn, bundles, and
elementary fibre [44]. There are various factors that influence the mechanical
performances of natural fibre, e.g., fibre content, temperature, humidity, fibre treatment,
and fibre type.

Typically, natural fibres such as flax and hemp have a high potential for substituting
traditional synthetic fibres. On the other hand, natural fibres are considered challenging
materials since their mechanical properties vary widely, depending on their source,
storage method, and nature [45]. The most prominent issues during the fabrication of
NFCs include poor water resistance, low durability, and poor fibre-matrix adhesion. The
poor interfacial adhesion between natural fibres and their polymer matrix is because of
natural fibres’ composition: hemicellulose, pectin, and lignin [38, 46] [32,42]. These
components exhibit hydrophilicity, whereby a matrix is usually hydrophobic, causing the
natural fibre filler to be easily removed, cracked, fractured, and cratered. Moreover, this
phenomenon happens due to fibres and matrices that are not strongly bonded with each
other. Figure 2.1 briefly explains how the high moisture absorption of natural fibres
diminishes the overall mechanical performance of NFCs. The lack of interfacial bonding
and the absorption of moisture resulted in NFCs being less efficient for stress transfer
and having low durability.

Fibre swells after

O moisture absorption 0
(b)

(a)

— Capillary
i mechanism-water
y molecules flow
= along fibre-matrix
Matrix microrack interface
around swollen fibres I

‘Water diffusion through

bulk matrix
(c) O (@)
‘Water soluble

substances leach I
from fibres
Tltimate
- ) fibre-matrix

debonding

Figure 2.1: Effect of water absorption of natural fibre on mechanical properties of
composite laminate [47]
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NFCs also have thermal degradation problems, as the composite laminate is exposed to
overheating. To solve the issue, fibre treatment is one of the methods that can be
considered to improve the surface topography of fibres for industrial uses. These
treatments provide a better interlocking system between fibre and matrix due to good
surface roughness and fibre—matrix compatibility [48]. Improvements in interfacial
bonding automatically improve the overall performance of natural fibre composites.
Subsequently, the NFCs can fulfil a wider range of applications. There are three main
fibre treatments for improving the quality of NFCs: alkali, silane, and acetyl [49]. Alkali
treatment, or mercerisation, aids in the removal of lignin and hemicellulose [46], whereas
silane treatment provides a coating layer on the surface of the natural fibres [50]. For
acetylation, the mercerisation process is carried out to remove the hemicellulose, natural
fats, lignin, and waxes from the acetylating cellulose [51]. In this case, the process can
yield a higher potential of hydroxyl groups and other reactive functional groups on the
fibres’ surface. Subsequently, the NFCs are comparable with glass fibre composites,
especially in impact strength properties.

Still, the progress of NFCs has continued to snowball since efforts for promoting the
recyclability of crop wastes into goods to replace synthetic fibres were initiated. Natural
fibres are highly promising for application as sandwich structures, either the face sheet
sandwich or the inside core structure. They can replace the aluminium honeycomb,
NOMEX, glass fibres, and other traditional materials in sandwich structures, which are
highly useful in aerospace, automobile, civil, and marine applications [52]. These NFCs
are produced by hand lay-up, compression moulding, and vacuum bagging techniques to
attain good, finished sandwich products. The application of NFCs in sandwich structures
could provide better mechanical properties and move resistance performance towards
more extended durability [53].

2.3 Sandwich Core Structure

There are several types of sandwich cores that have been studied in recent years. All
studies targeted the development of a lightweight structure with good strength and
stiffness. Today, researchers are seeking an archetypal lightweight cellular core that can
be used in sandwich structures, e.g., stochastic and periodic cells. Gibson and Ashby [54]
suggested that foam (open or closed cells), classified as a random microstructure, is one
of the most used stochastic materials. On the other hand, Wadley [55] asserted that the
periodic structures produced from a chain of unit cells in an array could be grouped into
three categories: honeycomb structures, prismatic topologies, and lattice truss structures.
Table 2.2 shows the classification of cellular materials as cores for sandwich structures.
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Table 2.2: Classification of cellular materials as sandwich structures cores [56].

Cellular Materials
Periods .
Three Dimensions (Lattice) Two Di Stochastic
Truss Textile Honeycombs Prismatic Open-cell Closed-cell

Tetrahedral Diamond Textile Hexagonal Triangular %&n | h
3D Kagome Square Textile Trianeular Navtruss_

2.3.1 Cellular Foams

Pyramidal Diamond Collinear Square Diamond
- g2

A number of techniques can be used in foaming various forms of solids. According to
Liu and Chen [57], the phases of foaming polymer foams include bubble nucleation,
expansion, and solidification. Ashby et al. [54] stated that metal foams that have solid
metals in them are usually produced from aluminium with gas pores. Cellular foams with
pores can be open- or closed-cells. Gong and Kyriakides [58] explained that cellular
materials are beneficial because of their ease of manufacturing and for alternating the
densities by a small percentage (~2—10 %) of the base material’s density. Detailed studies
on the manufacturing process of cellular foams have been extensively performed by
many researchers [59, 60]. Though metal foams have a higher density than polymer
foams, they are similar in the sense that they can sustain large compressive strains and
can be used in energy-absorbing applications.

Extensive studies have been performed on the energy-absorbing capability of cellular
foam-based core structures. An investigation of the compressive response of three
polymeric foam materials, i.e., expanded polystyrene (EPS), high-density polyethylene
(HDPE), and polyurethane (PU), under quasi-static testing (medium and high strain rate
conditions), was made by Ashraf et al. [61]. They discovered that EPS and HDPE
materials showed an increasing value of crush stress plateaus and a decreasing strain
value when the strain rate was increased. The materials also exhibited an increasing value
of material density. The PU material, on the other hand, displayed large-scale fractures
and emission at intermediate rates. This caused a depletion in the strength of the crush
plateau in comparison with low-rate tests.

Subhash et al. [62] examined the function of polymeric structural foams with varying
porosity levels, low density (<1 g/cm?), and high density (>1 g/cm?) under low and high
strain rate loadings. It was found that an increase in foam density also led to an increase
in Young’s modulus, yield strength, maximal stress, and strain to failure. In contrast, the
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high-density foams showed an increasing consistency in deformity and resulted in a
ductile-like fracture form, as the low-density foams failed as a result of the prior
disintegration of large porous cells. In addition, Saha et al. [63] carried out a test on two
polymeric foams: cross-linkedpolyvinyl chloride (PVC) and polyurethane (PUR). This
was done under compression loading at varying strain rates. The analysis showed that
peak stress and energy absorption were largely dependent on the microstructure, density,
foam materials, and strain rate.

Chen et al. [64] investigated several advanced foam-filled multi-cell composite panels
(FMCPs) made from glass fibre-reinforced polymer (GFRP) skins, GFRP lattice webs,
and polyurethane (PU) under quasi-static compression. This study investigated four
parameters: the effects of the skin and lattice-web thickness, the foam-cell width and
height, and the foam density. The analysis showed great reductions in the peak crushing
force and bearing loads for the FMCP with trapezoidal cells. Importantly, the FMCP with
double-layer dislocation cells exhibited a specific energy absorption capacity and the
highest mean crushing load. A study on the response of sandwich panels made of uniform
(UD) and several graded density (GD) foam cores and skins produced from aluminium
(AL), stainless steel (ST), and carbon fibre (CF) was conducted by Sun et al. [65]. The
UD and CF were noted as having the highest specific energy absorption in comparison
with the other panels, while specimens produced with GD 0.16 D were recorded as
having the highest energy absorption when compared with the other panels, with less
than 485 J impact, as shown in Figure 2.2.
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Figure 2.2: Energy absorption of sandwich panels under different impact energies:

(a) sandwich panels with different face sheets and (b) sandwich panels with

homogeneous and various graded foam cores [65].

Corrugated Core

23.2

Recent studies have shown that tremendous attention is being given to metallic sandwich

structures, which are now regarded as protective structures in fields such as aerospace,
marine, and transportation [66, 67]. This is because the plastic deformation absorbs the
impact energy in a situation where the structure suffers from an unexpected crash.
Several sandwich structures with various cores, such as foams [68], honeycomb [56],

and truss [69], were recommended by scholars to make the structures more crashworthy.
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Dayyani et al. [70] proposed that corrugated structures would have an impact on
engineering applications. This is because they have exceptional structural characteristics,
including extreme anisotropic behaviour and high stiffness-to-weight ratio, resulting
from their geometric properties.

Several experimental and numerical studies on the quasi-static or dynamic behaviour of
sandwich structures have been carried out. A trial of an aluminium honeycomb-
corrugation hybrid core sandwich construction was performed by Han et al. [71]. This
led to the combination of aluminium honeycomb with corrugated aluminium that
resulted in appreciably enhanced compressive strength and absorption of energy, mainly
in the low-density regime. Zhang et al. [72] explored the effect of varying thicknesses
on the dynamic behaviours of sandwich steel plates and graded corrugated cores. They
considered three different core arrangements of sandwich plates with identical core
density: BBBB, AACC, and ABBC, where A referred to 0.762 mm, B referred to 0.508
mm, and C referred to 0.254 mm. The results and elucidation revealed that the ABBC
absorbed the smallest plastic energy in the back substrate and the most in the core. In
addition, Hou et al. [73] carried out a number of experimental studies and numerical
simulations on multilayered corrugated sandwich panels under quasi-static crushing
loading conditions. The study concluded that there was an extension of the plateau stage,
as well as that the addition of more layers led to an increasing value of energy absorption
before densification.

A comparison of the specific compressive response of composite corrugation cores,
conventional honeycomb, and foam materials was investigated by Rejab and Cantwell
[74]. They reported that the compressive components of thick corrugated cores were like
those of aluminium honeycomb. Furthermore, Yan et al. [75] noted increments in the
compressive strength and energy absorption capacity of a hybrid sandwich by 211 % and
300 %, respectively. Meanwhile, an increase in value for specific energy absorption by
157 % was caused by a foam filling into the empty corrugated sandwich core. Similarly,
Damghani and Gonabadi [76] assessed the role of foam-core relative density on the
impact properties of sandwich panels. They discovered that an increase in the foam core
would invariably lead to a rise in the impact resistance and energy absorption. In
addition, Yang [77] reported that specific energy absorption was partly dependent on the
thickness of the corrugated core layer. Moreover, a study on scaling effects in the
compression response of sandwich structures was carried out by Zhou et al. [78]. In the
study, the authors used both carbon and glass fibres, as well as varying the corrugation
thickness and the number of unit cells. The results showed that the tested cores had no
notable scaling effects, and as the corrugation got thicker, the compression strength was
increased.

233 Honeycomb

Honeycomb refers to a lightweight structure that requires a number of cells to be fused
together to form a structure. Aluminium, Nomex, or thermoplastics, such as propylene,
are examples of materials used for honeycomb structures [79]. As previously reported,
it was shown that hexagonal honeycomb structures offered an outstanding mechanical
performance, allowing them to be used as sandwich core structures [80, 81].
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Furthermore, as noted by Coté et al. [82], the presence of bonded skins affected the
compressive response of the core with a relative density of 0.20, more than the cores with
0.03 and 0.10 relative densities. They also made a comparison between steel square
honeycomb and aluminium hexagonal honeycomb. The hexagonal honeycomb showed
lower peak stress and increased rapid softening and exceeded the peak load when
compared with the square honeycomb.

In addition, the compressive properties of composite sandwich structures with a grid-
reinforced honeycomb core were studied by Sun et al. [83]. Here, they used a honeycomb
core, a grid core, and a combination of the two cores. The report showed that the
combination of the cores exhibited an increased stiffness, as well as better energy
absorption and critical load. This can be observed when comparing it with the
honeycomb core and the grid core individually (see Figure 2.3).
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Figure 2.3: Average properties of sandwich specimens: (a) compression stiffness,
(b) specific compression stiffness, (¢) peak load, and (d) energy absorption [83].

Furthermore, Xiong et al. [84] also examined an egg honeycomb grid core and a
pyramidal honeycomb grid core regarding their compression and energy absorption. An
assessment of these carbon fibre-reinforced honeycomb cores showed that the advanced
honeycomb core exhibited higher energy absorption than the lightweight square
honeycombs of equal density, as shown in Figure 2.4.
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of competing metallic and composite grids sandwich panels, as reported in [84].

24 Fabrication Process of Core Structure

Table 2.3 presents the number of the fabrication processes of composite cores. It is seen
that the sandwich core structure could be fabricated from NFCs to produce good quality
and more robust products. Even so, the fabrication of the NFC core is quite challenging.
To ensure the NFC cores are well fabricated, the parameter settings must be optimised
to eliminate any possible defects. In general, injection moulding and compression
moulding are among the suitable manufacturing techniques to fabricate the core of the
sandwich structure. Recently, zaman et al. [85] developed a thin-walled structure using
NFCs via injection moulding, which has the potential to be used to manufacture cores
for sandwich structures. Some studies also put out that NFC core could be associated
with several issues, such as porosity and uneven wall thickness.
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Table 2.3: Core fabrication techniques

Type of Materials Fabricating Process Parameter Control Refs.
Hexagonal core geometries (lengths of

Synthetic composites Injection moulding cell walls, wall thickness, and the [86]
internal cell angle)

Synthetic composites Pre-preg Geometries [87]
Temperature loadings

Synthetic composites Hand lay-up Corresponding thermal strains and [88]
stresses

NFCs Core geometries [89

NFCs Material [90

Compression

moulding process Process (forming temperature, speed,

and the forming angle) &

Synthetic composite

— | — ==

Geometry of core [92
Weight [93
NECs Solidification
Geometry [84]
Temperature
NFCs Hot press process Pressure [94]
Synthetic composites Consolidation time

Even though the NFC core technology is still in the infancy stage to identify its
capabilities, many studies have been conducted to manufacture NFC cores using the
compression moulding technique to solve the porosity issues. Even so, the main
disadvantages of fabricating via compression moulding are de-bonding of the cell wall
interface, buckling of the cell wall, and fracture. Stocchi et al. [93] compared NFCs
honeycomb core properties from two different manufacturing processes. Jute fibre-
reinforced vinyl ester composites were used to manufacture honeycomb cores by moulds
with fixed inserts and lateral compression. The honeycomb core fabricated from lateral
compression had higher performance due to the technique that removed excess resin and
air. On the counterpart, the lateral compression technique entailed additional time to
produce hexagonal cores. Rao et al. [95] found that sinusoidal cores and hexagonal cores
from sisal fibre-reinforced polypropylene composites were higher than commercial cores
using compression moulding and roll forming methods in terms of specific modulus and
strength. Table 2.4 depicts the summary of the specific mechanical properties of the sisal-
polypropylene core.

Table 2.4: Specific mechanical properties of sisal-polypropylene core [95].

. . Density 7 T/ E/
Material, Cell Size (mm) (kg/m?) p(Nm/kg) p(Nm/kg) p(Nm/kg)
Sisal-Polypropylene sinusoidal core (~ 12)  49(£12.0) 52.56% 103 12 x 10° 1.82 x 10°
Sisal- Polypropylene hexagonal core (~12)  37(+3.0) 56.04 x 10° 10 x 10° 1.73 x 10°
Nomex (phenolic) (~ 10) 48(+3.0)  4583x10° 27 10° 229 x 10°
Aluminium (5056) (~ 10) 151(£7.6)  41.89x10°  32x10°  10.54 x 10°
Polypropylene core (~ 6) 145(+3.2) 2527 x10° 8 x10° 0.80 x 10°

In addition, the fabrication of flax fibre reinforced with linear low-density polyethylene
(LLDPE) composites was conducted via compression moulding to form a corrugated
shape [90]. The process was initiated by the layering process of dry flax fibre mat and
LLDPE film in a moulding slot and ended with compression action at 170 °C. However,
Rao et al. [95] implemented the extrusion process to produce a better-corrugated sheet
than the previous compression moulding technique. This was due to the increase in edge
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constraints. Apart from those mentioned techniques, a flax fibre-reinforced polylactic
acid (PLA) composite honeycomb core was also manufactured by Zuhri et al. [89] using
the slotting method. In the first place, the composite was prepared by the lamination
process to form a sheet. Later, the square and triangular honeycombs were produced by
the slotting technique. The research was supported by FEA results to show that
progressive failure could happen within the honeycomb design slots. Thus, the
fabrication technique of NFC cores plays a significant role in producing higher-quality
sandwich structures.

2.5 NFC material characterization

Natural fibres have various origins, and as such, their characteristics differ, disallowing
their use in recent structures. According to Nishino et al. [96], factors that determine their
properties, such as shape, strength, and size of natural fibres include their place of origin,
maturity, retting process, and the cultivation environment. This variation will also cause
complexity in the properties of the natural fibre composite. The variation in the
characteristics of NFCs means that each has its own strengths and weaknesses. Hence, a
proper design that involves the hybridisation of two different cellulosic fibres portends
excellent enhancement of the properties of the hybrid composite. Due to their cellulosic
nature, this type of hybrid fibre composite provides more flexibility and serves as a better
economical choice [97]. Despite their advantages, some factors might hinder the natural
fibres’ performance during the hybridisation process. These include fibre loading, fibre
selection, fibre form, fibre orientation, fibre arrangement, matrix selections, porosity,
and interfacial strength [98-103].

The hybridisation effect of NFCs to improve their mechanical properties has become an
area of interest to researchers in recent times. For instance, Alavudeen et al. [104]
presented a study on the mechanical properties of kenaf/banana hybrid composites. It
was shown that the kenaf/banana composites offered better mechanical properties
compared to the individual fibre-based composites. In a similar study by Venkatesh et
al. [105], the addition of bamboo fibre to sisal-unsaturated polyester composites
enhanced their mechanical properties compared to the sisal-unsaturated polyester
composites on their own. Moreover, Wu et al. [106] hybridised silk fibre with flax fibre
and studied their mechanical properties. The study showed that the hybrid exhibited
excellent flexural and impact strengths over that of other NFCs. In addition, an
examination of the mechanical properties of sisal and banana fibre-reinforced polylactide
acid (PLA) composite was carried out by Gupta et al. [107]. According to their study,
the treated fibres gave better mechanical properties than pure PLA and untreated fibre
bio-composites.

In recent times, a few researches have been carried out on the hybridisation of natural
fibres in composite manufacturing with respect to their energy absorption characteristic.
For instance, an examination of external basalt layers’ influence on the mechanical
degradation of flax composites when situated in critical environments was performed
[108]. They reported that the external basalt laminate when added to a flax composite,
improved mechanical stability in the static and dynamic loads. Flax-based composites
were able to increase their energy absorption capability with their increasing ageing time;
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meanwhile, the hybrid of the basalt and flax was unable to vary their impact strength
significantly. Similarly, Zivkovié¢ et al. [109][120] analysed the effect of moisture
absorption on the impact properties of basalt, flax, and hybrid of flax/basalt fibre
composites under both dry and conditioned states. The authors observed significant
energy-absorbing improvements for hybrid composites compared to those single
composites counterparts, especially in conditioned samples. On the other hand, Senthil
Kumar et al. [110] examined a hybridisation of banana and coconut fibres and the effect
of their layering pattern. The individual composites and their hybrids were compared,
and the results showed that the coconut fibre as the outer layer exhibited the utmost
damping behaviour and, therefore, better energy absorption capability.

In addition, Wu et al. [106] investigated a hybrid of flax and silk fibre-reinforced
composites. It was reported that when compared with the individual composites, this
hybridisation increased energy absorption. In another study, it was found that
hybridisation of ramie/jute fibre-reinforced composite with a volume fraction of ramie
fibre about 55 % improved the energy absorption and impact resistance compared to
individual fibre [111].

2.6 Methodology standards

Presently, various industries encounter a broad array of testing techniques for evaluating
material characteristics. ISO standards have gained acceptance within the European
Union and most European nations. Nevertheless, the more comprehensive ASTM
International standards enjoy global utilization across multiple sectors, primarily due to
the relatively constrained test procedures within ISO [112]. It's important to note that,
often, both ASTM and ISO standards are designed to achieve identical testing goals but
diverge in the technical methodologies employed, thus rendering the test results from the
two methods not directly commensurable [112]. In the literature, ASTM standards play
a vital role in the field of materials science and engineering, particularly in tensile and
compression testing. Notable standards include ASTM E8 for metallic materials and
ASTM D638 for plastics, which are crucial for characterizing tensile properties. For
compression testing, ASTM E9 guides the evaluation of metallic materials, while ASTM
C39 focuses on concrete specimens. Additionally, standards such as ASTM D695,
ASTM E74, ASTM EI139, ASTM D1621, ASTM D1623, and ASTM D7078 are
employed to assess the mechanical properties of various materials, including rigid
plastics, thin plastic sheeting, non-metallic materials, rigid cellular plastics, and
composite materials[113].

As for polymers and polymer composites tensile testing is carried out in accordance with
standardized procedures, such as ISO 527-4, ISO 527-5, ASTM D 638, ASTM D 3039,
and ASTM C 297. These tests generate stress-strain diagrams that are essential for
determining the tensile modulus. Tensile testing also provides data on tensile strength (at
yield and at break), tensile modulus, tensile strain, elongation, and the percentage of
clongation at yield, as well as at break[114]. While there exist inherent disparities
between the ISO 527-2 and ASTM D638 methodologies for polymers, it's worth noting
that the test results may align, and contingent upon the specific material being examined
[112]. Furthermore, for compression testing, the relevant standards are ASTM D695,
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ISO 604, ASTM D3410, ISO 14126 and ISO844[115] are specialized standards designed
for the in-plane compression of fibre-reinforced composites, offering measurements for
compressive modulus, compressive yield stress, compressive strength at failure, and
compressive strain at failure [114, 116].

2.7 Mechanical Properties of NFC Core Sandwich Structures

Natural fibre composites in engineering applications have increased in recent years due
to their advantages over conventional mineral fibre composites. The benefits include low
density, high specific strength, increased toughness compared to glass fibre, increased
sound absorption, improved biodegradability, environmentally cleaner, and rapidly
renewable [117]. Several natural fibre-reinforced polymer composites have been studied
recently to be used in sandwich structure applications. The natural fibre composite is
used as both skins and core materials for sandwich panel constructions. For example, Du
et al. [118] investigated sandwich panels containing paper-reinforced polymer (PRP)
composite as skin material and natural fibre incorporated into the structure as a core. The
authors claimed that the cell size and height of the honeycomb core had greatly affected
the mechanical properties of the sandwich structure. The findings indicated that the
sandwich structure studied here can replace the existing commercial products. In a recent
work by Du et al. [119], they produced bio-based sandwich-structured composites with
both skin and core materials made from biofibre and polylactic acid (PLA) matrix. Then,
subsequently, an assessment of the flexural properties and failure modes of the structures
was carried out. The results showed that 50 % of fibre had the highest compressive
properties, and thus, the flexural properties and failure mode of the composites met the
automotive load floor requirements. Stocchi et al. [93] fabricated a novel honeycomb
core made of jute-reinforced vinyl ester composite manufactured by lateral compression
moulding. In contrast to the commercially available cores, the developed cores possessed
high compression strengths. Furthermore, Petrone et al. [90] developed an eco-friendly
honeycomb core for sandwich panels by combining flax fibre with polyethylene matrix;
the analyses involved both reinforced and un-reinforced cores. The authors reported a
significant improvement in reinforced cores (continuous-unidirectional and short-
random) compared to un-reinforced ones in terms of mechanical properties. In addition,
improvement in damping value was also achieved by filling the core with wool fibre,
resulting in minimal weight increment. More works and investigations on the mechanical
behaviour of natural fibre were reported in [120].

Manipulating the core material and its design can change the behaviour of the sandwich
structure, both in terms of compression and impact properties. For example, Jusoh et al.
[121] stated that more experimental works should be conducted on the corrugated core
sandwich structure made of natural fibres. It is evident that, based on the information in
the literature, the type of core materials can significantly alter the overall properties of
the composite. This can be seen in recent work done by Zuhri et al. [89], where two
different types of flax-based core structures were compared. The core materials were
flax/polypropylene (flax/PP) and flax/polylactide (flax/PLA); the finding showed that
sandwich structure with flax/PP core offered higher strength and excellent energy-
absorbing characteristics over those offered by the flax/PP core, (see Figure 2.5).
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Also, a comparison of the capacity of bamboo and foam as core materials was
investigated by Zuhri et al. [122]. The results revealed that the energy-absorbing capacity
of the bamboo structure increased as the diameter-to-thickness ratio decreased.
Moreover, the combination of bamboo-foam composite structure offered higher energy
absorption capacity than the sum of the individual foam and bamboo, which was due to
the constraint of the foam. In a similar study, eco-friendly corrugated cores made of flax
fibre, combined with polyethylene matrix, were studied under a low-velocity impact
[90]. The authors reported that continuous fibre reinforcement polymer gave better
results than short fibre composite in response to impact loading. The presence of skin
increased energy absorption because of energy dissipation. However, Petrone et al. [90]
studied polymeric honeycombs reinforced with short and continuous flax fibre. They
concluded that the energy absorption was increased with the core thickness, and the
effect of the presence of skin on the energy absorption was minimal. In addition, sisal
fibre reinforced with polymer matrix in the form of core structures was investigated by
Rao et al. [95]. The design of the core significantly affected the properties of the
sandwich structure. A similar result was found in a finding by Roslan et al. [123], who
carried out a compression test on the square and triangular honeycomb core structures
based on bamboo/epoxy composite. The different designs of cores had varying
capabilities of specific energy absorption. Therefore, it was evident, based on the data,
that the core made of natural fibre-reinforced composites can offer an excellent result.
Table 2.5 summarises selected papers on the development of cores from natural fibres.

2.8 Cone calorimeter properties of sandwich structure

Sandwich panels are used in many aircraft interior applications, such as floors, sidewalls,
ceilings, and storage compartments. These types of sandwich panels may be used in
similar applications in other types of transport vehicles. Due to the need for more
environmentally friendly materials, natural fibre composites are regaining the attention
that has once been shifted to synthetic products. Although synthetic fibre composite
materials, such as glass fibres, carbon fibres, and aramid, are high-performance
materials, they are questionable when cost and environmental concerns come into
consideration. Studies have indicated that sandwich structures containing natural fibres
such as flax may be a viable alternative to synthetic fibre as a reinforcement in polymer
composites due to improvement in their mechanical properties [57, 124, 125]. Although
the mechanical properties of sandwich panels made of natural fibre have been invested
in a wide range recently, less work has been done on their flammability properties, which
has recently become a major issue in a wide range of industries, including aerospace,
transportation, and construction [126, 127]. Research on fire reactions of the sandwich
structure under cone calorimeter has been reported extensively in the literature; for
example, Najmi et al. [128] conducted the fire reaction to Nomex honeycomb, which
was later sandwiched with glass fibre composites. The authors reported that the top skin
of the sandwich structure played an important role in delaying the ignition time.
Furthermore, painting the skin of the sandwich structure offers excellent resistance to
volatile gases escaping from the composites. Other studies reported that the ignition time
was affected by the initial mass of the samples tested [129-131]. In addition, Makovicka
et al. [129] stated that treated composites by fire retardant (FR) take a longer time to burn
in comparison to untreated composites; however, other properties remain the same. A
recent study on flax/PLA and flax/PP composites was done by Pornwannachai et al. [132,
133], where authors revealed that adding FR to flax/PLA and flax/PP composites
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increased fire resistance to some level, but increasing FR above 0.9 % might have an
adverse effect on their fire performance. Furthermore, FR has reduced the mechanical
properties of the composites, and this loss was more severe in flax/PLA than in flax/PP;
a similar conclusion was made by Kandare et al. [134]. In a similar study by Kandare et
al. [135], the authors stated that treated flax/PLA composites had lower flammability
than flax/PP composites due to the interaction of the FR with flax/PLA during the
thermal decomposition and no chemical interaction with flax/PP. Furthermore, Dutta et
al. [136] studied the influence of flax/PP composite orientations on fire performance,
such as ignition temperature, burning time, and heat release rate. According to the
authors, increasing the sample's angle increased the critical heat flux; however,
increasing the sample's angle to equal to or greater than 60° made it insensitive, making
the sample difficult to ignite. The time to ignition, on the other hand, did not vary
significantly across sample orientations. In addition, the orientation of the cone heater
(horizontal (H) and vertical (V)) and fibre type had a significant effect on the composite
fire performance [137]. Extensive work on the fire performance of laminated composite
structures based on natural fibre was reported [135, 138-144]. However, the majority of
this work was in laminated composites, with a relatively little study on the cellular core
of sandwich structures made of natural fibre [145, 146]. In today's market, biodegradable
core materials for sandwich structures are in high demand, and structural analyses
have been conducted for decades. However, to date, investigations on the fire
performance of various cores and sandwich structures have received very little attention.
The current research focuses on an experimental evaluation of the fire reaction of two
sandwich core shapes, square interlocking, and honeycomb core structures.

2.9 Summary

Natural fibres reinforced polymer composite materials are replacing synthetic materials
to a great extent due to their eco-friendly, non-toxic, and biodegradable nature. This
thesis explored the potential use of natural fibre-based composite to be applied in the
sandwich structures application. A brief overview of the classifications of cellular
materials as cores for sandwich structures, e.g., cellular foams, corrugated, and
honeycomb cores, is given. An assessment of the individual fibres, as well as a
combination of two fibres, are reviewed. Also, the mechanical behaviour of the fibres
under static and dynamic loads is discussed. The following research conclusion can be
made as: 1) limited emphasis on natural fibre-reinforced composites: most existing
research has primarily concentrated on improving the performance of synthetic fibres
and hybrid composites with natural fibres, particularly in terms of their dynamic and
static load-bearing capabilities. However, there is a notable lack of comprehensive
investigations into the mechanical characteristics of sandwich structures exclusively
made of natural fibres, 2) neglected focus on natural fibre composites (NFC)
characterisation in sandwich structures: the current research landscape has
predominantly directed its efforts towards characterising NFC materials themselves.
Consequently, there is a significant research gap in the analysis of the mechanical
properties of sandwich structures made solely from natural fibres. Understanding how
NFCs perform within sandwich configurations is essential for various applications and
industries, and 3) understudied area of fire performance in sandwich structures: another
critical research gap lies in the evaluation of the fire performance of various core
materials and sandwich structures. While research on the fire resistance of materials, in
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general, has garnered some attention, there is a significant deficiency in exploring the
fire reaction of specific core shapes commonly employed in sandwich structures, such as
square interlocking and honeycomb cores. Investigating the fire performance of these
core types is essential for enhancing safety in applications where sandwich structures are
used. Therefore, experimental studies of sandwich core shapes, square interlocking, and
honeycomb core structures on their mechanical and fire reaction are still active fields of
research. Table 2.5 summarises selected papers on the development of core structures
from natural fibres.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

In this chapter, details of the experiments conducted during the course of this study is
presented. This includes the mechanical testing and fabrication techniques used to
investigate the characteristics of sandwich structures made of flax/PLA composite (with
and without foam). The first part of this chapter describes the materials used. It is then
followed by the specimen preparation process for the various parameters investigated.
The experimental arrangement adopted, including tensile and quasi-static compression
testing, as well as the fire testing, are outlined. A detailed research framework is shown
in the following flow chart (see Figure 3.1).
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3.2 Materials

The materials used in this study were Biotex flax fibre, in the weave style of 2 x 2 twill
and a surface density of 400 g-m™2 and biodegradable polylactic acid (PLA) film supplied
by Easycomposite, United Kingdom, and PSG Group Ltd United Kingdom respectively.
Epoxy adhesives (BBT-7892A resin and BBT-7892B hardener) were used to bond the
double cell wall square cores to the skins. The mix ratio of adhesive used was 5:1 by
weight. The epoxy resin and the hardener were supplied by Berjaya Bintang Timur Sdn.
Bhd. Finally, the Divinycell HP80 and F150 PVC foams were provided by Diab Group,
Sweden. These foams are closed-cell type with an average density of 80 kg/m* and 150
kg/m?, respectively, with a thickness of 20 mm.

33 Fabrication of composite panel

To prepare the composite panels, the flax fibre, and PLA film were arranged alternately
between the two identical flat platen aluminium moulds. Then, the moulds were placed
under a hot press machine and pressed following the chosen manufacturing parameters
reported in [89, 150-152]. Here, the temperatures used were (T.) 170, 180, and 190 °C,
while the pressing times were 5, 10, and 15 minutes for each temperature. The pressure
was set to 10 bar based on the machine's capability. Next, the composite panels were
taken out from the machine when it was already cooled down. The manufacturing
process cycle composite laminate panel is illustrated in Figure 3.2.
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Following this, the flax/PLA composite panels were cut based on the ASTM3039
standard size for tensile testings [153]. The total specimen length was equal to 250 mm,
150 mm for the gauge length, and 50 mm for each grip length. Figure 3.3 shows the
schematics diagram of the tensile specimen.

50 ' 150 ! s0
} t
I 1 e
Grip length | Gauge length |  Griplength 23
I 1
I 1
250

Figure 3.3: Tensile specimen based on ASTM D3039 standards

34 Fabrication of Sandwich Structures

341 Square interlocking core structure

Three types of double cell wall square core sandwich structures were fabricated at
different stages: (a) manufacturing composite panel using hot press machine, (b) cutting
of composite panel using bench saw, (c) cutting of HP80 and F150 foams, and finally (d)
bonding of core to skins using adhesive material. The square core sandwich structures
were fabricated with double cell walls and different cell sizes of 20 mm (SC20), 30 mm
(SC30), and 40 mm (SC40).

At stage (a), a hot press machine was used to manufacture the composite panels. The
composite panels were produced with an approximately 40 % volume fraction using a
stacking procedure, where the flax fibre and PLA film were arranged alternately (similar
as previously done in Section 3.3). Here, three plies of flax fibre and 18 PLA film plies
were used. The arranged materials were placed into two-matched flat moulds with a
dimension of 300 mm x 300 mm. Next, the moulds were placed in a hot press machine
and pressed for 10 minutes at a temperature of 180 °C and a pressure of 10 bar. Then,
the composite panels were taken out of the machine when they had already cooled down.
This produced a flax/PLA laminate with a nominal thickness of 1.4 mm. Both skins and
core were made using the same method with the same manufacturing parameters.

At stage (b), the composite panels produced in the previous stage were then cut into
rectangular strips using a bench saw machine to fabricate the core structures. Here, a
simple slotting technique was applied to fabricate three types of square interlocking
cores. The overall sizes of these cores were approximately 81 x 81 x 20 mm, 102 x 102
x 20 mm, and 121 x 121 x 20 mm, representing the cell sizes of 20 mm, 30 mm, and 40
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mm, respectively. The detailed design of the double cell wall square interlocking core is
presented in Figure 3.4 and Table 3.2.
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Figure 3.4: The details design of the double cell wall square interlocking cores

Following this stage, the two types of foam, HP80 and F150, were cut into blocks with
dimensions of length and width equal to L;, and h and t; and h. The foam blocks were
then inserted into the empty core at the centre part, stage (c). Finally, the core with foam
was bonded to the skins with epoxy adhesive at stage (d). Figure 3.5 shows an example
of an empty and filled-foam square sandwich structure.

(b)

Figure 3.5: Illustration of (a) empty and (b) filled-foam of square core structure
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A total of 36 samples of double cell wall square interlocking core structures were
manufactured, as summarised in Table 3.1. All cores were characterised by different
densities and double cell wall sizes, as shown in Table 3.2. The relative density of the
core material was estimated from the proportion of the composite to the unit cell volume.
The empty double cell wall square core sandwich structure relative density v was
calculated using Equation 3.1.

Equation 3.1
5 = Alout—t1)

$ (Lout)?

Here t, t; and L, are defined in Table 3.2, where n represents the number of the cell
wall of a unit cell, here n=8 to reduce the double-wall unit cell formula to a single wall
unit cell n = 4 and t;=0. For foam filled square core sandwich structures, the relative
density can be defined as the average relative density p_, given by [154]:

P, =Vs+ (1 —Vo)pse/Ps Equation 3.2

Where p¢ and pg are the densities of foam and square core materials, respectively.

Table 3.1: Summary of the total samples square interlocking flax/PLA core
structures

Core Code Type of Core Samples
SC20 4
SC30 Empty core(without foam) 4
SC40 4
SC20HP80 Filled with HP80 foam 4
SC20F150 Filled with F150 foam 4
SC30HP80 Filled with HP80 foam 5
SC30F150 Filled with F150 foam 3
SC30HP80 Filled with HP80 foam 3
SC30F150 Filled with F150 foam 3

Table 3.2: Dimensions of the square interlocking flax/PLA core structures and their
relative densities

Cell size Thickness Relative density (p)
Core ID Height, 2 (mm) (mm) (mm)
L, Loyt ty t Empty Filled-foam core
HP80 F150
SC20 20 20 24.5 3 1.4 0.20 0.44 0.55
SC30 20 30 34.5 3 1.4 0.15 0.45 0.58
SC40 20 40 44.5 3 14 0.12 0.47 0.62
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34.2 Honeycomb core structure

A trapezoidal corrugated-core mould with 45° profiles was used to fabricate the
honeycomb cores. The measurements of the mild steel moulds were 300 x 300 mm, as
shown in Figure 3.6. Each unit cell measured 10 mm in height and 20 mm in width. The
female mould (lower profile) was used for placing the raw material, while the male
mould (upper profile) pressed the material to create the shape of a trapezoidal profile.

DETAIL D

>
£l
I o
&
Lower Mould
SCALE1 11

(@) (b)

[Unit: mm]

Figure 3.6: Detailed design of corrugated mould

Initially, flax fibre and PLA film were prepared by cutting them into the required
dimension, which was 300 mm x 300 mm (based on the designed moulds). The material
was then arranged between the male and female moulds and later placed in a hot press
machine for approximately 7 minutes under the temperature of 170 °C and a pressure of
10 bar. Then, the moulds were placed in a cooling press machine for 5 minutes. The
moulds were then taken out from the cooling press to remove the corrugated core from
the moulds. This yielded a corrugated core with a nominal thickness of approximately 1
mm. The summary of the fabrication process of the corrugated core profile is shown in
Figure 3.7.
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Figure 3.7: Fabrication process of corrugated core profile
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The fabricated corrugated core profile was then cut into strips using a bench saw machine
to prepare the honeycomb core. Following this, the strips were bonded using an epoxy
to form the desired honeycomb core (see Figure 3.8).

Figure 3.8: Illustration of the assembly of honeycomb core structure

Figure 3.9 shows three different lengths of honeycomb core, i.¢., 80 mm (HC1), 100 mm
(HC2), and 120 mm (HC3), and all having the same height of 20 mm. Notably, three
identical samples for each parameter were tested for the quasi-static compressing
loading.

Figure 3.9: Schematic top view and photograph of honeycomb cores of different
lengths

Later, two different high-density foams were used to assess the effect of foam on the
honeycomb cores’ mechanical properties. The foams were similar to that being used for
the square interlocking core and presented in Table 3.1. Initially, the HP80 and F150
PVC foams were cut into the desired shape to be occupied in the empty cells (see Figure
3.10). The core and the foam were then bonded to two skins using an epoxy resin. At
least three identical samples were tested for each case under the quasi-static compression
testing.
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Figure 3.10: Photos of filled-foam honeycomb sandwich structure

35 Fire Test Methodology

3.5.1 Fabrication of composite structure

The flax/PLA was put on an aluminium mould to prepare the composite structure. The
mould was then placed in a hot press machine and compressed for 10 minutes at 180 °C.
Based on the machine's capabilities, the pressure was set to 10 bars. After that, the
composite was removed from the machine once it had cooled down. A laminated
composite with a nominal thickness of 1.4 mm resulted as a result of this process (see
Figure 3.12a). Finally, the composites were cut to the dimensions 100 mm x 100 mm
using a bench saw machine to construct the sandwich structure's skin. This composite
panel was also utilised to create square cores as well as skins for square and honeycomb
structures.

35.2 Fabrication of square core structure

To fabricate a square interlocking core, the fabricated flax/PLA composites presented in
Figure 3.11 were cut into strips (100 mm by 20 mm) in Figure 3.11 b. A simple slotting
technique was employed to prepare the double-cell all-square interlocking core, as shown
in Figure 3.11 ¢ and d. The complete fabrication process of 100 mm x 100 x 20 mm
(length x width x height) square interlocking core sandwich structures is shown in Figure
3.11d.
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| |

Figure 3.11: Process of fabricating square interlocking core structure

353 Fabrication of honeycomb core structure

Three layers of flax fibres and 18 plies of PLA film were first prepared by cutting them
into the desired dimensions of 300 mm x 300 mm (based on the designed mould). The
material was then arranged between the male and female moulds before being placed in
a hot press machine for approximately 7 minutes at 170 °C and 10 bar pressure. After
that, the moulds were placed in a 5-minute cooling press machine. As a result, a
corrugated core with a nominal thickness of 1 mm was created. To prepare the
honeycomb core of the sandwich structure, the samples were cut into strips using a bench
saw machine. Following that, the strips were glued together with a 5:1 epoxy adhesive
to create the desired honeycomb with dimensions of 100 mm x 100 mm x 20 mm (length
x width x height). Figure 3.12 shows the complete process of fabrication of the
honeycomb core sandwich structure.
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Figure 3.12: Photos of the complete process of fabrication of honeycomb core
sandwich structure
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3.6 Mechanical characterization
3.6.1 Tensile testing

With the aid of Instron 3039 and 4505 testing machines, the tensile test was carried out
at a crosshead displacement rate of 2 mm/min. An extensometer was attached to the
specimen with an initial gauge length (Lg) of 50 mm. To produce accurate results, the
tests were run on at least five samples. The data taken from the machine was in the form
of load against displacement to calculate the tensile properties of flax/PLA composites.
Figure 3.13 shows the experimental setup for the tensile testing. Equation 3.1 was used
to calculate the tensile strength.

o= Equation 3.3

4
A
Where P =Load (N) and A cross-section area of the specimen (m?).
The Young’s modulus (E) and strain (€) were calculated using Equations 3.4 and 3.5,
respectively.

E = % Equation 3.4

SL
g—_

— Equation 3.5
Lg

Where o = strength (MPa), 8L = elongation length (mm), and L; = gauge length (mm).

Figure 3.13: Tensile test setup
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3.6.2 Quasi-static compression testing

At a crosshead displacement rate of 2 mm/min, quasi-static compression tests were
performed according to the ISO844[115] standard using an Instron 4505 testing machine.
The specimen was put between the two circular platens, and a load was applied to it until
the structures were completely crushed (see Figure 3.14). The machine data were in the
form of load versus displacement. The stress-strain value was calculated from the
experimental data to calculate the compressive strength of the sandwich structures. The
area under the load-displacement graph was then used to calculate the energy absorption
values. The calculation here is based on the trapezoidal rule, which was been used in
previous works [155]. The energy absorption capability (in terms of specific properties)
was calculated using Equation 3.3 by dividing the absorbed energy values by the core
mass.

Load cell

e =

Top platen

Specimen

Figure 3.14: Photograph of Instron machine used for the compression test
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3.63 Cone calorimeter testing

A cone calorimeter (FESTEC International Co., Ltd., Korea) (Figure 3.15) was employed
to evaluate the combustion properties of sandwich composite structures at three heat
fluxes (35, 50, and 70 kW/m?) according to ISO5660 standard [156]. The data reported
in this study included the following measurements: heat release rate (kW/m?) (HRR),
peak heat release rate (PHRR) (kW/m?), time to PHRR (s), total heat released (THR)
(MJ/m?) and mass loss rate (%). Before testing, all the samples were conditioned at 50
% relative humidity for at least 24 h at 23 °C [157]. The samples were tested on the
standard 13 mm thick low-density refractory blanket with samples of 100 mm x 100 mm
wrapped in aluminium foil to avoid heating over the samples’ side. Flame-out was
recorded as the flame was extinguished, and testing was stopped as the flame-out time
was recorded. The heat release rate was determined based on the oxygen depletion
principle, utilising the fact that heat release per unit mass of oxygen consumed was
approximately independent of the type of fuel and had a value of 13.1 MJ/kg, with an
error of 5 %.

Figure 3.15: (a) Cone calorimeter tester; (b) combustion process after spark [157]
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CHAPTER 4

RESULTS AND DISCUSSION
4.1 Mechanical properties of flax/PLA composites
4.1.1 Influence of processing temperature

The sensitivity of manufacturing temperature and pressing time on the tensile properties
of flax/PLA composites are presented in Figure 4.1 to 4.3. Tensile stress traces at three
different temperatures and 5 minutes of pressing time are shown in Figure 4.1. According
to Figure 4.1, all curves began to increase in a similar manner, beginning linearly stress <
15MPa and continuing nonlinearly stress = 15MPa until they reached their maximum
tensile stress (20MPa < stress < 25MPa). Following this, the composites failed in a
catastrophic manner results breaking across the flax/PLA composites samples due to a
sharp drop in the tensile stress values. It is apparent that flax/PLA composites
manufactured at 170 and 180 °C had a greater tensile stress of roughly 23.5 MPa than
composites manufactured at 200 °C, which only had a tensile stress of 16.8 MPa.
Furthermore, a composite manufactured at 170 °C had a higher failure strain of 0.16
compared to composites at 180 and 200° C, which failed at 0.07 and 0.05, respectively.
A similar trend and tensile stress values were agreed with the data published in [158,
159].
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Figure 4.1: Tensile stress-strain curves at 5 minutes pressing time

Tensile stress values at 170 °C were reduced by around 17 % and the failure strain by 50
% as pressing time increased from 5 to 10 minutes (see Figure 4.2). Furthermore, Figure
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4.2 demonstrated that at a temperature of 180 °C, the tensile stress showed no noticeable
difference in terms of tensile stress and failure strain compared to 5 minutes of pressing
time. In contrast, at 190 °C, the tensile increased by around 24 %, and however, the
failure strain remained at 0.05.
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Figure 4.2: Tensile stress-strain curves at 10 minutes pressing time

Figure 4.3 presents the tensile stress-strain curves of flax/PLA composites manufactured
at 170 to 190° C with a pressing time of 15 minutes. It can be observed that the flax/PLA
composite exhibited a similar trend to the stress-strain curve. Here, the tensile strength
at a temperature of 180 °C was slightly higher compared to the 170 °C and 190 °C,
respectively.
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Figure 4.3: Tensile stress-strain curves at 15 minutes pressing time
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On close observation, it was found that the tensile strain value decreased as the
temperature increased. Table 4.1 presents the tensile properties of the flax/PLA
composites. In the table, the temperature of 190 °C with a pressing time of 15 mins
exhibited the highest tensile modulus of 4.07 GPa. Overall, most of the temperatures are
having their tensile modulus values under 3 GPa. In a comparison between all
temperatures, it was found that 180 °C offered higher strength than 170 °C and 190 °C
at each pressing time. The flax/PLA composites were observed to experience a failure of
fibre breakage, whereas, at 170 °C, delamination during the test occurred. These results
agreed well with recent literature presented in [160-162]. They reported that the decrease
in mechanical properties of flax fibre at high processing temperatures (above 180 °C)
was mainly related to the evolution of the cell wall structure and organisation.
Additionally, multiple failure modes involving matrix cracking, delamination, and fibre
breakage were observed, while fibre breakage was the main failure mode when using
high processing temperatures [161]. Hence, all subsequent square interlocking cores
were manufactured at a temperature of approximately 180 °C.

Table 4.1: The tensile properties of flax/PLA composites with different
manufacturing temperatures

Manufacturing Temperature Pressing Time Tensile Strength, ¢ Tensile Modulus, E
(&9) (min) _(MPa) (GPa)
170 5 21.97 1.29
10 20.68 1.98
15 19.22 1.87
180 5 26.81 2.04
10 23.61 2.64
15 20.99 2.70
190 5 22.64 2.22
10 20.77 3.23
15 19.20 4.07
4.2 Compression properties of square interlocking core structure

4.2.1 Core without foam filling

Figure 4.4 presents the stress-strain curve of 20 mm, 30 mm, and 40 mm cell wall size
of flax/PLA composite square core structures. Taking the graph for the square core
structure of 20 mm cell size as an example shows the mechanical behaviour of the square
core under quasi-static compression loading. Initially, the trace increased linearly with
the strain up to the maximum point (or peak stress) at about 3.5 MPa. Under the linear
elastic region, it was observed that the core structure deformed into a symmetrical
structure at the x-axis, where a buckling shape occurred. In this case, the cell wall
buckled towards the right side of the structure, and as the loading continued, the cores
started to lose their stability and decrease their load-resistant capability. During this stage
(nonlinear plastic), the composite materials faced their typical fibre breakages at the
middle area of the cell wall. Further loading resulted in a progressive decrease of stresses
between the strain of around 0.2- 0.55. Figure 4.8b shows that one side of the break cell
wall had fallen into the second cell wall. The break of the outer cell wall was believed to
hold the inner cell wall from having sudden failure under the plastic region. Finally, the
continued force caused the structure to reach its densification stage, which means it
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completely failed. The images of failure deformations are shown in Figure 4.8. The
flax/PLA composite core structures failed into a few failure types, such as buckling and
their typical fibre breakage. An inspection of the failure modes throughout compression
loading revealed that all specimens tested had similar failure; buckling to fibre breakage
of the vertical double cell walls.
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Figure 4.4: Compressive strain-compressive stress curves of empty square core
structure with three different cell sizes

4.2.2 Effect of foam filling

To demonstrate the effect of foam filling in the core structures, the stress-displacement
curves for empty and foam-filled sandwich structure cores are plotted in Figure 4.5 to
Figure 4.7, and related images referring to the stress-strain curves are shown in Figure
4.8. As can be seen in Figure 4.8, in both cases, the deformation pattern and the failure
mode due to crushing were almost identical. However, the presence of foam in the core,
on the other hand, clearly reduced the local densification. Furthermore, Figure 4.5
indicates an initial non-linear response upon loading. This might be due to skins not
being completely parallel to each other, then stress-strain curves increased linearly until
the peak stresses were achieved. Following this, some of the core walls bent slightly
(local buckling), subsequently reducing the strength of the core structures. As the
compressive loading continued, the stress then dropped suddenly to a very low level due
to the buckling of core cell walls. However, the stresses of the foam-filled core structure
dropped after it reached the peak load and were much smaller than the empty sandwich
structure core (Figure 4.6 and Figure 4.7). The response of the samples then became
increasingly nonlinear, with the compressive loading gradually decreasing as the
sandwich lost stability due to simultaneous local buckling and delamination between the
sandwich skin and core, which later propagated to become a buckling failure all over the
cell walls of the sandwich cores. Finally, cell walls continued to fold until the sandwich
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was fully densified, resulting in debonding between the skins and the core at the sample
edges in the majority of the sandwich structures.

Overall, cores filled with F150 foam outperformed the empty and cores filled with HP80
foam counterparts by different percentages. Due to the fact that the F150 had a higher
density than its counterpart, it needed a higher load to break, as can be seen in Table 4.2.
For example, Figure 4.5 shows that the SC20F150 core panel had a strength of 8 MPa,
greater than the strength of the SC20EM and SC20HPS8O0 core panels by almost 125.7 %
and 25.7 %, respectively. These results were in good agreement with the data reported
by Zhou et al. [163]. However, the failure strains were not significantly different between
the samples; for instance, SC20F150 and SC20HP80 failed at approximately 0.09, and
SC203M failed at approximately 0.07; this might be due to inadequate bonding between
the foam and the cell walls.
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Figure 4.5: Stress-strain curve of 20 mm cell size core, empty, and foam-filled (HP80
and F150 foam)

Similarly, SC30F150 outperformed SC30EM and SC30HP80 by 81 % and 12 %,
respectively, as portrayed in Figure 4.6. It is also clear that, in contrast to the core with a
cell size of 20 mm, the failure strain was pronounced in this case, with SC30F150 having
a better strain failure by 1.2 compared to failure strain of 0.07 and 0.05 for SC30HP8&0
and SC30EM, respectively, because SC230F150 had a higher relative density.
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Figure 4.6: Stress-strain curve of 30 mm cell size core, empty and foam-filled (HP80
and F150 foam)

Furthermore, SC40F150 had a strength of 5.4 MPa, higher than those obtained in
SC40EM and SC40HP80 sandwich structures by 39.5 % and 34.6 %, respectively, as
shown in Figure 4.7. According to Figure 4.7, cores filled with F150 PVC foams
outperformed the other samples in terms of compressive strength, regardless of the core
cell size. This is because a core filled with F150 PVC foam had a higher relative density
in comparison with a core filled with HP80 PVC foam.
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Figure 4.7: Stress-strain curve of 40 mm cell size core, empty, and foam-filled (HP80
and F150 foam)
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4.2.3 Effect of varying cell size

Furthermore, a comparison between empty and foamed-filled cores with respect to
varying the cell size of the core structure is shown in Figure 4.9. It is seen from Figure
4.9a, the SC20HP80 core exhibited relatively higher strength than SC30HP80 and
SC40HPS80 core structures, by around 9 % and 75 %, respectively. On the other hand,
the SC30HP80 core outperformed the SC40HP80 by around 60 %. A similar trend was
observed for the case of cores filled with F150 foam, as shown in Figure 4.9b, where
SC20F150 possessed higher strength than SC30F150 and SC40F150 by 22 % and 63 %,
respectively, while SC30F150 core outperformed SC40F150 by 41 %. These findings
were consistent with those published in [164], which concluded that smaller cell sizes
had greater compressive strength than larger cell sizes. In contrast, SC40EM and a
specific density of 0.11 exhibited a strength of 4.5 MPa, higher than the sandwich
structures of SC20EM and SC30EM by around 8.4 % and 6.3 %, respectively (see Figure
4.9¢). In addition, it can be stated that filling the square core with high-density foam has
a greater impact on the mechanical performance of the square core sandwich structure
than the cell size of the sandwich structure. The current findings have been compared to
those found in the literature and are summarised in Table 4.2.
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Figure 4.9: Stress-strain curves of (a) SC20HP80, SC30HP80 and SC40HP80 (b)
SC20F150, SC30F150, and SC40F150, and (c) SC20EM, SC30EM, and SC40EM

4.2.4 Energy absorption capability

Moreover, the performance of the studied cores was compared in terms of their specific
energy absorptions (SEA) (see Figure 4.10). It can be observed that SC20F150 offered
superior mechanical properties compared to any core studied in this work. It is clear from
Figure 4.10 that SC20F 150 exhibited the highest SEA of 8.85kJ/kg compared to the rest
of the samples; this supports the findings of Zuhri et al. [164]. For example, SC20F150
outperformed SC30F150 and SC40F150 by 12 % and 9 %, respectively. In addition,
SC20HP80 exhibited a SEA of 8.1 kJ/kg, which was higher than that obtained by
SC30HP80 and SC40HPS0 by 9.4 % and 7.6 %, respectively. However, the SC40EM
had a SEA of 7.9, which was higher than its SC20EM and SC30EM counterparts by
around 47 % and 13 %, respectively. In the case of an empty core, the influence of cell
size variation has a substantial effect on the SEA values, as the SEA increased with
increasing cell size; however, the greater the increase in cell size, the less effect can be
observed. In addition, the incorporation of foam with an empty core has greatly enhanced
the SEA of SC20. Nonetheless, these values marginally decreased as cell size increased.

52



Furthermore, while SC30F150 had slightly higher SEA values than SC40 (both with and
without foam), there was no significant difference between SC30 and SC40. In addition,
current data have been compared with previous researchers in terms of their strength and
specific energy absorption values (SEA), as shown in Table 4.2. The current data was
found to be 36-94 % and 14-128 % higher than those reported by Mozafari et al. [165,
166] and more than 7 and 10 times higher than those reported by Zuhri et al. [§9] and
Zhang et al. [167] for core with square, triangular, and corrugated Y-shapes, respectively.
However, it should be noted that cores studied in the literature have only one cell wall.
As a result, it is shown that filling the core with high-density foam improved the energy
absorption ability of the square core structure. The SEA results obtained in this study
were compared to those reported in the literature (see Table 4.2.)
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Figure 4.10: Comparison of specific energy absorption with different core
parameters
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4.3 Quasi-static compression properties of honeycomb core structure

4.3.1 Core without foam filling

The mechanical behaviour of an empty honeycomb was investigated using quasi-static
compressive testing. The test findings of the specimens under compression are presented
in Figure 4.11, which depicts the samples’ stress-strain curves. Initially, empty
honeycomb exhibited similar features, specifically the four typical regions of linear,
nonlinear, plateau, and densification regions. It was observed that all traces increased
linearly until the stress achieved its compressive strengths (peak stresses). HC1 achieved
the least strength by around 3.8 MPa; however, the strength increased as the length and
width of the honeycomb structure increased until it reached 4.1 MPa for HC3 samples,
but this increment is insignificant, as shown in Figure 4.11. These results demonstrated
that varying the lengths and widths had only a small effect on the honeycomb structure's
strength. Similar behaviour was observed for the failure strain, where it increased from
around 0.08 for HC1 to 0.15 for HC3. Furthermore, as the compressive load continued,
the compressive stress rapidly dropped to reach a considerable value (smaller than the
peak stress) of around 70 %, 50 %, and 58 % for HC1, HC2, and HC3, respectively.
Additionally, as the load continued, the stress-strain curve remained almost unchanged
during the plastic deformation until they reached their densification points. Surprisingly,
HC1 and HC2 reached their densification points earlier than HC3; later on, curves
gradually increased, resulting in increments in the stresses and strain values. In addition,
in the deformation process of the empty honeycomb (Figure 4.12) with the increase of
compressive strain, the honeycomb cell walls gradually thickened due to delamination
of the cell wall and fibre breaking of the cell wall, resulting in a decrease in the space
enclosed by the honeycomb cell walls. To conclude the deformations process,
delamination of the cell wall was the mean failure in almost all the samples tested here,
followed by fibre breaking and, finally, delamination of the skin and the edge cell wall
of the honeycomb.

Compressive Stress (MPa)

0- T

00 01 02 03 04 05 06 0.7 0.8
Compressive Strain (mm/mm)

Figure 4.11: Stress-strain curve of empty honeycomb core
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Figure 4.12: Progress failure modes in the core flax/PLA composites structure with
empty core structure

4.3.2 Foam filling core

The mechanical behaviours of foam-filled honeycomb were investigated using quasi-
static compressive testing. The findings in Figure 4.14 depict the samples’ stress-strain
curves. Initially, foam-filled honeycomb exhibited similar features to empty honeycomb
cores, specifically the four typical regions of linear, nonlinear, plateau, and densification.
Figure 4.14a can be utilised as an example to show the behaviour of empty and foam-
filled honeycomb core structures under compression load. One can see from the figure
that all traces increased linearly until the stress achieved its compressive strength (peak
stress). Unlike filled foam honeycomb, empty honeycomb samples reached their peak
stress of 4.0 MPa at lower strain values of about 0.08. However, with a foam-filled
honeycomb, the compressive strength increased from 4.0 to 6.8 MPa, and the
corresponding strain increased from 0.08 to 0.15 compared to the empty honeycomb.
Furthermore, as the compressive load continued, the compressive stress rapidly dropped
and reached a considerable value (smaller than the peak stress). In this stage, the foam-
filled honeycomb samples exhibited a lesser drop in their stresses to around 5 MPa to
0.34 strain as compared to the empty honeycomb’s 1.5 MPa and 0.37 strain, respectively.
This can be attributed to the absorbent foam filling where the foam acted as a support
and connection to the walls of the honeycomb, and the structural integrity could also be
well ensured.

57



Moreover, due to the foam filling, the densification stage of the honeycomb happened
forward. The densification strain of absorbent-foam-filled honeycomb started at strain
0.403, and as the load continued, the stress-strain curve gradually increased, resulting in
an increase in the stresses and strain values. At this stage, a similar trend was observed,
however, with a gradual increase in stress and strain. Besides, the filling of absorbent
foam slowed the process of the increase of wall thickness for foam-filled honeycomb,
making the honeycomb and absorbent foam squeezed each other, which explained the
earlier occurrence of the densification stage (Figure 4.13). To conclude the deformations
process, delamination of the cell wall was the mean failure in almost all the samples
tested here, followed by fibre breaking and, finally, delamination of the skin and the edge
cell wall of the honeycomb.

e=0.1

Figure 4.13: Progress failure modes in the core flax/PLA composites structure with
foam-filled cores (a) HP80 core structure and (b) F150 core structure

4.3.3 Effect of foam-filled core

Figure 4.14 displays the stress-strain curve of the filled-foam honeycomb core structure.
Initially, both HP 80 and F150 had compression and greatly enhanced properties
compared to the empty honeycomb core (see Figure 4.14). In comparison between the
three honeycomb structures, one can observe that honeycomb filled with F150 foam
outperformed the rest of the samples studied here. Figure 4.14a shows HC1F150 having
a compressive stress of 6.34 MPa at a strain of 0.15 compared to HC1HP80, which had
5.30 MPa at a strain of 0.11, while Figure 4.14b shows HC2F150 had 6.3 MPa compared
to 5.9 MPa for HC2HPS8O0 at a strain of 0.15 and 0.11, respectively. Moreover, Figure
4.14c depicts similar values to that in Figure 4.14b. It is worth mentioning that F150
foam had a higher density foam than HP80; this explained the reason behind the
honeycomb filled with F150 having a very short pleated region. Therefore, lower
densifications were observed in all three graphs. Both cores filled with either F150 or
HP&O failed in a similar manner; however, for the core filled with HP80, the delamination
and fibre breaking were more pronounced due to the high density of the former, as shown
in Figure 4.12 and Figure 4.13.
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Figure 4.14: Typical stress-strain graphs (a) HC1 with and with foam-filled, (b)
HC2 with and with foam-filled, and (¢) HC3 with and with foam-filled

4.3.4 Effect of varying core lengths and width

Figure 4.15 shows the effect of varying the length of empty honeycomb core sandwich
structures. It is found that HC3 and HC3 had similar compression strength of around 4.1
MPa compared to HC1 with 3.8 MPa. A similar trend to this was found in [168]; the
authors mentioned that increasing the length of the honeycomb can significantly improve
the compressive strength. However, increasing the height can decrease the compressive
strength. Furthermore, adding HP80 foam into the three empty honeycomb cores further
improved the compressive strength, as presented in Figure 4.16. It can be noticed that
HC2HP80 and HC3 increased by around 50 %, whereas HC1HP80 increased by 40 %.
In addition, adding HP 80 foam slightly improved the elastic strain for all samples; for
example, HC3HP80 reached its maximum strength at 1.8, which is an 18 % improvement
over HC3; additionally, HCIHP80 and HC2HP80 reached their highest strength at
around a similar strain, which was a 25 % improvement over their empty counterparts.
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Figure 4.15: Stress-Strain curves of empty honeycomb core structure with different
core sizes
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Figure 4.16: Stress—strain curves of HC2 and HC?2 filled with HP80 foam

Figure 4.17 shows that HC1F150 had almost similar strength to HC2F150 at around 6.2
MPa, better than HC3F150 by around 15 %. However, HC3F150 had an elastic strain of
0.2, which is 33 % more than the elastic strain of the HC1F150 and HC2F150. It is worth
mentioning that HCI1F150 outperformed the rest of the samples studied here.
Furthermore, HC2HP80 had almost similar values compared to those of HC3 and
HC3HPS8O0.
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Figure 4.17: Stress—strain curves of HC2 and HC3 filled with F150 foam

4.3.5 Energy absorption capability with and without foam

Figure 4.18 shows the specific energy absorbing capability (SEA) of both empty and
foam-filled honeycombs. One can see that the HC2HP80 honeycomb had better SEA
values of 10 kJ/kg, higher than the other samples tested here. Furthermore, the HC1HP80
had around 8.7kJ/kg SEA value, similar to those of the HC3 and HC2F150 honeycomb
structures, as well as higher than the rest of the samples except for HC2HP80. An
additional note: while comparing the SEA values of an empty honeycomb core structure,
one can see that the SEA values increased as the length and width increased. HC3
structures, for example, outperformed both HC1 and HC2 structures by around 8.8 %
and 6.5 %, respectively, whereas HC2 structures outperformed HC1 structures by around
5 %.

Surprisingly, all empty honeycomb core structures showed higher SEA values than
foam-filled core structures, particularly HC3HP80 and HC3F150 of around 16 % and
22.5 %, respectively. It should be observed that the SEA values honeycomb core
structure filled with F150 foams had the lowest SEA values compared to the other
samples since the high density of F150 resisted the load, resulting in an earlier
densification strain.
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Figure 4.18: Comparison of specific energy absorption of honeycomb cores

4.4 Comparison between square core and honeycomb core structures

The stress-strain curves of both sandwich constructions were displayed in Figure 4.19-
4.21 to compare the compression properties of square interlocking and honeycomb core
structures. Figure 4.19 compares the stress—strain curves for three different cell sizes of
interlocking square core, SC20EM, SC30EM, and SC40M, to honeycomb cores with
three different lengths and widths, HC1, HC2, and HC3. The figures show that the
honeycomb core structure had somewhat greater strength in most cases, with the
exception of HC3 and SC40EM, which had approximately similar strains. Furthermore,
when the cell size, length, and width increased, the strength gap between the two core
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In contrast, for the case of foam-filled core structure, the square interlocking core
structure outperformed the honeycomb core structure except for the case of SC40HP80
and HC3HP80, in which the HC3HP80 was superior by almost 45 % to the square
interlocking core structure, as shown in Figure 4.20. Similarly, the foam-filled square
interlocking core continued to have better strength, especially for the case HC1F150 and
SC20F150. However, almost similar strength was observed for the rest of the cases (see
Figure 4.21). It is worth mentioning that, in all the cases, the square core tended to fail
at lower strain in comparison to the honeycomb structure, which can be attributed to the
geometry of the core cell structure.
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Figure 4.20: A strength of both square interlocking and honeycomb cores structure
filled with HP80 foam
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Figure 4.21: A strength of both square interlocking and honeycomb cores structure
filed with F150 foam
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Figure 4.22 depicts a comparison of the SEA values of square interlocking and
honeycomb core sandwich structures. As can be seen, honeycomb cores had higher SEA
values than square cores in most cases; for example, HC2HP80 had 10 (kJ/kg), higher
than any case studied here. Furthermore, when compared to empty square cores, empty
honeycomb cores showed higher SEA values in all scenarios; a similar trend was found
for cores filled with HP80 foam. In contrast, square cores packed with F150 foam
outperformed their honeycomb core counterparts, with the exception of HC100, where
the honeycomb was shown to have a higher SEA.

12 V7Z) Empty Core
Foam-Filled core (HP80)
&% Foam-filled core (F150)

SEA (kJ/kg)
(o]

HC80 SC20 HC100  SC30  HC120  SC40
Sandwich Structure

Figure 4.22: A strength of both square interlocking and honeycomb cores structure

4.5 Cone calorimeter properties of square and honeycomb cores structure

The time series of all cone calorimeter measurements on both square and honeycomb
core structures were investigated to facilitate the comparison of the evolution of all
variables (HRR, THR, Mass loss %, and TSP). Figure 4.23-4.25 show the heat release
curves of the two sandwich structures during burning based on the principles of oxygen
consumption calorimetry. Tests at 35kW/m? indicated that the sample needed around 25
seconds to reach the pyrolysis temperature and ignite, as shown in Figure 4.23. After
ignition, the HRR curve presents a steep increase due to the heat released by the ignition
of volatiles from the composite interface until it reached its first peak at around 95
seconds with HRR of 273kW/m? and 266kW/m? for square interlocking and honeycomb
cores structure, respectively. The HRR was then subsequently reduced by the char
formation that eventually broke due to the continuous heat radiation, allowing the heat
to pass to the next layer (core structure). Hence, the HRR of both structures dropped
sharply by around 50 % in just 105 seconds. As the heat radiation continued, the HRR
curves started increasing gradually until they reached their second peak at around 214
kW/m? and 273 kW/m? for honeycomb and square interlocking core structures,
respectively. Unlike the first peak, here, both structures reached their second peak at
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different durations, for example, the honeycomb core structure reached its second beak
around 1 minute earlier compared to its square core structure. This could be attributed to
the double cell wall of the interlocking core, which can form effective char formations,
hence reducing the compositional delays and the eventual time to reach the HRR second
peak.

300 T T T T T T

— Square Interlocking Core
250 — - -Honeycomb Core

200

150

HRR (kW/m?)

100 4

50

0 200 400 600 800 1000 1200

Time(s)

Figure 4.23: The heat release rate vs time at 35 kW/m?

Finally, the HRR of both core structures went to a very low level at around 700 seconds
after the end of flaming combustion. Both core structures lost their structural integrity
significantly while the flax fibre retained its initial shape to some extent, as can be seen
in Figure 4.26, despite the bonding methods between the flax fibre and PLA played a
vital role in the final structural integrity of the residue. This is due to the fact that both
cores were prepared through a hot press machine, and the PLA subsequently melted
during combustion, resulting in a greater structural failure.

A similar trend was observed as the heat flux increased to 50 and 70 kW/m?, as shown
in Figure 4.24 and Figure 4.25. The figures show that both structures reached a pyrolysis
temperature and ignited at 18 s and 3 s, respectively. One minute later, the HRR curves
sharply increased until they reached their first peak at approximately 410 kW/m? and 368
kW/m? for honeycomb and square core structures, respectively. As the ignition of
volatiles reached the core structures, the HRR curves dropped sharply to almost the same
level at around 175 kW/m?. After around 70 s, the core structure ignited, and the HRR
curves were gradually increased until reaching the HHR second peak. Similar to the first
case (35 kW/m?), here, the square interlocking core reached its HRR peak earlier with
less HRR compared to the honeycomb core structure. In contrast, under 70 kW/m?, the
second HRR peak was higher than its first peak, and that was due to the amount of mass
that the sample contained in its core. Once again, the honeycomb core had a higher heat
release rate than the square interlocking counterpart.
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Figure 4.24: The heat release rate vs time at 50 kW/m?
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Figure 4.25: The heat release rate vs time at 70 kW/m?

The research data has been compared with data from the literature and presented in Table
4.3. In terms of time to ignite and peak of HRR, the tested samples outperformed similar
research in the literature in [ 145] by more than 15 s and 50 %, respectively. Despite these
composite laminates and cellular core structures’ data published in the literature, used
fire retardants, the developed square, and honeycomb core structure exhibited
significantly superior fire resistance at different heat flux levels. This suggested that the
developed structure's inherent properties or design may naturally resist ignition more
effectively.
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Figure 4.26: Photos after the test of both core sandwich structures (a) honeycomb
and (b) square

Interestingly, the HRR first peak was practically the same in all cases because the first
layer of the sandwich structure (skin) was characterised by the same thickness in all
samples. However, the HRR of the second peak differed because the second layer (core
structures) mainly responsible for the HHR second peak were different.

It is believed that the thickness of the cell wall of the core structure has a significant
impact on HRR values, thus resulting in lower peak values for the honeycomb core
samples, except for one case when compared to the square interlocking core. The
composite layers were quite thinner and tended to have greater HRR peaks [169].

Furthermore, Figure 4.27 shows the mass versus time graphs for heat fluxes of 35, 50,
and 70 kW/m?. As illustrated in Figure 4.26¢, both structures lost mass rapidly as the
heat flux increased, with the honeycomb structure losing its mass slightly earlier than the
square interlocking core at around 300 s and the square interlocking core losing mass at
400 s. However, when exposed to a heat flux of 35 kW/m? and 50 kW/m?, both core
structures lose their mass at the same time, approximately 700 s and 500 s, respectively
(Figure 4.27a and b). Furthermore, all the samples experienced about 90 % to 95 % loss
in their masses during the burning stage. The peak of mass loss was observed at the time
of peak HRR, and the mass loss % curves also peaked as the different layers were
gradually ignited.
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Figure 4.27: Mass loss % under three different heat fluxes

Similarly, in all three cases, the total heat release (THR) was somewhat greater for the
square interlocking core structure, with THR of around 120 MJ/m?, while the honeycomb
core structure had 110 MJ/m?, as shown in Figure 4.28.
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Figure 4.28: Total heat rate under three different heat fluxes

Figure 4.29 illustrates the total smoke production of the two cores, and it can be observed
that the square interlocking core structures had a significantly lesser amount of smoke
production when compared to the honeycomb core structure when exposed to 35 kW/m?
and 70 kW. The maximum TSPs of the square interlocking core structure were 5.5, 12,
and 7.8 m? under the three heat fluxes of 35, 50, and 70 kW, respectively. However, the
honeycomb core produced less amount of smoke when exposed to flux heat of 50 kW/m?.
The maximum TSPs of the honeycomb cores were 7, 7.1, and 9.2 m? under the three heat
fluxes of 35, 50, and 70 kW/m?.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The aim of this study is to manufacture a range of sandwich structures made from
flax/PLA composite and to investigate their mechanical properties. This study
investigated the double cell wall square and honeycomb core structures with and without
HP80 and F150 foam-filled. Quasi-static compression tests were performed in order to
evaluate the mechanical response, energy absorption, and failure modes of the structures.
In addition, a bench-scale cone calorimeter was employed to measure the fire reaction
properties of the flax/PLA composites along with the subsequent effects of the core
structures. Based on the findings of this study, the following conclusions can be drawn:

e Manufacturing temperature is an important consideration in the manufacturing
process of natural fibre composites that influences composite performance. The
results of this study showed that flax/PLA manufacturing temperatures above
190 °C degraded the tensile properties of the flax/PLA composites. It was also
found that the flax/PLA composites under the manufacturing temperature of
180 °C offered better tensile strength value at all pressing times.

e Testing on double cell wall square core revealed that the variations in cell size
were more prominent for the case of the empty core structure, where increasing
the cell size considerably improved both the strength and SEA by 8.4 % and 6.3
%, respectively. Incorporating foam with an empty core was more prominent
than cell size variation in all the samples studied here. Adding foam to the empty
core structure improved the literal support to the core cell wall, resulting in a
considerable delay in cell wall buckling and a significant improvement in
strength and SEA values relative to the empty core structure. The failure mode
was dominated by buckling failure of the vertical cell wall as well as the
debonding between the skin and the core.

e Average SEAs of foam-filled and empty honeycomb core structures had no
significant difference, around 8.7 kJ/kg and 8.2 kJ/kg, respectively. In contrast,
its loading capabilities were clearly pronounced, in which the foam-filled core
outperformed the empty counterparts by around 33 %. Finally, the results for
empty and foam-filled cores were significantly superior to aluminium cores
published in the literature.

e  Both the honeycomb and the interlocking square core sandwich showed nearly
identical THR for the first 600 seconds, fire growth rate (FIGRA), and time at
the peak of HHR when exposed to a heat flux of 35 kW/m?. On the other hand,
the honeycomb core had a lower HHR peak and a longer ignition in most of the
cases. In contrast, the interlocking square core produced less smoke (TSR), 23.2
%, than the honeycomb sandwich structure. When the heat flux was increased
to 50 kW/m?, the honeycomb structure outperformed the interlocking core
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5.2

structures in terms of PHRR peak and FIGRA values, and unlike the previous
case, the honeycomb produced less smoke (approximately 39 %). However,
when compared to the interlocking structure, the honeycomb structure ignition
time and HRR time were 5 s and 2 s earlier, respectively. Both cores had nearly
the same values of THR. Under 70 kW/m?, the honeycomb performed
differently from the first scenarios, with the second HRR peak being greater
than the first peak. Although the fire properties of both core structures were
nearly identical, honeycomb had a 15 % lower SPR and 78 % lower FIGRA
because the FIGRA value was computed from the second peak as the HRR
value, which was higher than the value for the first peak. Results showed that
the skin was the major factor in increasing the HRR, therefore, further
improvement is needed for this structure to be used in engineering applications.

Recommendations

The following recommendations are made for this research:

1.

The other properties, such as dynamic mechanical analysis, can also be studied
for the fabricated sandwich structure.

The microstructure analysis can also be investigated for the fabricated sandwich
structures.

Further improvement on the fire properties of fabricated samples by applying
fire retardant before testing.
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APPENDICES

Appendix A: Flow chart

[ Skin Fabrication ]

¥
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Appendix A: Detailed frame work of the research Methodology
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Appendix B: DOE of Manufacturing Temperature

Appendix B: DOE of the experiment
Design scheme of processing parameters

Factor symbol Parameters Level

Low (-1) Center (0) High (+1)
MT Manufacturing Temperature, (°C) 170 180 190
Pt Pressing time, (min) 5 10 15

Full Factorial Design Table of Experimental Runs

StdOrder RunOrder CenterPt Blocks MT Pt
1 1 1 1 170 5
2 2 1 1 190 5
3 3 1 1 170 15
4 4 1 1 190 15
5 5 1 1 180 5
6 6 1 1 180 15
7 7 1 1 170 10
8 8 0 1 180 10
9 9 1 1 190 10

StdOrder = Standard order

CenterPt = center point

MT = Manufacturing Temperature, (°C)
Pt = Pressing time, (min)

Results of tensile strength and tensile modulus with different combinations of
processing condition

Input Factors Output responses
Sample No. MT Pt TS, 6 (MPa) TM., E (GPa)
1 170 5 21.97 1.29
2 190 5 22.64 2.22
3 170 15 19.22 1.87
4 190 15 19.20 4.07
5 180 5 26.81 2.04
6 180 15 20.99 2.70
7 170 10 20.68 1.98
8 180 10 23.61 2.64
9 190 10 20.77 3.23
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Appendix C: SEA Calculation Sample

SEA values calculations using the trapezius method by calculating the area under the
load-displacement curve. The area required to calculate the energy absorption in this
example is 0 mm to 12 mm)

40 -

Linear Nonlinear

30 Elastic| pastic Progressive Plastic

Load (kN)

|
T
1
1
20 - !
|
1
1

] 2 4 6 8 10 12 14 16
Displacement (mm)

Sample of Raw data and SEA values calculation
SEA = Energy/ (Mass of the sample)
=156.1868 kKN-mm/ 28g
=5.6 kJ/kg
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Appendix E: Calculation of relative density given in Equation 3.1 and Table 3.2

v n(g P
Ty I2h

Equation 3.1

— _ 4t(Lout—t1)
= ——t L
(Lout)?

Table 3.2: Dimensions of the square interlocking flax/PLA core structures and their
relative densities

Cell size Thickness Relative density (p)
Core ID Height, 2 (mm) (mm) (mm)
L, Lot ty t Empty Filled-foam core
HP80 F150
SC20 20 20 24.5 3 1.4 0.20 0.44 0.55
SC30 20 30 345 3 1.4 0.15 0.45 0.58
SC40 20 40 44.5 3 1.4 0.12 0.47 0.62

Taking Sample SC20 as an example:

-y 4‘t(Lnut - tl)

‘11 (Lout)z
_ _4(14)(245-3)

Vs TR Osy?
120.4

Vs T 0a5)2
~0.20
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