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ABSTRACT

Natural fiber reinforced composites have attracted interest due to their numerous advantages such as
biodegradability and comparable mechanical strength. The desire to mitigate climate change due to
greenhouse gas emissions has led to the utilization and development of sustainable and environmentally
friendly raw materials. Plant fibers and biodegradable resins are explored as the alternative material
selection for composite materials apart from their synthetic counterparts which are non-renewable. In this
thesis, barkcloth, a naturally occurring non-woven fabric and its reinforced epoxy polymer composites are
characterized for possible automotive applications. Since there have been no tangible scientific studies
that have been made elsewhere on barkcloth except those published by the author, the thesis gives an in-
depth analysis of the mechanical and thermo-acoustic properties of barkcloth and its polymer composites.

The fabric microstructure and morphology were investigated using Scanning Electron Microscopy (SEM)
whereas the Chemical constituent analysis and Surface functional group characterization was done using
FTIR. To further understand the behavior of the fabric after surface modification, X-Ray Diffraction
(XRD) characterization was done on alkaline treated fabrics. Surface modification of the fabric was done
using the enzyme, plasma, and alkali treatment. The design of the composites utilized fabrics which were
surface modified and used for reinforcement of synthetic and green epoxy polymer resins.

In order to produce composites with required thickness as per the tensile testing standards (ASTM
D3033), four barkcloth fabric layers were sufficient for the fabrication of composites. A hierarchal fabric
architecture based on the micro-fiber angles was utilized in order to find out the best fabric layer design.
Vacuum Assisted Resin Transfer Moulding (VARTM) and hand layup were utilized in the production of
the synthetic epoxy and green epoxy composites respectively. The composites produced as the effect of
the hierarchal architecture were evaluated and the best set of composite layup was utilized to design green
epoxy polymer composites utilizing green epoxy resin. The ply stacking sequence 90°, 0°, -45°, 45° had
the best mechanical properties and, therefore, was the stacking sequence investigated for the production
of biocomposites. Static and thermal mechanical analyses were done on the set of composites.

In this investigation, for the first time, the thermo-acoustic properties of barkcloth and its polymer
reinforced composites were investigated in order to study the potential of barkcloth as a sound absorption
material. Theoretical empirical sound absorption models were employed to predict the behavior of the
fabrics and the results were compared with commercially available products in automotive applications.

Keywords: Barkcloth, Composites, Thermo-acoustics, Sound Absorption, Modeling
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ABSTRAKT

Kompozity vyztuzené piirodnimi vlakny dnes ptitahuji pozornost diky mnoha svym vyhodam — jsou
biologicky odbouratelné a mechanicky odolné. Potfeba zmirnit klimatické zmény zpusobené emisemi
sklenikovych plynavedek vyvoji udrzitelnych a environmentalné Setrnych surovin. Rostlinna vlakna a
biologicky odbouratelné pryskyfice jsou zkoumanyjako alternativa pro kompozitni materialy, které jsou
na rozdil od svych syntetickych prot&jsku recyklovatelné.

V této praci je zkoumana netkand textilie ziskana z kury (barkcloth) stromd z ¢eledi moruSovnikovitych
rostouci pfirozenou cestou a tedy bez potieby tovarni vyroby, ktera je pouzita jako vyztuz epoxidovych
polymeri.. Tato textilie se jevi jakovhodnd vyztuz pro aplikace v automobilovém pramyslu. Protoze
dosud nebyly publikovany studie, které by se timto typem materialu zabyvaly, krom téch, které
publikoval autor, je soucasti této prace podrobnaanalyzamechanickych a tepelné-akustickych vlastnosti
studovaného materiélu a z n¢j vyrobenych polymerovych kompozitu.

Mikrostruktura a morfologie materidlu byly zkouméany s vyuzitim rastrovaciho elektronového
mikroskopu (SEM), analyza chemického slozeni a charakteru funkcnich skupin na povrchu probé¢hla
s vyuzitim FTIR. K hlub§imu porozuméni chovani materidlu po modifikaci povrchu byla vyuzita
rentgenova difrakce (XDR) na alkalicky oSetfeném povrchu. Modifikace povrchu byly provedeny
enzymaticky,plazmaticky a vybranymi alkalickymi ¢inidly. V navrzenych kompozitech byl pouzit
povrchové upraveny material, kterym byly vyztuzeny jak syntetickétak biodegradabilni pryskytice.

Testovaci vzorky kompozitibyly vyrobeny tak, aby jejichtloustka odpovidala standardim pouZzivanym
pti zkousce tahem (ASTM D3033). Pro jejich vyztuzeni byly pouzity &tyfi vrstvy netkané textiliez kury.
Hierarchicka architektura materialu zaloZena na rozlozenimikrovladken byla vyuzita pfi nadvrhu orientace
jednotlivych vrstev. Pti vyrobé kompoziti ze syntetické i bio- pryskyfice byly pouzity technologie
VARTM a technologie ru¢niho kladeni . Nejprve byl analyzovan vliv rozlozeni jednotlivych vrstev na
vlastnosti kompozitu ze syntetické pryskyfice a nasledné¢ bylo vybrano nejvhodnéjsi rozlozeni
vyztuzujicich vrstev. Takto rozlozené vrstvy byly vyuzity pro pfipravu kompozitu z biologicky
odbouratelnou pryskyfici. Jako nejlepsi se ukazalo nasledujici kladeni vrstev: 90°, 0°, -45° 45°, které
vykazovalo nejlepsi mechanické vlastnosti, a proto byly pro dal$i vyzkum piipravovany biokompozity
s takto rozlozenou vyztuzi. Statické a tepelné-mechanické analyzy byly dale provedeny pro tento soubor
kompozitu.

V provedeném vyzkumubyly poprvé prozkoumény také tepelné-akustické vlastnosti textilie z kary a
Znich vyrobenych kompoziti. Cilem studie bylo prozkoumat potencial textiliez kiry jako zvukové
izola¢niho materialu, zejména pro interiéry automobilti. Teoreticko-empirické modely zvukové izolace
byly uzity pii predikci chovani materidlu a vysledky byly srovnany s komeréné dostupnymi produkty
v automobilovém primyslu.

Kli¢ova slova:barkcloth, kompozity, termo-akustika, zvukové izolace, modelovéni.
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CHAPTER 1

Introduction

1.0. PROLOGUE
This chapter gives the evolution of natural fibers and the respective reinforced composites and their
applications in industry. It goes further by revealing the statement of the problem; aim of the research

and specific objectives.

1.1. BACKGROUND

Worldwide, researchers are embroiled in a race for niche products whereby industries can boost
production processes as well as putting into consideration sustainability. The quest for structural materials
which are environmentally friendly, to mitigate global warming effects is on the agenda of industrialized
nations and recommendations are put forward for production of recyclable, biodegradable products or
materials with zero emissions [1].
Transition to a more sustainable biobased economy, as a political consequence of the Kyoto protocol on
global climate change, includes a shift from petrochemical to renewable sources [2].
The ecological “green” image of cellulosic fibers is the leading argument for innovation and development
of products which are biodegradable and can be applied to the automotive industries [3], building and
construction [4], geotextiles and agricultural products [5,6].
Plant based fibers like flax, hemp; nettle and kenaf which were previously used for fiber in the western
world have attracted renewed interest in textile and industrial composite applications [7-9].
Natural fibrous materials were used by early civilizations from biblical times; Egyptians reinforced mud
bricks with straw. However, the turn of the 20" century, new fibers, largely from petrochemical sources
and with exceptional strength impeded the use and production of natural fibers.
Ever since the discovery of synthetic fibers, their contribution towards fuel economy in automotive and
aerospace industries is unparalleled. The unique structural properties of composites have seen their
application in construction beside the traditional automotive and aerospace sectors (Figure 1.1). Table 1.1
shows synthetic fibers whose feedstock are fossil fuels with negative effects such as environmental
degradation due to the toxicity of the fumes emitted, demanding energy for production and non-
biodegradability; whereas natural fibers have advantages such as biodegradability, low cost, non-toxicity,

acoustical properties etc. [10].
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1.1.1. Drivers for Change

The Intergovernmental Panel on Climate Change (IPCC) most recent report recommends cutting
of greenhouse gas emissions by 70% and an increase of the use of clean green energy by 2050
respectively. Effective strategies such as utilization of sustainable biodegradable materials instead of
synthetic materials can contribute to lowering greenhouse gas emissions thus combating climate change
[11].

In reference to European Union (EU) guideline 2000/53/EG [12] issued by the European
Commission, 95% of the weight of a vehicle have to be recyclable by 2015. This has led to a surge of
utilization of natural fiber reinforced composites among the European automotive industry by designing
and production renewable biodegradable composites based on natural fibers [3,13-22]. Furthermore, the
EU Landfill Directive 1999/31/EC whose main goal is to reduce on the quantity of biodegradable
municipal waste that ends up in landfill has sparked research in sustainable and biodegradable materials
that can be reused [23].

Materials used in 787 body

Fiberglass B Carbon laminate composite - Total materials used
M Aluminum ' Carbon sandwich composite - By weight
_ Aluminum/steel/titanium E Other
steel 3% Composites
10% 50%

Aluminum ‘
20%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum,

Figure 1.1. Boeing B787 Structural Materials

Image Source: http://modernairliners.com/boeing-787-dreamliner/boeing-787-dreamliner-specs

The increasing costs of oil vis-a-vis the diminishing oil reserves world over and environmental concerns
has led to the reigniting of the natural fiber spark. Production of chemicals and materials from bio-based
feedstock is expected to increase from today’s 5% level to approximately 12% in 2010, 18% in 2020 and
25% in 2030 [24].

The need for a lightness of materials with superb performance characteristics has sparked interest in
lightweight composite materials. With the dwindling petroleum resources, coupled with high prices, fiber

| 2
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from lignocellulosic materials will play a major role in the transition from synthetic to environmentally

friendly, biodegradable green composites whose feedstock is from wood and plants [24,25]. Numerous

researches elsewhere have documented on the use of novel plants for production of fiber, such as
Sansevieria [26-28], Piassava [29], Okra [30], Oil palm [31], carnauba [32], barkcloth [33], banana etc.

Table 1.1. Fibrous Materials Comparison [24,34]

Properties Unit Plant Fibers Glass Fibers Carbon Fibers
-~ Annual global production Tonnes | 31,000,00 4,000,000 55,000
g Distribution for FRPs in EU Tonnes | Moderate Wide (600,000) | Low (15,000)
S (~60,000)
W | Cost of raw fiber Euros | Low High High

Density gcm? | Low (~1.35- High (2.50- Average

1.55) 2.70) (~1.70-2.20)
Tensile Modulus GPa Moderate (~30- | Moderate (70- | High (150-500)
80) 85)

Tensile Strength GPa Low (~0.4-1.5) | Moderate (2.0- | High (1.3-6.3)
3:| 3.7)
O | Percentage Elongation % Low (~4-3.2) High (2.5-5.3) | Low (0.3-2.2)
% Tribological resistance No Yes Yes
8 Energy requirements MJ/kg | Low (4-15) Moderate(30- High (>130)
= 50)

Renewability Yes No No
5 Rfacyclable Yes Partially Partially
S Biodegradable Yes No No
S Dermal and inhalation toxicity No Yes Yes
W | during processing

Figure 1.2. Helmet, Car body and other natural fiber composite products by INVENT GmbH

_-.z.

Application of natural fiber reinforced composites in the EU is on the increase with various researchers

and industries taking the lead in the application of bio fibers for polymer reinforcement (Figure 1.2).

According to the report on Global Natural Fiber Composites Market 2014-2019: Trends, Forecast and

E
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Opportunity Analysis [35], by 2016 the natural fiber composites market is expected to be worth US

$531.2 million with an expected annual growth rate of 11% for the next five years. Currently, natural

fibers account to over 14% share of reinforcement materials; however, the share is projected to rise to
28% by 2020 amounting to about 830,000 tons of natural fibers [36].

Table 1.2. Vehicle Manufacturers and use of natural fiber composites [37].

Automotive Manufacturer

Model

Model Applications

Audi

BMW

Citroen

Daimler-Chrysler

Ford

Lotus

Mercedes-Benz

Peugeot
Renault
Rover

Toyota

Vauxhall

Volkswagen

Volvo

A2, A3, A4 (and
Avant), A6, A8.

3,5,7 Series

C5

A,CE and S-Class;
EvoBus (exterior)

Mondeo CD 162,
Focus

Eco Elise

Trucks

406
Clio, Twingo
2000 and Others

Brevis, Harrier,
Celsior, Raum

Corsa, Astra,
Vectra, Zafira

Golf, Passat, Bora

C70, V70

Roadster, coupe, seat backs, side and back door
panels, boot lining, hat rack, spare tyre lining

Door panels, headliner panel, boot lining, seat
backs, noise insulation panels, moulded foot
well linings

Interior door paneling

Door panels, windshield, dashboard, business
table, pillar cover panel

Door panels, B-pillar, boot liner

Body panels, spoiler, seats, interior carpets
Internal engine cover, engine insulation, sun
visor, interior insulation, bumper, wheelbox,
roof cover

Seat backs, parcel shelf

Rear parcel shelf

Insulation, rear storage shelf/panel

Door panels, seat backs, Spare tyre cover
Headliner panel, Interior door panels, pillar

cover panel, instrument panel

Door panel, seat back, boot lid finish panel,
boot liner

Seat padding, natural foams, cargo floor tray
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1.2. RESEARCH PROBLEM

With increasing level of technology and research, new fibers have been developed. The shift from
overdependence on synthetic fibers with fossil fuels as raw material sources and the need for reduction of
adverse effects of man-made fibers which contribute to the carbon footprint is realized worldwide. The
quest for sustainable materials from renewable sources is being fronted as one of the ways of becoming
resilient to climate change and to provide for a reduction in emissions. Plant based fibers haven’t been
fully characterized and their respective processing and pretreatment technologies for the production of
industrial composites are still under development.

Barkcloth has been in existence as far back as the 13th century, however, the fabric had not been
characterized and there was limited scientific published information on the naturally occurring non woven
felt. This report, therefore, presents the findings of the investigation of the microstructural, mechanical
and sound absorption properties of barkcloth and its reinforced epoxy polymer composites for possible

automotive applications.

1.3. AIM AND OBJECTIVES OF THE STUDY

The overall aim of this study was the investigation of the mechanical and thermo-acoustic properties of
barkcloth and its polymer reinforced composites for automotive applications.

The specific objectives are investigation of:
1. Morphology, Chemical and Thermo-physiological properties of Barkcloth.
2. Mechanical and Thermal Analysis of Barkcloth Laminar Epoxy Polymer Composites.

3. Thermo-acoustic Properties and Sound Absorption Models of barkcloth.

1.4. RESEARCH DESIGN

The present work was simplified into a flowchart illustrated in Figure 1.3. Furthermore, in reference to
the present research and available literature, there are three novel/original concepts found:
1. There has been limited laboratory work done on barkcloth fabrics except for the work which is
now documented in the publications arising from this work.
2. This work is the first to study the morphological and chemical characterization of barkcloth
nonwoven fabrics.
3. The utilization of barkcloth fabrics as a promising sound absorption material is the first of its kind

and the fabric showed exceptional properties.
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MICROSTRUCTURE
CONSTITUENTS
ANALYSIS

- Cellulose
- Hemicellulose
- Lignin

MORPHOLOGY

-FTIR
-XRD

-SEM

Study of Thermo-
physiological and
Comfort properties
of Barkcloth

UNTREATED
BARKCLOTH

PLASMA
ENZYMES

LAYERING
ARCHITECTURE
OF BARKCLOTH
FABRICS

Barkcloth Fabric Reinforced
Plastic Composites (BFRP)
SYNTHETC EPOXY

GREEN EPOXY
BIOCOMPOSITES

THERMAL ANALYSIS
[TGA, DSC, DMA]

STATIC MECHANICAL PROPERTIES
[TENSILE, FLEXURE, IMPACT]

SOUND
ABSORPTION
BEHAVIOR AND
MODELING

i i

Discussion of the fabric
microstructural
composition and
morphology

The thermo-
physiological behavior
of the fabric

-Discussion of the static and dynamical mechanical
properties of the Barkcloth Composites

- Discussion of the Effect of Surface Modification on
the static and dynamic mechanical properties of the
fabric.

- Discussion of the effect of barkcloth fabric and the
optimization of the fabric layering to ASTM
thickness standards.

- Discussion of the effect of layering on the
mechanical properties.

- The development of green composites based on the
tested and optimized layering architecture.

i i

Discussion of
thermo-acoustic
behavior of the
fabrics with various
layers.

Discussion of sound
absorption behavior
of composites.

Sound absorption
modeling.
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1.5. SUMMARY OF THESIS

Chapter 1:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Chapter 7:

Chapter 8:

Introduction
A general overview of the natural fibers and composites are presented. The thesis builds
on the background and presents a research problem, aim, and objectives of the study.

Literature Review

The detailed background to the research is presented. The microstructure and properties
of natural fibers, challenges and limitations are discussed. A transition from the
reinforcing materials to natural fiber reinforced composites is examined putting
consideration to the polymers, manufacturing processes and finally challenges and
limitations.

An overview of sustainable natural fibrous sound absorption materials is presented.
Theoretical empirical absorption materials used to predict the sound absorption of
materials are also presented.

Raw Material Analysis

A detailed description of the new materials is described giving emphasis to
microstructure analysis of barkcloth and overview of the physical and chemical
properties. Green epoxy polymer is also characterized.

Design of Composites

The underlying fundamentals of design of laminar composites is introduced and the
criteria utilized for the production of Barkcloth Fabric Reinforced Plastic Composites
(BFRP).

Experimental
An overview of the methods used for the investigation of the research is presented.

Results and Discussion

The material properties of the fabric; the fabric surface functional groups characterization
are discussed. The results from the utilization of the fabric for epoxy laminar composites
from both synthetic and green epoxy are presented. The utilization of the fabric for sound
absorption and modeling the behavior of the fabric is discussed.

Conclusion
The conclusion of the whole thesis and a summary of the new knowledge generated by
this work is presented.

Industrial Applications and Future Work
Possible applications of barkcloth in the industry are highlighted based on the industry
standards.
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CHAPTER 2

Literature Review
2.0 PROLOGUE

This chapter gives a broad overview of the field of research, background, underlying theories and up-to-
date research that has been made in the field. The reader will familiarize him/herself to the experimental

procedures which follow in the next section.

2.1 NATURAL FIBERS

Natural Fibers

PLANT BASED
Stem FFigue, Henequin silk
Flax Sisal Wool
peinp ELUR Hair
iy lute coir Feathers
icus Kenaf Cotton
natalensis [ :EUELE Kapok

'Barkcloth) i WOO0D
Nettle soft wood

Ramie Hard wood
Bamboo

Leaf

Pineapple

Sanseviera

Banana
pseudostem

Figure 2.1. Classification of Natural Fibers

Synthetic fibers whose feedstock are fossil fuel are the leading causes of environmental degradation due
to the toxicity of the fumes emitted, demanding energy for production and non-biodegradability whereas
natural fibers have advantages such as biodegradability, low cost, non-toxicity, sound absorption
properties etc. [10]. Furthermore, the IPCC most recent report recommends cutting of greenhouse gas
emissions by 70% and an addition of the usage of clean green energy by 2050 respectively. Effective

| 8
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strategies such as usage of sustainable biodegradable materials instead of synthetic materials can lead to
lowering greenhouse gas emissions thus combating climate change.
Plainly put, bio-based originate from agricultural and forestry feedstock including wood, grass, shrubs
and plant fibers. Vegetable fibers exhibit several advantages, including low density, acceptable to good
specific strength properties, good sound abatement capability, low abrasivity, high biodegradability and
the existence of vast resources [38].
Natural fibers also known as vegetable fibers are usually classified as shown in Figure 2.1 depending on
the source:
o Leaf fibers, these are usually extracted from the leaves of plants. The fibers usually are the
medium of transportation of various plant nutrients.
o Fruit fibers, these are usually extracted from the fruit of the plant. There are in most cases, soft
and hairy and can be easily carried off by the wind whereas others are coarse.
e Bast fibers, these are extracted from the stem of the plant, they are usually long and have robust

mechanical strength.

2.1.1. Structure

Middle E Pectin
Lamella

— Cellulose

Microfibril

Primary
Cell Wall =
Plasma C = . W Hemicellulose
Membrane -

Soluble
Protein

Figure 2.11. Microstrutural constituents of a plant cell wall (Image Source: www.nature.com)

A plant cell wall is arranged in three major layers (Figure 2.11): the primary cell wall, the middle lamella,
and the secondary cell wall and the microstructure constituents are made up of cellulose microfibrils

which act as reinforcement and hemicelluloses, pectin, lignin, and soluble proteins act as a matrix.
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Cellulose makes up the highest constituent of all vegetable fibers and is responsible for the fiber
properties [39,40].

(A) Secondary wall S;
- Secondary wall S,
Microfibril angle
Cellulose crystalline
microfibrls
¥ Sccondary wall
A\
Cellulose amorphous LN Y, Y
microfibeils (consists \ \
of lignin and ‘Vo Primary wall

)

k)

\ \\'/
hemicelluloses) ) ( / \'/'\/‘
A

Amorphous
reglons

Figure 2.12. Scheme of arrangement of amorphous and crystalline fibrils in the cell wall

The fibers are composed of layered membranes of the primary and secondary walls (Figure 2.12A). The
primary wall is composed of amorphous cellulose microfibrils which are in a composite matrix of lignin
and hemicelluloses. The secondary wall is composed of three layers which have helically wound
cellulose, microcrystalline microfibrils; It’s these microfibers that determine the mechanical strength of
the fiber, the angle between the fiber axis and the microfibril is determined as the microfibril angle
[41,42].

The fibrils in primary and secondary walls are essentially similar but they are arranged differently. In
primary walls, they are comparatively poorly oriented. Noncellulosic constituents such as pectin, lignin,
and hemicellulose may occupy the spaces between the fibrils in both primary and secondary walls.
Removal of these noncellulosic components of the cell walls seems not to disturb the remaining cellulose
fibrils. The structure of wood or natural fiber consists of a thin primary wall and three secondary layers
(S1, S2, and S3) [43]. Each layer is composed of cellulose fibers, a bio polymer, mainly crystalline,

surrounded by an amorphous matrix of hemicellulose and lignin [39].

| 10
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2.1.1.1. Cellulose

Cellulose is the most abundant polymer on Earth, [44] which makes it also the most common organic
compound. According to the United Nation’s Food and Agriculture Organization (FAO), there is
3.27x10°m?3of cellulose on Earth and yet only 1% is utilized. Cellulose is a tough water insoluble

substance that can be obtained from trees, plants and is also biosynthesized by bacteria [45].

6
- OH ) 4 CHOH CHOH
2
CH,OH 3 OH 1 OH
. Reducin
Non-Reducing End-Grogp

End-Group (potential aldehyde)

Figure 2.13. Chemical Structure of Cellulose

Cellulose is a linear and fairly rigid homopolymer consisting of D-anhydroglucopyranose units (AGU).
These units are linked together by B (1— 4) glycosidic bonds formed between C-1 and C-4 of adjacent
glucose moieties (Figure 2.13) [45].

In the solid state, AGU units are rotated by 180° with respect to each other due to the constraints of -
linkage. Each of the AGU units has three hydroxyl (OH) groups at C-2, C-3 and C-6 positions. According
to Sjostrdm [46], native cellulose in wood has a degree of polymerization (DP) of approximately 10,000
glucopyranose units and it is around 15,000 for native cellulose in cotton. The DP in cellulose depends on

the source and part of the plant [47].

Molecular weight of cellulose
DP = & @

molecular weight of one glucose unit

Terminal groups at the either end of the cellulose molecule are quite different in nature from each other.
The C1 OH at one end of the molecule is an aldehyde group with reducing activity. Aldehyde groups
form a pyranose ring through an intramolecular hemiacetal form. In contrast, the C4 OH on the other end
of the chain is an alcohol borne OH constituent and thus is called the non-reducing end.

Annual cellulose synthesis by plants is close to 1012 tons. Plants contain approximately 33% cellulose
whereas wood contains around 50 per cent and cotton contains 90%. Currently, most of the cellulose is
utilized as a raw material in paper production. This equates to approximately 108 tons of pulp produced

annually. Cellulose usually exists as cellulose I (in most plants) and rarely as cellulose Il (in several algae
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and some bacteria) allomorphs, in which are the glucan chains oriented parallel and anti-parallel

respectively.

Table 2.1. Degree of polymerization of some cellulosic materials [48].

Material Degree of polymerization

Cotton (unopened) 15,300

Cotton (opened) 8,100

Cotton linters (bleached) 1,000-5,000
Textile flax 8,800

Jack pine (Hard wood) 7,900

Bacteria 5,000

Sulphate pulp, bleached 1,255

Kraft pulp 975

Rayon 305

Fibers with high cellulose content are suitable for composite reinforcement because of the strength
provided by cellulose whereas fibers with high hemicelluloses content are suitable for the production of
ethanol because the sugars in hemicelluloses can be easily hydrolyzed [49].

2.1.1.2. Hemicellulose

Hemicelluloses exist in all vegetation and give plant fibers their strength through interaction with
cellulose and in cell walls with Lignin [50]. Structurally, hemicelluloses are co-polymers of two or more
sugars and sugar acids glucose, mannose, galactose, xylose, arabinose and 4-O-methylglucuronic acid [8].
They are of low DP 120 - 200 with short branching chains, making them amorphous

heteropolysaccharides.

Hemicelluloses are commonly isolated from halocellulose through extraction with aqueous alkaline

solutions Potassium, Sodium and Lithium hydroxides.
2.1.1.2. Lignin

Lignin is the most abundant polymer behind cellulose. It’s composed of different functional groups such

as phenolics, methoxyls, aliphatic alcohols, aldehydes, ketones and ethers [51].
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2.1.2. Properties
2.1.2.1. Mechanical Properties

The mechanical properties of vegetable fibers are generally dictated by the structure which is dominated
by cellulose, lignin, pectins and waxes [52]. Table 2.2 shows the mechanical properties of selected
vegetable fibers. It’s observed that bast fibers generally have better mechanical properties compared to
leaf and fruit fibers. The fiber percentage elongation is generally lower with bast fibers and higher with
leaf fibers.

2.1.2.2. Thermal Stability

The thermo-gravimetric behavior is directly proportional to the chemical constituents of the fibers [53].
The thermal decomposition of cellulose in vegetable fibers is usually plotted on the TG/DTG curve.

A first stage, up to about 200°C corresponding to about 10% loss is followed by a second stage with about
70wt% loss with temperature up to 500°C which is a limit for organic materials. The final third stage
extends to the usual ending test and corresponds to about 20 wt% and a final temperature of about 800°C.
The DTG peaks also show thermal decomposition peaks as well as shoulder and tail peaks that are

ascribed to the fiber’s constituents [53].

Thermal decomposition of wood was indicated to occur at 210-260°C by dehydration subsequently
followed by the major endothermic reaction of depolymerization. Differential Thermogravimetric (DTG)
peaks that vary from 310-450°C; Hemicellulose generally decomposes at a maximum temperature of

290°C whereas lignin decomposition is observed from 280-520°C.

The thermal decomposition rate of vegetable fibers is affected by the TGA atmospheres. It’s observed that
the tests were done in an inert environment (Helium and Nitrogen) have higher decomposition
temperatures compared to tests done in an oxidative environment (Air and Oxygen). This phenomenon is
attributed to the fact that the oxidative environment leads to reactions with cellulose thus having the main
DTG peak shifted to the left [53].
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Table 2.2. Mechanical Properties of Selected Natural Fibers [4,25,54,55]

Technical Density Tensile Strength  Young’s Modulus Percentage
Fibers (g/cm3) (MPa) (GPa) Elongation (%)
Ramie 15 400-938 61.4-128 2
PALF 1.44 413-1627 34.5-82.5 1.6
Flax 1.5-3 450-1100 27.6 1.2-1.6
Jute 1.3-1.45 393-773 13-26.5 1.8
Hemp 1.48 400-800 17-70 1.6
Sisal 1.45 468-640 9.4-22.0 2-3
Cotton 1.5-1.6 287-800 5.5-12.6 3-10
Coir 1.15 131-175 4-6 15-25
Kenaf 1.5-1.6 930 53 15
Nettle 151 560-1600 24.5-87 2.1-25
Abaca 15 430-760 72 10-12
Oil palm 0.7-1.55 248 25 3.2
Pineapple 1.44 170-1627 60-82 2.4
Banana 1.35 529-914 27-32 3

Alfa 0.89 35 22 5.8
Bagasse 1.25 222-290 17-27.1 1.1
Bamboo 0.6-1.1 140-800 11-32 2.5-3.7
Curaua 1.4 87-1150 11.8-96 1.3-4.9
Henequen 1.2 430-570 10.1-16.3 3.7-5.9
Isora 1.2-1.3 500-600 5-6
Piassava 14 134-143 1.07-4.59 7.8-21.9
Luffa cylindrica 385 12.2 2.65
Ferula communis 475.6 52.7 4.2
Wool 25-35 120-174 2.3-34
Spider Silk 17-18 875-972 11-13
B.mori silk 1.33 19.55 208.45 6.10
E-glass 2.5 2000-3500 70 2.5
S-glass 25 4570 86 2.8
Aramid 1.4 3000-3150 63 3.3-3.7
Carbon 1.7 4000 230-240 1.4-1.8

2.1.3. Challenges and Limitations
2.1.3.1. Thermal decomposition temperature

During processing of natural fiber composites, the thermal decomposition of natural fibers produces
volatile gasses at temperatures above 200°C, this leads to porous polymer composites with inferior

mechanical properties. Improving the thermal stability of the fibers is of utmost importance if the fibers
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are to be used as reinforcement for the production of natural fibrous composites with a wide sphere of

applications [56].

The vegetable fiber thermal decomposition temperature of 200°C renders them not suitable for higher

processing temperatures, especially if they are to be used for reinforcement with thermoplastic matrices.

2.1.3.2. Moisture Absorption

Vegetable fibers are hydrophilic in nature due to the structure of cellulose which is the major
microstructure constituent. Water absorption, therefore, takes place because of the possibility of hydrogen
bonding with the free hydroxyl groups or through diffusion through the matrix materials. The high
affinity to water renders natural fibers not suitable for marine application, however, this limitation is
usually counteracted by utilization of treatments such as chemical and plasma treatments as a means of
increasing hydrophobicity; using coupling agents, hybridization, compatibilizers as means of increasing

fiber-to-matrix bonding [57].

2.2. BARKCLOTH

Barkcloth utilization has been confirmed with archeologists discovering grooved stones in Xiantouling
site of Shenzhen similar to grooved hammers used today [58]. It is considered that the extraction of
barkcloth in ancient China spread to Taiwan, Philippines, Africa, Central America, and Oceania.
Barkcloth produced from Polynesia is derived from the bast of mulberry, whereas in Uganda the felt is

derived from Ficus trees all being from Moraceae family.

According to United Nations Educational, Scientific and Cultural Organization (UNESCO) [59],
Barkcloth, a non-woven fabric has been in production in Uganda for over six centuries; however, there’s
limited study of the non-woven felt which is produced through a series of pummeling processes. That
notwithstanding, in 2005 UNESCO proclaimed it as a “Masterpiece of the Oral and Intangible Heritage of

Humanity”.
In terms of green credentials and sustainability, the trees grow naturally in Central Uganda and don’t need

fertilizers [60]. For a material to be sustainable, the supply should be continuous and should be available

for the future generations.
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2.3. NATURAL FIBER REINFORCED COMPOSITES

Natural fibrous materials were used by early civilizations from biblical times; Egyptians early in the 20™
century reinforced mud bricks with straw. However, on the turn of the 20" century, new fibers, largely
from petrochemical sources and with exceptional strength dented the use and production of natural fibers.
Ever since their discovery, synthetic fibers’ contribution towards fuel economy in automotive and
aerospace industries is unparalleled. The unique structural properties of composites have seen their
application in construction beside the traditional automotive and aerospace sectors.

With the implementation of EU directives [12] on waste and end of life disposal strategies, there has been
a surge of activity driven by the European automotive industry to introduce Natural Fiber Composites
(NFC) as a substitute to Glass Fiber Reinforced Plastic Composites (GRPC), where appropriate. The
production of these non-woven and plied single layer laminates has significantly escalated within the last
5 years due to demand from the automotive industry and the need for industries to develop by-products
from their waste materials in response to directives to further reduce the accumulation of waste in landfill

sites.

Figure 2.3. Flax/polypropylene underbody components have replaced glass fiber reinforced plastic

components in vehicles such as the Mercedes Benz A-Class [61]

The increasing costs of oil vis-a-vis the diminishing oil reserves world over and environmental concerns
has led to the reigniting of the natural fiber spark. Production of chemicals and materials from bio-based
feedstock is expected to increase to 18% in 2020 and 25% in 2030 [24].
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Estimations show that two-thirds of the $1.4 trillion global chemical industry will eventually be based on
renewable resources such as renewable resins PolyLactic Acid (PLA) from corn, biodiesel from jatropha
etc. Petroleum transitioned from a single product (kerosene in the early 1900’s) to a multiproduct industry
(petrol, jet fuel, diesel fuel, asphalt and polymeric materials) between the late 19th and the middle of the
20th Century. Research conducted from the 1990’s to the present has led to many new bio-based products
[62-65].

Several of the world’s largest chemical companies, including DuPont, Monsanto and Cargill have
announced a major shift in their base science and technology from traditional petrochemical processing to
life sciences. DuPont has invested $12.5 billion to acquire expertise in agricultural biotechnology [66].

It’s a known fact that synthetic fibers such as carbon and glass are facing problems of recyclability.
Landfills can’t solve the problem because other problems attached to their production such as emissions
of toxic chemicals still stand. The alternative to synthetic fibers is natural fibers. The front seat drivers for
this technology are exceptional specific strength closely comparable to synthetics.

Sustainable, eco-friendly plant fibers are now anticipated to be economically viable and would lead to
various industrial applications. Due to the increased demand of eco-friendly materials, there is a growing
interest in bio-based or “green composites”, also referred to as “ecocomposites”, “biocomposites”,
“Natural Fiber Reinforced Composite (NFRC)” or “Natural Fiber Reinforced Plastics (NFRP)”.

The industrial use of NFRCs in automotive applications was inspired by automotive entrepreneur Henry
Ford in the 1930s, when he produced a hemp body vehicle. To-date various car makers (Table 1.2) are

now utilizing NFRCs in various parts of automotive components (Figure 2.2)

2.3.1. Polymer Matrices

Polymer matrices serve a purpose of holding the reinforcing fibers in place and they are usually of lower
strength compared to the reinforcing fibers. The polymer matrix should be strong enough to withstand the

load but good enough to transfer the load to the reinforcing fibers.
There are majorly two classes of polymer matrices: Thermoplastic and Thermoset matrices.
Thermoset resins vis-a-vis thermoplastic resins exhibit the following thermomechcanical behavior: [23]

o Brittle behavior over a wide range of temperatures.
o Inability to deform viscoelastically.

o No rubbery behavior.
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¢ Non-crystalline structure in the form of a cross-linked network.
o Polymer degrades, or burn rather than melt

e Cannot be recycled by melting and reforming.

2.3.1.1. Thermoset

Thermoset matrices are liquid monomers or pre-polymers which are processed into final products through
catalysts commonly known as hardeners. Thermoset polymers are composed of covalent bonds, which are
pivotal against sliding thus giving thermoset polymers exceptional strength and creep resistance [56].
Epoxies, vinyl esters and polyesters account for the majority of thermoset resins used in industry. The

physical and mechanical properties are shown in Table 2.3.

Table 2.3. Thermoset Polymer Properties [67].

Property Polyester resin Vinylester resin Epoxy
Density [g/cm®] 1.2-1.5 12-14 1.1-14
Elastic Modulus [GPa] 2-4.5 3.1-38 3-6
Tensile Strength [MPa] 40-90 69-83 35-100
Compressive Strength [MPa] 90-250 100 100-200
Elongation[%)] 2 4-7 1-6
Cure shrinkage [%] 4-8 - 1-2
Water Absorption [24hours 0.1-0.3 0.1 0.1-04
@20°C]
Izod Impact Notched [J/cm] 0.15-3.2 2.5 0.3

Epoxies are petroleum based low molecular weight prepolymers majorly produced through the
combination of epichlorohydrin and bisphenol A. Epoxy hasn’t widely been utilized in natural fiber
composites; this could be due to the fact that the cost is high however considerable research elsewhere has
documented the effect of process parameters such as fiber treatment on the mechanical properties of jute
[68,69], sisal [70,71], flax [70], sugar palm fiber [72], banana [73], jute [74,75], bamboo[76], kenaf [77]

epoxy composites.
Polyester resins are synthetic based resins which are produced by the reaction of dibasic organic acids and

polyhydric alcohols. Polyester is the most widely used natural fiber composite resins due to the fact that

they are cheaper than epoxies [78-80].
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2.3.1.2. Thermoplast

Thermoplastic materials that currently dominate as matrices for natural fibers are polypropylene (PP),
polyethylene (PE), and poly (vinyl chloride) (PVC) [81]. Table 2.4 shows the properties of the most
common thermoplastic polymers used with natural fiber reinforced composites.

Unlike thermoset resins which require fiber chemical treatment to clean the fiber surface which leaves a
rough, grooved surface, thereby enhancing the fiber-to-matrix adhesion, Thermoplastic polymers are
hydrophobic, therefore, to enhance the fiber-to-matrix adhesion, compatibilizers such as Maleic anhydride
grafted polymer (PE/PP), copolymers are utilized in order to strengthen the natural fiber-to-grafted
polymer bond [82].

Table 2.4. Physical and Thermo-Mechanical properties of thermoplast polymers [67].

Property PP LDPE HDPE
(Isotactic)

Density [g/cm?®] 0.899-0.920 0.910-0.925 0.94-0.96
Water Absorption [-24 0.01-0.02 <0.015 0.01-0.2
hours/ %]
T, [°C] -10 to -23 -125 -133t0 -100
Tm [°C] 160-176 105-116 120-140
Tensile Strength [MPa] 26-41.4 40-78 14.5-38
Elastic Modulus [GPa] 0.95-1.77 0.044-0.38 0.4-15
Elongation [%] 15-700 90-800 2.0-130
Izod Impact Strength 21.4-267 >854 26.7-1068

[J/m]

2.3.1.3. Biodegradable Polymer Matrices

Biodegradable polymers are types of polymers which are obtained through environmentally friendly
renewable sources and designed to degrade naturally through the action of microorganisms. There’s an
ambiguity in the definition of biodegradable or green and biobased polymers. Most of the biodegradable
epoxy polymers are not completely biobased that notwithstanding, there has been the development of

oxidized green polymers from natural oils.

The US Department of Agriculture and the US Department of Energy have set goals of having at least
10% of all basic chemical building blocks be created from renewable, plant-based sources in 2020,
increasing to 50% by 2050 [4].
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There are several biodegradable, naturally derived polymers in existence (Table 2.5), such as
polysaccharides (starch, chitin, collagen, gelatines, etc.), Proteins (casein, albumin, silk, elastin, etc.),
Polyesters (e.g. Poly (hydroxyalcanoate) (PHA), poly (hydroxybutyrate) (PHB), polylactic acid (PLA),
lignin, lipids, natural rubber, some polyamides, polyvinyl alcohols, polyvinyl acetates, and
polycaprolactone [9]. Biodegradable polymers are classified according to their source: agropolymers
(starch), microbial derived (PHA) and chemically synthesized from agrobased monomers (PLA) or
conventional monomers (synthetic polyesters) [9].

PLA, Cashew Nut Shell Liquid (CNSL) and Soy based resins are the most commonly used biodegradable
polymers for the production of biocomposites. Starch based polymer resins have serious concerns such as
their affinity to moisture; however compatibilizer agents have shown to reverse the hydrophilicity of
starch resins [83]. Commercially, various companies have also introduced green epoxies, but not fully

based from plant sources.

Table 2.5. Properties of Natural polymers [3].

Polymer Density Tm [°C] Tensile Young Elongation at
[g/cmq] Strength Modulus break [%0]
[MPa] [GPa]
Starch 1-1.39 110-115 5-6 0.125-0.85 31-44
PLA 1.21-1.25 150-162 21-60 0.35-35 2.5-6
PHB 1.18-1.26 168-182 24-40 3.5-4 5-8

2.3.2. Manufacturing Processes

The processing of composites depends on the selection of the matrices and the envisaged end product.
Compression Moulding, Injection Moulding and Extrusion are utilized for production of components with
thermoplastic resins whereas Sheet Moulding Compound and Resin Transfer Moulding is utilized for

production of components utilizing thermoset resins [54].

2.3.2.1. Injection Moulding

The molten polymer is mixed with the short fiber with critical length to form pellets. The pellets are
therefore fed through the hopper into a heated compression barrel with rotation screws; the viscous liquid

is therefore led to the mould cavities and after cooling the part is ejected from the mould cavity.
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2.3.2.2. Compression Moulding

This process includes two processes: Hot press and autoclave technology. For hot press, the fiber and the
matrix material are arranged in layers. Two hot plates melt the matrix polymer and this aides with matrix
impregnation into the fiber network.

The viscosity of the polymer matrix should be low enough so as to effectively impregnate into the fiber
network and as well as high enough so as to prevent spurting out [54].

2.3.2.3. Resin Transfer Moulding

For thermoset composites, the most commonly used fabrication procedures are the Vacuum Assisted
Resin Transfer Moulding (VARTM) in which case the resin is infused into the fiber preform by use of
pressure. This is usually the preferred method for production, however, it has challenges of voids which

can be minimized by varying the pressure at which the resin is infused.

2.3.2.4. Hand lay-up

The “‘hand lay-up’’ technique, is the oldest composite manufacturing method. It’s utilized in such a way,
the fiber preform is infused with resin by hand through pouring the resin on top, using rollers, the resin is
infused into the fiber network; thereafter the composite structure is cured at room temperature or in an
autoclave for better bonding and hence a mechanically robust product is produced. Hand lay-up has
challenges with thickness; the ability to produce good parts goes down to workmanship skill [84].

2.3.3. Mechanical Properties

The mechanical properties of NFRC are influenced by the fiber-to-matrix adhesion, fiber orientation, and
structure. This aids smooth, stress transfer from the matrix to the fillers.

2.3.4. Empirical Mechanical Models

2.3.4.1. Rule of Mixtures

The Rule of Mixtures (ROM) is the empirical predictive model used in material science to predict
properties of composites when the load applied is along the direction of the fiber (longitudinal) or

transverse.

Equation (2) shows the longitudinal ROM which is based on the Voigt Model for prediction of the
modulus of the composite in axial direction [85].
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2.3.4.2. Inverse Rule of Mixtures

When the loading is perpendicular to the fiber, direction, the inverse rule of mixtures [86] is usually used.

EfEm
- VmEf+vsEm

()

2.3.4.3. Thermal Conductivity Models

Various models have been formulated to study and predict the effective thermal conductivity (k.) of
heterogeneous materials. The models presented here take the heterogeneous material as macroscopically

heterogenic [87].

The effective thermal conductivity models are based on measurable quantities such as thermal
conductivity of matrix (k,); thermal conductivity of the reinforcing fiber preform (k) and corresponding

fiber volume fraction in the composite (vy)

Series Model

— kmk s
- kam+(1—vf)kf

(4)

e

Heat flow in the series model is assumed to flow perpendicular to the layers and therefore gives the
minimum value of thermal conductivity [88].

Parallel Model
ke = vfkf + (1 — vf)km (5)

The parallel model assumes the layers are arranged parallel and gives the maximum thermal conductivity

of the composite since heat flows proportionally through the layers. [89].

Geometric Mean Model

ke = k7KG7) (6)
Maxwell Model
_ kp+2km+2vs(kp—km)
ke = fem kp+2km—2v5(kp—km) (7)

Maxwell postulated the effective thermal conductivity of randomly distributed spheres in a matrix [90].
The Maxwell model is based on the assumption that the volume fraction of the composite is less than
25%.
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Cheng and Vachon Model
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The Cheng and Vachon model endeavors to solve the effective thermal conductivity of a two phase solid
mixture using distribution functions [91].

2.3.5. Challenges and Limitations

Natural fibers are composed of cellulose, hemicelluloses, lignin, pectins which are highly polar molar
molecules composed of hydroxyl groups whereas the matrices are hydrophobic, therefore there’s a

challenge of fiber-to-matrix adhesion which is usually addressed through fiber treatments [40,84,92].

Natural fibers and biodegradable polymers such as PLA degrade at temperatures above 200°C. Regulation
of the processing temperatures especially with extrusion and compression moulding is done to avoid
processing at the critical temperature.
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2.4. INTRODUCTION TO SOUND ABSORPTION

The increase in the industrialization and growth of the metropolis world over is a serious concern in terms
of noise pollution from various sources. According to a new World Health Organization report, traffic
related noise accounts for over one million healthy years of life lost annually to ill health, disability, or
early death in western Europe. Among environmental factors contributing to disease in Europe,
environmental noise leads to a disease burden that is only second in magnitude to that from air pollution.
Noise pollution causes or contributes to not only annoyance and sleep disturbance, but also heart attacks,
learning disabilities, and tinnitus [93]. The use of acoustic absorbing materials is the most effective means
used in buildings, automotive, aerospace and other transport vehicles to abate noise and vibrations this is
achieved through the absorption of the acoustic energy of the acoustic wave as it propagates through the
sound absorber [94]. Synthetic materials such as polymer foams, glass fiber, polyester, mineral wool are
the leading sound absorption or noise reduction materials used. However, the biggest drawback is that
most of the raw materials sources are from fossil fuels. In order to create a new class of materials,
sustainable, renewable material sources are being explored as a consequence of the Kyoto protocol on
global climate change [95].

The ecological “green” image of cellulosic fibers and considerable mechanical properties fit for
secondary structures coupled with low health risk is the leading argument for innovation and development
of products which are biodegradable and can be applied to automotive industries, building and
construction [3-5]. Plant based fibers like flax, hemp; nettle and kenaf which were once used to provide
textile fiber in the western world have attracted renewed interest this time for industrial composite
applications [8,9,96].

According to the report on Global Natural Fiber Composites Market 2014-2019: Trends, Forecast and
Opportunity Analysis, showed that by 2016, the natural fiber composites market is expected to be worth
US $531.2 million with an expected annual growth rate of 11% for the next five years [97]. Currently,
natural fibers account to over 14% share of reinforcement materials; however, the share is projected to
rise to 28% by 2020 amounting to about 830,000 tons of natural fibers [36]. A comparison based on the
Ecoinvent database between the environmental impacts of some traditional and natural sound insulation

materials from cradle to gate is shown in Figure 2.4 [98].

2.4.1. Factors influencing sound absorption
For a material to work as a sound absorber, it has to be porous, and the level of porosity varies from one
material to another. Sound absorbing materials absorb the sound energy hitting them whereas they reflect

a small amount (Figure 2.31).
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Figure 2.4. Ecoinvent. Comparison of environmental impacts of traditional and natural materials [98].

Figure 2.42 shows a schematic representation of porous structures. The structure is characterized by
closed pores which influence macroscopic properties such as bulk density, mechanical strength, and
thermal conductivity, however, they are inactive in a fluid flow or absorption of the gaseous medium [99].
These kind of closed pores are typical of most vegetable fibers which have hollow lumens such as banana
fibers (Figure 2.42).
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Sound
Absorber Wall

Reflected sound waves

Incident sound waves

Air Cavity

Figure 2.41. Illustration of a sound absorbent set up.

b, ¢, d, e, f, g — Open pores

Figure 2.42. Scheme of porous material.
On the other hand, a porous structure can also be characterized by open pores, these have interaction with
the fluid medium. The open pores can either be closed having a dead end such as b and g (Figure 2.32).
For the purpose of this chapter, only natural fibrous sound absorption materials will be reviewed. Because
sound absorbing materials are porous in nature, the sound absorption coefficient is proportional to their

thickness and inversely proportional to the resistance of air through them.
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Figure 2.43. Morphology of banana fiber showing the pore structures.

2.4.2. Natural Fibrous Materials for Sound Absorption

2.4.2.1. Wood

There are not many wood-based materials used as sound absorbers due to the challenges of low sound
absorption. It has been shown that soft fiber boards have an airflow resistivity in the range of
5000000Rayls/m whereas wood-wood has an airflow resistivity of 1000Rayls/m [100]. The empirical
models show that the airflow resistivity dictates the suitability of a material as a sound absorber, it is
evident that a very high or too low airflow resistivity makes it unsuitable as a sound absorber. The
Optimum value of airflow resistivity for sound absorbers is in the range of 10° to 10° Rayls/m. The wood
based sound absorbers are slabs made of wood strands or chips and perforated fiber boards relying on the
Helmhotz resonance mechanism [100]. Liu et al. [101] utilized wood fiber and rice straw for the
development of thermal and acoustic insulation panels with the thickness ranging from 50-150mm. The
sound absorption coefficient of the developed biocomposites was above 0.8 for a wide frequency range
250-7000Hz.

Mohammed et al.[102] studied the sound absorption coefficient of 100 types of Malaysian woods. He
showed that the sound absorption coefficient of Malaysian wood is low and at a higher frequency (>500
Hz), the sound absorption coefficient was high. Moreover, at higher frequency, with higher density value,
the sound absorption coefficient of one species is lower compared to other species with a lower density.
Jianying et al. [103] investigated the sound absorption coefficients of low-density kenaf binderless

particleboard with densities ranging from 0.10 to 0.25gcm® and thickness of 12mm. The sound
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absorption property of kenaf binderless particleboard at a density of 0.15g/cm?® was almost equal to that of
the insulation board.

An analysis of sound insulation properties of three types of composite panels by Zhao et al. [104] showed
that the wood-waste tyre rubber composite panel possesses better soundproof effect than that of
commercial wood particleboard and composite floorboard. The sound insulation property was improved
with increasing rubber crumb content and polymeric methylene diphenyl diisocyanate adhesive level in
the composite panel.

Jiang et al. [105] showed that the sound absorption coefficients of the five eucalyptus wood species did
not change evidently below 1000Hz, but above 1000Hz their sound absorption coefficients increased with
the increasing frequency. The sound absorption property of eucalyptus wood of 0.5cm thickness was
much better than that of 1.0cm thickness. It was concluded that wood sound absorption properties of
eucalyptus are affected by their board thickness and the type of sawn timber within the testing frequency.

2.4.2.2. Bast Fibers: Jute, Flax, Kenaf and Ramie

The acoustic properties of jute felt and rubber composites were investigated by Fatima and Mohanty
[106]. Addition of rubber was found to reduce the noise reduction coefficient whereas treatment with
alkali had no significant change on the sound absorption coefficient. Youngjoo and Gilsoo [107]
investigated the sound absorption and viscoelastic property of automotive nonwovens and their plasma
treatment. It was observed that jute nonwoven of 5.62mm thickness used in car headliner felts had good
sound absorption at a higher frequency; plasma treatment reduced the sound absorption property of jute
nonwovens. A blend of jute-polypropylene non-woven performed well as a sound absorber and was found
to be suitable materials for car flow coverings [108,109]. Yang and Li [110] showed the exceptional
sound absorption performance of Jute, Ramie and Flax nonwovens of 40mm thickness compared to the
synthetic fibers. Arenga pinnata bast fiber was studied for the sound absorption, the results for 2000 Hz
to 5000 Hz were within the range of 0.75 — 0.90. The optimum sound absorption coefficient was obtained
from the thickness of 40mm [111].

2.4.2.3. Fruit Fibers: Coir, Cotton, kapok

Zulkifh et al. [112] studied the acoustic properties of multilayer coir fibers, and found out that the
developed panels had a sound absorption coefficient of 0.70 — 0.80 in the frequency range of 1000-
1800Hz. Fouladi et al. [113] showed that fresh coir fiber has an average absorption coefficient of 0.8 at a

frequency greater than 1360 Hz and 20 mm thickness. Increasing the thickness improved the sound
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absorption at lower frequencies, having the same average at frequencies greater than the 578Hz and
45mm thickness. The addition of recycled tyre rubber to coir reinforced polyurethane resin composites
produced a positive effect of the composite boards under investigation [114]. Xiang et al. [115] showed
that the kapok fiber has excellent acoustical damping performance due to its natural hollow structure, and
the sound absorption coefficients of kapok fibrous assemblies were significantly affected by the bulk
density, thickness and arrangement of kapok fibers but less dependent on the fiber length. Compared with
assemblies of commercial glass wool and degreasing cotton fibers, the kapok fiber assemblies with the
same thickness but much smaller bulk density may have the similar sound absorption coefficients.

2.4.2.4. Agricultural Waste: Rice straw, Sawdust, Sugarcane bagasse, Tea Leaf

The acoustic properties in the rage of 500-8000Hz of rice straw-wood particle composite boards and
found that the sound absorption coefficient was higher than wood based materials [116]. Generally,
because agricultural waste such as rice straw and saw dust have low porosity after compaction with
binders, the sound absorption properties are lower compared to nonwovens [117]. Doost-hoseini et al.
[118] investigated the sound absorption coefficients, of 12mm insulating boards made of bagasse. Urea—
formaldehyde and melamine—urea—formaldehyde were used to produce homogeneous as well as three-
layered insulating boards with three densities of 0.3, 0.4, and 0.5 g/cm?®. The obtained results indicated
that resin-type affected the sound absorption coefficients. The maximum absorption coefficient was found
at 2000Hz of frequency (in multi-layered board of 0.50 g/cm3 of density, produced with urea—
formaldehyde resin), and the minimum was observed at 500Hz (homogeneous board of 0.50 g/cm3
produced with urea—formaldehyde resin).

Ersoy and Kigik [119] showed that tea leaf fiber can be used as a sound absorption material, the results

showed high beyond average absorption coefficient with backings of cotton.

2.4.2.5. Barkcloth

According to United Nations Educational, Scientific and Cultural Organization (UNESCO), Barkcloth, a
non-woven fabric has been in production in Uganda for over six centuries; however, there’s limited study
of the non-woven felt which is produced through a series of pummeling processes. That notwithstanding,
in 2005, UNESCO proclaimed it as a “Masterpiece of the Oral and Intangible Heritage of Humanity”.

Non-woven felts have been investigated as sound absorption materials by various researchers Therefore,
in this report, an exploratory investigation of the sound absorption properties of the non-woven fabric

from the inner bark of mutuba trees (Ficus natalensis) and Antiaris toxicaria are presented. In terms of
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green credentials and sustainability, the trees grow naturally in Central Uganda and don’t need fertilizers.
The fabric layers were studied and their performance in sound absorption was evaluated. Epoxy polymer
was used as a binder of the barkcloth plies and the developed composites were also studied for their sound
absorption properties. For a material to be sustainable, the supply should be continuous and should be

available for the future generations.

2.4.2. Theoretical Sound Absorption models
The sound absorption theoretical models utilize physically measurable material parameters to estimate the
sound absorption parameters.

2.4.2.1. Delany and Bazley Model

In 1970, Delany and Bazley introduced the first empirical model for determining the bulk acoustic
properties of porous substrates. The Delany and Bazley model [120] is only applicable if and only if the
frequency is higher than 250Hz [121].

Zc = poCo[1 +0.057X7073* — j0.087X ~0732] )
k= w/co [1+0.0978X0700 — j0.189X ~0-595]( (10)
— Pof
T (12)
a=1-IRF (12)
_ Zs=PoCo
= Zs+poCo (13)
Zs = —jZ.cot(kd) (14)

Where:
po 1s density of air; c,is Speed of sound in air; Z, is characteristic impedance; k is propagation
constant; f is frequency; w is angular frequency; o is airflow resistivity; j = v—1; R is sound
pressure reflection coefficient; Z is the surface impedance; d is the thickness

2.4.2.2. Miki Model
Miki [122] proposed a new model based on the Delany — Bazley equations that would address the
negative real part of the surface impedance at low frequencies for multi-layer membranes:

—-0.622 —0.632
Z. = poCo [1 +5.50(103%) — j8.43(10%1) ] (15)

k=, [1+781(10°0) " —j11a1 (100 5) 7]

(16)
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2.4.2.3. Mechel Model
Mechel [123] proposed a theoretical model for low frequencies as follows:

_-2/ i
F—lCO 1—i— a7

— P
Zy = Loy (18)

Where y = 1.4 is the adiabatic constant of air; ¢ is the porosity

For the mid and high frequencies, Mechel proposed the following formulas:
Z. = poC,[1 + 0.06082X 0717 — j0.1323X~0-6601] (19)

k =@/ [0.2082X700193 — j0.1087X~0¢7311] (20)

2.4.2.4. Allard and Champoux Model
Allard and Champoux [124] postulated a model that is based on the assumption that the thermal effects
are dependent on frequency.

p@) = po [1-i (%) 61 (22)] (21)
y-1 B
=111 o) Q”

Where: B, is the Prandtl’s number

()= i) @

G, (222) = Gy (222) [ap (22

Where p(w) is the effective density and K (w) is the bulk modulus.

) (24

2.4.4. Mechanical and Acoustic Property Relations
Bies and Hansen[125] and Harrison[126] showed that propagation of sound waves through panels is
dependent on the mechanical properties (Young’s Modulus; Poison’s ration) and the thickness of the
panels. Sound vibration in panels may propagate in the form of compression, torsion or shear waves
whereas for thin layers vibration may propagate through compression and shear leading to the deflection
of the panel as a result of the bending forces.
The Bending stiffness is described as:

B =EI (25)
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Where E is the Young’s Modulus [MPa] and I is the moment of inertia [m*]. For plates of thickness h, the

moment of inertia per unit with I” is used.

r_ 13
Therefore the bending stiffness of the plate will be:
, I'E
B' = - 27)

Where u is the Poisson’s ratio.

Bies and Harrison in their formulations established a mechanical property dependence whereby the
critical frequency at which the flexural/bending wavelength in the panel equals to the sound wavelength
in the air by:

f=L = (28)

Where c is the speed of sound in air [ms™] and m is the material’s surface density [kgm?]
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CHAPTER 3

RAW MATERIAL ANALYSIS
3.0. PROLOGUE

This chapter is aimed at introducing the raw materials and their analysis. Since this is the first report in
the scientific world investigating barkcloth, it is important to first introduce a detailed study of the

material as a background to the proceeding chapters.

3.1. BARKCLOTH

Barkcloth utilized in this study was from two species Ficus natalensis and Antiaris toxicaria. Both

species were obtained from Uganda and were extracted using the method described by Rwawiire and
Tomkova, 2014 [127].

Figure 3.1. Extraction of Barkcloth non-woven natural fabric: (a) Scrapping of tree outer layer. (b) Use of
local wedged tool to peel off the bark. (c) Peeling of the bark. (d) Covering of the tree stem for
environmental sustainability. (e) Pummeling under the shade.

(f) Sun drying of the non-woven fabric. [127]

Figure 3.1 shows the detailed process of production of barkcloth. The extraction of the naturally occurring
non-woven starts with scraping off the surface layer of the trunk to expose the fresh raw bark using a
sharp blade. The blade is held at an angle such that only the surface layer is removed and also avoids
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damaging the tree and fresh bark as shown in Fig. 3.1a. A ring is then cut with a knife on both ends of the
scrapped stem that reflected the length of barkcloth that is to be produced. At the same time, a vertical slit
is made from the top of the stem to the bottom. With the help of a wedged tool locally known as
ekiteteme, carved out of the innermost part of a banana stem, the bark is easily peeled off starting from the
base slowly moving upwards (Fig. 3.1b and c). For environmental sustainability, the debarked stem is
wrapped with banana leaves, (Fig. 3.1d) which act as bandages to prevent dehydration; these are usually
removed after a week, giving way to growth of fresh bark. The extracted bark is then subjected to heat as
a means of softening prior to pummeling process which utilizes different well designed wooden grooved
hammers. Pummeling is usually done under a shade to prevent direct sunrays from creating creases in the
barkcloth (Fig. 3.1e). After pummeling, the barkcloth is sun-dried for 3h every day for 6days giving it a
rich deep terracotta color and then re-pounded to smoothen the cloth surfaces. Drying involves stretching
the wet fresh barkcloth using heavy loads at its perimeter to retain its dimensions on drying (Fig. 3.1f).

3.1.2. Barkcloth Microstructural Analysis
The utilization of SEM for fabric morphology is advantageous due to the fact that more fibers in the

fabric are in focus and included in the image compared with other methods [128,129].

Figure 3.11. SEM morphology of treated barkcloth at magnifications (A) 50X, (B) and (C) 100X and
(D) 500X
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In order to show a representative image of the fabric, the magnification was optimized by using
magnifications of 50, 100, 500, 1000 and 2000 (Figure 3.11). Several images were taken in order to show
a representative microstructure of the fabric and to pinpoint the fiber orientations in barkcloth. The fabric
morphology is made up of a dense network of naturally bonded microfibers that are oval in shape with
diameters 10-20um. The microfiber bundles appear to be aligned at angles, (Figure 3.12a). The inter-fiber
bond structure gives the strength of the load bearing microfibers and damage is initiated through
separation of the individual microfiber bundles through the failure of the inter-fiber bond and thence
fracture [33]. The transverse section of the fabric is characterized by air cavities and microfibers
surrounded by plant material, (Figure 3.12b). The air cavities are responsible for the thermal insulation
and sound absorptlon propertles of the fabric [130,131].

Figure 3. 12 Barkcloth morphology

3.1.3. Fiber Orientation Distribution in Barkcloth

Image processing techniques are used in the microstructure investigation of nonwoven fabrics so as to
understand fiber orientation distribution and fiber diameter. The Fourier Transform (FT), Hough
Transform (HT) and Direct Tracking are the methods used in the estimation of the fiber orientation
distribution in nonwoven materials[132]. Unlike other methods, the HT method obtains the fiber
distribution in the nonwoven directly and the actual orientation of the straight lines is plotted on the image
with minimal computational power.

Using a digital camera image as shown in Figure 3.13 it’s observed that the bonded barkcloth microfiber
bundles are nearly aligned at an angle of +45° to the horizontal. These fiber bundles are held together
through fiber entanglement. That notwithstanding, a robust technique utilizing the HT was further used to
investigate the microfiber bundle orientation distribution (Figure 3.14). The matlab HT codes utilized are
shown in the Appendix A of this thesis. While using the HT, the image magnification affects the results
obtained, elsewhere Ghassemieh [128] showed that a magnification of 30X and 50X produced the best
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representative image of the nonwoven; consequently, the results were favorable compared to higher

magnifications.

Figure 3.14. Image Processing: Scanning Electron Microscope image at 50X magnification (A);
Binarized image (B); Hough Transform Lines showing Fiber Orientation in the image (C)

| 36



Mechanical and Thermo-acoustic Characterization of Barkcloth and Its Polymer Reinforced Composites

The 50X SEM image magnification was therefore utilized for image processing in matlab (Figure 3.14A).

In order for the HT to function optimally, the image is binarized (Figure 3.14B); therefore the HT

algorithm identifies points in the image which fall on to the straight lines. The lines are thereafter plotted

on the original image. Figure 3.14C shows the orientation of the most microfiber bundles in the barkcloth.

The application of the HT further justifies the barkcloth microfiber bundle orientation of +45°

3.2. BARKCLOTH MATERIAL PROPERTIES

Table 3.2. Overview of Barkcloth Material Properties

Property Unit Value
Physical and Mechanical Properties

Areal Weight (Alkali Treated) g/m? 142
Areal Weight (Untreated) g/m? 327
Average Thickness mm 1.12
Fabric Strength

Microfiber bundle Direction (Figure 3.15) N 101.7
Transverse N 23.5
Chemical Composition

a-Cellulose % 68.69
Hemicellulose % 15.07
Lignin % 15.24
Thermo-physiological properties

Thermal conductivity coefficient W/m.K 0.0357
Thermal absorptivity Ws2/m?K 0.197
Thermal Resistance m2K/W 81.4
Thermal Diffusivity m2st 0.034
Peak heat flow density [Wm?] x1073 0.234
Relative Water Vapor Permeability % 66
Evaporation resistance Pa.m? 4.4
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The mean fabric thickness was computed as 1.084mm from ten samples of readings at different positions
of the fabric. The mean strength of the fabric was 101.7N and 23.5N in the direction of the most
microfiber bundle arrangement and transverse section respectively. Since barkcloth microfiber bundles
are aligned at angles as shown in Figure 3.13 and Figure 3.14, the fabric samples were cut in such a way
that the tests are applied in the longitudinal (microfiber bundles direction) and transverse directions

(perpendicular) as shown in Figure 3.15.

Figure 3.15. Representation of fabric strength tests with respect to microfiber bundle direction

The barkcloth microstructure chemical analysis showed that the fabric is majorly made up cellulose.
Alpha cellulose is the type of cellulose found in wood. Since barkcloth is extracted from the bark of a
tree, the cellulose microfibers are responsible for the strength of the fabric (Table 3.2). In comparison to
other naturally occurring fabrics such as that from Manicaria saccifera palm [133], the chemical

microstructure analysis showed that barkcloth had a low hemicelluloses and lignin content.

Thermal conductivity is the amount of heat, transmitted through a unit area of material having the unit
thickness within a second due to a unit temperature gradient. Metals have the highest thermal
conductivity, whereas polymers have low thermal conductivity ranging from 0.2 to 0.4W/m.K; textile
structures, 0.033- 0.01W/m.K; steady air at 20°C is 0.026 W/m.K. Thermal conductivity of water is
0.6W/m.K, which is 25times more than that of air, therefore, presence of water in textile materials is
uncomfortable. The thermal conductivity of barkcloth was 0.0357 W/m.K. This low level of thermal

conductivity is attributed to the fabric structure being a natural nonwoven material with some pores
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arising from the fabric handling and rigorous manual production processes; the high porosity is a haven
for entrapped air leading to a low thermal conductivity of the fabric thereby having a positive effect on

the sound absorption properties.

Thermal absorptivity is the phenomenon that characterizes thermal feeling (heat flow level) during short
contact of human skin with the fabric surface. Provided that the time of heat contact, ¢, between the
human skin and the textile is shorter than several seconds, the measured fabric can be simplified into the
semi-infinite homogeneous mass with certain thermal capacity pc [J/m?] and initial temperature t,.
Unsteady temperature field between the human skin (with constant temperature t1) and fabric with respect
to boundary conditions offers a relationship, which enables us to determine the heat flow g [W/m?]

through the fabric:

a (&1 -t3)
= 2ti-t) 29
q (n’t)l/Z ( )
b = (kpc)'/2 (30)

where pc [J/m?] is the thermal capacity of the fabric and the term «a represents thermal absorptivity of
fabrics. The higher the thermal absorptivity of the fabric, the cooler is its feeling upon contact with the
skin. In textile applications, thermal absorptivity ranges from 20Ws¥?/m2K for fine nonwoven webs to
600 Ws'2/m?K for heavy wet fabrics. Barkcloth had a thermal absorptivity of 81.4 Ws¥?/m2K which was
lower than the values of reported elsewhere for cotton by Demiryurek [134]; Oglakcioglu [135] and
Chidambaram [136]. This gives a warm feel of barkcloth fabric when in contact with the skin.

Thermal resistance is the measure of a material’s resistance to the flow of heat. It depends on the fabric
thickness h and thermal conductivity,k: R = h/k Therefore the fabric thickness influences the thermal
resistance. In sharp contrast, barkcloth thermal resistance of 0.034 m?K/W was attributed to the thickness
of the samples compared to lower values registered by cotton fabrics. From the experiments conducted

the inverse proportional relationship of thermal resistance and thermal conductivity was fulfilled.

Thermal Diffusivity is the measure of the rate at which thermal heat is transferred. Materials with higher
thermal diffusivity quickly adjust their base temperature to that of the surroundings. Barkcloth thermal
diffusivity was recorded as 0.197x10° m?s? slightly higher than the values of cotton single jersey knitted

fabrics.
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The relative water vapor permeability is the measure of the ability of the material to transfer moisture
from the body to the surroundings. Water vapor permeability is an important clothing comfort term
because a fabric should be able to serve the double function of transferring internal moisture which may
be sweat to the surface and also aide its evaporation to the surroundings. This process can occur through
capillary motions of moisture through the fabric fibers or through the pores of the fabric. At higher levels
of sweating, the sweat wets the fabric and mass transfer can occur from the previous processes described.
The average water vapor permeability of barkcloth was 66% however the measured values were in the
range of 60 — 75%. The higher values of water vapor permeability are due to porosity and the nature of
barkcloth.

3.3. GREEN EPOXY

Green epoxy CHS-Epoxy G520 is a low molecular weight basic liquid epoxy resin containing no
modifiers, certified by International Environmental Product Declaration Consortium (IEC). The green
epoxy utilized for the production of biocomposites had not been characterized before, therefore it’s

behavior was investigated in this section.

3.3.1. Curing behaviour of the bio-epoxy
The curing behaviour curve of the bio-epoxy resin was obtained from DSC and is shown in Figure 3.16.
The selected temperature for the curing process of barkcloth biocomposites was 120°C which is near the

temperature peak of the curing curve.
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Figure 3.16. Green Epoxy Curing Behaviour
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The curve shows only one exothermic peak, which was attributed to the cross-linking reaction between
the green epoxy polymer and the hardener. The reaction starts at a temperature of approximately 55°C and
ends at about 200°C.

The peak temperature of the curve indicates the maximum cross-linking temperature or fastness of the
curing reaction that was obtained at 123°C. For optimization of the curing of the resin, the oven
temperature was therefore set at 120°C and the samples baked for 45min. The selected temperature of
120°C ensures maximum cross-linking within a short period of time less than an hour. The 45min was
chosen based on the fact that from room temperature to the maximum cross-linking temperature obtained
from the curing curve, the virgin resin-hardener mixture took 12 min, therefore introduction of the
reinforcing fabric means that baking from 30 to 45 min is sufficient for efficient bond formation and cure
of the resin. The exothermic peak at 123°C, released heat of 373 J/g which is higher than the petroleum
based epoxy resins exothermicity of 200J/g. This implies that the curing of renewable green epoxy is
higher than that of petroleum based epoxy resins at room temperature [137,138].
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CHAPTER 4

DESIGN OF COMPOSITES
4.0. PROLOGUE

This chapter is aimed at introducing the steps taken in designing of the Barkcloth Fabric Reinforced
Epoxy Laminar Composites (BFRP). The theories and assumptions which dictated the design phase are

presented such that the reader is well versed with the topic at hand.

4.1. COMPOSITE MATERIALS DESIGN FUNDAMENTALS
4.1.1. Design Criteria

Design of a structure or component is aimed at avoiding failure of the component during its service life.
Currently, the design of fiber reinforced plastic composites uses the same design criteria for metals. In
this investigation, since the envisaged barkcloth composites were for interior automotive applications, the
designed barkcloth laminar composites must sustain the design ultimate load in static testing [139].

Design Load of Interior automotive components should be >25MPa [140].
4.1.2. Design Allowables

Design allowable properties of laminar composites are based on testing the laminates or using laminate
analysis. The latter is utilized for composites obtained for glass and carbon fiber because the material
properties do not vary to a larger degree compared to natural fiber composites. Therefore in this
investigation, the former i.e. static and dynamic mechanical testing was chosen as a route in this

investigation.
4.2. GENERAL DESIGN FUNDAMENTALS
Mallick [139] showed three principal steps followed in designing a composite laminate:

1. Selection of composite material properties (Fiber, Resin and VVolume fraction).

2. Selection of the optimum fiber orientation in each ply and the overall stacking sequence of the
composite.

3. Selection of the number of plies needed in each orientation and this also determines the thickness

of the composite.
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4.2.1. Material Selection

Natural nonwoven barkcloth fabrics were utilized in the study. Untreated and surface modified fabrics
were utilized for the production of the composites. It was showed in Chapter 4 that the Ficus natalensis
barkcloth’s microfibers bundles are aligned majorly aligned at an angle of +45° (Figure 3.13 and 3.14);
it’s this angle that was used as the reference angle so as to come up with the laminar layering sequence for

the barkcloth laminar epoxy composites (BFRP).
4.2.2. Fiber-Matrix interface

In order to tailor the fiber-to-matrix interface, surface modification of the fibers was performed. The
fabric’s surface was treated with the enzyme and plasma for synthetic epoxy composites whereas alkali

treatment was preferred for the green composites.
4.2.3. Types of fibers and the reason for the fabric ply arrangement
Layering Sequence |

Figure 4.10 below shows the stacking sequence utilized for the fabrication of the Untreated, Enzyme and
Plasma treated Barkcloth Fabric Reinforced Composites; consequently, the direction of the loading of the

composites is herewith shown.

9p° +45° Tensile
Loadine

Barkcloth Fabric
Remforced Epoxy
Composite (BFRP)

Figure 4.10. Composite Laminate layering sequence |

Layering Sequence 11

A second set with advanced hierarchal architecture as shown below was investigated in order to

understand if at all the ply angle arrangement has an effect on the thermo-mechanical properties.
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Lavering Sequence

9Fo 'b45°

Composites Ply arrangement [°] !
BFRP [ -45. 45, 0,90
BFRP I1 45,-45,90,0
BFRP III 0. 90, 45, -45
BFRP IV 90, 0, -45, 45

Figure 4.11. Barkcloth Fabric Reinforced Composite (BFRP) Laminate layering sequence

The green epoxy composites (Biocomposites) were fabricated utilizing this layering sequence as well as
synthetic epoxy composites with notation BFRP I-1V. Optimization of the fiber properties was achieved
through varying the fiber angles through the hierarchal architecture of the barkcloth layers. The layering
pattern of the barkcloth fabrics used for the purpose of the study of the effect of layering pattern is shown
in Figure 4.11.

A proper selection of laminar stacking sequence eliminates the deleterious free edge effects in a laminar
and therefore alternations of +6 and —0 plies should be done so as to achieve positive results. When the
stress state in the structure is unknown, a common approach in laminate design is to make it quasi-

isotropic and using the layers to determine the total thickness of the laminate [139].
4.2.4. Reinforcement Volume Fraction

The composites produced with VARTM maintained a 40% fiber volume fraction (v) whereas the hand
lay-up composites reached a volume fraction between 14-18%. The variation of the volume fraction of
the composites and laminate thickness is shown in Appendix B of this thesis.

Information about the volume fractions of composite components were used for prediction of especially

the thermal conductivity of designed composites, as shown in Appendix C.
4.2.5. Number of Layers (plies) and thickness

As shown above, in this investigation since the overall loading of the envisaged composites in automotive
interior panels should have a minimum of 25MPa, a quasi-isotropic laminate design process was utilized
(Figure 4.1). Four barkcloth layers were selected so as to achieve a thickness in the range of 2-4mm
which is the range of thickness of most interior automotive components. The green composites

(biocomposites) utilized only one layering sequence (BFRP 1V) reason being that after the investigation
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of the effect of the stacking sequence on the mechanical properties, BFRP IV and BFRP Il emerged as the

best fabric layering sequence obtained.
4.2.6. Types of Matrix

Two sets of matrices were utilized, synthetic and green epoxy matrices. The synthetic epoxy polymer was
utilized with untreated, enzyme and plasma treated composites and also composites investigating the
effect of layering/stacking sequence.

Peeling ply Perforated mesh

Vacuum

g

Figure 4.12. Experimental set up of Vacuum Assisted Resign Transfer Molding (VARTM)

4.2.7. Manufacturing Process
Synthetic Epoxy Composite

Vacuum Assisted Resin Transfer Molding (VARTM) was used to prepare the composites (Figure 4.12).
The resin to hardener ratio was 100:40 as per the manufacturer’s specifications. VARTM ensured that the
composites produced had a 40% fiber volume fraction. Four barkcloth plies were used for the composite
sample preparation for each set of composites. Synthetic epoxy was utilized for the production of
Barkcloth Reinforced Plastic Composite (BFRP). After the resin infusion, the composite was left to cure

at room temperature for 72 hours.
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Green Epoxy Composite

The biocomposite specimens were prepared using the hand lay-up method due to the fact that the
viscosity of the green epoxy polymer was high. The mould was treated with a mould release agent and

thereafter Teflon sheets were applied to aid the fast removal of cured composite specimens.

Figure 4.13. Biocomposites processing: (a) Barkcloth fabrics. (b) Fabricated composite mould.

Alkali treated barkcloth fabrics (Figure 4.12a) were impregnated with green epoxy resin and placed in the
fabricated mould (Figure 4.12b). The resin to hardener ratio was maintained at 100:32 as per the
manufacturer's specifications. Curing of the composites was done using a hot air oven for 45 min. For
each set of composites, four barkcloth plies with ply angles 90°, 0°, 45°, 45° were utilized for biopolymer

reinforcement.
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CHAPTER 5

EXPERIMENTAL
5.0. PROLOGUE

The methods used to characterize the materials are herewith presented putting particular emphasis on the

produced samples characterization methods.

5.1. CHARACTERIZATION AND MEASUREMENTS

5.1.1 Fabric thickness

The fabric thickness was obtained using Uni Thickness Meter. The measurement was done at different
positions, the probe with a disc delivers a pressure of 1kPa over an area of 25cm? for 30s, then the

thickness is obtained in mm. Ten readings were obtained and an average statistically computed.

5.1.2. Morphology
The surface morphologies of the fabric and composite fracture surfaces were investigated using a
TS5130 Vega-Tescan Scanning Electron Microscope with accelerating voltage of 20kV. The samples

(fabrics, fractured composites) were sputter coated with gold so as to increase the surface conductivity.

5.1.3. Surface functional groups

The Nicolet iN10 MX Scanning FTIR Microscope was used for the investigation of the surface functional
groups of the barkcloth and epoxy composite samples. The infrared absorbance spectrum of each sample
was obtained in the range of 4000-700cm™2.

Further analysis using the X Pert® X-ray powder diffractometer (PANalytical, USA) with Cu-Ka radiation
(1.54056°A) was used in obtaining diffraction patterns for alkali treated and untreated barkcloth. A
Circular cut sample was directly mounted on the sample holder and analyzed from 8 to 70° with 0.017°

incremental step.

5.1.4. Thermal behaviour

Thermogravimetric analysis of fiber samples weighing approximately 7-8mg was carried out using a
Mettler Toledo TGA/SDTAB851¢ under a dynamic nitrogen atmosphere heating from room temperature
(25°C) to 500°C at a heating rate of 10°C/min. The Perkin Elmer Differential Scanning Calorimeter DSC6
was used. Samples weighing approximately 10mg were placed in aluminum pans and sealed. The
specimens were heated in an inert nitrogen atmosphere from room temperature (25°C) to 450°C at a

heating rate of 10°C/min.
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5.1.5. Mechanical properties
The fabric strength was quantified through measurements of samples for the bursting strength of the non-
woven felt. Samples measuring 5¢cm by 15¢cm were tested using a Larbotech fabric tensile testing machine

at room temperature.

Tensile properties of barkcloth reinforced epoxy composite samples with dimensions 150x25x2.5mm
(Figure 5.1) were characterized in accordance with ASTM D3039. Tensile tests were carried out using a
Testometric (M500-25kN) universal mechanical testing machine operating at a crosshead speed of
4mm/min until fracture. Four specimens with tabs were tested to obtain average tensile properties of the
composite. The flexural test was conducted as per ASTM D790 using a Tiratest 2300 universal testing
apparatus. The samples were tested using three point bending with a recommended speed of testing of

2mm/min. The span length to thickness ratio was 32:1.

The flexure strength was calculated using the formula:

3PL
f.;‘ = 2bd2 (31)

Where P = Load at failure, L = Span length, b = Specimen width, d = Sample thickness.

Figure 5.1. BFRPs samples

5.1.6. Dynamic Mechanical Analysis (DMA)
The dynamic mechanical properties were analyzed using a DMA 40XT machine. The samples with
dimensions 56x13x2.5mm were tested using three point bending mode at a frequency of 1Hz from room

temperature to 150°C at a heating rate of 3°C/min.
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5.1.7. Fabric Surface Modification

Alkali

Barkcloth fabrics were subjected to alkali treatment of 5% NaOH solution. The barkcloth fabrics were
soaked in an alkaline solution at room temperature for one hour thereafter thoroughly cleaned using

distilled water to remove the alkali together with other impurities and then dried in an oven at 80°C.

Enzymes

DLG enzyme was used together with BFE to form a mixture. The enzyme solution and fabric weight ratio
was all throughout maintained at 1:30. 0.3g of DLG and 0.6g of BFE were were added in 900ml| of
distilled water. 0.2g/l of Texawet DAF which is an anti-foaming agent was added and the mixture was
conditioned at 550C ensuring a neutral pH for 90 minutes. Another bath was prepared using BFE enzyme
with the same bath ratio above of 1:30. 0.6g of the enzyme was mixed with the anti foaming agent and the
bath maintained at 550C with for 90 minutes. An alkali was added so as to set the pH of 9. Caution was
taken such that both enzymes are not heated with a direct heat source.

Plasma
Bark cloth fabrics were treated with Dielectric Barrier Discharge (DBD) plasma using a laboratory device
(Universal Plasma Reactor, model FB-460, Class 2.5 from Czech Republic). The sample fabrics were

placed in the reactor for the duration of 30s and 60s respectively at power of 150W.

e
\

A5/ \

Figure 5.11. Universal plasma reactor with barkcloth samples

5.1.8. Chemical Composition
The lignin, hallocellulose, cellulose and hemicelluloses content was obtained by the method described by
Bledzki et al., 2008 [141].
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Lignin content

2g grams of the chopped barkcloth sample were placed in a beaker and 15 ml of 72% sulfuric acid was
added. The mixture was agitated at 100rpm using a magnetic stirrer for two and half hours at 25°C. 200
ml of distilled water was added to the mixture, then the mixture was boiled for two hours and left to cool
for 24 hours. After 24 hours, the mixture containing lignin was filtered and washed with hot water until
the pH was neutral. The collected lignin was dried in the crucible at 105°C and cooled down. The lignin

residue was weighed until constant weight was obtained.
Hallocellulose content

3g of chopped barkcloth sample were placed in a beaker, and then 160ml of distilled water, 0.5ml of
glacial acetic acid and 1.5g of sodium chloride were added. The mixture was agitated and maintained at
75°C for an hour. Additional 0.5ml of glacial acetic acid and 1.5g of sodium chloride was added
repeatedly after each passing hour for two hours. The mixture was cooled in an ice bath; the
hallocellulose was filtered and washed with acetone, ethanol and water respectively. The same was then
dried in the oven set at 105°C and weighed until constant weight was obtained.

a-cellulose content

2g of holocellulose were placed in a beaker and 10 ml of 17.5% solution of sodium hydroxide was added.
The barkcloth fabric samples were magnetically stirred so as to be bathed in the alkaline solution. After
every five minutes, 10ml of sodium hydroxide was added up to 30minutes. The mixture was kept at 20°C,
then 33ml of distilled water was added and the mixture was kept for an hour. The hallocellulose residue
was with 100ml of 8.3% solution of sodium hydroxide, 200ml of distilled water, and 15ml of 10% acetic
acid and washed again with water. The residue was transferred to a crucible and dried at 105°C until

constant weight was obtained.
Hemicellulose content
The content of hemicelluloses of barkcloth was calculated shown below:
Hemicellulose = Hallocellulose - a-cellulose (32

5.1.9. Thermo-physiological properties

The thermo-physiological properties were evaluated using 1ISO 11092 (EN 31092) standard with
laboratory room temperature at 24°C and at a relative humidity of 40%. The Alambeta instrument [142]

was used to measure the thermal conductivity, thermal diffusivity, thermal absorptivity, thermal
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resistance, sample thickness and peak heat flow density. The principle of operation of Alambeta applies a
heat flow sensor attached to a metal block with constant temperature which differs from the sample
temperature. When the measurement starts, the measuring head with the heat flow sensor drops down and
touches the sample placed on the instrument base directly under the measuring head. A photoelectric
sensor is used to measure the sample thickness. In order to simulate the real conditions of warm-cool
feeling evaluation, the instrument measuring head is heated to 32°C which corresponds to the average
human skin temperature, while the fabric is kept at the room temperature.

The samples used an area density of 123g/m?. The through plane thermal conductivity of the composites
was investigated using the Alambeta device. The Permetest instrument [142] was used to measure the
relative water vapor permeability and evaporation resistance. Measuring head of the device is covered by
a resistant semi-permeable foil, which avoids wetting the sample.

Alambeta thermal conductivity measuring device also measures thermal conductivity of laminar
composite specimens up to 8mm. The composites (Figure 5.12) were grinded using sandpaper so as to
achieve a uniform smooth surface for thermal conductivity tests. Chemical silicon paste was used to
condition the samples such that it aides as both a lubricant to prevent damage to the device’s measuring

probes and also aide in the fastening of the device heating plate to the samples.

(9)

Figure 5.12. Thermal Conductivity Samples: (A) Ficus brachypoda; (B) Ficus natalensis and (C)

Antiaris toxicaria

5.1.10. Bio-epoxy resin characterization

The bio-epoxy resin curing behaviour was characterized by thermal analysis using the Perkin Elmer
Differential Scanning Calorimeter DSC6. A small drop of resin: hardener (100:32 weight%) weighing
approximately 7mg was placed in aluminium crucible and subjected to a heating rate of 10°C/min from
25°C to 400°C.
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5.1.11. Acoustic properties

The barkcloth and its composite acoustic properties were investigated using a type 4206 Briiel&Kjeer
impedance tube according to 1SO10534-2 standard using two quarter-inch condenser microphones type
4187 (Figure 5.13). The principle of measurement works in such a way that the sound source is generated
by a loudspeaker at the end of the impedance tube; the sound waves are transmitted to the surface of the

material sample (Figure 2.41).

When a sound wave strikes the bark cloth materials, it would cause vibration of the particles causing
friction, thereby generating heat, which is absorbed by the barkcloth and some sound energy is reflected
and picked up by sensors. Barkcloth being a non-woven material, its ability to absorb sound is influenced
by the fiber network that dissipates the sound energy and also absorbs the heat generated as the sound
energy is being dissipated. The tube measures the physical sound absorption coefficient (the fraction of
acoustic energy not reflected by the material surface), which is a quotient of acoustic energy absorbed by
the material to the energy of the incident wave.

pr— ——
Species Layers [mm] Four Composites
1 3 3 1 layer samples
samples [mm]
(mm]
Antiaris toxicaria 1.07 125 098 133 463 250
Ficus brachypoda 133 1.12 123 138 5.06 2.12
Ficus natalensis 102 142 0.72 1,03 419 293

Figure 5.13. Sound Absorption Measurement procedure: (A) Briel&Kjeer impedance tube set up; (B)
Sample of the barkcloth layers utilized.

The material samples had a diameter of 29 mm and were studied in the frequency range of 500-6400 Hz.
The composite and multi-layer samples were cut to the above diameter according to the standard.
Measurements were measured for composites, single layer, double layers, triple layers and finally

guadruple layers. Since the fabricated BFRPs specimens had four plies, acoustic behaviour had to be
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characterized for the respective barkcloth layers and their effects on sound absorption. Table 2.1 shows

the thickness of the fabric non-woven felts used.

The airflow resistivity was measured utilizing the air resistance meter and the value of airflow resistivity

was calculated utilizing the equation below:
AP
g = Ud (33)
Where AP is the set pressure difference between the surfaces; U is the air flow velocity and d is the

thickness of the sample.
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CHAPTER 6

Results and Discussion

6.1. MORPHOLOGY OF SURFACE MODIFIED BARKCLOTH

Treatment of barkcloth with commercial enzyme BFE led to ridges and grooves along the microfibers
(Figure 6.1). DLG enzyme is a textile auxiliary agent, it catalyzes the decomposition of hemicelluloses
and partially lignin in the binder layers of bast fibers. Whereas BFE catalyzes pectin layer decomposition,
therefore it is the right enzyme for elementarization of natural fibers. The combination of DLG and BFE
treatment led to change in mass of the substrates by 31% whereas BFE alone led to 30% change in mass
of the substrates. The change in mass of the weighed substrates shows that the enzymes used dissolved a
considerable amount of plant material in the form of waxes, pectins, and other impurities. Because the
main function of BFE enzyme is to dissolve impurities, it is observed that its performance was better than
DLG and the surfaces are fairly cleaner compared to DLG. The loss in weight of the substrates was more
with the DLG enzyme, due to the fact that the nature of DLG affects cellulose, unlike BFE.

- s N, J

Figure 6.1. Enzyme-treated barkcloth: (A) and (B) BFE enzyme; (C) and (D) DLG enzyme.
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Plasmas are used to modify lignocellulosic fibers, therefore, it aids in surface activation of the fiber
network [143]. Barkcloth fabric is made up of cellulose; therefore, the only reactive functional group is
the hydroxyl group. Treatment with atmospheric plasma leads to oxidation of the cellulose.

The morphology of oxygen plasma-treated fabrics is shown in Figure 6.11. In comparision to untreated
fabrics (Figure 4.12), there was no striking visible difference on the surface. This was due to the fact that
the treatment times were too short and the plasma generator device had no option of changing the power
rating and the intensity of the plasma. The effect of plasma treated fabrics was observed when the fabrics
were utilized in the production of the fiber reinforced composites as explained in the proceeding section

on composites.
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Figure 6.12. Alkali-treated (5Wt% NaOH) barkcloth
Alkali treatment is one of the leading most common vegetable fiber surface modification methods.

Treatment with alkali aids in the fiber to matrix adhesion and also helps to dissolve the lignin, wax and
impurities. Figure 6.12 shows the morphology of alkali treated fabric. Elementarization of the barkcloth
cellulose microfibers measuring 12-14um was observed. The microfibers appear pronounced and cleaner

due to the dissolving of plant impurities.

6.2. SURFACE FUNCTIONAL GROUPS OF BARKCLOTH
Functional groups assignments and their respective bonding interactions of barkcloth can be deduced
using Fourier Transform Infrared Spectroscopy (Figure 6.13). Natural fibrous specific bands and their

corresponding bonding interactions have been studied by numerous researchers [144—150].

6.2.1. Fourier Transfor Infra-red (FTIR)

6.2.1.1. Untreated Barkcloth

There’s a variation in the reported bands from one researcher to another, however the difference is not
too significant because most natural fibrous materials are made up of celluloses, hemicelluloses and
lignin. A broad absorption band in the range of 3300 - 3500cm™ is due to O-H stretching vibrations of
cellulose and hemicelluloses. The band at 2900 -2940cm™ corresponds to CH, and CHs stretching
vibrations [149]. The band at 1740cm™ is due to carbonyl groups (C=0) stretching and vibration of acetyl
groups of hemicelluloses [149]. After this peak, the sudden leveling off shows that the hemicelluloses are

removed from the fiber. The aromatic vibration of the benzene ring in lignin may be at 1615cm™.
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Figure 6.13. FTIR spectra of untreated barkcloth.

The absorption band at 1529cm™* was owing to CH, bending in lignin whereas the peak at 1445cm™ was
due to O-H in-plane bending [147]. The peak at 1380cm™ was assigned to CH symmetric bending. The
band at 1274cm™* may correspond to C-O stretching of acetyl group of lignin [149]. The band at 1157cm*
may be due to C-O-C asymmetrical stretching in cellulose. The broad peak at 1056 cm—1 is due to -C-O—
C— pyranose ring skeletal vibration [151]. The band at 779 cm—1 represents glycosidic —C—H
deformation, with a ring vibration contribution and -O-H bending which are the characteristics of S-

glycosidic linkages between the anhydroglucose units in cellulose [144,151].

6.2.1.2. Enzyme and Plasma Treated Barkcloth

Broad absorption bands at 3353cm?, 3403cm™? are due to hydrogen bonding (O-H) stretching vibrations
of cellulose and hemicelluloses (Figure 6.14 and 6.15). The BFE enzyme absorbance intensity at the
above band was less than DLG enzyme meaning that more hemicelluloses were effectively dissolved by
the enzymes. Plasma treatment excited the OH reactive bonds of cellulose, therefore, increasing the
absorption peak intensity. The band at 2933cm?, 2938cm™ corresponds to CH, and CHj stretching

vibrations.
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Figure 6.14. Enzyme treated barkcloth surface functional groups
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Figure 6.15. Plasma treated barkcloth surface functional groups

| 58



Mechanical and Thermo-acoustic Characterization of Barkcloth and Its Polymer Reinforced Composites

The decrease in the absorption band of enzyme treated fabrics is attributed to the lower content of
hemicelluloses of the fabric structure which is further confirmed by the band at 1749cm™ that is decreased
and is due to carbonyl groups (C=0) stretching and vibration of acetyl groups of hemicelluloses. After
this peak, the sudden leveling off shows that the hemicelluloses are removed from the fiber. The aromatic
vibration of the benzene ring in lignin may be at 1615cm™. The absorption band at 1529cm™ was owing to

CH> bending in lignin.

6.2.1.3. Barkcloth Reinforced Composites

e BERP
Bark cloth fabric

1

Absorbance
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Figure 6.16. BFRPs surface functional groups
The peak at 3419cm™ and 3390cm is due to the hydroxyl (OH) stretching vibration of free and hydrogen
bonded —OH groups of barkcloth fabric and epoxy respectively (Figure 6.16). The epoxy polymer peak at
3419cm? is shifted to the left which shows that for epoxy polymers, the peak shifts to the left when
there’s hydrogen bonding between the epoxy polymer and the reinforcing fibers [152]. The increase in the
absorption peak of the composites above that of the fabric at 2919cm? and 2852cm™ is due to the
combination of the asymmetric and symmetric CH, and CHj of the synthetic epoxy resin. Still at the same
bands, the CH and CH» groups of cellulose and hemicelluloses in the fabric are observed [153]. The
increase in the absorbance band at 1741cm™ of the epoxy polymer is attributed to the presence of
carbonyl groups [154] whereas the peak at 1617cm™ correspond to the vibration of the benzene ring in

epoxy [152].
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6.2.1.4. Alkaline Treated Barkcloth and Biocomposites

Wavenumber[cm-1]

4000 3500 3000 2500 2000 1500 1000 500 0

Absorbance

----- Biocomposite
—— Epoxy bioresin
——Alkaline Treated Fabric

Figure 6.17. Barkcloth biocomposites surface functional groups

Figure 6.17 shows the FTIR of alkaline treated fabrics and corresponding composites. The broad peak at
3372cmt is attributed to OH-stretching vibration which gives information concerning the hydrogen bonds
[149]. The treated fabric had a sharper peak at this intensity compared to the resin and biocomposite. The
reduction in the absorbance peak of the biocomposite at 3372 cm™* and 2900cm™ show that the green
epoxy polymer effectively cross-linked with the OH-cellulose chains which are activated through alkali
treatment of the barkcloth fabric. The peaks at 2929 cm™ and 2873 cm™ correspond to symmetric and
asymmetric stretching vibrations of CH and CH2 groups. The increase in the absorption peak of the
biocomposites above that of the fabric is due to the combination of the CH and CH2 groups in the green
epoxy polymer and the cellulose and hemicelluloses in the fabric [155]. The increase in the absorbance
band at 1750 cm? of the green epoxy polymer is attributed to the presence of carbonyl groups while

benzene ring stretching of Lignin is at 1630cm™.
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Alkali treatment has been proven to remove hemicelluloses, lignin and other plant materials leaving a
rough surface topography thus increasing fiber to matrix adhesion due to efficient wetting of the fibers

and the rough texture positively influencing the bonding [146].

6.2.2. X-Ray Diffraction

Figure 6.18 shows the X-ray diffraction pattern of the barkcloth. Untreated and alkali barkcloth exhibits
main 20 diffraction peaks between 22.8° and 23.2° which correspond (002) crystallographic planes of
cellulose I. The peak at 15.3° is due to 001 crystallographic plane of cellulose I.

Counts
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3001 1 |
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1001 A |

asaongheur LT RO I
Alkali Treated (Bark Cloth) stgp size 0.017
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Position [°2Theta] (Copper (Cu))

Figure 6.18. X-ray Diffraction of Treated and Untreated Barkcloth

The Segal crystalline index was calculated using the expression [156]

cl = Hzz55—Higs (34)

Hjz 55

Where H,, 55 is the height of the XRD peak at 26 = 22.55°which is responsible for both amorphous and
the crystalline fractions whereas the small peak at at 260 = 18.5° correspons to the amorphous fraction.
The calculated crystallinity index was 79% higher than sisal (71%), jute (71%), Sansevieria cylindria leaf

fibers (60%) [28]. A higher value of CI shows that barkcloth crystallites are orderly in nature.
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6.3. THERMAL BEHAVIOR OF BARKCLOTH
One of the drawbacks for natural fibers is their limited thermal stability. Therefore, a study of their
thermal behavior is of utmost importance for material engineers. For natural fibers, the thermogravimetric

behavior is directly proportional to the chemical constituents of the fibers [29,53].
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Figure 6.19. Thermogravimetric behavior of treated barkcloth

Figure 6.19 shows the thermogram of untreated barkcloth and surface modified fabrics. The first stage
from 25°C - 100°C is attributed to evaporation of water accounting for about 5-10% loss in weight.

The weight loss is higher in enzyme-treated fabrics than plasma due to the fact that the enzymes degraded
the plant material in the form of waxes and impurities however this led to thermal stabilization of the

fabrics.

Untreated and plasma-treated fabrics were less thermally stable compared to enzyme-treated fabrics. In
terms of moisture evaporation, it was observed that plasma treated fabrics had less moisture followed by
BFE enzyme-treated fabrics. This is attributed to the fact that plasma made the surface hydrophobic,

whereas the BFE enzyme did not degrade the fabric compared to the action by DLG enzyme.
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The second stage accounting to about 70% weight loss starts from about 220°C- 370°C with a maximum
decomposition temperature corresponding to around 325°C. The temperature range 200°C-315°C
corresponds to the cleavage of glycosidic linkages of cellulose which leads to the formation of H,O, CO,,
alkanes and other hydrocarbon derivatives [151]. The last stage of decomposition starting from around

370°C corresponds to 20% loss in weight is due to char or other decomposition reactions [157].

Barkcloth thermograms show that the fabric is stable below 200°C; therefore alternatives of composite
fiber reinforcement can be explored provided the working and production temperature of composites is
kept under this temperature. Alkaline treated fabrics showed a stable thermal behavior among the fabrics

which tested and, therefore, alkaline treatment was preferred for biocomposite reinforcement processing.

6.4. MECHANICAL PROPERTIES OF BARKCLOTH LAMINAR EPOXY
COMPOSITES

6.4.1. Static Mechanical Properties

Figure 6.20 illustrates the typical load-strain behaviour of the tested tensile samples. The behavior was
partially linear due to the highly anisotropic structure of barkcloth fabrics. The tensile strength and
modulus of a composite material is dependent on the matrix, fiber to matrix adhesion and the reinforcing
fiber properties. [158].
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Figure 6.20. Representation of typical stress-strain behavior of the tensile samples
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Barkcloth is a naturally occurring non-woven fabric, therefore, the climatic conditions, types of soils; the
part from which the bark is extracted and the processing conditions are all variables that affect the
strength of the fabric. The Stress - Strain behavior of the tested fabric reinforced composites showed a

partially linear behavior (Figure 6.20). This behavior is due to the high anisotropy of barkcloth.

6.4.1.1. Enzyme and Plasma Fabric Treated Composites
The tensile strength and modulus of the developed composites is shown in Figure 6.21 and Figure 6.22
respectively. The strength and modulus of a composite material is dependent on the reinforcing fiber

properties, and the matrix properties [56].
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Figure 6.21. Tensile Strength of Barkcloth Fabric Reinforced Plastic Composites

Treatment with atmospheric plasma for 60s slightly enhanced the strength to an average of approximately
30MPa and average modulus ranging from 3.3GPa to 4.5GPa (Figure 6.22). High modulus of the plasma
treated composites compared to enzyme treated composites is attributed to the fact that plasma opened up

the reactive sites of cellulose, therefore, offering effective fiber-to-epoxy polymer bonding. Enzyme
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treated composites exhibited the lowest strength and modulus due to the fact that the natural bonding that
binds the barkcloth microfibers together was dissolved and it led to weaker fabrics that was thereafter
transferred to the composites. The percentage elongation of enzyme treated composites was the lowest
compared to untreated and plasma treated composites (Figure 6.23); this is attributed to reduced strength
of the fabrics which are the load bearing materials. According to Sapuan et al. [140] in their investigation
on material selection for natural fiber reinforced dashboard composites for automotive, a tensile strength
of at least 25MPa is required. In comparison to the engineered barkcloth composites in this investigation,
it’s evident that barkcloth is a promising material for automotive applications such as door claddings,
overhead and instrument panels.
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Figure 6.22. Tensile Modulus of Barkcloth Fabric Reinforced Plastic Composites

6.4.1.2. Effect of Fabric layering

It is observed that the stacking sequence BFRP IV had the highest tensile strength, whereas BFRP | had
the highest tensile modulus and second lowest percentage of elongation at break. The strength and
modulus of a composite material is dependent on the reinforcing fiber properties, fiber-to-matrix
adhesion. Because barkcloth fabric has microfibers that are aligned at an angle, it is important to have a
stacking sequence that will be beneficial for composite applications. Tensile failure was through matrix

failure and the disintegration of the nonwoven structure through the tensile forces.
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It is observed that BFRP Il exhibited the highest average flexural rigidity followed by BFRP IV, BFRP
111, and BFRP 1. The flexural modulus shows that composites with stacking sequences Il and IV are more
rigid than composites with stacking sequences | and Il. This rigidity is due to the presence of plies with

45° alignment at the surface.
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Figure 6.23. Percentage Elongation of Barkcloth Fabric Reinforced Plastic Composites
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Figure 6.25. Flexural Modulus of Barkcloth Fabric Reinforced Plastic Composites
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6.4.1.3. Biocomposites

The composites had ply orientations of 90°,0°,45°, 45° due to the fact that in the investigation of the effect
of layering pattern of barkcloth composites using a synthetic epoxy polymer, it was shown that the
stacking sequence of barkcloth with orientation 90°,0°,45°, 45° (BFRP 1V) was ideal and had higher and
consistent favorable mechanical properties [159].

The developed biocomposites had an average strength of 33MPa higher than the strength obtained using
synthetic epoxy. The percentage elongation of the biocomposites was higher than the synthetic
composites. This is attributed to the green epoxy polymer properties, however, the variability of the
reinforcing material is observed with the low modulus of the biocomposites owed to the treatment with
alkali that dissolved impurities.

The average flexural strength of the developed green epoxy biocomposites was 207MPa higher than the
untreated and synthetic composites. This was due to the effective fiber to matrix adhesion owed to the
alkali treatment. During the three points bending, the upper and lower laminate surfaces are loaded with
tension and compression forces respectively, whereas the axisymmetric plane is subjected to shear.
Therefore, failure during flexure is achieved when the flexural and shear stress reach a critical value
[160].

6.4.2. Failure of Composites

' |||||||‘||||
#3320 um >, i 20um

Figure 6.26. Morphology of barkcloth fabric and biocomposites

Failure by tensile was through matrix failure and the disintegration of the non-woven structure through

the tensile forces. The entangled microfiber web of the fabric has natural bonds holding the microfibers
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together. Generally, BFRP composites experienced three modes of failure: the brittle failure of the epoxy
polymer matrix; matrix cracking and fiber fracture (Figure 6.26). Damage of the non-woven structure is
triggered by the inter-fiber bond structure; re-arrangement of the fiber network and reloading and finally
fiber fracture [161].

According to Sapuan and Abdalla [96] in their investigation on material selection for natural fiber
reinforced dashboard composites for automotive, a tensile strength of at least 25MPa is required. In
comparison to the engineered barkcloth composites in this investigation (Figure 6.21), it’s evident that
barkcloth is a promising material for automotive car dashboard, door claddings, instrument panels and
laminate panels for building and civil engineering applications.

The barkcloth epoxy composites exhibit an average flexural strength ranging from 47 to 192MPa. The
variation in the flexural properties is due to the nature of natural fibers and varying strength along its

structure.

6.4.3. Dynamic Mechanical Properties

In order to assess the performance of structural applications, the dynamic mechanical properties help in
material evaluation so as to understand the viscoeslastic behavior of the material against temperature,
time and frequency. Three parameters storage modulus (E”), loss modulus (E’’) and damping factor (tan
d) were obtained over the temperature range from 28°C to 80°C for synthetic epoxy composites and 25°C
to 250°C for bioepoxy composites. The storage modulus indicates the viscoelastic rigidity of the
composites and is proportional to the energy stored after every deformation cycle. A weak material has a
low storage modulus, whereas a strong material exhibits a higher storage modulus. As the composite
approaches the glass transition temperature, there’s a sudden decrease in the storage modulus attributed to
the free molecular movement of the polymer chains.

A low mechanical damping factor indicates closer packing of the composites and elasticity of the material
and a higher damping factor indicates a weaker material under loading, which could be due to weak fiber-

to-matrix adhesion.

6.4.3.1. Dynamic Mechanical Properties: Enzyme and Plasma Fabric Treated Composites

Figure 6.27 shows the variation of the storage modulus (E’) of the barkcloth composites. The storage
modulus in the plastic region varies with treatment. It’s observed that plasma treatment had a slight effect
on the storage modulus compared to the significant effect observed with enzyme treated composites. The
increased strength observed with the plasma treated composites is attributed to the strength of the plasma

treated fabrics. Plasma treatment positively aided the effective cross-linking between the fabric and epoxy
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polymer. The enzyme treated composites, especially BFE had low storage modulus that is attributed to
the enzymes that partially dissolved the microfiber natural binders leaving a very light non-woven fleece
with reduced strength. The loss modulus (E’’) shows the viscous response of the material. The loss
modulus of the composites increased significantly in the plastic region and then decreased with increase
in temperature in the rubbery region. It’s observed that in the plastic region, the plasma composites
treated up to 30s showed the highest loss modulus whereas BFE enzyme treated composites exhibited the

lowest loss modulus.

Untreated BFRP

""""" BFRP Plasma Treated 60s
----- BFRP Plasma Treated 30s

= : « BFRP BFE enzyme treated

— =— BFRP REC DLG enzyme treated

0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1

27.5 37.5 47.5 57.5 B7.5 77.5 B7.5

Temperature [°C]

Figure 6.27. Storage modulus behaviour of enzyme and plasma treated barkcloth composites

The mechanical damping factor (Tan &) shows the strength of the material and helps in evaluating the
effect of the efficiency of the filler-matrix adhesion. A high damping factor indicates a weak filler-matrix
adhesion, whereas a low damping factor indicates good filler-matrix adhesion that doesn’t allow free
movement of polymer molecules. It’s therefore observed that plasma treated composites for 60s and
enzyme treated composites had the best fiber-to-matrix adhesion as can be observed by the lower Tan 3
(Figure 6.28). The glass transition temperature is obtained at the level at which the damping factor and

loss modulus attain maximum damping values [162]. The glass transition obtained using tan 6 is usually
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higher; therefore, a more conservative glass transition temperature obtained by the loss modulus is usually
taken into consideration. The glass transition temperature of the composites was between 52.9°C to
59.4°C.
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Figure 6.28. Mechanical damping factor of enzyme and plasma treated barkcloth composites

The variation of tan 6 against temperature (Figure 6.28) aids in obtaining the glass transition temperature.
The Ty obtained from the tan & curve is slightly higher than that obtained from the loss modulus curve.
Beyond the glass transition temperature, the material transitions from glass to rubbery state due to the

mobility of polymer chains.
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6.4.3.2. Dynamic Mechanical Properties: Effect of Fabric Layering

As the temperature increases, the storage modulus falls sharply in the temperature range 50° to 70°C,
which is the glass transition temperature range (Figure 6.29). This fall in the storage modulus is attributed
to the mobility of the macromolecular polymer chains, which distorts the initial close packing [163]. The
composites from the highest storage modulus to the lowest were those with stacking sequences 11, 111, I,
and IV, which is confirmed by the flexural modulus obtained from the flexural tests in Table I11.

10 -
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+--- BFRPI
8 _%««&% ——BFRPII
<- BFRPIII
7 7 «——BFRPIV
6 -
T
G 5 -
Tu
4 -
3 -
2 -
1 -
0 T T T T T T
30 50 70 90 110 130 150

Temperature [°C]

Figure 6.29. Storage modulus of layered BFRPs

The loss modulus (E’”) indicates the energy loss of the composites. The polymer chain mobility increases
with temperature until the glass transition region, where the loss modulus rapidly falls. Past the glass
transition, the composite’s elasticity, and viscous behavior greatly reduce because of the mobility of
polymer molecules. The peak of the curves shows the glass transition temperature of the developed
composites. It is observed that the glass transition temperature as obtained from the loss modulus curves
is between 63° and 65°C. Figure 6.30 shows the mechanical damping factor of the composites. The
mechanical damping factor is the ratio of the energy stored to the energy lost. The glass transition

temperature is approximately 70°C
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Figure 6.30. Mechanical damping factor of layered composites.

6.4.3.3. Dynamic Mechanical Properties: Biocomposites

Figure 6.31 shows the variation of the storage modulus with the temperature at three scan frequencies of
0.1, 1 and 10 Hz. The storage modulus shows the stiffness of the composites against temperature. It's
observed that the storage modulus generally decreases with increasing temperature. The addition of
reinforcement to the epoxy polymer greatly enhanced the dynamic mechanical properties increasing the
storage modulus from 2.6 GPa of virgin resin to 5.1 GPa of biocomposites at 30°C. The high value of
storage modulus of biocomposites is attributed to the reinforcement. Under loading, the polymer chains
move about and are re-arranged, with the addition of the barkcloth, the mobility of the polymer chains is
greatly reduced. A sudden fall of the modulus of the composites was observed at 130°C which is marked
by a sharp decrease in the storage modulus until to around 450MPa at 225°C. As the composite
approaches the glass transition temperature, there's a sudden decrease in the storage modulus attributed to
the free molecular movement of the polymer chains. Polymer viscoelastic behaviour is a function of time,
frequency and temperature. A frequency scan showed that the storage modulus increases with increase in
the frequency. So the modulus at 10 Hz (Short time) is higher than the modulus at 0.1Hz (long time). The
variation of tand against temperature, (Figure 6.32) aids in obtaining the glass transition temperature. It's
observed that the Tg obtained by the damping factor curve was 163°C, 170°C and 185°C for 0.1 Hz, 1 Hz

and 10 Hz respectively. The Tg increases to a higher temperature as the analysis frequency increases

| 73



Mechanical and Thermo-acoustic Characterization of Barkcloth and Its Polymer Reinforced Composites

[164]. Beyond the glass transition temperature, the biocomposite transitions from glass to rubbery state

due to the high mobility of the polymer molecular chains.
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Figure 6.31. Storage modulus of biocomposites with BFRP IV architecture

The virgin epoxy polymer exhibited a sharp and intense peak centered at 175°C because there is no
restriction to the polymer molecular chains at the glass transition temperature. The source of crack
initiation is usually weak fiber to matrix bond interface; therefore higher energy is dissipated than strong
interfaces. The high tand peak, therefore, shows green epoxy polymer is viscous when loaded compared
to the reinforced composites [165,166]. The dynamical mechanical properties have therefore shown that
from 30°C, the optimum temperature range of application of biocomposites is up t0130°C. Beyond 130°C,

the composites enter into a rubbery state and the performance is diminished.
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Figure 6.32. Tand of biocomposites with BFRP IV architecture

6.5. THERMAL BEHAVIOUR OF BARKCLOTH LAMINAR EPOXY COMPOSITES

6.5.1. Enzyme and Plasma Treated Fabric Composites

The composites thermal behavior as characterized by DSC is shown in Figure 6.33. Incorporation of
barkcloth into the epoxy polymer has an effect on the crystallization behavior of semicrystalline synthetic
epoxy polymer. The barkcloth reinforced epoxy laminar composites experienced endothermic and
exothermic phase transformation. The first endothermic peak at around 55-61°C corresponds to the glass

transition temperature (Tg).

Table 6.5. DSC of Enzyme and Plasma Treated Composites

Composites T4 [°C] T, [°C] Tm [°C]
Untreated 59 141 220
Virgin epoxy 56 133 200
BFE Composites 55 140 210
DLG Composites 56 137 206
Plasma 30s Composites 61 146 213
Plasma 60s Composites 61 150 215

The exothermic peak at around 133-150°C represents the cold crystallization temperature (T.) of the

epoxy polymer chains. As the temperature is increased, a second endothermic peak is observed at around
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200-220°C. This peak signifies the melting temperature (Tm) of Epoxy polymer. Table 6.5 shows the
effect of surface modification of barkcloth on the Ty, T. and Tm. Addition of reinforcement generally
increased the glass transition temperature, crystallization temperature as well as the melting temperature
of the composites because addition of reinforcement limits the mobility of the polymer chains and

therefore, a positive effect on the glass transition temperature.
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Figure 6.33. DSC of enzyme and plasma treated composites.

4.6.2. Thermal behavior of Biocomposites

Thermal degradation of natural fiber components is dictated by the supramolecular structure of the
cellulosic materials [167]. The composites and fabric behavior as characterized by DSC (Figure 6.34),
shows an endothermic peak starting from 20°C to 120°C centered at around 52°C. This peak is
characterized by the removal of adsorbed moisture from the fabric. As seen from Table 1, barkcloth is
majorly made up of cellulose, therefore; its affinity to moisture is high since cellulose is hydrophilic in
nature. Studies with NMR have shown that moisture is concentrated in the amorphous or non-crystalline
regions of cellulose [168]. Therefore, the endotherm at 52°C corresponds to the amorphous component of
cellulose in barkcloth. The peak at 140°C is attributed to the decomposition of paracrystalline molecules
of pectin and hemicelluloses in the barkcloth [53]. The leveled behavior of biocomposite confirms that the
selected curing temperature of 120°C for 45 min was sufficient for cure. TGA is a useful technique for the

study of the thermal behavior of composite materials. Thermal stability of the polymer and reinforcing
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materials is an important parameter because manufacturing of composites in most cases requires curing;
therefore, the degradation behavior of the reinforcing fibers helps in selecting the processing temperature

and also the working temperature of the developed composite materials.

Biocompaosites
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Figure 6.34. DSC of green composites
Thermal stabilization of alkali treated fabrics led to stable biocomposites which had a higher temperature
of degradation than synthetic based composites. The onset of degradation was observed at 270°C whereas

cellulose decomposition occurred at 350°C, (Figure 6.35).
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Figure 6.35. TGA of green composites
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6.6. OVERVIEW OF BARKCLOTH FABRIC REINFORCED COMPOSITE MATERIAL

PROPERTIES
Table 6.6. Summary of the Barkcloth Composite Materials Properties
Laminar Ultimate Tensile Flexure Flexural  Elongation Onset of Tan § Glass
Composites/ Tensile Modulus Modulus Degradation @1Hz Transition
Property Strength [GPa] [MPa] [GPa] [%0] [°C] [-] Temp
[MPa] [°C]
Untreated 25-31 3.2-3.3 40-142 16-2.1 15 266 0.54 67.2
Plasma 28-30 2.1-39 87-94 25-2.7 1.31 262 0.54 69.7
Treated 30s
Plasma 25-35 3.2-4.7 97-105 2.0-2.3 1.2-1.3 262 0.51 63.1
Treated 60s
Enzyme 15-18 0.58 -2.5 37-49 1.6-1.9 0.9 285 0.50 62.3
Treated
(DLG)
Enzyme 17-18 25-2.7 49-62 2.2-2.7 0.9 285 0.51 59.7
Treated (BFE)
BFRP I* 18-26 3.7-5.3 85-87 1.8-2.3 1.2-15 - 0.60 70.4
BFRP 11** 21-25 3.2-35 189-195 18-24 1.3 - 0.52 70.4
BFRP [11*** 19-28 4.1-4.2 103-136 2.3-3.7 0.6-1.5 - 0.54 70.4
BFRP [\V**** 24-27 3.2-4.9 130-175 2.3-35 0.8-2.1 - 0.52 70.4
Green 30-38 2.4-3 189-227 1.1-18 2.1-25 345 0.44 170
Composites

*BFRPI layering sequence

**BFRPII layering sequence

***BFRPIII layering sequence

****BFRPIV layering sequence
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6.7. THERMO-ACOUSTIC PROPERTIES

The amount of heat transmitted through a unit area of the material was measured as the thermal
conductivity coefficient (k). There is dependence between the thermal conductivity of a material and its
sound absorption. When a sound wave strikes a porous fiber network like barkcloth; the sound waves
cause vibration in the fiber network. The vibration causes minute heat buildup in the fibers due to friction.
Therefore a good absorbing material absorbs the thermal energy of the sound waves and less heat is
generated. The case is somewhat different with solid composite materials. The compaction of the
barkcloth nonwoven felt results in reduced porosity, therefore increasing flow resistivity and reduced
vibration of the fiber network therefore a reduced sound absorption coefficient and higher thermal
conductivity. The combination of several nonwoven fabric layers allows the realization of different
absorption degrees in one composite structure, which can then absorb sound in wide range of frequencies.
High values of thickness and fabric density facilitate sound insulation. Microstructure parameters such as

fiber orientation, tortuosity, pore structure, influence the sound absorption efficiency [169].

6.7.1. Thermal insulation behavior of BFRPs

The ficus species had a higher thermal conductivity among the measured specimens whereas Antiaris had
the lowest thermal conductivity (Figure 6.36). The high thermal conductivity coefficient is attributed to
the epoxy polymer used whose thermal conductivity is approximately 0.2W/mK.
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Figure 6.36. Thermal conductivity of composites: Antiaris Composites (ABRP); Ficus natalensis
Composites (NBRP); Ficus Brachypoda Composites (BFRP) (Measurements were based one sample)
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A lower value of k is characterized as a better thermal insulation material due to the fact that it helps in

resisting outside heat transmitted through the fibrous network.

6.7.2. Acoustic Properties

6.7.2.1. Barkcloth Fabrics

The acoustic properties of layered fabrics of the three species are shown in Figure 6.37. The sound
absorption properties depend on the thickness since the thickness of one layer was an average of 1.14mm,
it’s observed that the sound absorption performance of the barkcloth fabrics generally increases with the
increase of frequency. The one layer barkcloth fabrics between the frequency range of 1000-3200Hz have
an average sound absorption coefficient of 0.05 whereas beyond S000Hz the fabric’s sound absorption is
tending to 0.1 and the properties being favorable for Antiaris and F. natalensis barkcloth.

The effect of layer thickness was investigated and Figure 6.38 shows the sound absorption properties

barkcloth fabrics with one, two, three and four layers.
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Figure 6.37. Sound Absorption Behavior of Barkcloth
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The sound absorption properties increase with an increase in sample thickness. All the fabrics studied had
a gradual increase of sound absorption coefficient. Ficus natalensis’ four layer fabrics had a sound
absorption coefficient of 0.7 at 6400Hz.

The two layer samples showed a sound absorption coefficient of 0.1 at 3000Hz; 0.15 at 4000Hz; 0.2 at
5000Hz and 0.25 at 6000Hz. The addition of another layer almost doubled the sound absorption
performance of the fabrics as can be seen in the behavior of the samples with three layers.

Ficus brachypoda fabrics showed the same behavior as Ficus natalensis fabrics (Figure 6.37). It’s
observed that the three layer fabrics of f.natalensis were better than for f. brachypoda as can be seen from
the graphs. F. brachypoda had a sound absorption coefficient of 0.71 at 6400Hz.

The sound absorption performance of Antiaris toxicaria fabrics at 6400Hz was overall best having a
sound absorption coefficient of 0.92 compared to the average of 0.7 obtained by the Ficus barkcloth
species. Krucinska et al. [170] showed that cotton/PLA composites of 5.8mm thickness with microfibers
had a sound absorption coefficient of 0.93 at 6400Hz. The barkcloth fabrics showed an irregular
dependence of sound absorption coefficient of like other nonwovens over a wide frequency range, this
behavior was also confirmed elsewhere [171].

The comparable excellent acoustic properties of barkcloth fabrics at high frequencies is attributed to the
fiber entanglement of the fabrics and porosity. Antiaris barkcloth with four layers showed better sound
absorption properties compared to other types of barkcloth. The increase of the thickness of the fabrics

will definitely increase the sound absorption coefficients.

6.7.2.2. Fabric Reinforced Composites

The sound absorption properties were investigated further whereby the four layers of barkcloth were
utilized in the production of composites. Two surfaces were investigated in order to understand whether
the perturbations on the composite surface have an effect on the sound absorption properties. The molded
composites’ sound absorption properties of smooth surfaces are shown in Figure 6.38.

The ficus barkcloth composites have a sound absorption coefficient below 0.1 for the frequency of upto
3700Hz and thereafter, f. brachypoda sound absorption properties increased with increase in frequency
reaching its peak of 0.35 at 6400Hz. Antiaris BFRC sound absorption increased for frequency of 5000Hz

and then decreased, showing the same trend with F. natalensis BFRC.
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Effect of Composite Surface Roughness

The effect of surface perturbations on the sound absorption properties is shown in Figure 6.38 and Figure
6.39 which showed a marked increase in the sound absorption properties with rough surface. It’s observed
that the perturbations increased the sound absorption properties of Antiaris BFRC having an average
sound absorption coefficient of 0.15 between frequency ranges of 2500-5000Hz.

The low performance of the composites with sound absorption is due to the effective packing of the
method used for the production of the composites. VARTM is an efficient method of production of
composites with fewer voids and with smooth, even packing which showed insignificant sound
absorption properties compared to the fabrics which were used to reinforce the epoxy resin.
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Figure 6.38. Barkcloth epoxy laminar composite sound absorption properties with smooth surfaces
When a sound wave strikes a porous fiber network like barkcloth; the sound waves cause vibration in the
fiber network. The vibration causes minute heat buildup in the fibers due to friction. Therefore, a good

absorbing material absorbs the thermal energy of the sound waves and less heat is generated. However, in
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composites, the compaction of the barkcloth nonwoven felt results in reduced porosity, therefore
increasing flow resistivity and reduced vibration of the fiber network therefore a reduced sound
absorption coefficient and higher thermal conductivity[50].
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Figure 6.39. Barkcloth epoxy laminar composite sound absorption properties with surface perturbations

6.7.3. Modeling of Acoustic Properties

The ability to predict a material behavior using models offers a fast time-saving economical design of
structures without prototype production and the rigorous experimental series needed to refine a material.
Figure 6.41 shows the Delany — Bazley model as applied to the one layer AT Barkcloth fabrics, it is
observed that the model is in agreement at least for the frequency below 3000Hz, however, beyond this
frequency, the Delany — Bazley model is incapable of modeling sound absorption behavior of one layer
AT barkcloth fabrics. This phenomenon is typical for the Delany — Bazley model as reported elsewhere
showing that the model is inadequate for very low and very high frequencies [172].

Four other empirical models (Figure 6.41) were employed with four layers AT fabrics so as to compare
the behavior of the predicted models, it was observed that the models are in agreement with experimental

data up to the frequency of 3500Hz and thereafter the models’ under predicted the sound absorption
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behavior. The underprediction of the models could be due to the fact that barkcloth is a highly anisotropic
material with not uniform fiber distribution network that rendered the underprediction at higher

frequencies.

Table 6.7. Airflow resistivity of samples

Samples Sample Air Airflow
Thickness  permeability resistivity

[mm] [mms?] [Pa.s.m?]
S1 1.47 720 94482.24
S2 1.17 571 149684.91
S3 1.50 566 117785.63
S4 0.91 736 149307.21

6.7.3.1. Effect of Air gap on the Acoustic Properties
Since barkcloth is a new material and with prospects of sound absorption applications, another material

design parameter was implemented in the model whereby an air gap was incorporated between the two
material layers.
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Figure 6.40 Delany — Bazley model with one layer Antiaris toxicaria fabrics
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The Allard — Champoux model was utilized for prediction of the behavior of two layers AT fabrics. It’s

observed that the model is in good agreement with the experimental data.

Incorporation of an air gap between the two AT fabrics was observed to have positive effects on the

sound absorption properties. The larger the distance between the airgap, the higher the absorption at lower

frequencies and reduction in the absorption at higher frequencies (Figure 6.42).
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Figure 6.41. Sound Absorption Models of Antiaris toxicaria 4-layer fabrics.

7000

In the long run, the introduction of a small air gap between the layers would gradually increase the sound

absorption of two layers AT fabrics reaching a sound absorption coefficient of 0.78 at frequencies of
above 4000Hz.
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Figure 6.42. Prediction Model of behavior of fabrics wih incorporation of an air gap in between.
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CHAPTER 7

CONCLUSIONS

7.0. PROLOGUE
This chapter summarizes the major findings of the investigation and presents the new knowledge that has
been contributed by the study.

7.1. MORPHOLOGY AND THERMO-PHYSIOLOGICAL PROPERTIES

The fabric morphology is made up of a dense network of micro-fibers that are naturally bonded and
aligned at angles. The inter-fiber bond gives the strength of the load bearing microfibers and damage is
initiated through separation of the individual fibers through the failure of the inter-fiber bond and thence
fracture. The transverse section of the fabric is characterized by air cavities and microfibers surrounded

by plant material.

Barkcloth is majorly composed of Cellulose (69%); based on the Crystallinity Index, barkcloth has highly
ordered crystallites (79%) higher than jute (71%) and sisal (71%). Treatment with alkaline solution aided
the fiber to matrix adhesion and also helped to dissolve the lignin, wax and other plant impurities.

Enzyme treatment eroded the strength of the fabric, whereas treatment with plasma had a slight effect on
the reinforced laminar composites.

The thermal conductivity of barkcloth is comparable to cotton rendering the barkcloth from F. natalensis,
a comfortable fabric. The lower value of thermal absorptivity of barkcloth, compared to the value of
cotton, shows that the fabric has a warm feeling when in contact with the skin. Barkcloth had a higher
water vapor permeability compared to cotton and other fabrics meaning its clothing comfort properties are
reasonable. In terms of clothing comfort, the fabric fulfills all the requirements for thermal clothing

comfort.

7.2. THERMAL BEHAVIOR

The biocomposites exhibited a high glass transition temperature in the range of 163-185°C depending on
the frequency. The thermal analysis illustrated that bark cloth biocomposites are stable until 290°C, a
crucial intrinsic temperature that is important if other serial production techniques such as compression
moulding are to be used with thermoplastic resins. Synthetic epoxy composites had a low glass transition

temperature ranging from 60-70°C.
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7.3. MECHANICAL PROPERTIES

For the first time, biodegradable barkcloth reinforced green epoxy biocomposites have been developed for
the possible application in interior automotive panels. Production of barkcloth composites through the
hierarchal architecture of the plies yields varying mechanical properties. Comparative evaluation of the
effect layering pattern showed that the ply stacking sequence 90° 0° -45° 45° had one of the best
mechanical properties and, therefore, was chosen as the stacking sequence for the investigation of
barkcloth reinforced green epoxy biocomposites. The static mechanical properties show that that alkaline
treated biocomposites had an average tensile strength 33MPa and modulus of approximately 4GPa. The
flexural strength of the composites was 207MPa. The biocomposites exhibited glass transition
temperature in the range of 163°C to 185°C depending on the frequency. The developed biocomposites
with an average strength of 33MPa higher was higher than the 25MPa threshold strength needed for car
instrument or dashboard panels, make barkcloth reinforced green epoxy composites an alternative
material for interior automotive panels.

The dynamical mechanical properties showed that the optimum temperature range of application of
biocomposites was up t0130°C. Beyond this temperature, the composites enter into a rubbery state and the

performance is diminished.

7.4. THERMO-ACOUSTIC PROPERTIES

In this investigation, for the first time, barkcloth was presented as a potential sound absorption material.
The results show that barkcloth nonwoven fabric had good sound absorption properties and can be used as
an alternative replacement for the synthetic commercial fibers which are widely used in the industry. The
investigated sound absorption properties showed that Antiaris toxicaria barkcloth had higher sound
absorption properties at higher frequencies. Increasing the barkcloth fiber layers showed a positive trend
towards sound absorption coefficient, therefore giving a prediction of multi-layer products of antiaris
barkcloth with potential to provide positive results even at low frequency ranges. Production of
composites showed that there’s a decrease in the sound absorption properties that’s due to the decrease in
the porosity and thickness due to the compression of the fabrics under pressure, therefore reducing the
vibration of the fibers since they are bonded in the matrix that increases stiffness and thereafter decreasing
the overall acoustic properties of the barkcloth reinforced composites. Empirical sound absorption models
nearly predicted the sound absorption behavior of barkcloth fabrics, but due to the scope of work, there’s
need for further modification of existing models and further testing for a perfect model. Nevertheless, the

Allard-Champoux model is preferred for predicting the barkcloth sound absorption properties.
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CHAPTER 8

APPLICATIONS AND FUTURE WORK

8.0. PROLOGUE
This chapter introduces to the reader the proposed application of barkcloth and some already available

concepts of barkcloth.

8.1. AUTOMOTIVE APPLICATIONS

BFRP can be applied in automotive instrument panels. Whereas the layered fabrics can find applications

=)

Automotive instrument

in car headliners.

Bark cloth

panels application

Bark cloth processing

Bark cloth biocomposites

Figure 8.0. Scheme of flow of barkcloth automotive panel development

8.1.1. Headliners

Headliners are materials installed on the ceilings inside of vehicles and are intended for the purpose of
occupant protection through thermal insulation and sound absorption. A good headliner should be able to
keep outside heat out of the vehicle and also preserve interior heat for the best comfort of the occupants.
Typical car headliners have 200-220g/m? [173]. Barkcloth has a low thermal conductivity and yet has
high sound absorption properties; therefore, its application in car headliners is a novel concept that will
serve the triple purpose of decoration, thermal insulation through restriction of heat migration and sound

absorption through reduction of noise inside the vehicle.
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Thinsulate™ brand acoustic insulation used in vehicles made by the 3M company is shown in Figure
8.1(B). Sound absorbing properties of Thinsulate acoustical insulation material AU1220, were measured
according to ASTM E1050, Dual Microphone Impedance Tube Method measuring Normal Incidence
Sound [173]. Barkcloth offers a sustainable green alternative with superior sound insulation properties at
higher frequencies which are unpleasant to the human ear.
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Figure 8.1. Comparision of Acoustical insulation of commercial Thinsulate™ from 3M Company (A);
Barkcloth (Antiaris toxicaria) non woven fabric (B)

8.1.2. Gear Lever and Steering Wheel Fabric Cover

Figure 8.2. Barkcloth fabric and reinforced composite automotive applications.
Image courtesy of Barktex
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8.2. FOOTWEAR

Just like clothing, closed shoes are supposed to keep the wearer’s feet warm. The low thermal
conductivity exhibited by barkcloth (0.035m2K/W) compared to commercial synthetics such as
Thinsulate™ (0.036m?.K/W) which are widely used for thermal insulation in sleeping bags, shoes and

winter jackets, render barkcloth fabric shoes sustainable and an alternative to synthetic canvas.

Figure 8.3. Barkcloth fabric and reinforced footwear applications.
Image courtesy of Barktex

8.3. PANELING AND FURNITURE

Figure 8.4. Barkcloth in wall décor and panels.
Image courtesy of Barktex

| 91



Mechanical and Thermo-acoustic Characterization of Barkcloth and Its Polymer Reinforced Composites

8.4. FUTURE WORK

This work has endeavored to introduce barkcloth to the scientific community, a material with a lot of

potential and yet minimal research had been done. Due to the scope of the task, the following is

recommended for follow-up work.

1.

2
3.
4

Extraction of barkcloth nanofibrils for reinforcement of films.

Coatings of barkcloth for applied applications such as electromagnetic shielding.
Investigation of the Creep and Fatigue behavior of Barkcloth Reinforced Composites.
Investigation of Durability, Abrasion resistance and Weathering
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APPENDIX A: MATLAB IMAGE ANALYSIS CODES

The Input Image (Ficus_SEM.tiff)

Conversion of SEM image to Binary Image

>> | = imread('C:\Users\sammy\Desktop\HT\Ficus_ SEM.tiff");
>> BW = im2bw(l,0.4);

h AN
DET: BE Detector
Hy: 20089 DATE: 04/04/13
VAC: HiVac Device: T85130

Computation of the Hough Transform

>> [H,theta,rho] = hough(BW);

>> figure, imshow(imadjust(mat2gray(H)),[],' XData’,theta,"Y Data',rho,...
'InitialMagnification’, fit");

xlabel(\theta (degrees)’), ylabel(\rho’);

axis on, axis normal, hold on;

colormap(hot)
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Computation of peaks in the Hough Transform

>> P = houghpeaks(H,5,'threshold’,ceil (0.3*max(H(:))));
>> x = theta(P(:,2));

y = rho(P(:,1));

plot(x,y,'s','color’,'black’);
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APPENDIX B: FIBER VOLUME FRACTION VARIATION

The thickness of the composite laminate, d is related to the fiber volume fraction, v; the areal
weight of the barkcloth fabrics, A,, through the following equation and the figure below:

nx*A,
Py * Vr
6.00
—— 142 'm2
—B- 120g/m2
156z m2
3.00
= 400 -
E
3
= 3.00 -
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APPENDIX C: MECHANICAL PROPERTIES PREDICTION
Rules of Mixtures
From Equation (2)

E. = vpEr + (1 —vp)E,p,

vp = 0.40
E; = 2.54MPa
En = 3GPa

Tensile Modulus
E. = 1.80GPa (Predicted)

E. = 3.2 — 3.3GPa (Measured)

Thermal Conductivity of Composite

Using Equations (4) — (8)

0.25

B Measured Thermal Conductivity
® Cheng and Vachon Model
0.2060 B Parallel Model
: B Geometric Mean Model

B Series Model

Thermal Conductivity [w/mk]

Measured and Thermal Conductivity Models
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