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PREFACE

Natural fibers have a very long practice for textile materials manufactur-
ing. Not only for garment and household textiles, but particularly these
fibers are important for the manufacture of technical textiles. Immense
attention has been given to the agricultural wastes of the crops that are pri-
marly grown for the food industry. Their waste, such as the straw, contains
fibers suitable to be used in the composite fabrication. Wood and forest
residuals also enhance additional sustainable resources of materials that
can be converted into composites. It was established by many investiga-
tors that the mechanical properties of natural fiber polymer composites
may compete with traditional glass fibers in composites. Natural fibers, as
a source of raw material, not only provide a renewable supply but could
also produce economic development for the countryside areas.

The impact of agricultural waste on the environment currently encour-
ages industrial units in agricultural areas to turn agricultural waste into
several products that can be utilized in different market segments, such
as the automotive, electronics, sports, civil engineering, transportation,
marine, wind energy, and consumer goods. As a consequence, natural fiber
composites have been experiencing a healthy growth in last five years,
with an annual average rate of 10% (in EU it reached 30%). In North
America the yearly consumption of natural fiber composite reaches about
1.5 kg/capita. The increase of the environmental concerns generates a
demand and motivation for the implementation of natural fiber composites
in various new applications.

This book sheds light on the area of natural fibers composites with
updated knowledge of their application, the materials used, the methods
of preparation, the different types of polymers, the selection of the raw
material, the elements of design the natural fiber polymer composites for
a particular end use, their manufacturing techniques, and finally life cycle
assessments (LCA) of NFPC.
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INTRODUCTION

The current book is concerned with one of the most important subjects
in the materials science—how to utilize natural fibers as the enforcement
in composite materials that can be substituted for existing metallic and
plastic parts as well as help solve the environmental problem presented by
the increasing amount of agriculture residual. The book consists of eight
chapters describing the nature of natural fibers, their mechanical proper-
ties and applications, as well as how to design natural fiber composites,
how to choose the suitable material for a design and method of manufac-
turing, and finally how to test methods on the natural fibers, textile prod-
ucts, matrix and the composite.

The first section of the book deals with the application of textile com-
posites in the industry and the natural fiber properties. This section not
only provides an understanding of the history of natural fiber composites
but also presents analyses of the different properties of natural fibers.

The second part explains textile composites, their classification, differ-
ent composite manufacturing techniques, and the different pretreatment
methods for natural fibers to be used in composite formation. Also, it ana-
lyzes the composite material design under different types of loading and
the mechanism of failure of the natural fiber composite. The effect of the
fiber volume fraction of different textile structures is highlighted.

The third part is concerned with natural fiber composite manufacturing
techniques, agricultural wastes and the methods of their preparation to be
used successfully in the composite, either in the form of fibers particles or
nanoparticles.

The fourth part considers the testing methods of the different compos-
ite components as well as the final composite materials, giving the prin-
ciple of the testing standards, either distractive or nondestructive.

This book attempts to fill the gap between the textile engineer and the
designer of composites from the natural fibers. One can say that the com-
posites material engineer should have knowledge of textile engineering
in order to produce satisfactory composite for a certain application. The
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author has done his best to enable the reader to have broad understanding
about the natural fiber composites and their end use.
—Magdi El Messiry, PhD
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CHAPTER 1

APPLICATION OF TEXTILE
COMPOSITES

CONTENTS
1.1 History and EVOIUtiOn .........c.ccovvieiiieeciieeiieeiie e 3
1.2 SWOT Analysis of Natural Fiber CompoSite .........c.cccvevevercverrenennns 7
1.3 Materials for Natural Fiber Composites (NFPC)............cccecveveenen. 9
1.4 Importance of Use of Natural Fiber Composites.........ccccccvervrrnnns 10
1.6 Some Applications Of NFPC.........cccccocevvierienieieniecie e 17
1.7 Spot Light on Manufacturing Technology

OF NFPC .. 23
K@YWOTAS ..ttt 24
RETEICNCES ... 24

1.1 HISTORY AND EVOLUTION

The natural fibers have been used as a composite material by the ancient
Egyptian. They mixed Nile mud with straw for the manufacturing of the
bricks and producing stronger bricks after baking them in sun [1-3], as
illustrated in Figure 1.1. The mud bricks were widely speeded technology
in ancient world for building brick houses. Burning the bricks gave them
more strength. It was claimed that the compression strength of such bricks
may reach 19 cN/mm?[4]. The composition of the mud bricks consists of
clay, silt, sand and straw. So, the history of consuming natural fibers in
composites started at least 3000 BC. Also, natural fibers and mud formed
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FIGURE 1.1 Mud bricks.

walls of homes of farmers in several rural areas parts of the world. Bam-
boo, stem fibers, wood, and other natural fibers were used for formation of
mats which were utilized in the building materials. For the woven walls,
as strengthen material, such as straw or hemp were used. Building of a
roof involved several types of natural fibers, for instance bamboo to form
a grid, covered by palm leaves to close the openings of the grid and then
pasted by mud on both sides forming a multi-laminate composite.

The composite material is manufactured by several creatures. The
insects teach us how to build a composite material: wasps build mud nest,
paper wasps prepare their nest using wood fiber as reinforcement and their
saliva as matrix forming hexagonal cells. Ovenbirds build their nests by
collecting mud and manure to create a spherical shaped like then baked by
the sun to create a hardened shelter [5-7].

Another example of application of Natural fiber composite was devel-
oped by the ancient Egyptians 2000 BC by inventing the papyrus. They
used the inside layer of the stem of the papyrus plant, sliced it into long
stripes, laid side by side forming laminate, then covered by another stripes
laid 90° on the top of the first laminate, both laminates will be immersed
in water and pressed together for 21 days. The plant juice, which is glue
material, will bond the two laminates together forming laminated compos-
ite after being dried in sun, as seen in Figure 1.2.

Another application of the natural fiber composite is the face mask
which was usually used to cover the faces of Egyptian mummies. Funerary
mask, like the one shown below, were placed over the wrapped mummy as
an idealized representation of the deceased. This is the example of multi
laminate natural fiber composites. Figure 1.3 illustrates face mask from
Ptolemaic period (300-30 BC).
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FIGURE 1.3 Face mask (Brooklyn Museum).

This mask symbolizes a complex composite material. It was made
by wrapping a head shaped core (probably made from mud or straw)
with layers of linen and papyrus impregnated with glue. The mask is of
five-layers composite. Inner two layers were made of linen plain weave
fabric, Papyrus paper on top of second linen weave covered by clay
layer then the last layer which is smooth surface made of fine clay to be
painted [8].
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These diminutive examples of the application of composite material
using natural fibers prove that the progress of the composites is not strictly
modern by invention. The scientific progress over the years gives the com-
posite applications a great evolution, especially when the new chemical
resins were developed as well as the several types of manmade fibers.
Referring to Figure 1.4 the landmark of composite material and its appli-
cations history. The use of natural fibers for technical composite applica-
tions has recently been the subject of the intensive research and found the
enormous requests [9-26].

Fiber composite history

| |
Biodegradable polymers

Ultra high strength fibers for composite

|Thermoset clomposites

Ultra high modulus polyethylene

C|arbon fiber clomposites
Pultrusion,vacuum molding_filament. .

Natural fiber composite

High strenglht to weight composite

Polyester/glass fiber

High perform|ance resin

Fiber reinforced polymer

Plastic matrix bakelite

Landmarks of composite history

Polymer resin,bakelite
|
Composte of wood.bamboo.silk with resin

Cement

Egyptian reinforced mud bricks
|

Il Ancient Mesopotamian glued wo
| [ |

-4000 -3000 -2000 -1000 0 1000 2000 3000
years

FIGURE 1.4 Composites and their applications history.
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Fiber composite application history

| |
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Aviation, automotive parts.construction. .

Transportation industries

Wood composite products

Automotive, marine industry
\

Space industry
Full composite automobile body
Bc‘mts,electronic‘ equipment
Products us‘ing epoxies

Polyester composites

Various industrial applications

Electrical nonconductive and heat-resistant. .

Landmarks of composite history

Bakelite and melamine products

Composites of different natural materials

Building material

\
Reinforced mudbric

-4000 -3000 -2000 -1000 0 1000 2000 3000

FIGURE 1.4 (Continued).

1.2 SWOT ANALYSIS OF NATURAL FIBER COMPOSITE

The SWOT analysis of the natural fiber composite identifies the four criti-
cal elements of the analysis, Strengths, Weaknesses, Opportunities and
Threats. The purpose of the SWOT analysis is to assess the strength and
weakness of using natural fiber composites, advantages, and the areas in
which composite materials may be disapproved. Table 1.1 indicates the
promising future for the natural composite applications.

Table 1.1 analysis shows the advantages of using the natural fiber
composite which are: low specific weight, higher specific strength and
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TABLE 1.1 SWOT Analysis of Natural Fiber Composite
Strengths Weaknesses
» Increasing emphasis on recyclability * Decrease of the world production
*  Price-performance balance of Natural of natural fiber
Fiber Composites *  Low production technologies
* Global concern towards global warming * Reliability of properties
* High demand of natural fiber composites ¢ Design methodology
* Increasing demand of Wood Plastic * Biodegradation
Composites
* Low capital investment
* Lower cost
*  Eco friendly
* Renewable and sustainable plant
Opportunities Threats

Increase demand in automotive industry
by world Automotive Players

Increase demand of light materials
Availability of natural fibers at low cost
Change of life style

Technology development and
innovation

Increase the awareness of the
environmental problems

New application in various industrial
fields

High rate of composite market growth

New reinforcement architects are
developed

Climate change

Shrinkage of land for natural fiber
and forest

New technologies

New composite material
properties requirements

High performance fibers

stiffness — it is a renewable resource, environmentally friendly material,
and low cost. Besides, they have good thermal and acoustic insulating
properties. The designers need to understand natural fiber composite
weaknesses to decide what areas they should improve or use. The analy-
sis of relative merits of natural fiber composites can also be explained by
separating performance factors, as illustrated schematically in Figure 1.5
in comparison of the high performance fibers.
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composite
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FIGURE 1.5 Natural fiber composite advantages over high performance fiber.

Natural fiber composites should not be simply applied to existing
designs for other types of composites, a new design approach may be
obligatory to get the best performance from natural fiber composites.

1.3 MATERIALS FOR NATURAL FIBER COMPOSITES (NFPC)

Bast fibers, such as hemp, flax, ramie, bamboo, sisal, leaf fibers, seed
fibers, grass fiber, or wood fibers are suitable to be used for manufacturing
of the composite materials [9-11]. Other types of fibers and fiber wastes
also have found some applications as NFPC.

Not only the fibers but also their waste can be utilized. It should be
mentioned that the percentage of fibers out of the total weight of the plants
is varied according to the type of the natural fibers: for cotton fiber it rep-
resents only 5-10%, for flax this percentage reaches 20% after retted and
2.2-5% in tow form, hemp fibers in tow form 12% of raw hemp stalks,
pineapple dry fiber gives 2.5%. Jute fiber yield 0.5 to 10.5 gm of dry fiber
per plant [12—16]. This data indicates the possibilities to use the rest of
the plants to manufacture composite material with different performances.
Many industries manufacture composite materials reinforced with fibers
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——— ===
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—_—
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Building materials, Fiber
polymer composites, <
Wood panels, Paper, etc.

FIGURE 1.6 Analysis of natural fiber end uses.

to improve the mechanical, physical, and thermal properties of the prod-
ucts. Furthermore, lignocellulose materials have been treated to apply in
innovative solutions for the efficient and sustainable systems. For exam-
ple, the bast fiber plant products are given in Figure 1.6 which illustrates
that every part of the plant can be used for various applications.

1.4 IMPORTANCE OF USE OF NATURAL FIBER COMPOSITES

The natural fibers crop reaches 25,000,000 metric tons of fibers and more
than 250,000,000 metric tons of straw, besides a huge amount of wheat and
rice straw as well as hard and soft wood. Most of these types of fibers are
suitable to be used as reinforcement in fiber composites. The development
of high performance natural fiber composites reflected on the number of
articles dealing with the NFPC. The analysis of the number of articles
concerned with the application of natural fibers polymer composites: (by
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Google searching engine 1,780,000 publications), articles which inves-
tigating the different properties of the natural fiber polymer composites
(by Google searching engine 1,070,000 publications), application of natu-
ral fiber composites in automotive industry (by Google searching engine
724,000 publications), application of natural fiber composites in aviation
industry (by Google searching engine 348,000 publications), applica-
tion of natural fiber composites in civil engineering (by Google search-
ing engine 226,000 publications), design of natural fiber composites (by
Google searching engine 1,840,000 publications). This review, Figure 1.7,
signposts the growing interests in the application of natural fibers polymer
composites in the different fields. It was also indicated that thermoplastic
composite growth is greater than thermosets [17]. Many publications are
dealing with the application and design of the natural fibers in the various
industrial products, for example, those in which the weight of the product
plays a role either in the cost, performance, or the recycling and environ-
mental impact.

In the aerospace and automotive industries, the need to reduce fuel
consumption and emissions has sparked intense interest in light weight
vehicle construction. In the aerospace industry, the reduction of aircraft

2000000
1800000 -
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1400000 -
1200000 -
1000000 -
800000 -
600000 -
400000 -
200000 -
0 B =

Design of Application Properties of Application Application Application
natural fiber of natural the natural of natural  of natural  of natural

Numbers of published articles "2015"

composites fibers fiber fiber fiber fiber
polymer polymer  composites composites composites
composites composites in in aviation in civil
automotive  industry  engineering
industry

Thema of the articles

FIGURE 1.7 Number of articles for natural fibers composites.
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weight is even more important than in the automotive industry to reduce
fuel consumption and increase payload [18]. The benefits of using natural
fiber composites result from the fact that they are made from a renewable
and sustainable plant fiber source, they release no net carbon dioxide, are
40% lighter than fiberglass, and their production consumes one-fifth the
energy of fiberglass production.

1.5 LIFE CYCLE ASSESSMENTS (LCA) OF NFPC
1.5.1 ELEMENT OF LCA

In the last decades, society has become concerned about the issues of natural
resource depletion and environmental degradation and recycling. The envi-
ronmental performance of products and processes has become a key issue,
several investigations on the ways to minimize products’ effects on the envi-
ronment [ 19]. By definition the term “life cycle” refers to the major activities
in the course of the product’s life-span from its manufacture, use, and main-
tenance, to its final disposal, including the raw material acquisition required
manufacturing the product [20]. The use of natural fibers will affect all the
above indicators. The increase in the biomass which required to be recycled
or get rid of it through burning will affect the environment. Of course, each
type of fibers has different impact on the environment. More environmental
impacts are enforced when extracting the fiber from the raw materials such as
retting process for bast fibers, ginning process for cotton fiber.

With reference to natural fiber composite, we have two components:
fibers and matrix. Consequently, the total LCA should be taken into consid-
eration in the study of the environmental impact [ 19-20], firstly starting from
fiber plantation to its implementation in the composite, followed by the out
of service environmental impact, which may be divided into several stages:

Stage 1: The first stage is the fiber plantation, harvesting and fiber
extraction.

Stage 2: The second stage is the production of the reinforcement for
composite which may take the following shapes: micro par-
ticle, fibers, yarns, 2-D fabric or 3-D fabrics.

Stage 3: The third stage is to process the composite using one of the
known methods.
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Stage 4: The fourth stage is concerning with product in service.
Stage 5: The fifth stage is concerning with the effect of composite after
service which represents recycling and disposal processes.

The second component is the matrix, which is mostly polymer or the
resin as well as the coupling agent. The environmental impact of their man-
ufacturing should be analyzed separately and added to the above impacts.
Generally, transportation between different stages of the processing will
increase the air pollutions through the escalations in Nitrogen dioxide,
Sulfur dioxide and CO,. The packing of the products or sub products at
any stage are presenting another impact on the environment pollutions.

The LCA takes into consideration total environmental impact of the all
the processes that starts with the extracting of raw materials and ends with
the processing of waste and its dumping. All the phases in between, such
as production, transport and maintenance, should be taken into account
in the analysis. This gives the manufacturer insight in the product related
environmental effects during every phase of the product’s life cycle.
Example of simple LCA of natural fiber composite assessments is illus-
trated in Figure 1.8.

Natural Fiber Polymer Composite
Production Production Manufacturing
. NFC outof Composite Parts in
Recycling Service Service

Land Filling . Burning

FIGURE 1.8 Life cycle of natural fiber composites.
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Figure 1.9 illustrates basic flow of life cycle analysis LCA which deals
with the environmental impacts at the different stages of product manufac-
turing from Cradle-to-grave. Cradle-to-grave is a technique to assess full
range of environmental impacts associated with all the stages of a prod-
uct’s life from cradle to grave (i.e., from raw material extraction through
materials processing, manufacture, distribution, use, repair and mainte-
nance, and disposal or recycling) [21, 22]. The life cycle assessments are
part of ISO 14000 series of Environmental Management System (EMO).

1.5.2 ENVIRONMENT IMPACTS OF NFPC

The industrial emissions may affect the environment through the increase
of the water or air pollutions, as well as change of temperature and finally,
increase solid waste. Any product will carry in consistence part of the pol-
lutions element due to its manufacturing technology. Figure 1.10 illus-
trates impact of the product and process.

Water
pollution

Product

&
Processes

Air
pollution

FIGURE 1.9 Basic steps of life cycle analysis (LCA).
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| v| Use, Reuse, Maintenance
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FIGURE 1.10 Impact of the product manufacturing on ecosystem.

1.5.3 ECO INDICATORS OF NATURAL FIBER COMPOSITES

Any product has an effect on the environment, which in its turn has an
impact on the health, weather, and ecosystem [23]. Several researchers
have been studied the LCA of the natural fiber composites [24]. Emerg-
ing comparative life cycle assessment studies of natural fiber and glass
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fiber composites identify key drivers of their relative environmental per-
formance. Environmental impacts are measured by the change of the fol-
lowing environment components:
1. Air pollution: lIts effect is measured due to the change of the air
quality through the following indicators:
* Carbon monoxide
*  Ozone
» Nitrogen dioxide
*  Sulfur dioxide
* Airborne particulate matter
2. Water pollution: Its effect is measured due to the change of the
water quality through the following indicators [25]:
a. Chemical indicators
e pH value
*  Biochemical oxygen demand (BOD)
*  Chemical oxygen demand (COD)
* Dissolved oxygen (DO)
* Total hardness (TH)
* Heavy metals
* Nitrate
*  Orthophosphates
* Pesticides
*  Surfactants
b. Physical indicators
*  Water temperature
*  Specifics conductance or EC, Electrical conductance,
Conductivity
» Total suspended solids (TSS)
*  Transparency or Turbidity
» Total dissolved solids (TDS)
*  Odor of water
*  Color of water
* Taste of water
Regarding man-made fibers, LCA shows different emissions than in
the case of natural fibers [26—28]. Substitution of man-made fibers with
natural fibers is environmentally beneficial. Beside the environmental
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benefits, weight reduction is the next advantage of reduction in the weight
by 20% to 50% [29, 30]. Figure 1.11 illustrates environment impact of the
natural fibers, glass fibers and Polypropylene (PP) fibers [24]. The natural
fibers need low energy and have low imitations. In the last decade, the
trend of the bio-based polymers was recommended to replace the syn-
thetic polymer due to their environmental advantages: Renewable raw
material base, biodegradable, and lower the overall emissions and envi-
ronmental impacts [31].

1.6 SOME APPLICATIONS OF NFPC

The most famous example of application of NFPC was that introduced by
Henry Ford’s Plastic hemp car built in 1941. Soy meal plastics were used
for a steadily increasing number of automobile parts.

The composite part’s formation takes place in the presence of the cel-
lulose and other carbohydrates that were part of the soy meal (Soy meal is
what is left after soy-beans are crushed or ground into flakes and the soy
oil extracted with a hydrocarbon solvent). Fillers, up to 50-60%, provided

120

100 1 @ China Reed fiber

O Glass Fiber

80
mPP

60 1

40

20

Energy Air Pollution ‘ Water Pollution

FIGURE 1.11 Environment impact of the natural fibers, glass fibers and Polypropylene
fibers.
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additional cellulose fibers, from hemp, wood flour or pulp from spruce or
pine, cotton, flax, ramie, even wheat straw. The final mix was about 70%
cellulose and 10-20% soy meal [32]. The press molding at relatively low
pressures and temperatures were used in the molding process. When extra
strength was required wood flour, bast fibers, cotton or wheat straw were
also used.

The European and North American market for bio-fibers reinforced
plastic composites reached 685,000 tons, valued at 775 million $US in
2002 [33] with an annual rate of increase of 5-10%. The consumption
of wood and natural fibers composites in EU reaching the volume of
Bio composite is 350,000 tons in 2012 about 25% was natural fibers
[34]. At the present time, the value of 30 kg of natural and wood fiber
composites is an average weight utilized per passenger cars. The number
of machine parts made of natural composites reaches 30 for automotive
applications. Door panels, seat backs, bolsters, load floors and packaging
trays use natural fiber composites. Most natural fiber composite mate-
rials are typically manufactured from a mix of 50% natural and 50%
polypropylene [35], interior trim for doors, dashboards. Wood-plastic
composites are used in the interior trim for door, rear shelf, and trim for
trunk/spar wheel. Cotton reinforcement composites are used in the trim
for trunk/spare wheel and underbody of automobile industry. Although
the percentage of the composite material used in aviation increased up to
50-55% in the last decade, but mostly are synthetic fibers. The percent-
age of NFPC is still small hence it should satisfy civil aviation authority
rules of safety but it is increasing in the last decade. The application of
natural fiber composites in an exterior body panel seems feasible for the
case of a small batch size electric vehicle production [36]. In the mean-
time, further researches are carried out for implementation of natural
fibers composites in more industrial applications. Bio-based composite
material has a potential to be used in automotive structural components
by structural optimization [37].

For some applications, the hybridization of natural fiber with glass
fiber provides a method to improve the mechanical properties over
natural fibers alone [37, 38]. Hybrid of kenaf—glass fiber enhances the
desired mechanical properties for car bumper beams as automotive
structural components [37]. Hybridization of kenaf fiber with synthetic
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fiber to form hybrid composites was manufactured using thermoplastic
or thermoset matrix [39]. To improve the mechanical impact resistance,
various chemical treatments, such as mercerization, silane treatment,
benzoylation, etc. of bast fibers, result in better interface between fibers
and matrix. The ease of processing, good mechanical properties and low
overall cost have spurred on further development of bast/tannin com-
posites [39, 40]. Even in the case of date palm tree fiber (DPF), the
mechanical performance of DPF was enhanced by the different sur-
face treatments and the chemical treatment has pronounced effect on
the behavior of date palm fiber [41]. Referring to natural fiber hybrid
composites (Palm fibers/Kenaf), it was proved that the hybrid compos-
ite will be more suitable for outdoor application compared to the kenaf
fiber composite. The results also revealed that increasing the PET fiber
content significantly improved the composite resistance to the environ-
mental degradation [42].

Hundreds of NFPC are manufactured in the present time using natural
fibers, wood residual and agricultural residual to convert them into highly
demanded products [43—50]. An opportunity exists for the applications
of NFPC in the development of structural beams and pedestrian bridge
girders which requires low to moderate design loads. These areas where
moderate strength is required and high demand is shown, offer signifi-
cant opportunity where natural fiber composites can be easily introduced.
The researches have shown the feasibility of the usage of natural fiber
composites in various civil engineering locations including roofing and
bridges [44].

The addition of 1.5% of sisal fiber changes in the performance of the
fiber-matrix composite, thereby improving its toughness, increase in flex-
ural strength and strength as compared to conventional concrete [45]. The
addition of coir fibers can affect the mechanical properties of the concrete
remarkably, which is highly dependent on the fiber length and volume
fraction and the orientation of the fibers in concrete (FRC). Thus, a proper
concrete mix design should be considered for FRC [46]. The addition of
fibers in concrete structures are used in different forms for post cracking
load carrying ability that increase the toughness [47, 48].

More products of NFPC are used, such as thin sheets, shingles,
roof tiles, prefabricated shapes, panels, curtain walls, precast elements.
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Cement bonded wood fiber formed from wood fibers in Portland cement
matrix is used for the manufacturing of panel sheets bricks which are
thermal, acoustical isolator, environmentally friendly material and 100%
recyclable. The cement—wood composites provide a wide range of prod-
ucts for building applications [49]. The advantage of the NFPC makes
it sustainable source ecofriendly for several products at a low cost. The
total volume of 80,000 tons from different wood and natural fibers used
in 150,000 tons of composites in passenger cars and lorries produced in
Europe in 2012 (90,000 tons Natural Fiber Composites and 257,500 tons
WPC) [50]. Wood plastic composites represent 38% of the total bio-com-
posite used in automotive industry with hemp 25% and flax 19%. The
recycled cotton and kenaf are only 7%. Recycled cotton fiber composites
are mainly used for the driver cabins of trucks. In automotive industry,
kenaf, hemp, abaca, and wood fibers were used for the manufacturing of
door panels, seat backs, head liners, dash boards, truck liners, while in the
building and construction sector bagasse, flax, coir, stalks, rise husk and
wood were used for forming decks, patio, rails, wood floor panels, win-
dow frames and construction drains and pipelines. For electric industry
some cases for equipment were made from kenaf fibers. The most domi-
nant use of natural fiber composites by far can be found in interior parts of
the automotive industry—other sectors such as consumer goods are still
in a very early stage. In automotive, natural fibers composites have a clear
focus on interior trims for doors, high value doors, and dashboard. Wood—
Plastic Composites are mainly used in rear shelves and trims for trunks
and spare wheels as well as in interior trims for doors. One of the most
important requirements of the NFPC is the flam resistance. To improve
the flammability of NFPC, the nanotechnology introduces new ideas for
improving the performance of the natural fiber composite. Fire resistance
of nanocomposites was evaluated with the smoke density tests. The addi-
tion of 3 % of Nano clays improved the flammability by up to 30% com-
pared to the conventional composite, and the combination of Nano clay
and bio resins doubled this value [51]. Moreover, replacing current flame
retardant, such as ammonium polyphosphate (APP) by Nano clay par-
ticles is ecological and also reduces the impact of petroleum and chem-
ical-based products. The studies ascertain that the use of well-dispersed
Nano clays in polyester resin brings a comprehensive improvement and is
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suitable for resin infusion process. The laminates made with natural fibers
showed an increase of 18% in the elastic modulus. In the present, there
are several researches to solve the problems facing the use of NFPC, such
as the need of increasing interfacial strength of fiber matrix in order to
improve the low impact resistance of the natural fiber polymer composite
and prevent fiber fragmentations [16, 40, 52].

In spite of the use of coupling agent, the flax fibers were blended with
staple PLA fibers to form a homogenous fiber mixture. This enhances
the delamination resistance of composite made from film stacking. The
mixed fibers were converted to fiber webs using an air-laying nonwoven
process, leading to isotropic composites [53]. Sugar cane bagasse-recy-
cled polypropylene composites were successfully prepared by an injec-
tion molding technique. The increase in Young’s modulus in the presence
of a natural fiber is normally attributed to high modulus of the fiber com-
pared to a thermoplastic matrix up to 20%. The elongation at break of all
SB/PP composites decreases with an increase in SB content. The success
of such composite is due to the effect of treatment of sugar cane bagasse
by silane [54].

Another concern is the degradation of the natural fiber composites, a
need of chemical treatment of the fibers. In the presence of dicumyl per-
oxide (DCP), the biodegradability of the composites was comparatively
delayed. Depending on the end-uses of the Bio composite, we can add
suitable amphiphilic additives as triggers for inducing controlled bio-
degradation [54], the increase of fiber value content into the composites
causes acceleration of biodegradation [52]. Several technologies were
used for the preparation the biodegradable composites from the natural
fibers [55], such as flax/PLA bio-composites. The presence of different
additives attempts to accelerate their recycles.

The following is a list of technologies or approaches having impli-
cations for the increased use of natural fibers [9, 34]: Resin Transfer
Moulding, Sheet molding, Bulk molding, Extrusion and Injection,
Pultrusion, Thermoforming of non-woven mats, Woven mats, Cement
matrix. The film stacking, injection molding, and compression mold-
ing are the most widely used manufacturing methods. The properties of
the final composites will depend on the technology of their formation
which itself depends on the type of fiber used. It was found that the
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technological parameters of molding process also have the impact on
the composite’s final properties.

1.7 SPOT LIGHT ON MANUFACTURING TECHNOLOGY
OF NFPC

There are several technologies used for the manufacturing of the nat-
ural fibers composites, which depends on the type of fibers used as
reinforcement and the end use. Table 1.2 gives examples of the tech-
nologies used in the production of various types of natural fibers-
based composites [10, 56, 57] and their applications. The production
technique is influenced by the required fiber volume fraction for each
application.

Table 1.2 point out that all the types of fibers, particles, yarns, fabrics
and nonwoven materials can be used in several types of the manufactur-
ing techniques. The suitable polymer to produce the needed parts with
the predetermined specifications should be applied. In the last decades,
several works were using natural fiber/glass fiber hybrid composite for
the design of some parts, such as design of the automotive bumper, in
order to improve the energy absorption and the impact strength as the
main requirements for such structures [57—61]. In this case, the com-
posite reinforcements may consist of the blends of fibers or laminates of
individual materials chosen in a way to fulfill the essential design prop-
erties. Recently, because of the increasing environmental concern, the
utilization of natural fibers from different resources, such as flax, hemp,
jute, coir and sisal, etc., to replace synthetic carbon/glass fibers for rein-
forced polymer (FRP) composite application has gained high popularity.
Natural fibers are cost effective, have high specific strength and spe-
cific stiffness and are readily available. Studies on fiber reinforced con-
crete indicated that short natural fibers can modify tensile and flexural
strength, toughness, impact resistance. The natural fibers have potential
to be used as reinforcement of concrete and/or concrete structures with
good dynamic properties, increasing the energy absorption of the FCC
structures [62, 63].
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2.1 INTRODUCTION

The increase of the awareness by the environmental issues playing impor-
tant role to encourage the industry to produce product using ecofriendly
material, reducing the CO, emissions. The use of natural fibers to build the
reinforcement of the NFPC composites aimed at reducing environmental
damage, the most important property of natural fiber is biodegradability
which brings it back into market [1]. The natural fiber polymer composite
is also low cost and increasing the sustainability of the production. In the
present time, not only the natural fibers are used for the production of the
composites but also the agriculture waste found their way to produce thou-
sands industrial products. Textile composites have the advantage of being
strong and lightweight, consequently in the last decades, their demand
in the automotive and aviation industries have increased. The benefits of
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components and products designed and produced in composite materials —
instead of metals, are wanted by many industries. Natural fibers are target
to be the building material of several parts: hence the substitute of metal
alloy by textile composite reduces the mass by 30%. Consequently, the
design of the textile composites needs the deep knowledge of the proper-
ties of their components. Bio-composite using special textile natural fibers
and bio-based matrix materials in manufactures as composite of different
forms are widely desired.

2.2 TEXTILE RAW MATERIALS FOR COMPOSITE

The textile composite mechanical properties depend on the mechanical
properties of the fiber reinforcement, while the physical and mechanical
properties of the matrix material determine the failure mode of the matrix.
The fiber volume fraction decides the most of the mechanical proper-
ties. In addition to the geometric and physical properties of both fibers
and matrix, the selection of fabrication of textile composites processing
parameters is also very important for obtaining a textile composite with
desired properties.

2.2.1 MATERIAL SELECTION

The most important problems to be solved are: choice of material, design
the form and chose manufacturing process suitable to get the final shape
of the designed part at the lower cost and environmental impact during the
serviceability of the designed part. It’s necessary to find out the optimum
solution that satisfies the functional properties, manufacturing and eco-
nomic problems.
The textile fibers have several properties that affect the final properties
of the composite materials and their end use such as:
*  Physical
1. Moisture absorption
2. Morphological properties
3. Degradability
4. Density
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Mechanical properties

Strength

Shear strength

Ductility

Young’s Modulus

Poisson’s ratio

Hardness

Creep resistance

. Fatigue strength

Thermal properties

1. Thermal expansion coefficient
2. Thermal conductivity

3. Specific heat capacity
Chemical properties

Electrical properties

Fabrication properties

1. Ease of machining
2. Hardening ability
3. Formability
4
5

i A G e

Availability

Joining techniques
Environmental impact
Cost

Numerous relations could help in the choice of the material such as:

Young’s modulus- density relation

Specific Young’s modulus — specific strength relation
Thermal conductivity — expansion coefficient relation
Natural frequency — density relation

Strength maximum service temperature
Strength-elongation relation

Strength — cost relation

Specific stiffness — specific strength relation

Several indicators express the performance index which governs mate-
rial performance under specified applied loads [2, 3]. For instance, the
performance index of material subjected to impact loading will depend on
the strain velocity in the material which is equal to V = (E/p)*?, where E is
Young’s modulus and p is material density. Choose the performance index
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of material /, = (E/p)" to get the highest value. The chart of sonic velocity
fiber density can be used to select the suitable material.

If during the application of a load, maximum deformation will rep-
resent the index of material performance then the choice of the material
will use the strength—elongation chart of the available material. Maximum
elongation percentage will divide the chart into two sections, as shown in
Figure 2.1. Only four materials can be used when the maximum elonga-
tion is less than 3%.

Geometry distortion due to heat flow, the distortion (de/dx), is mini-
mized by selection materials with larger values of the index /.

[, = (the thermal conductivity/linear expansion coefficient).

In the case for light, stiff beam is considered. The material can be mini-
mized by choosing material with largest value of the following index:

[, = (specific Young’s modulus/p)**

The material choice takes into consideration material strength, mate-
rial modulus, material cost/kg. Specific strength-cost/kg and specific
modulus-cost/kg are required to select the suitable material, as can be
seen in Figure 2.2.
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FIGURE 2.1 Tensile strength elongation chart for textile raw materials.
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Fundamental steps for choice of materials are:
1. Analysis of the forces on the designed part;

33

2. Define of indicators that govern the performance of composite in

service;

Specific strength - cost chart
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3. Screening the available materials using the different properties
charts;
4. Life cycle analysis.

2.2.2 CHOICE REINFORCEMENT STRUCTURE

The configuration of the textile preforms that define the fiber architect
in the matrix has a great influence on the final mechanical properties of
the composites and their manufacturing procedure. The fibered reinforce-
ments will take several shapes, depending on the final composite shape
and the raw materials used in the manufacturing. Thus, fiber reinforce-
ment may form by means of:

*  Short staple

* Long staple fibers

*  Continuous filament

*  Chopped fibers

*  Micro particles

*  Whiskers

*  Weave reinforcement

* Non-woven reinforcement

2.3 CLASSIFICATION OF NATURAL FIBERS

There are vegetable fibers exist in about 250,000 species of plants, but
less than 0.1% of these are commercially important as fiber sources [1].
Some of the fibers are suitable to be used for the production of garment
but most can be used to produce composite materials, as well as the hair
fibers produces by different animals. The fibers have been defined as units
of matter characterized by their flexibility, fineness and a high ratio of
length to thickness. It can be divided into two classes, according to the
diameter size:

e Micro fibers; and

*  Nano fibers.

According to the length, fibers are classified as: Nano, Micro, short,
long and continuous filament. Usually, the micro fibers in diameter are
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used for medical and some industrial applications as well as composite
materials. Textile fibers can be categorized according to its source to:
Natural Fiber:

Vegetable Fiber: Cotton, Jut, Flax, Hemp, Rami, Kenaf, Sisal,
Coconut Fibers, etc.

Animal Fiber: Wool, Silk, Alpaca, Camel Alpaca, Camel,
Lama, Mohair, Cashmere, Angora, etc.

Mineral, Asbestos

Inorganic: Glass, Carbon

Man Made Fiber:

Regenerated Cellulose: Viscose Rayon, Cellulose Acetates,
Modal, Bamboo, Rubber, Lyocell

Regenerated Protein: Casein, Azlon

Synthetic Fibers: Polyester, Nylon, Acrylic, Vectran, Kevlar,
Synthetic Rubber, PVC, Elastin, etc.

Here we will concentrate on the natural fibers mainly. Figure 2.3 illus-
trates the natural fiber classical classification. Vegetal fibers are classified

| Natural
fibers
I Cellulosic !

= Al = h e Al = Al = Al s Al
U Seed ]U Stem ]H Leaf ][[ Fruit ]H Wood ]U Stalk

- b | . | Al
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Kapok
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Soft Barl
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Zealand .
Kenaf Flax Maize Rape Cashmere
Ramie Banana Oat Esparto
Abaca Rye Canary
Agave Rice
Pineapple
Palm

FIGURE 2.3 Natural fiber classification.
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in accordance with its place of origin in a plant: (1) bast refers to fibers
located in the stem; (2) leaf fibers run in the direction of the length of
leaves of a plant, such as grass, and are related to hard fibers; and (3) other
fibers come from the hair of seeds, mainly cotton [1].

Table 2.1 comprises the important plants of natural fibers that can be
used for the manufacturing of composite materials [4].

The viability of use one or another type of fibers limited its applica-
tions in the composite industry. The global production of textile fibers
increases linearly over the last decides to reach 85.6 million tons, 60.3
million tons is chemical fibers [28-31]. As illustrated in Figure 2.4a,
the natural fiber production is almost constant for the last ten years.
The total world production 2013 of natural fibers [34] is estimated
at 33 million tons, including 26 million tons of cotton lint, 3.3 mil-
lion tons of jute, 1.2 million tons of clean wool, and 900,000 tons of
coir (fibers made from coconut husks). Production of all other natural
fibers, including abaca, flax, hemp, kapok, ramie, sisal, silk, and other

TABLE 2.1 Important Sources of Natural Fibers

Fiber Fiber
source Species Ref. source Species Ref.
Abaca Musa textiles Leaf [5] Coir Cocos nucifera [27]
Alfa Stipa tenacissima [6] Cotton Gossypium sp. [9]
Bagasse [7] Date palm  Phoenix dactylifera  [10]
(Sugarcane)
Bamboo (>1,250 species) [8] Flax Linum usitatissimum  [11]
Banana Musa indica [9] Hemp Cannabis sativa [12]
Henequen  Agave fourcroydes [13] Kenaf Hibiscus cannabinus 18]
Isora Helicteres isora [14]  Nettle Urtica dioica [20]
Istle Samuela carnerosana [15]  Mauritius  Furcraea gigantea [19]
hemp
Jute Corchorus capsularis  [16]  Palm Oil  Elaeis guineensis [21]
Kapok Ceiba pentandra [17] Piassava  Attalea funifera [22]
Pineapple  Ananas comosus [23]  Sisal Agave sisilana [1]
Phormium  Phormium tenas [24]  Wood (>10,000 species)

Roselle Hibiscus sabdariffa [25] Ramie Boehmeria nivea [26]
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FIGURE 2.4 Production of natural fibers: (a) Total annual production of natural and
manmade fibers; (b) Production of bast fibers.

fibers summed to approximately 1.6 million tons. Cotton represents the
highest annual production of the natural fibers, produced worldwide
throughout 50 countries, which shows the change of the production of
natural and chemical fibers in the period of 2000-2013, indicating the
tendency in reduction of the production of natural fibers on the contrary
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TABLE 2.2 Annual Production of Natural Fibers [32, 33, 36, 51]

World production World production
Fiber (10° tons) Fiber (10° tons)
Abaca 70 Jute 2500
Bamboo 30,000 Kenaf 770
Banana 200 Ramie 100
Coir 100 Sisal 380
Flax 810 Wood 1,750,000
Hemp 215 Bagasse 75,000

to the increase of the demand for manmade fibers. The global produc-
tion of fibers increased by 3.4% in 2014 to reach 96 million tons [28§].

Fiber consumption in 2014 reached 93.4 million tons, representing
13.1 kg per capita. The bast fiber production is about 2 million tons [31],
which represents about 10—15 % of the production of natural fibers and is
almost constant over the last decades.

The annual production of natural fibers, excluding cotton 2010 is illus-
trated in Figure 2.4b [32, 33]. As illustrated in Figure 2.4b, jute fiber has
the largest production. Also, the analysis of the data given in Table 2.2
indicates the presence of larger amount of wood and bagasse available
each year.

2.4 NATURAL FIBER PROPERTIES
2.4.1 CLASSIFICATION OF TEXTILE FIBER MAIN PROPERTIES

Textile fibers are those used in the production of natural fiber compos-
ite, apparel fabrics, ropes, industrial fabrics, textile composites, protective
fabrics, architect fabrics, geo-textile fabrics, medical textiles, and several
other textile products. For each application, several properties should sat-
isfy the design requirements. The main fiber properties may be classified
referring to Figure 2.5.

The results of several investigations proved that each of these prop-
erties affects one or more final properties of the composite [37-39].
Table 2.3 demonstrates the interrelation between the fiber properties of
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FIGURE 2.5 Classification of main textile fiber properties.

reinforcement and the final composite properties which reflects on the
importance of the selection of the fibrous materials.

It can be observed from Table 2.3, that not only diameters, the stiffness
and strength of fibers are the basis for the composite strength, but also the
bonding properties of the fiber-matrix is important for the efficient rein-
forcement. The interfacial strength becomes relatively more important for
natural fibers polymer composites to prevent early crack development and
growth. Fiber lengths, fiber aspect ratio, fiber cross sectional shape, fiber
friction, and fiber hydrophilic properties have determining effect on the
values of fiber interfacial strength. One of the most important properties
that affects the tensile properties of the natural fibers is moisture uptake
after immersing in water — hence the specific strength and the specific
modulus of most natural fibers dropped dramatically (50%) on immersion
in water [40]. This is due to the hydrophilic nature of natural fiber. The
chemical analysis of the natural fibers indicates that it consists of the fol-
lowing material elements:
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* Cellulose: Cellulose is a natural polymer of chemical formula

(CH

10

0,), repeating units, Figure 2.6. The degree of polymeriza-

tion is around 10000. Each repeating unit contains three hydroxyl
groups. These hydroxyl groups and their ability to hydrogen
bond play a major role in directing the crystalline packing and
also govern the physical properties of cellulose [41]. Cellulose
arranged in form of crystalline parts and amorphous parts, Figure
2.7. The percentage of cellulose in the fibers varied between 25%
to 87 % for bamboo and cotton, respectively.

OH

HO
OH

(CsH1005)a

Cellulose

Hemicellulose

CoH;00,,C10H1203,C11H 404

Lignin

FIGURE 2.6 Cellulose, Hemicellulose, and Lignin chemical formula.
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Hemicellulose: Hemicellulose differs from cellulose in three
aspects: they contain several different sugar units whereas cellu-
lose contains only “1,4-b-D-glucopyranose” units, they exhibit a
considerable degree of chain branching containing pendant side
groups giving rise to its non-crystalline nature, whereas cellulose
is a linear polymer and DP of hemicellulose is around 50-300,
whereas that of native cellulose is 10—100 times higher than that of
hemicellulose. Hemicellulose forms the supportive matrix for cel-
lulose micro-fibrils. Hemicellulose is very hydrophilic, soluble in
alkali, and easily hydrolyzed in acids. The percentage of Hemicel-
lulose in the fibers varied between 0.2 and 38% for Coir and Alfa,
respectively [41].

Lignin: Lignin is a complex hydrocarbon polymer with both ali-
phatic and aromatic constituents. They are totally insoluble in most
solvents and cannot be broken down to monomeric units. It is the
compound that gives rigidity to the plants. The percentage of Lig-
nin in the natural fibers varied between 2 and 40% for Flax and
Coir, respectively.

Pectin: They provide flexibility to plants. Waxes make up the last
part of fibers and they consist of different types of alcohols. The
percentage of pectin in the fibers varied between 0.3 and 3% for
Ramie and Abaca, respectively.
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The structure of the fibers and the arrangement of the fibrils in the
fiber cross-section and along the fiber length will decide the physical and
mechanical properties of the fibers, even if they have the same percent-
age of cellulose. The structure of the fibrils is illustrated in Figure 2.7,
which distinguished by the presence of two regions — crystalline region
and amorphous region. The fibrils incline on the fiber axis by different
angle, depending on the type of fiber [42]. The fibers shape vary between
different plants but their overall shape is most often elongated with lengths
in the range 1-50 mm, and diameters in the range 15-30 um [44], the cel-
lulose chain is having an average length of 5 um, depending on type of
species and with high percentage of lignin up to 30%. The micro fibril
angle in wood fibers varies in the range 3—50°, depending on the type and
location of the fibers in the wood, whereas the micro fibril angle in plant
fibers is more constant in the range 6—10°[43-45].

The fibers are classified according to their lengths:

1. Short fibers (1-5mm), (wood);

2. Long fibers (5-50mm), (cotton, flax, hemp, jute);

3. Very long fibers >50 mm (Ramie, Coir).

For the same type of natural fibers, the variation of the properties
depends greatly on the cultivation condition of the plant, soil properties,
irrigation, environmental conditions and the methods of fiber extraction
which are various [46]. The range of variations in some types of fibers
was found very high, as illustrated in Table 2.4. For example, the strength
of sisal fiber recorded to vary between 100-800 MPa. The designer of the
natural fiber composite must take into consideration the variability of the
fiber reinforcement properties.

2.4.2 FIBER GEOMETRICAL PROPERTIES

Generally, the fibers can be classified as staple with defined length or
continuous filaments with undefined length. Most of the natural fibers
have a defined length except silk, while the synthetic fibers are continu-
ous filament and can be stapled when needed. So the first property which
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TABLE 2.4 Physical Properties of Fibers for Composites [33, 44, 45, 47-53]

Fiber length Average Fiber Diameter  Density,  Cellulose

Fiber and range, mm and range, mm g/em’® content %
Flax 33 (9-70) 0.019 (0.005-0.038) 1.4-1.5 65-85
Hemp 25 (5-55) 0.025 (0.01-0.05) 1.48 60-77
Jute 3.5(2-5) 0.020 (0.010-0.025) 1.3-1.5 45-63
Kenaf 2-6 0.02 1.29 45-57
Ramie 160 (60-260) 0.06 (0.040-0.080) 1.48 68.6-76.2
Sisal 1-5 0.05-0.2 1.45 50-64
Banana 18.5 (0.140-0.230) 1.4 63
Pineapple  3-9 6 (4-8) 1.44 81

Abaca 6.0 0.02 1.5 60

Coir 200 (100-300)  0.48 0.87-1.15 30
Cotton 37 (20-54) 0.02 1.4 85-90
Soft wood 3.3 - 1.5 40-45
Hard wood 1-2 0.022 0.6-0.9 40-50

describes the fibers is the fiber length. However, the following are the
different parameters that define the fiber geometry: fiber diameter, fiber
cross section shape, fiber crimp, fiber aspect ratio (/d), fiber length, fiber
fineness, and fiber cross section shape.

Each of the above parameters has a significant consequence on the
fiber volume fraction, the bonding properties with the matrix and on the
void percentage.

2.4.2.1 Fiber Diameter

The fiber diameter range varies from nanometer to micrometer, hence it
determines the surface area per unit volume of fiber. Figure 2.8 shows the
fiber diameter of the fiber denier ranges of textile fibers. The fiber diam-
eter or thickness is one of the main properties that define the fiber volume
fraction which influencing all mechanical properties of the composite. For
instance, reinforcement made of yarns, the fiber diameter has additional
effect on the number of the fibers in the yarn cross section and yarn diam-
eter. The fibers are packed together with different radial packing density
across the radius of the yarn.
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FIGURE 2.8 Classification of the fibers by diameter.

Assume that the fibers are processed from the same material but with
different diameter, then the mechanical properties of the yarn will be
changed, yarn tenacity, bending stiffness, creep properties, resilience, as
well as bulkiness, thermal properties, water absorbance and porosity. One
of the most influencing parameters is the fiber surface area which controls
a number of properties, such as frictional properties between fiber, size of
the pores between fibers in the yarn structure and the packing density. Fig-
ure 2.9 shows the relation between the fiber surface area and fiber cross
section area.

d=(4tex/mp, 0:3 (1)
A= (md)/4 2)
S=nrdl 3)

where d — fiber diameter (mm), fiber count (zex f), p, — fiber mass density
(kg/m?), A— fiber cross section area (mm?), S — fiber surface area mm?, and
[ — fiber length mm.
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The cross section area affects most of the mechanical properties, par-
ticularly the interfacial properties of the fiber matrix.

Interfacial shear strength at the fiber-matrix interface T was determined
by means of a fragmentation test on single fiber composites. Assuming the
strength of fiber matrix interface t, / — fiber length, d — fiber diameter, and
o — fiber stress, then fiber—matrix interfacial strength T will be:

=0 (d/2]) “4)

This indicates the dependence of the fiber interfacial force on the fiber
aspect ratio and the fiber strength. Consequently, the mechanical properties
will alter by the change of yarn diameter, such as strength, tear strength,
shear property. This will directly reflect on the natural fiber composite
mechanical properties. In the natural fibers, the diameter is not constant
but depends on several factors related to the fiber growth and the time
of harvesting and methods of fiber preparation technology [54]. Figure
2.10(a—e) show the frequency distribution of fiber diameter of some fibers.
In the bast fibers, the diameter of the fibers depends on the pretreatment
process of the fibers. Figure 2.10(a—d) show the frequency distribution of
some types of bast fibers, which indicated that it is a binominal distribu-
tion with skewness to the right [54]. The coefficient of variation of the
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fiber thickness varies between 20-35%, which indicates the sources of
isotropic properties of the natural fiber composites (NFPC).

For fiber diameter measurement and distribution, there are several
methods, the simplest one is the airflow method which can give the mean
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some fibers fiber diameter but not its histogram. The new methods of
measuring the fiber diameter characterization are using optical scanning
microscope, image analysis techniques to analyze the captured picture
of the fibers. There is a high correlation between the fiber strength and
fiber diameter, the finer is the fiber the higher the breaking strength. The
ratio of fiber strength (MPa) and fiber diameter in (mm) “B” depends on
the fiber type. Bsisal = 39, Bjute = 19, Bramie = 23, Bbamboo = 54 and
Beior = 13 [54].

2.4.2.2 Fiber Cross Section Shape

The fiber cross section varies depending on the type of natural fiber which
is formed depending on the nature of the fiber and to perform a certain
function for the plant. Whereas for manmade fibers, the cross section
shape can be produced using various spinneret shapes in order to get the

cross section that suits a certain application. Table 2.5 illustrates the dif-
ferent cross sections of some natural fibers. The fiber cross sections plays

TABLE 2.5 Natural Fibers Cross Section

0
i 0

Cotton Wool Mobhair

Flax Hemp Silk

o

&
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a pronounced role in determining the behavior of fibers in yarn as well as
the frictional property of the fibers, which is one of the main factors that
strengthen the yarns. The fiber bending stiffness will depend on the shape
of'the fiber cross section, therefore it is expected that the fiber matrix inter-
facial strength will be affected.

These shapes of fiber cross section affect the following fiber properties:

» Fiber surface area

* Fiber bending stiffness

»  Fiber tenacity

»  Fiber water absorption

»  Fiber frictional properties

*  Fiber interfacial strength

Consequently in their turn, these properties will have the impact on the
composite failure mechanism.

2.4.2.3 Fiber Length

As was mentioned, the most popular natural fibers for composites are bast
fibers isolated from the stem by several processes, breaking, scotching
and hackling. The fibers are packed together in tape like form. Figure 2.11
illustrates how the fibers are constructed [55-57].

It can also be seen how the technical fibers consist of elementary fibers
which have lengths between up to 5 cm, and diameters between 5 and
35 um. The technical fiber consists of about 10—-40 elementary fibers in
cross section. The elementary fibers overlap over a considerable length
and are glued together by pectin and hemicellulose [56]. The fiber length
and thickness can be changed through pretreatment processes that will
define the fineness and length of the technical fiber. This explains the wide
range of the physical and mechanical properties of the bast fibers.

Fiber length of natural fibers is given in Figure 2.12 with its shortest
value for wood fibers and longest for ramie and coir fibers. Bast fibers can
be cut into shorter fiber, according to the designer requirements. The short
fibers are easier to deal with in the cases of the fiber plastic composite
formation by extrusion. The fiber length should be higher than the critical
length in order to insure that the fibers will fail under stress equal to their
tensile stress.
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FIGURE 2.12 Fiber length of some natural fibers.

2.4.2.4 Fiber Aspect Ratio

Fiber aspect ratio is the ratio between the fiber length and fiber width
(fiber diameter). It affects the distribution of the shear stress along the



Natural Fiber Properties 51

fiber length [37], which determines the critical fiber length. It was found
that the tensile strength trends to increase with the increase of the fiber
length but the elongation at break of the composite was not affected sig-
nificantly [58]. Table 2.6 gives the aspect ratio of some natural fibers. For
manmade fiber, it is possible to produce fibers with the wanted aspect
ratio that satisfies the end use of the fabric. Consequently, it is potential
to manufacture composites with different types of fibers of long length
or the short. Long fibers can be cut to shorter length to suite the limits of
the composite design. The fine fiber gives greater number of fibers per
unit volume, whiskers or micro particles of different fibers can be used
as filling material in some types of composites. The finer is the diameter,
the higher will be total surface area. This will influence all the mechanical
properties of the composite. The fineness of the bast fibers can be changed
through chemical treatment of the fibers, such as caustic soda treatment,
which leads to debonding of the micro fibril and reducing the fiber diam-
eter. The smaller fiber diameter will affect negatively the manufacturing of
the composites due to the problem of the fiber aggregation which prevents
the even distribution of the fibers in the composite mass, increasing its
heterogeneity. Fiber volume fraction increases as aspect ratio increases,

TABLE 2.6 Fiber Aspect Ratio [44, 49-53]

Fiber fineness, mm  Fiber aspect

Fiber type Fiber length, mm average (range) ratio
Flax (single fibers) 33 (9-70) 0.019 (0.005-0.038) 1738
Hemp (single fibers) 25 (5-55) 0.025 (0.01-0.05) 1000
Jute (single fibers) 2-5) 0.020 (0.010-0.025) 100
Cotton 10-60 0.02 900-1650
Kenaf 2-6 0.2 20
Ramie 60-260 0.040-0.080 1500
Sisal 1-5 0.05-0.2 20
Bamboo 2.7 14 200
Straw 1.4 50
Wool 150 0.02 5000
Soft wood 33 100

Hard wood 1 50
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leading to have fiber reinforcement of low stiffness and higher strength.
From Table 2.6, wool, bast fibers and cotton have the highest fiber aspect
ratio. If the aspect ratio of the fiber is lower than the critical aspect ratio,
insufficient stress will be transferred and the reinforcement will be inef-
ficient. The suggested aspect ratio is in the range of 40-220 for short fiber
composite [59].

2.4.2.5 Fiber Crimp

The fiber crimp or waviness is natural shape of the fiber or is imposed due
to the different pretreatment processes [60]. The crimp in textile fibers
affects the voluminosity of the fiber, influencing the strength of the com-
posite [61]. The specific density of the yarns and fabric is a function of
the crimp presence. Crimp in textile fibers is defined as waves or curls
in the strand, induced either naturally during fiber growth, mechanically,
or chemically. Fiber waviness is fluctuation in the fiber orientation that is
inherent in the sliver morphology of plant-based natural fibers, it proved
that negative correlation between composite strength and the fiber weave
[62]. Fiber crimp is expressed as waves or crimps per unit length as pre-
sented in Figure 2.13. The crimp in fibers may be in form of convolutions,
as cotton fibers, waves as in wool fiber, or planer crimp as mechanically
imposed in manmade fibers. The crimp may be two-dimensional or three
dimensional.

The quantified parameter expressing the degree of the fluctuation is
called the “area ratio, [62]. The amount of crimp corresponds to the fine-
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Wool fiber crimp
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FIGURE 2.13 Wool and flax fiber’s crimp.
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ness of the fibers. Fine wool, like Merino, may have up to 40 crimps per
cm. The cotton fiber’s convolution, which gives helical shape to the fiber,
is different depending on the cotton variety. It has 1.2—1.6 convolution
per cm. Cotton varieties with small convolution angle have higher fiber
tenacity.

The fiber convolutions does not always have a definite helical path as
illustrated in Figure 2.14, but it may change its direction or flatten depend-
ing on the maturity of the fibers [63]. There are several terms related to
crimp; crimp frequency, the number of full waves in length of fiber divided
by the straitened length, crimp contraction, percentage of contraction of
the fiber length due to its crimping, and crimp angle. Figure 2.15a shows
idealized geometry of crimped fiber that defines the different parameters
of the crimp.

Crimp frequency = 4/,/4 %)
Crimp angle = @ (6)
Crimp contraction or crimp index= ((21,—1)/21,) x 100 @)

Degree of crimp = 2/, /[; and Crimp depth (is the perpendicular distance
between a peak of a crimp and a line joining the valleys of the adjacent
crimp waves) = 2A. Here, L, = side length of one crimp bow, / = width
of one crimp bow, A = wave length of crimped fiber, ® = crimp angle, a
crimped amplitude.

For manmade fiber, the crimp frequency is ranging from 4 to 23. The
fiber crimp may have helical path, as presented in Figure 2.15b.

FIGURE 2.14 Cotton fiber convolutions.
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FIGURE 2.15 Crimp structure.

2.4.3 MECHANICAL PROPERTIES OF TEXTILE FIBERS

The strength of the composite material depends mainly on the strength
of the reinforcement which is a function of the strength of the fibers. The
fiber composite materials are subjected to the forces during its life which
are different in magnitude and direction, also they may be of constant
value or time dependent. It is important to calculate those forces and how
materials are deformed or failed as a function of applied load. It should
be mentioned that the textile material is a viscoelastic material so as the
polymer of the matrix of different properties. These incompatibilities of
the main two elements of the composite define the mode of failure of the
composite material. The fiber mechanical properties expressed by:

1. Breaking load “N” or tenacity (g/denier, gm/tex, N/tex, or MPa);

2. Breaking elongation percentage;

3. Work of rupture: is defined as the energy required breaking a mate-

rial or total work done to break that material (Unit: Joule (J/m?);

4. Initial modulus, modulus of elasticity;

Work factor;

6. Elastic recovery: the percentage of the recovered elongation after

the removal of load;

7. Creep: the behavior of the fiber when subjected to a constant load

as a function of time.

Table 2.7 gives the mechanical properties of the most used fibers for
composite manufacturing. It should be noticed from the analysis of Table
2.7 that the mechanical properties of the natural fibers have high variabil-
ity and must be considered during the design of the natural fiber polymer
composite.

It returns to the point that the properties of the fibers widely vary,
depending on the location where the fibers were taken along the stem of

hdl
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the plant. The basic values required for the design of the natural fiber poly-
mer composites are:

* Density, (g/cm?);

» Tensile strength, (MPa);

» Elastic modulus, (GPa);

*  Specific modulus, (GPaxcm?®/g);

» FElongation at failure (%);

*  Fiber length.

A comparison between the different properties of fibers, which can be
used as reinforcement of the natural fiber polymer composites, are demon-
strated in Figure 2.16.

The values of fiber properties are essential for the designer to decide
their suitability for various end uses. The method of composite manu-
facturing depends also on every fiber physical, mechanical, thermal, and
even electrical properties. Fibers able to carry out electrostatic charges
will require further attention to prevent the process disturbance. Generally,
there are minimum values for the various properties, such as:

* Tenacity > (30 cN/tex);

»  Extensibility (less than 3%);

* Fiber aspect (Length to width ratio), (1000-2500);

* High modulus of rigidity (80 ¢N/denier or more conditioned, 50

cN/denier wet);

*  Cohesiveness (low value);

e  Uniformity (high);

*  Crimp (low crimp);

* Fineness (9—50 den);

»  Fiber coefficient of friction (pn 0.2-0.3);

* Low swelling in water;

* Low water absorption.

Reliant on the value for each of the above properties is hinge to the
final properties of the designed matrix.

2.4.3.1 Fiber Strength

The composites are subjected to various types of loading during it service
life. These forces differ depending on the type of processing operations,
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FIGURE 2.16 Properties of textile fibers.

design of the composite, and its end use. Consequently, the choice of fiber
mechanical properties is highly imperative. The stress strain curve of cot-
ton fibers, shown in Figure 2.17, illustrates the variability of the strength
properties. The entire bast fiber’s strength elongation curve is almost
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straight line. Figure 2.18 shows a comparison of stress strain curves of
some other types of natural fibers.

The strength and strain of the different natural fibers are compared in
Figure 2.19, demonstrating that Alfa fiber has the largest value of strength
and Coir fiber the highest strain at break, and most of the fibers have high
value of Young’s modulus.

80.0

75.0
70.0 /[
65.0
oud // /A
55.0 /
50.0 yd
Toas - / / - Vi '//
s // // A
'E 35.0
77} 7/
55, //// /4 | —
777/
15.0
10.0
5.0
2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
Elongation [%]
FIGURE 2.17 Load elongation curve of cotton fiber.
0.3
0.25
=>(
g o2
£
=
=
%
£ 0.15
S
=
o
2 01
wy
aath
0.05
(V]
15 20 25 30
Strain %
Ramie Jute  Abaca Flax Hemp  Sisal Coir

FIGURE 2.18 Specific strength-strain % curve of some natural fibers.



60 Natural Fiber Textile Composite Engineering

Strength "MPa"

1600
1400
1200
1000
800
600
400
200

Alfa I

Bagassse

Coir 1N
Cotton N

Flax |
Hemp N
Isora

Jute NN

Kenf I
Nettle
PALF
Ramie NN
Sisal NN

Oil palm .

Strength "MPa"
o
Abaca NN

Passiva

Bambo N
Banana N

Type of Fiber

(@)

Breaking elongation %

40
35 +
30 -+
258
20
158
10 +

Breaking Elongation

Alfa N

Bagassse 1
Flax W

Coir

Cotton NN
Isora

Jute

PALF N

Ramie N

Abaca
Kenf W
Nettle B
Sisal

Oil palm I
Passiva I

Banana HH
Hemp W

Bambo M

Type of Fiber

(b)
FIGURE 2.19 Strength and breaking elongation % of natural fibers.

The Alfa fibers have the highest strength and reasonable elongation
while Coir fibers have highest elongation and low strength. Oil Palm fibers
show the moderate values of both strength and breaking elongation. The
values of the specific strength and stiffness of the fibers are interrelated
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with the mechanical properties of the fibers by its weight which is one of
the most advantageous property of using natural fiber in the composites.

Specific strength of the natural fibers not only dependent on the
percentage of cellulose in the fiber but mostly on the fiber structure.
The specific modulus is also a function of the fiber density, as interpret
in Figure 2.20. Both properties are a function of the fiber structure, the
percentage of amorphous to crystalline, as well as the fibril size and its
lay-out in the fiber. The ranking of the fiber is different when considering
specific strength or specific modulus of elasticity, Figure 2.21. Ramie or
Alfa fibers are good examples.

Figure 2.22 illustrates the positive correlation between the specific
strength and the specific modulus of elasticity, coefficient of correlation
0.87 (highly significant).
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FIGURE 2.20 Specific strength versus density of the fibers.
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FIGURE 2.21 Specific modulus of elasticity versus fiber density.

2.4.3.2 Fiber Work of Rupture

The work of rupture is an indicator of the material ability to withstand
sudden load of a given energy. The area under the stress strain curve rep-
resents the maximum energy can be withstood by the fibers. The value
of fiber work of rupture will determine that of the composite made from
it. The impact strength of a short fiber composite is determined by the
energy required for the plastic deformation of matrix and fibers, for the
fracture of matrix and fibers, for fiber-matrix de-bonding at the interface
and for overcoming the friction following the de-bonding during pullout.
One of the disadvantages of the natural fiber composite is the low value
of impact resistance. The impact properties of the composite will depend
on the ability of both the matrix and the fiber-matrix interface to absorb
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FIGURE 2.22 Specific strength versus modulus of elasticity for natural fibers.

the high-speed impact. The quality of the fiber-matrix interface is signifi-
cant for the application of natural fibers as reinforcement fibers for poly-
mer matrices. The impact strength of natural fiber-reinforced composite
can be considerably changed with the alteration of fiber-matrix adhesion
by using different types and amounts of coupling agents. The impact
strength can be increased by providing flexible interphase regions in the
composite or by using impact modifiers. The use of an impact copolymer
improves the impact resistance [65] with some reduction in modulus
and strength of the composite. Natural fiber polymer composites have
excellent mechanical properties as high specific strength and modulus
however low impact load because of low interfacial strength between
the fibers and the polymer [66]. This does not ignore the necessity to
use the fibers possessing high value of work of rupture for more energy
absorption.

Classification of natural fibers according to their specific work of rup-
ture indicates that PALF fibers have highest value while the bast fibers
have moderate values, Figure 2.23.
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FIGURE 2.23 Specific work of rupture of natural fibers.

2.4.3.3 Fiber Creep

When the textile material is subjected to stress, the material is instanta-
neously deformed and will continue to deform under the same value of
stress: with the time the strain in creep will take the shape as illustrated in
Figure 2.24. Creep strain starts with instantaneous deformation — to primer
deformation — to secondary deformation and ended by a zone which char-
acterized by high rate of deformation completed by rupture. When the
stress removed, the material will recover its deformation in the same order,
ending by the permanent deformation. The creep property is very important
for textile material application. The values of instantaneous deformation,
secondary deformation, instantaneous recovery, and permanent deforma-
tion characterize the creep phenomena. All these values will vary accord-
ing to the temperature surrounding the material and the applied load.
Creep strain can be described by the simple formula:

g=ac"t’ ®)

where: a, n, and b are constants dependent on the temperature, ¢, is the
creep strain and o is the applied stress. The above equation was applied
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to the experimental creep data at room temperature. The increasing inter-
est is the creep properties of the fiber-reinforced composite due to the fact
that the variable nature of loading applied on the composites during their
services. Generally, the creep in thermoplastic materials (matrix) involves
the rupture of the interfacial bonding under the applied stress. The increase
in the surrounding temperature will increase this phenomenon. The creep
behavior of the composite can be improved by the use of the natural fibers
that possess a low value of instantaneous deformation or secondary creep
zone, including the use to the elevated temperatures [67]. The matrix,
which is a viscoelastic, under a constant load will creep and the strain will
transfer to the fibers, thus damage the interfacial bonding. The difference
in the creep property of the matrix and reinforcement will lead to the inter-
facial de-bonding propagation and promote composite failure. The creep of
bast fiber has low instantaneous strain values on the contrary to polymer.

2.4.3.4 Fatigue Properties of Natural Fibers

The majority of components of a design involves parts subjected to fluc-
tuating or cyclic loads. Most of structural failures occur through a fatigue
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mechanism. The fatigue sensitivity depends on many factors, such as
material type, material uniformity, type of loading cycle, value of maxi-
mum fatigue stress, physical and mechanical properties, internal structure
of the fiber, thermal properties. Figure 2.25 illustrates the types of basic
cyclic loading.

On semi-logarithmic paper, the S-N curve becomes approximately tri-
linear, Figure 2.26. Region [ (“‘static region”) corresponds to non-progressive
fiber damage, defined by the static strength of the fibers. Region II (“pro-
gressive region”) is characterized by progressive surface fiber micro crack-
ing, and is described by linear dependency of maximum stress on the log
(N). Region III (“limit region”) is characterized by fibers internal structure
that can withstand the applied stress. The mechanical performance under
cyclic fatigue loading of natural fiber-reinforced composites is an important
aspect to assess their feasibility in broad structural applications. [68]. There
is a noticeable lack of fatigue data of fatigue data of the fibers as well as the
natural fiber composites. The fiber static properties have insignificant effect
on the fatigue sensitivity of the NFPC slope of S-N curve [69].

Range of force ion- i "
g Tension-Tension
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H |
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FIGURE 2.25 Fatigue loading definitions.
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The S-N fatigue lifetime curves of the fibers are presented in Figure
2.26, Wohler equation:

logN,)=a-bo,, )

where: Nfis the number of cycles at rupture, a, b are material parameters,
andc, _isthe applied maximum stress. The value of' b depends on the type
of fiber and the pretreatment processes.

The fiber fatigue performance in NFPC was addressed by several
investigators [70], normally in all cases, the normalized stress decreases
after the fibers subjected to the fatigue cycles. The higher the loading level
r = (the maximum displacement during the sinusoidal fatigue loading/the
maximum displacement of the specimen at failure), the larger will be the
hysteresis area and the higher the exponential term involved [71]. Experi-
mental results clearly show that the number of cycles to failure at a given
loading level increases as the loading level decreased in fiber. The stiffness
of the fibers slightly increases in most bast fibers. Chemical pre-treatment
of fibers gives a significant assistance to the fatigue life of the fibers as
well as to natural fiber-polymer matrix composites. It should be mentioned
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that the sensitivity to fatigue of the NFPC will depend mainly of the fiber
sensitivity to fatigue. The most decisive factor was found to be the fiber
volume fraction, as principal modes of failure in tension—tension fatigue
are a combination of matrix fracture, fiber fracture, fiber/matrix de-bond-
ing, and fiber pullout [72-74].

2.4.3.5 Fiber Frictional Property

Frictional property is one of the properties which affects all the mechani-
cal properties of the yarns and fabrics as well as the processing param-
eters. Frictional property is defined as the friction between the fibers or
between the fibers and other surfaces in contact. The frictional property of
the fibers differs from the metal friction hence the fibers in most cases are
not straight, consequently under no load a friction force is actuated which
is called cohesion force. Friction force is affected by fiber count, normal
force applied, roughness of the fiber surface and area of contact, fiber
crimp, and a cross sectional shape. Because of the complex nature of fiber
friction, the friction coefficient value has been found to be strongly reliant
on testing conditions. The coefficient of friction between fibers depends
on several parameters, such as material properties, surface morphology,
shape of fiber cross section, crimp, relative humidity, presence of natural
or added lubrication materials. The kinetic coefficient of friction is less
than the static one. Figures 2.27 gives the coefficient of friction of some
fibers [75]. The degree of roughness of the fiber surface is very important
in determining the mechanical and chemical bonding at the interface of
fiber to matrix. This is due to the larger surface area available on a rough
fiber that can increase the adhesive bond strength by providing mechanical
attaching locations on the fiber surface. A new type of eco-friendly brake
friction composites containing flax fibers were developed. Optimization
of the composition of friction composites reinforced by natural fibers met
the requirements of automotive brake linings [76]. Experimental study
on NFPC composites with polypropylene (PP) and polylactic acid (PLA)
matrix, for friction properties indicates that natural fibers of vegetable
and animal origin have a positive influence on final value of coefficient
both for static and dynamic friction. Lowering of friction coefficient was
achieved by adding the natural fibers — mainly flax fibers in NF compos-
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ites with PP matrix, with increasing portion of natural fibers there was
decreasing of friction coefficient — mainly static friction [77].

2.5 CHEMICAL PROPERTIES OF THE NATURAL FIBERS

Treatment of natural cellulosic fibers with NaOH effectively changes the
surface morphology of the fibers and their crystallographic structure. The
removal of surface impurities on plant fibers may be an advantage for
fiber to matrix adhesion as it may facilitate both mechanical interlock-
ing and the bonding reaction due to the exposure of the hydroxyl groups
to chemicals, such as resins [78—79]. Hermetical alkali absorption pro-
cess effectively removed the lignin and hemicelluloses from kenaf bast
fibers at 160°C. The cellulose content of the fibers was 92%. The aver-
age surface hardness and elastic modulus of the fiber processed at 160°C
yielded improvement of 348.1% and 111.3%, respectively, compared with
those processed at 80°C. The increase of cellulose content of the processed
fibers resulted in an improved fiber surface hardness and elastic modulus.
The digestion temperature had a significant effect on tensile modulus and
tensile strength properties of the fiber. When the digestion temperature
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increased from 110°C to 160°C, the tensile modulus and tensile strength
of individual fibers were reduced by 42.8% and 22.9%, respectively, while
the elongation increased by 1.1%. The acid hydrolyses fibers, cellulose
whiskers, were isolated from bast fibers via sulfuric acid and hydrochlo-
ric acid hydrolysis [80]. The results illustrate that hydrolysis using both
sulfuric acid and hydrochloric acid can successfully isolate whiskers from
kenaf bast fibers. The sulfuric acid and hydrochloric acid whiskers have
average diameters and length range of 3 nm and 100-500 nm.

2.6 THERMAL PROPERTIES OF THE NATURAL FIBERS

One of the distinctive properties is that natural fibers have lumen, which
is hollow portion in fibers, indicating that green composites have pro-
nounced thermal insulation property. The thermal conductivity of natural
fiber composite is a function of the fiber volume fraction: it decreases
with the increase of the fiber volume fraction due to the excellent thermal
insulation properties [81].
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3.1 INTRODUCTION

The objective of forming textile composite is to use the textile fibers as
reinforcement of composite matrix in order to get: high strength, light
weight, consolidation part with net shape to fit the designed part. The
textile composite is formed from two or more materials in different pro-
portions that gives the final composite the designed properties, such as
mechanical properties, thermal expansion, etc. The natural fibers used
for composite applications are mainly: Bast fibers, such as flax, hemp,
kenaf, ramie, jute, nettle, etc., Leaf fibers, like sisal, henequen, pineapple,
manila, Fruit fibers, like coir, Grass, such as bamboo, wheat, rice, oat,
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barley, elephant grass, and others are stalks of the different plantations, as
illustrated in Figure 3.1.

A composite structure consists of three components: flax fibers, flax
woven fabric and wheat straw as reinforcement and using a natural resin
as a matrix, for instance as shown in Figure 3.2 an example of biodegrad-
able composite [1].

Wood-polymer composite (WPC) industry have boomed in the last
decade. Applications for these composites include a variety of building,
consumer, industrial and automotive products. Polymer composites made
with wood and natural fibers, such as rice hulls, flax, hemp, jute, or kenaf
are environmentally sound due to their biodegradability [2]. There are
today huge unused quantities of agricultural (straw) residues around the
globe. In 2014, the annual global production of wheat was around 705 mil-
lion tons, out of which 75% was produced by 18 countries, while around

Bast

Flax,Hemp,
Jute,
Ramie, Kenaf

Non -
wood

Grass fibers

Bamboo, Leaf

Bagasse, Hemp,
Elephant, Reed Pineapple,

Canary Sisal,Manila

Stalk

Wheat Rice,
Rye,Oat.Maize,
Cereal

FIGURE 3.1 Non-Wood fibers for composite applications.



Natural Fiber Reinforcement Design 81

Flax fiber
(a) fabric (b)
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FIGURE 3.2 Natural fiber biodegradable composite.

20% was produced by EU [3]. According to the statistical data, the aver-
age yield of straw is around 1.3—1.4 kg per kg of grain [4], every kilogram
of grain harvested is accompanied by production of 1-1.5 kg of the straw.
The wheat and rice straw statistics indicates that there are about 710 mil-
lion metric tons of wheat straw and 650-975 million ton of rice straw each
year [5].

3.2 CLASSIFICATION OF COMPOSITE

The structure of the composite consists of three dimensional preforms in
the form of the designed part emerged compositely by matrix. The fiber
reinforcement can be in arrangement of fibrous structure of individual
fibers, yarns, weave structure, woven, knitted, braided, nonwoven and tri-
axial fabrics.

The matrix holding the fibrous structure in pre-determined form, trans-
fers the applied loads in all the directions to all the fibers in the preform,
and protects the reinforcement from environment effect.

The composites are classically classified according to:

*  Type of matrix: polymer matrix composites (PMC), metal matrix

composites (MMC), and ceramic matrix composites (CMC).
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*  Type of reinforcement: natural fiber polymer composite (NFPC),

and wood fiber polymer composite (WPC).

The use of cement matrix adds another abbreviation such as wood
cement composites (WCC). The textile composites (FPC) can be classi-
fied according to the type of fibers used as:

* Synthetic fiber composite, synthetic fiber reinforcement (SFOC);

» Natural fiber composite, natural fiber reinforcement (NFPC).

Hybrid composites, which may be formed from multi laminates rein-
forcement built of different material or reinforcement of a mixture of
different materials, and are molded in single matrix. These technologies
usually are used to reach the properties, which cannot be obtained with
a single reinforcement [6]. The integration of variety of fibers in a single
matrix results in the development of hybrid Bio composite by blending
different types of natural fibers forming the reinforcements, or forming
layers of fibers in form of mat or fabric, or forming an nonwoven fabric
of different blend of fibers. In some designs of hybrid composites, natu-
ral fibers with manmade fibers are used. For instance, hybrid composites
are Palmyra/glass, bamboo/glass, jute/glass, jute/biomass, sisal/kapok and
kenaf/glass.

The natural fiber polymer composites may be biodegradable (bio-com-
posite) or partially biodegradable, depending on the matrix material:

*  Natural base polymer;

* Biodegradable petroleum base;

+ Partial biodegradable;

* Non-biodegradable petroleum base.

The textile composite also may be classified according to the fiber
dimensions and orientation of the fibers in the reinforcement, as demon-
strated in Figure 3.3, into:

e Particles;
* Fibers;

e Yarns;

e Fabrics.

Classification according to the type of reinforcement:

» Discreet (particles, whiskers, short fibers);

*  Preform construction (short fiber, continuous yarns, 2-D fabrics,
3-D fabrics);
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FIGURE 3.3 Classification of textile composites.

»  Fiber orientation (uncontrolled random, one direction, orthogonal,
3-D orientation);

* Degree of fiber entanglements (non, twisted, crossed).

The final properties of the composite will depend on the structural
alignment of the filler in the space of the composite. The criteria for the
choice of suitable reinforcing fiber properties include: tensile and stiffness,
elongation at failure, thermal stability, adhesion of the fibers and matrix,
dynamic behavior, long-term behavior, and degradability. The reinforce-
ment is responsible to give the architectures of the composite designed
part shape. In most cases, its material is different from that of the matrix,
making composites strongly heterogeneous materials. Nano-particles are
presently considered as a high-potential filler materials for the improve-
ment of the mechanical and physical properties of polymer composites [7].

Figure 3.4 illustrates the classification of the textile composite pre-
forms, accordingly to the type of material used as reinforcement.

The composite can be formed with the continuous filament yarns,
aligning in the direction of the maximum load in one or multi-layer, as
shown in Figure 3.5a. The fibers may be cut into predetermined length and
blended with the matrix material to form the final form of the composite,
Figure 3.5b. WPC use wood-flour or soya beans as filler in thermoplastic
matrix, Figure 3.5¢, with size from 50 to 300 micron.
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FIGURE 3.5 Composite construction.
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The wood-polymer composite impact strength depends on the wood
flour particle size and the wood flour content percentage, especially for
course mesh of wood-flour. Thus, the composite properties may vary in
every point so that it can be considered as anisotropic. Fabric can be used
as the reinforcement of the composite in one layer, Figure 3.5d, or multi-
laminate, Figure 3.5e.

3.3 DESIGN TECHNIQUES OF COMPOSITE

The natural fibers are generally anisotropic material in all properties, ten-
sile, impact, specific gravity, thermal, etc. The stress strain behavior of
the composite component represents a problem: how to interpret for this
variation of mechanical properties of the reinforcement and matrix [§],
designed for structural performance and particularly, the mechanism in
damage and failure for composite. The determination principles and meth-
ods for natural fiber composites are different from the metal materials [9].
The design allowable values need to use design stress analysis and deter-
mine the geometry details. For material choice the following allowable
values should be determined: the related static strength, fatigue strength,
damage tolerance, according to the end use of the composite. Also, the
manufacturing technique of the part affects the final mechanical proper-
ties due to the distribution of fibers with different configuration of fiber
orientation during molding. When using thermoplastic matrix, the shrink-
age of the composite will be very significant because of the fiber orienta-
tion variability. The variation of fiber orientation will make the polymer
shrinkage differ in X, Y, Z directions due to the resistance to the polymer
flow. NASA [10] gives the following requirements for the designer to
define: environmental and performance requirements, choice of materi-
als, the intended manufacturing techniques, test geometric configurations,
and define nondestructive evaluation (NDT). Finally, the designer should
analyze, weight, and balance the above factors to produce an initial design
concept as illustrated in Figure 3.6.

Each of the requirements of final composite is a function of the both —
the fiber and matrix properties and technique of its manufacturing. Table
3.1 gives the general factors which reflect the effect of material properties
on the product specifications.
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FIGURE 3.6 Main analysis of material choice.

TABLE 3.1 Material Selection for Composite Design

Composite
requirements Fiber properties
Performance Fiber strength &  Fiber stiffness Fiber impact Fiber and matrix
elongation strength creep properties
Weight Fiber density Size
Recycling CO, emission Possibility of  Safe dis-
reuse posal
Bio-degradation Environmental Rate of
effect on fiber degradation
and matrix
degradation

Environmental ~ Energy consump- CO, emission
issue tion in composite

elements manu-

facturing and

forming

Cost Raw material Manufacturing
cost cost
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3.4 CHOICE OF THE FABRIC TYPE

Continuous fiber reinforced composites are now firmly established engi-
neering materials for the manufacture of components in the automotive
and aerospace industries [8]. In this respect, composite fabrics provide
flexibility in the design manufacture. Many investigations indicate that
textile fabrics possess hardly any stiffness in bending or compression, so it
is able to cover a 3-D body gracefully and can deform to a complex shape
easily. However, because of its small bending rigidity, it cannot support
compressive stresses. When sheet of textile material deforms in a compres-
sive direction, buckling occurs and wrinkles are formed. Wrinkling (i.e.,
buckling of fibers), arising during the forming of textile composites, tends
to significantly degrade the performance characteristics of the final prod-
uct produced net shape reducing overall manufacturing cost, but also in
the versatility of the weaving process [11]. That 3-D-fabric reinforcement
can overcome the problems of low inter-laminar and through-thickness
strength typical for traditional 2-D-laminates has been known for many
years. The mechanical properties of composites made from fibers lami-
nate are characterized by high in-plane stiffness and strength and lower
out-of-plane stiffness and strength. [12]. One of the main advantages of
3-D-fabric reinforcements is the increased fracture toughness. The frac-
ture toughness is a measure of how well a material containing cracks can
resist fracture. The increased resistance to delamination also has a positive
effect on compression strength after impact [13]. The deformation modes
of composites fabrics during the forming process are different than those
of sheet metal, a number of deformation mechanisms are available, includ-
ing shear deformation between warp and weft fibers, fiber straightening,
relative fibers slip and yarn buckling [8]. The use of geometry of deep-
drawing tools the shear angle may reach 38°, and the contraction in the
fabric due to yarn stress will lead to the distribution of strain to vary in the
area surrounding the 3-D shapes [4, 14] as shown in Figure 3.7.

Consequently, any type of fabric can be used with the suitable method
when it possesses the following properties [8]:

* Low fabric bending resistance;

* Anisotropy in mechanical properties;

*  Low between yarn coefficient of friction;
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FIGURE 3.7 Fabric deformation during forming.

*  Low shear modulus;

* High value of bursting strength;

*  High value of melting temperature.

For knitted fabric, shear modulus is much lower than the woven or
braided fabric, due to its loose structure and the difference of the mechani-
cal properties in the direction of walls and courses. This makes it more
suitable for the use in 3-D preform formations. Moreover, the use of Lycra
yarn in either half plated of full plated knitted fabric gives more decrease
of the shear modulus. Thus, the most suitable type of fabric for the man-
ufacturing of 3-D complicated shapes for composite application are the
knitted [14]. Some types of composite are designed using multi laminates
to reach their proposed requirements as illustrated in Figure 3.5e. The
composite is made from laminates of several layers of woven fabric. The
direction of the warps in each laminate may be unidirectional or will take
different angles, as shown in Figure 3.8.

The delamination failure of textile composite will be more noticeable
in hybrid composites, where several reinforcements of different materials
are presented in single matrix or when one reinforcement is used with a
mixture of different materials [15].
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3.5 DESIGN OF LAMINATES

The yarns or tow are used for formation of non-interlaced 2-D laminate.
Fabrics are manufactured by the weaving, knitting, triaxial, warp knitting,
braiding technology. Non-woven structures are also utilized for laminate
formation.

3.5.1 ONE DIMENSIONAL

Continuous filaments, yarns or tow are oriented in one direction and laid
in X-Y plane, forming the reinforcement structure of a composite.

3.5.2 2-D FABRIC

In order to express the fabric design, the weft yarns are presented by hori-
zontal lines and the warp yarn by vertical lines. The intersections of these
lines will represent the crossing of the yarns over each other or the yarn



90 Natural Fiber Textile Composite Engineering

intersections. The repeat of the design is usually the unit of intersections
representing the fabric design, it indicates the minimum number of warp
and weft threads for a given weave.

3.5.2.1 Basic Weave

The woven fabric is formed by intersections of two sets of perpendicular
yarns, warp and weft. Warp yarns are run in the longitudinal direction of
the fabric while weft yarns in the cross wise direction. The woven struc-
tures which are the methods of interlacement of the warp and weft yarns
in one repeat, may be simple or compound. Usually the weave structure is
presented by the square paper where vertical spaces represent warp yarns
and horizontal weft yarns and each square will represent intersections of
the two sets of yarns. The concept of presentation is each blank square
represents weft yarn overlapped warp yarn, as illustrated in Figure 3.9.

The design repeat is the minimum number of warp and weft yarn inter-
lacements that repeated in the fabric design.

3.5.2.2 Khnitting Fabric

Knitting process is completely different from weaving process, fabric is
formed by interlacing of looped yarns as illustrated in Figure 3.10. In the

Weft knitting Warp knitting
FIGURE 3.9 Woven fabric.
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case of warp knitting, loops are formed in vertical direction. Single yarn
looped horizontally forms a raw of loops (course), as the knitting pro-
ceeds, vertical loops forming the walls. In warp knitted fabrics the loops
are formed vertically. Different structures of the knitted fabrics are illus-
trated in Figure 3.11.

3.5.2.3 Triaxial Fabric

2-D fabric consists of two sets of yarns (orthogonal sets of yarns) inter-
sected at 90 degrees on each other, biaxial woven fabric. These yarns may
be interlaced to form integral structure of thickness function of the weft
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FIGURE 3.10 Basic knitted fabrics. (a) Warp knitting; (b) Weft knitting.
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FIGURE 3.11 Classifications of knitted fabrics.
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and warp yarns diameters as shown in Figure 3.9. In the case of triax-
ial fabric, three sets of yarns run in three directions to form equilibrium
triangle, as shown in Figure 3.12. The number of yarns per cm in each
direction gives several shapes of final fabric. The advantages of the tri-
axial fabric are: light areal weight, low material cost, isotropic properties,
high shear resistance, and bursting strength. Such fabric has a lower crimp
than woven fabric. Several structures are produced, as illustrated in Figure
3.12. It is shown that triaxial woven fabrics exhibit a relatively higher and
more uniform resistance to extension, shear deformation, and burst defor-
mation than comparable biaxial woven fabrics [16, 17].

3.5.2.4 Nonwoven Fabric

Nonwoven fabric can be processed by several methods for binding a mat
of randomly oriented fibers together to give its integrity and mechanical
properties. The binding of the fibers may be mechanically (Needle punch),
chemically, or thermally. There are several methods of forming the non-
woven fabric: dry laid nonwovens, extrusion technology (spun bond,
melt blown), and hybrid technology (Stitch bond). Each method ended by
completely different material structures that have a different physical and
mechanical properties. The production rate the highest is spun bonded and
most popular for needle punched. Needle punching is one of the widely
used techniques for the production of the nonwoven fabrics, which con-
sist of web forming, needle bonding. The hybrid technology base includes
combining systems at least one basic nonwoven web formation to join

FIGURE 3.12 Triaxial fabric.
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two or more fabric. Nonwoven methods are the least versatile, but fastest
of the other manufacturing technologies. Figure 3.13 illustrates the basic
principle of needle punching method.

Regarding natural fibers, nonwoven technology can be used to manu-
facture the fiber reinforcement laminates, even in the case of bast fibers,
which can be manufactured by diverse techniques, such as stitch-bonding,
hot calendaring, needle punching, hot-air thermal bonding, oven bond-
ing, hydro entanglement, etc. Needle punching nonwoven fabrics from
bast fibers were used for the production of reinforcement of composite
preform. Jute needle punched nonwoven fabric gives better results than
the jute woven fabric, due to better fiber-resin interface strength [13,
16-20]. The nonwoven preforms can be produced with different thick-
ness, as required by the application, with no need to be made from several
laminates as for woven fabric. The mechanical properties such as strength,
elongation, bursting strength, bending rigidity and porosity of the jute
nonwoven will depend on the weight per unit area of the nonwoven fabric
and the machine settings. Needle-punched nonwoven may be a successful
reinforcing agent for the jute-based composites [20] (Figure 3.14).

3.5.2.5 Braiding Fabric
Braiding as one of the key preforming technologies for producing low-cost

high volume composites in industries such as automotive [21]. Braided
composites have superior toughness and fatigue strength in comparison to

I Stripper plate
R ./
e \—J‘é'-’:;?w?f\%:f_ji: :zfi?—ﬁ AR

i

Stitching plate

]

FIGURE 3.13 Basic principle of nonwoven needle punching fabric formation.
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FIGURE 3.14 Needle punched jute nonwoven mat.

filament wound composites [22]. Braids can be produced either as seam-
less tubes or flat fabrics.

The technique of braiding is very old and has been used by the ancient
civilizations back to 4000 BC in manufacturing of hair forming, ropes and
fabrics. The basic idea of braided structures is when three or more yarns
intertwined in such way that no two yarns are twisted around another.
Braiding processes have the ability to fabricate a wide range of complex
shapes. Braiding process can form shapes either by over-braiding man-
drels on conventional machine (two-dimensional process) or by using new
braiding processes to form solid shapes (three-dimensional process). 3-D
braided fabrics have found the applications in the areas including medi-
cine, aerospace, automobiles, train components, and reinforced hoses [23].
The initial development of 3-D braided fabrics came from the composite
and medical industries. 3-D braided fabrics can be manufactured in myr-
iad varieties of cross-sections, and their near-net complex shapes made it
possible to design very specialized products for both industries.

The braided fabric is flexible before formation, and thus the fabric can
conform to various shapes. The braided fabric may be formed around a
mandrel, and rather complex shapes can be formed. The principle of braid-
ing is illustrated in Figure 3.15, the minimum numbers of yarns are 3.

If the yarn interlacing in weaving is orthogonal, in braiding the angle
between the yarns is less than 90°. The interlacing sequence in flat or cir-
cular braid is the same. Figure 3.16 illustrates samples of braided weave.

The structure of the braided fabric may be classified similar to the
woven fabrics into: plane, twill 1/2 or twill 1/3 to explain the intersections
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of the yarns. Figure 3.17 illustrates the interlacement order in different

designs.

The structure of the braid can be modified through the modification of
the movement of the yarns when interlaced with the other yarns resulting
in several designs, as illustrated in Figure 3.18.
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FIGURE 3.17 Braided structures.
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FIGURE 3.18 Braided designs.

The 3-D rotary braiding process consists of base plates with horn gears
and mobile bobbins arranged upon them. Switches are used to control the
position of the threads and horn gears. In circular braiding, the yarn bob-
bins (with opposite directions of rotation) will form the finale yarn rein-
forcement shape on the surface of mandrel, determine the yarn’s pattern
and crossing point. At this crossing point, the bobbins change their path to
produce the upper and inner side of the braid.

Each design of braid will give different fabric physical and mechanical
properties. Generally, the circular braiding process produces braids with
rotational symmetry.

Another principle of the motion of the bobbins of the yarns forming
the braid are:

3.5.2.5.1 Four Step Braiding Process

In this process, the bobbins move on the X and Y axes, which are mutually
perpendicular to each other. In each step, the bobbins move to the neighbor-
ing crossing point in two ways and stop for a specific interval of time. Basic
arrangement of the braiding field is obtained after a minimum of four steps.
This method produces braids which have a constant cross section.

3.5.2.5.2 Two Step Braiding Process

In the two-step braiding process, the bobbins move continuously without
stopping. They move on the track plate through the complete structure and



Natural Fiber Reinforcement Design 97

around the standing ends, such that the movements of bobbins are faster
when compared to the four-step braiding process. The bobbins can move
only in two directions, so the process is called the two-step braiding process.

3.5.2.5.3 Tubular Braided Fabric

Tubular 3-D braided preforms, is processed on using two or four step pro-
cess to braid the yarns on surface of a mandrel with the required final
shape. Figure 3.19 illustrates a tubular braid [23, 24]. Braided structures
tend to allow high flow of resin during molding processing and can con-
form to the mold well [25]. The tubular braided fabric can be flattened or
circular formed around a mandrill with the required shape more over an
axial yarn can be used to give final form strength and stiffness.

FIGURE 3.19 Tubular braiding.
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3.5.3 3-D FABRIC

The problem of having a heavy weight preforms (1500 g/m?), which the
high weight of the fabrics, together with the ability to orientate the fiber
at different angles, enables fewer layers to be used is fully solved through
the use of 3-D fabric. 2-D fabric can be laid in several layers to reach the
required areal density, however this solution is of limited application due
to the delamination problem and the presence of voids. In recent years 3-D
fabrics have begun to find favor in the construction of composite compo-
nents. The target objectives of the 3-D preform is to manufacture a preform
with the final neat yarn 3-D space structure ready for the manufacturing
the composite part. 3-D fabrics are attractive to the composite industry
because of the possibility of obtaining near-net shaped and delamination
resistant reinforcements directly. Moreover, the 3-D preform technology
facilitates to use automation and CAD/CAM systems for the preform man-
ufacturing. While preforms produced from traditional 2-D laminates can
only be processed into relatively simple and slightly curved shapes, pre-
form for a composite component with a complicated shape can be made
to the near-net-shape with 3-D weaving. This ability of 3-D weaving pro-
ducing near-net-shape preforms can reduce the production costs thanks to
the reduction in material wastage, need for machining and joining, and the
amount of material handled during lay-up [26].

3.5.3.1 Classification of the Different 3-D Preforms

One of the main advantages of 3-D-fabric reinforcements is the increased
fracture toughness. The fracture toughness is a measure of how well a
material containing cracks can resist fracture. The increased resistance
to delamination also has a positive effect on compression strength after
impact [13, 26, 27]. Manufacturing methods of 3-D preforms can be clas-
sified as, Braiding, Weft knitting, Warp knitting, Weaving and stitched
assemblies. The basic principles to produce thick mat of fibrous structure
are given in Table 3.2. The 3-D textile materials offer particular prop-
erties along all three-dimensional axes that are not achievable with 2-D
laminate and other reinforcements. This integrated architecture provides
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TABLE 3.2 Classification of 3-D Fabric for Composite Reinforcement [13, 26, 27]

Process

Principles

Remarks

1.

Multiaxial knit-
ting fabrics

3-D-contoured
weaving

Circular tubular
woven fabric

Integral fabric

Distance fabric

Multi-layer
nonwoven knitted
interlacing

Nonwoven

3-D Knitted
fabric

Weft knitting fabric with
axial warp yarns

Weaving machine:
- dobby loom
- jacquard loom

- 3-D Weaving loom
Circular loom

Multilayer fabric
3-D orthogonal fabric
3-D woven fabric
Multi-axial fabric

Distance fabric with
interlocking yarns

Distance fabric with
plane interlock

Weave & Stitch

Simultaneous stitch

Needle punching
Stitch bonding
Hydroentanglment
Adhesive bonding
Thermal bonding

Spun-laid

Weft knitting flatbed
(thick reinforcement,
spacer fabric)

Circular tubular spacer
tubular fabric

Less flexibility
Limited hollow preforms

Limited strength in
z-direction

Limited shapes
Low productivity

Profile with constant
cross section

Limited shapes
High production rate
Less flexibility

Limited preform shapes

Less flexibility

Limited preform shapes

Low stiffness

Less flexibility

Limited preform shapes
High productivity

Non crimp fiber assembly

low mechanical
properties

Low shear modulus

Warp Knitting: limited
applications

Pipe Y or T shapes
High production rate
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TABLE3.2 (Continued).

Process Principles Remarks
9. Braiding *  Flat braided *  Less flexibility
* 3-D Braided shapes * Limited shapes

e Low shear modulus

10. Stitched assembly ¢  Fiber assembly stitched * Limited flexibility

bonded +  Limited strength in

* Assembly of yarns in z-direction

multiple layers * High heterogeneity in

*  Assembly of fabric in properties
multiple layers

improved stiffness and strength in the transverse direction and hinders the
separation of in-plane layers in comparison to traditional multi-layer 2-D
fabrics. Because of their high transverse strength, high shear stiffness, low
delamination tendency 3-D textile composites from weaving and knitting
have received attention recently [28].

Figure 3.20 illustrates the ranking of the three designs of laminate pre-
forms, using fiber tows, 2-D weave and 3-D weave, taking into consider-
ation preform properties and manufacturing parameters.

3.5.3.2 Some Methods of Manufacturing the 3-D Fabric

a. Woven 3-D Fabrics

* The conventional 2-D weaving machine uses three sets of
yarns (ground warp, pile warp and pile weft) to produce pile
fabrics.

* The conventional 2-D weaving machine is designed to inter-
lace two orthogonal sets of yarns (warp and weft) with an
additional set of yarns functioning as binder warps or interlace
yarns in the through-the-thickness or Z direction, either layer
to layer or through the layers, Figure 3.21a,b.

b. Non-Interlaced Multiaxial Orthogonal 3-D Fabrics
Special weaving machines were designed to produce multiaxial
orthogonal 3-D fabrics, as illustrated in Figure 3.21c. The main feature
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In-plane properties

Tolerability

Lamination Preform stability

Size of the preform Cost

Fibertows <==2.DWeave =#=3-D Weave

FIGURE 3.20 Ranking of preform designs according to their properties.
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(a) Through the layers (b) Layer to layer (c) Multiaxial 3-D Weave
FIGURE 3.21 Principles of 3-D woven fabric.

of these structures is the yarns are non-interlaced, which effects the
mechanical properties of the final structure.

c. Knitted 3-D Fabrics
Knitted machine have received much attention in recent years in the
composite field due to their excellent formability. Formability is the
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ability of a planar textile structure to be directly deformed to fit a three-

dimensional surface without the formation of wrinkling, kinks or tears.

The composite production process to be used is the preliminary atten-

tion in the design of composite, hence individually manufacturing pro-

cess imposes particular restrictions on the structural design on the type
of matrix and fibers, the temperature required to form the part and the

cost [29].

There are various method for producing 3-D fibrous structures on
the knitting machine. The basic principle is to feed the machine with
one or more layers of nonwoven mat in one direction and/or each layer
has its own orientation and using knitted needles to pass through the
fibrous assembly to knit yarn’s loop on the surface of the outer layers
through the thickness of the nonwoven layers.

*  Multiaxial: Multiple plies of parallel fibers, each laying in a dif-
ferent orientation or axis as illustrated in Figure 3.22. These layers
are typically stitch bonded. Stitch bonding is a hybrid technology
using elements of nonwoven, sewing and knitting processes to pro-
duce a wide range of fabrics. The advantage of such fabric design

FIGURE 3.22 Multiaxial fabric.
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that there is no crimped fibers to assist the resin flow during form-
ing of the composite, besides the stitch bonding will increase the
speed of resin fusion.

» Stitch bonding: Stitch bonding is feeding a cross laid web of fibers
or nonwoven mat into warp knitting. Stitch yarn will move through
the web from one side to the other binding the fibrous web. Several
principles of binding technique are used such as:

—  Stitch bonding of webs with stitching threads, Figure 3.23a;

— Stitch bonding of webs without stitching threads using the
fibers presented in the web itself;

— Stitch bonding of webs with loop threads, Figure 3.23b.

*  Spacer fabrics: the spacer fabric is a three dimension fabric formed
from two surface fabrics separated by a pile yarns, keeping a space
as illustrated in Figure 3.24. There are several methods of manu-
facturing the spacer fabric, such as: weaving, braiding, warp knit-
ting, weft knitting.

Flat knitted spacer fabrics offer a strong potential for complex
shape preforms, which could be used to manufacture composites with
reduced waste and shorter production times. A reinforced spacer fabric
made of individual surface layers and joined with connecting layers
shows improved mechanical properties for lightweight applications,
such as textile-based sandwich preforms [30, 31]. The advantage of
knitted spacer fabric was found to be high preform performance, flex-
ibility in design, cost efficient.

d. Triaxial Braided

Triaxial structure is formed when the additional axial yarns are intro-

duced into a 2/2 repeating pattern of the braided fabric as illustrated

in Figure 3.25. This can be manufacture by two or four step braiding
process.

3.6 FABRIC STRUCTURE CALCULATIONS

The main basic formulas for the calculation of the designed fabric
for the composite fiber reinforcements are presented in the following
subsections.
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FIGURE 3.23 Stitch bonded fabric. (a) Stitch bonding; (b) Maliwatt.
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FIGURE 3.24 Principles of spacer fabric.

FIGURE 3.25 Triaxial braided structure.

3.6.1 WOVEN FABRIC DESIGNS

The presentation of the plain weave is given in Figure 3.26. There are
three types of weaves that are known as basic weaves, which include plain
weave (the simplest and smallest repeat size possible) and its derivatives,
twill weaves and their derivatives, and satin weaves and their derivatives.
However, they form the base for creating any complex/intricate structures
(such as multi-layer fabrics and pile weave structures) and weaves with
extremely large patterns that are known as Jacquard designs.

The weave design can be written as 1/1 for plain weave or 1/3 for twill
or 1/5 satin weave. Basket weave is a derivative of plain weave 2/2. Table
3.3 shows the different weave structure and their presentation.
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Warp
direction
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Weft direction
FIGURE 3.26 Plain weave.

While Figure 3.27 illustrates the interlacement of the weft and warp
yarns for the various designs in the fabric cross-section per repeat.

The yarn interlacing will make the length of the yarns higher than their
length in the formed fabric which is due to the yarn crimp, either in the
weft direction or warp direction. The numbers of the warps per cm as well
as the number of weft per cm predetermine several physical and mechani-
cal properties of the fabric, while the number of yarn intersections per
repeat is responsible for the main physical and mechanical properties of
the fabric. From Figure 3.27, it can be seen that the plain weave has the
highest number of weft and warp yarn intersections for the same repeat for
all the fabric designs.

The fabric surface topography affects the interfacial strength of the
fabric in the matrix. Figure 3.28 illustrates that, if the fabric design has
a float as in the case of the twill or satin weave, it will have higher space
area between the yarns to allow more polymer and reduce fiber volume
fraction, than in the plain weaves, changing the mechanical properties of
the final composite.

2008 ‘Sfansas SHC8 52aa)0009 A

2/2 twill 1/5 twill 2/2 rib 4/4 rib plain

FIGURE 3.27 Warp and weft yarns intersections in different fabric structures per repeat.
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TABLE 3.3 Fabric Design for Laminates

107

Type of fabric

design

Presentation

Type of fabric

design

Presentation

Plain weave

2/2 rib weft weave

2x2 mat weave

2/2 rib warp weave

1/3 twill weave

Compound design

1/4 sateen weave

Crow fort satin

weave

2/1 twill

A

2/2 twill

M A

Figure 3.29 demonstrates how the macro-topography of the fabric of
the same design but different yarn count looks unlike. This is due to the
fact that higher crimp is noticed when using course yarns.

Referring to spun yarns, the fiber protruding outside the yarn (Hairi-
ness) will also change the surface topography of weave used. Yarn irreg-
ularities will cause macro-topographic irregularities that may have the
impact on the mechanism of formation of micro cracks.

3.6.2 FABRIC TECHNICAL PARAMETERS OF WOVEN FABRIC

In order to specify the specifications of the fabric used as laminate in the
composite material, several parameters should be calculated.
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FIGURE 3.29 Twill fabric.

3.6.2.1 Yarn Diameter
The yarn diameter d is given by,
d = 0.00357 (tex/¢h p)*’ ()

where: d — yarn diameter cm; fex — yarn linear density “g/km”; p — fiber
density g/cm?®; ¢h = yarn packing coefficient.

The value of the packing coefficient is a function of the type of spin-
ning system twist factor and the fiber properties, its value approximately
taken as 0.67 [32].
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3.6.2.2 Yarn Count

The linear density of yarn is expressed by indirect system “length/weight”
or direct system “weight/length.” The “ISO” system is the direct system
defined by tex, denier.

Denier = (weight of yarn of length L in “g”)/
(length of yarn in 9 “km” length unit) 2)

tex = (weight of yarn of length L in “g”/
length of yarn in “km” length unit) 3)

The value of yarn “zex ” which has length of one “km” and weight one
gram will be one tex. One denier is equal to 9 tex.

3.6.2.3 Fabric Crimp

Weft crimp is due to waviness caused by weft yarns interlacements over
the warp yarns to form the fabric and is equal to:

C% = [(Zyam_ Zﬁlhric) / x 100 (4)

lfabric]

The value of the weft or warp crimp will depend on the following
parameters:

»  Fiber properties

e Yarn count

*  Yarn twist

*  Spinning system (Ring, Open End, Friction, Compact spinning)

* Type of yarn (staple, continuous filament, flat, etc.)

*  Number of weft/cm

*  Number of warp/cm

» Fabric tightness

» Fabric design

The crimp value affects most of the physical and mechanical fabric
properties.
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3.6.2.4 Fabric Areal Density

The fabric areal density “g/m?*” has consequence on the different com-
posite mechanical properties hence it determines the fiber volume
fraction.

Weight of fabric gm/m? = Weight of weft /m* + Weight of warp /m?

Weight of weft “g/m*”= (Ends per cm) tex, (1 +crimp . %)/10  (5)

warj

Weight of warp “g/m?” = (Warps per cm) tex, ., (1 + crimp , %)/10 (6)

where, fex,  weft yarn count, fex, warp yarn count.

warp

3.6.2.5 Fabric Fractional Cover

In fabrics constructed from yarns, the area covered may be considered as
the Fractional of the total fabric area that “covered” by one-component
yarns.

=L

_ (threads)
P=\"m

FIGURE 3.30 Yarn of circular cross section.
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FIGURE 3.31 Yarn of elliptical cross section.

Assuming the yarns of circular cross section [33] Figure 3.30, and then
the area covered by the yarns in unit cell will be:

Fractional Cover = 0.00444 (tex /fiber density)"’
X (number of threads per cm) % @)

For yarn of elliptical cross section, Figure 3.31, with ratio of (a/b) =R,
the fractional cover of the yarns per unit cell (FC %) will be again:

Fractional Cover = 0.00444 (R. (tex /fiber density))"’
X (number of threads per cm) % ®)

Assuming the thickness of the laminate equals to the continuous
filaments yarn thickness, the volume fraction will be approximately
equal to:

Fiber volume fraction = FC %.

3.6.2.6 Total Fabric Cover

The definition of “Cover factor” indicates the extent to which the area of a
fabric is covered by one set of threads.

For any fabric there are two Fractional cover factors: the warp Frac-
tional cover factor and the weft Fractional cover factor.
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dwarp
FIGURE 3.32 Fabric cell.

Fabric cover factor is sum of the weft Fractional cover and the warp
Fractional cover subtracting the common areas as illustrated in Figure
3.32. Then the total fabric cover area by weft and warp yarns can be
given by:

The total fabric cover factor of the fabric C,=CIl + C2—-CIC2  (9)

Fractional Cover of the weft C1; Fractional Cover factor of the warp C2.
The total cover factor gives percentage covered by fibers and the rest
will be filled by the matrix. When ignoring that, matrix polymer may pene-
trate inside the yarns. The percentage of fiber volume fraction in laminate:

V.={( Volume of the fibers/Volume of the laminate) x 100 (10)
Vf is approximately equal to = (C) % 100 (11)

It was found that the fabric cover factor influences the following prop-
erties:

»  fabric porosity

» fabric strength and elongation

» fabric stiffness

» abrasion resistance
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For different fabric designs, the value of the cover factor for loose
structures varied between 25-50%, for regular structures 50-70%, and for
tight structures 75—-100%.

3.6.2.7 Weave Areal Density

Fabric density indicates the number of warp yarns and weft yarns in the
unit area.

Warp density = ends per cm (tex,, )" k"’ (12)
Weft density = picks per cm (tex, )" k™ (13)

The value of “k™ is equal to 1 for plain weave, twill 1/2 (0.87), twill 1/3
(0.77), satin weave (0.69).

Fabric areal density g/cm? = Warp weight/cm? + Weft weight/cm? (14)

Warp weight g/cm? = (ends per cm) (tex,, ) (1 +C, ) 107 (15)

warj

Wefi weight g/cm’ = (picks per cm) (tex, Jd1+C) 107 (16)

where, tex,, — Warp count; C ~— Contraction of warp yarns; ftex, o
Weft count; ngﬁ — Contraction of weft yarns.
3.6.2.8 Fabric Specific Volume
The apparent specific volume of fabric, V,, ., is calculated as:
_ S “ . . 5
Ve = Fabric thickness “cm”/Fabric mass per unit area (g/cm?) (17)

The fabric packing factor ¢ is given by:

d) = (I/ﬁber/VﬁtbriL) (18)
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3.6.2.9 Weave Factor

It is calculated from the number of the interlacements of warp and weft
in a given repeat. It is also equal to an average float and is expressed as:

WF = Number of threads per repeat /
Number of intersections per repeat (19)

The weave factor is considered in direction of weft or warp. The resul-
tant weave factor is expressed as the product of the weave factor in both
directions. For plain weave WF_  is equal to 1, for twill 2/1 is 1.5, and for
warp rib 2/2 is also 1.

The fabrics with lower value of WF in any direction will have higher
strength and lower extension. This will change the mechanical proper-
ties of the laminates, assuming the same yarns are used in both weft
and warp directions [33, 34]. For compound structures of weave design
“WF” will be:

WF = Number of threads per repeat/
Number of intersections per repeat (20)

3.6.2.10 Woven Fabric Jamming

Woven fabric consists of set of interlaced warp and weft yarns in a certain
manner, according to the fabric design. The mobility of the yarns depends
on the number of warp and weft yarns per cm and their diameters. Under
the loading, they may move till be jammed. In jammed structures, the
warp and weft yarns will have minimum thread spacing [33], so they have
no mobility within the structure as they are in the intimate contact with
each other. Applying Pierce’s Geometrical model of woven structures,
the simple relation between weft and warp diameter d P dz, P, weft thread
spacing, and P, warp thread spacing for a fabric being jammed in both
directions, is:

(1—(P/d )" + (1 (P/d)})" = I Q1)
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3.6.2.11 Effect of Woven Fabric Design on Some Mechanical
Properties

The fabric design affects both the mechanical and physical properties
of the fabric either in weft or warp directions. Generally, the number of
the intersections per repeat is linearly proportional to the fabric strength
and the shear properties of the fabric. Figure 3.33 illustrates the shear
angle, shear force, shear stress and shear modulus, is found to be highly
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FIGURE 3.33 Shear angle, shear force, shear stress, and shear modulus versus number
of intersections.



116 Natural Fiber Textile Composite Engineering

correlated to the number of the intersection in spite of the fabric design
[33, 34].

The number of intersection also affect the fabric tightness [35], in the
same time, the fabric tightness affects all the mechanical properties of
the fabric and the air permeability and porosity. The effect of the fabric
design on the various fabric properties are ranked and illustrates in Figure
3.34. The fabric design with higher number of intersections per repeat will
have higher strength, Young’s modulus, bending stiffness, shear modulus,
crimp, and lower elongation, porosity.

Fabric tightness is a measure of how the weft and warp yarns are packed
in the fabric structures it’s a function of the weft and warp diameter an also
the spacing between them in the unit of fabric cell.

Tightness T=(K,+K,) /(K +K))

27 limit

(22)
where: K, = (d /P ),K,=(d/P,)andd, d, P, and P, are diameter and pick
spacing in warp and weft directions.

The limited values of K, and K, are calculated for fabric in jamming
conditions given by Eq. (21). In the maximum value of the fabric tightness
is equal to one. It was proved that the fabric strength is linearly correlated
to the fabric tightness [33].

Stability

Bending stiffness

== Plain weave
Surface = * = Twill weave

topography = = Satin weave

e Basket weave

Strength

FIGURE 3.34 Ranking of the properties of laminate related to fabric design.
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3.6.3 KNITTED FABRIC

The knitted fabric can be used for the formation of preforms of the com-
posite, because of its simplicity, low cost, can give neat shapes in one step,
rapid manufacturing of the prototype reinforcements, controlled anisot-
ropy. The fabric design of jersey knit allow high fabric stretch in course
direction, it may reach 100%, helping in the formation of complex pre-
form shapes. The structure of the rib knit as shown in Figure 3.10 where
more weft yarn can be used and the fabric is more bulky. The rib knit can
be used to form 3-D shapes on the surfaces of the fabric.

3.6.3.1 Knitted Fabric Technical Parameters

The basic calculations of the knitted fabric which consequence in its phys-
ical and mechanical properties are:

3.6.3.1.1 Weft Knitted Structures

«  Courses/cm “cpc” =k /1

«  Wales/cm “wpc” =k /1

*  Stitch density per cm®“‘s” = (cpc).(wpc) = k /I

*  Shape factor = (cpc)/(wpe) =k /k

»  Fabric tightness

The fabric tightness factor K of a knitted fabric is defined as the ratio
of the fabric area covered by the yarn to the total fabric area.

Fabric tightness “K” = (tex)**/ [ (23)

where: / the loop length “mm”; k, k and k are constants depended on the
materials of the used yarns and condition of the fabric relaxations [36, 37].

The fabric tightness will affect the spirality angle, which generally
decreases as the tightness of the fabric increases. The value of the fabric
tightness has a mean value of 1.47 for single jersey and 1.5 for weft knitted
structure. The value of fabric areal density is given by:

Fabric areal density “g/m*” = 0.01 s [ tex (24)



118 Natural Fiber Textile Composite Engineering

3.6.3.1.2 Warp Knitted Structures

* Tightness factor: The tightness factor of two guide bars (front f and
back b) is given by:

K= (texf)0'5/lf+ (tex,)"’/l, (25)
»  Fabric areal density of two guide bars:
Fabric areal density “g/m*”= s((1.tex) + (1, .tex,)) x107? (26)

The fabric various parameters will affect the physical and mechanical
properties of the preform [31] and therefore, should be chosen to fulfill the
requirements of the composite specifications.

3.6.4 Braided Preform
3.6.4.1 Geometrical Parameters of Braided Fabric

The braided weave is a biaxial flat braid which consists of number of yarns
interlacing together. The simple geometrical parameters of the proposed
model are shown in Figure 3.35.

The equations for tubular braids were modified by replacing the braid
perimeter by the braid width to get the suitable model, which is applicable
for flat braids [38].

3.6.4.2 Braid Angle o

The key design parameters of the braid are: diameter of the yarn (d), the
braid width (W) and the braid angle (), Figure 3.35. A unit cell of the
braid is formed by the interlacements of yarns. Thus, the braid angle () is
the most important parameter [39], which is defined as the angle between
the yarn axes and braid axes. Accordingly, the braid angle (o) can be cal-
culated based on the braid pitch (P), as shown in the following equation:

Sin o = W/(N.P) 27)

where, N is number of yarns.
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Braid angle

D
FIGURE 3.35 Biaxial braid.

3.6.4.3 Braid Jamming Condition

Under low-loading conditions, the braids go through the geometric
transition, i.e. occurrence of yarn reorientation, and the braid angle
(o) decreases resulting in an increase in length and decrease in braid
width. According to the above justification, the braid angle continues
to decrease until the yarns become tightly packed and the structure is
jammed such that no further movement of yarns can take place. Under
elongation of the braided fabric, the movement of yarns towards the
braid axis occurs under low loading conditions without strain in yarns,
resulting in decreasing of braid angle “a “ and braid width. The increas-
ing of load leads to increase in the compression of the braid in the width
direction, and decreasing in braid angle a matter that cause yarns to con-
tact each other. Further increasing of load causes the yarns to extend
and leads to further yarn packing (jammed condition is reached). The
jamming or locking of structure will lead to minimum possible spaces
between the constituent yarns, and the new average spacing between the
yarns after jamming in a unit cell.
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3.7 FABRIC POROSITY

Porosity strongly determines important properties of fibrous materials,
such as resin management properties, air permeability, and mechani-
cal properties. Large surface area to volume ratio, (as a result of high
porosity) gives the ability to facilitate interfacial bonding between fibers
and matrix. The total porosity of a woven fabric consists of three com-
ponents: (a) the intra-fiber porosity, due to the voids within the fiber
itself, (b) the inter-fiber porosity, due to the voids between the fibers, and
(c) the inter yarn porosity, formed by the interstices between the yams
[41]. The Resin Transfer Molding (RTM) is one of the most promis-
ing technology available today capable of making large complex three-
dimensional part with high mechanical performance, tight dimensional
tolerance and high surface finish. Whatever is the fabric design, it is
very important to allow the resin to flow at suitable speed through all
the parts of the structure without high resistance to the resin flow, leav-
ing a minimum percentage of voids when the mold is closed and the
preform reaches the expected fiber volume fraction. If the fibers are too
compacted or their content is excessive, there is no sufficient space for
the passage of the resin and the filling time becomes longer. An increase
with respect to this value may cause a bad distribution of the resin and a
dramatic drop in the mechanical properties of the manufactured compo-
nent. Micro-voids may cause a micro crakes, leading to the delamination
and early failure of the composite [42]. The porosity of woven fabric is
well defined due to the pattern of the fabric with a predetermined yarn
interlacements, which indicated that the higher the number of interlace-
ments of the warp and weft yarns, the lower is the porosity. While non-
woven fabric fibrous material may contain three kinds of pores: closed
pores, blind pores and through pores [43]. Generally, the higher fiber
volume fraction — the lower is the porosity of the fibrous structure. The
porosity can be defined by several parameters, average diameter of pores
and distribution of pore’s diameters, total number of pores. The pore
distribution is an important parameter in defining the rate of flow of the
resin, while the size of pores determines the percentage of voids in the
final composite.
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4.1 INTRODUCTION

Usually, the natural fibers cannot be used directly in the manufacturing
of natural fiber composites (NFPC) because of the difference in the sur-
face properties of the two materials. The properties of the NFPC depend
on the interfacial strength. Low value of interfacial strength will lead to
propagation of the micro crack at the reinforcement surface separating the
matrix, thus the composite loses its integrity. The most serious concern
with natural fibers is their hydrophilic nature due to the presence of pen-
dant hydroxyl and polar groups in various constituents, which can result in
poor adhesion between fibers and hydrophobic matrix polymers [1].
Several approaches of surface modification are used to increase the
natural fibers—matrix interfacial strength before the injection of a polymer.
Physical and chemical methods optimize the interface between the fiber
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and the matrix. Coupling agent commonly improve the degree of cross-
linking in the interface region and offer a perfect bonding [2, 3].

4.2 METHODS FOR FIBER SURFACE TREATMENT

The natural fibers can be used to reinforce both thermosetting and ther-
moplastic matrices. Thermosetting resins, such as epoxy, polyester,
polyurethane, phenolic, etc. are commonly used in natural fiber com-
posites, when there is the requirement for higher performance appli-
cations. The chemical composition of the natural fibers are cellulose
(a-cellulose) hemicelluloses, lignin, pectin and waxes. Their percent-
age depends on the type of fibers. Table 4.1 gives the analysis of the

TABLE 4.1 Chemical Composition of Some Natural Fibers [4-6]

Fiber Cellulose %  Hemicellulose %  Lignin % Waxes %
Abaca 56-63 20-25 7-9 3
Alfa 454 38.5 14.9 2
Bagasse 55.2 16.8 253 -
Bamboo 26-43 30 21-31 -
Banana 63—-64 19 5 -
Coir 3243 0.15-0.25 40-45 -
Cotton 85-90 5.7 - 0.6
Curaua 73.6 9.9 7.5 -
Flax 71 18.6-20.6 22 1.5
Hemp 68 15 10 0.8
Isora 74 10 14 1.09
Jute 61-71 14-20 12-13 0.5
Kenaf 72 20.3 9 -
Nettle 60-86 10-20 5-10% 4
Oil Palm 42-65 6-32 22-29 -
Pineapple 81 12-16 12.7 -
Ramie 68.6-76.2 13-16 0.6-0.7 0.3
Sisal 65 12 9.9

Straw (Wheat)  38.45 15-31 12-20 -
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fiber chemical composition of some natural fibers [4—6]. It is noticeable
that the percentage of cellulose is varied between 30 and 86%. Most
methods for the modification of natural fibers depend on the cellulose
percentage in the treated fiber. Several researchers suggest various
methods to improve the fiber surface to make it suitable for good inter-
facial fiber/matrix bonding reinforce with thermoset, thermoplastic,
biodegradable plastics, and natural rubber. The different surface chemi-
cal modifications of natural fibers, such as alkali treatment, silane treat-
ment improve the adhesion between the matrix and the fibers. A third
component, called compatibilizer, has to be used so that the fiber’s sur-
face is modified prior to the preparation of the composite [3—6]. Treat-
ments like isocyanate treatment, latex coating, permanganate treatment,
acetylation, monomer grafting under UV radiation, etc., have achieved
various levels of success in improving fiber strength and fiber/matrix
adhesion in natural fiber composites [7].

The potential of use cellulose nanofiber in nanocomposite shows the
increasing interest, especially in bio-nanocomposites, that requires good
bonding and distribution between cellulose nanoparticles and the matrix
to improve their interfacial properties.

The methods for modifying the natural fibers to improve the fiber-
matrix interface can be divided as given in the following subsections [8, 9].

4.2.1 PHYSICAL METHODS FOR FIBER SURFACE TREATMENT

The physical methods will not alter the chemical composition of the fibers
but change both the structure and the surface morphology of the fibers.
This includes stretching, calendaring, thermos-treatment or cold plasma
treatment to achieve modification of the surface properties of the fiber
to modify the bonding with the matrix. The application of hybrid yarns
changes the structural and surface properties of the yarns and thereby,
influences the mechanical bonding to polymers [11]. On modern spinning
machines, several methods were introduced to change the geometry of
the yarns, such as the formation of slub structures for alternate the surface
morphology of the yarns providing a better bonding between the matrix
and the yarns.
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Plasma treatment methods are known to be effective for “non-active”
polymer substrates as polystyrene, polyethylene, polypropylene, etc. They
are successfully used for cellulose-fiber modification to decrease the melt
viscosity of cellulose-polyethylene composites and improve mechanical
properties of cellulose-polypropylene composites [12].

4.2.1.1 Plasma Treatment

Plasma is a “dry” technology and is intrinsically ecological and envi-
ronment friendly. It can be used to modify the properties of the surfaces
in a wide range of textiles fibers without change to the bulk properties.
Low-temperature plasma treatment can be an alternative to traditional wet
processes in textile. Compared with current standard finishing processes,
plasmas have the fundamental advantage of reducing the usage of chemi-
cals, water and energy [9, 13]. Moreover, fiber surfaces are etched conse-
quently the changes in fiber diameter and surface roughness.

The plasma industry has developed equipment configurations that run
a hybrid corona/DBD plasma type that is universally called “Corona.”
Plasma technology performed under atmospheric pressure or under
reduced pressure (depending on the special needs) leads to a variety of pro-
cesses to modify fiber to fulfill additional highly desirable requirements.
Plasma technology is suitable to modify the chemical structure as well
as the topography of the surface of natural or man-made fibers [12-22].
Plasma resource could be classified accordingly to source: Low pressure
and atmospheric pressure. The atmospheric pressure is most commonly
used with textile processing and less expensive. Corona treatment is one of
the most interesting techniques for surface oxidation activation. It is a pro-
cess that changes the surface energy of the cellulose fibers and, in case of
wood surface, increases the amount of aldehyde groups. Depending on the
type and nature of the gases used, a variety of surface modification could
be achieved by using cold plasma treatment which will in turn introduce
surface crosslinking while surface energy could be increased or decreased
and reactive free radicals and groups could be produced [13].

Plasma treatment enhances inter yarn and inter fiber friction due to
etching effect. Rougher surface of individual fibers increases the friction
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between fibers within the yarn and also between the yarns, and improve
the interfacial strength [14]. Some results of sisal fiber treatment by cold
plasma indicate that the improvement of its mechanical properties depends
on the time of exposition to treatment. Study of the effect of the plasma
treatment on the flax fiber shows no significant increase in the fiber tenac-
ity but an increase in the breaking elongation by about 60%.

The various results are noticed due to the difference of the source of
the bast fibers hence the diameter of the fibers was found to be a decisive
parameter that determines the effect of the plasma treatment [15]. The
analysis of topography, as illustrated in Table 4.2 of fiber by SEM, shows
the etching of the surface of the fibers, causing the increase in the interfa-
cial force between the fiber and matrix [20].

The plasma treatment of flax fiber indicates a decrease of the Young’s
modulus and strain without significant reduction of the strength.

4.2.2 CHEMICAL METHODS FOR FIBER SURFACE TREATMENT
To develop composites with good properties, it is necessary to improve

the fiber-matrix interface and reduce moisture absorption. Chemical treat-
ments target to improve interfacial adhesion necessary to overcome the

TABLE 4.2 SME Photo of Fibers After Plasma Treatment

Fiber type Fiber type
Nylon Wool
Polyester Cotton
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weak bonding, reduce moisture absorption, and improve the mechanical
properties of the fibers [2—19]. The mechanism of the improving the inter-
facial strength between the incompatible fibers and matrix materials may

be achieved through:
*  Reducing the cellulose hydroxyl groups
*  QGrafting

*  Cross-linking the cellulose of the fibers with matrix polymer

*  Thoroughly cleaning the fiber surface by bleaching

The most optimum method depends on the type of the fiber and poly-
mer of the matrix used for manufacturing the composite [21-23].

The different methods of chemical pre-treatment of the natural fibers,
as well as their effects, are given in Table 4.3. The effects of the chemi-
cal modifications were investigated [23—27] and shown their impact on the
performance of natural fibers and fiber reinforced composites. The different
chemical modifications of natural fibers surface achieved various levels of
success in improving fiber strength and fiber-matrix adhesion in NFPC.
However, in some cases, the main chemical bonding theory alone is not suf-
ficient: hence the consideration of other concepts appears to be necessary,
which include the morphology of the interface, the acid-base reactions at
the interface, surface energy and the wetting phenomena [28]. Pretreatment
methods are of different effectiveness for the interfacial adhesion between
matrix and fiber, depending on the type of fiber and the polymer used.

4.2.2.1 Alkaline Treatment

The alkaline treatment is the most popular treatment for the bast fibers to
improve their properties. Mercerization leads to the increase in the amount
of amorphous cellulose at the expense of crystalline cellulose. The impor-
tant modification expected here is the removal of hydrogen bonding in the
network structure. The following reaction proceeds as a result of treatment
with alkalis:

Fiber-OH + NaOH — Fiber-O —Na* + HzO

As a result of sodium hydroxide penetration into crystalline regions of
parent cellulose (cellulose 1), alkali cellulose is formed. Then, after washing
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TABLE 4.3 Methods of Chemical Pre-Treatment of Natural Fibers [21-28]

Chemical

Reaction

Effect

Alkaline treatment

Silane (SiH4)
treatment

Benzoylation

treatment

Acylation treatment

Coupling agent

Peroxide treatment

Sodium chlorite
treatment

Permanganate
treatment

Acetylation
treatment

Acylation

Removes wax, lignin, breaking
the hydrogen bonding

Reduces cellulose hydroxyl
group, reacts with the hydroxyl
group

Benzoyl treatment

Acrylic acid (CH2=CHCOOH)
grafting

Develops a highly cross-linked
interphase region, with a
modulus intermediate between
substrate and the polymer

Benzoyl peroxide, Dicumyl
peroxide are used with cellulos-
ic fibers for surface modifica-
tion after alkali pre-treatment

Bleaching of the cellulosic
fibers with sodium chlorite will
clean the surface of the fibers to
allow better adhesion with the
matrix

Potassium permanganate
solution in acetone in different
concentration

Esterification method causes
plasticization of cellulose
fibers, modifying the properties
of polymer so that they become
hydrophobic

Treatment with acrylic acid

Change of orientation of
crystalline cellulose, increase
surface roughness

Used as coupling agents,
reduces the fiber swelling

Decrease water absorption

Cause plasticization of
cellulosic fiber, it becomes
hydrophobic

Esterification of cellulose fiber

Treatment of the fibers after
alkaline pre-treatment.

Clean the area of the fibers,
makes its surface rough.

Treatment of the fibers after
alkaline pre-treatment.

Increase in hydrophobic
character

Graft polymerization modify
natural fiber

out unreacted NaOH, the formation of regenerated cellulose (cellulose II)
takes place. The alkaline treatment has two effects on the fiber:
(1) It increases surface roughness resulting in better mechanical inter-

locking;

(2) It increases the amount of cellulose exposed on the fiber surface,
thus increasing the number of possible reaction sites [29].
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SEM photos for untreated and treated jute fibers are illustrated in
Figure 4.1 which points out that NaHO treatment affects the morphology
of the fibers.

Consequently, alkaline treatment has a permanent effect on the
mechanical behavior of jute fibers, especially on fiber’s strength and stiff-
ness [30-34]. The mercerization of ramie yarn has a considerable effect
on crosslinking properties, such as the degree of cross linking, tensile
strength, and elongation [35]. The medium concentration of (NaOH)
has reoriented the fibers and, consequently improved their crystallin-
ity and strength, NaOH concentration of 10% gave the best effect [36].
The degumming process is necessary for improving the textile properties
of jute fiber, accordingly fineness 2.02 tex was obtained [37]. Changes,
occurring in jute fiber-PP composites when fibers are pretreated with 2%
concentration of a NaOH for 24 hour, were investigated [38] and indicated
the improve in the mechanical properties due to good adhesion between
natural fibers and polypropylene (PP) matrix. Jute fibers, when alkali-
treated with 2% concentration for 24 hr. showed best improvement in ten-
sile strength by 40% and modulus by 9%. Moisture absorption for jute
composites was 50% lower than for the untreated fiber composites. Also,
it was observed that the alkali treatment produced a drop in both tensile

(@)

(b)

FIGURE 4.1 SEM photos for untreated and treated fibers: (a) untreated, (b) treated
(NaOH concentration 8%, immersion time 30 min).
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strength and Young’s modulus of the fibers [39]. This was attributed to the
damage induced to the cell walls and the excessive extraction of lignin and
hemicellulose, which play a significant role in the structure of the fibers.
The tensile properties of the alkali treated woven jute natural fibers rein-
forced Hybrid Composites [40] were enhanced. It has been observed that
the increase in NaOH percentage and treatment time definitely gives high
impact strength [38—41]. Most researches treated the bast fibers in a raw
form, however there are different effects when treating the fibers alone or
in woven fabric [42].

The effect of the alkaline treatment on the properties of the jute fabric
is illustrated in Figure 4.2, that indicates the effect of the NaOH percent-
age concentration and the time of immersion of the fabric on its physi-
cal properties: all the measured properties are increased as the result of
the NaOH treatment, reflecting on the mechanical properties of the jute
fabric [42].

Fabric will have high crimp ratio, higher thickness, even the fabric
areal density, and consequently the fabric density. The fabric morphology
is completely changed with increased surface roughness caused by the
increase in warp and weft crimp, as shown in Figure 4.3.

Physical properties

Untreated

NaOH 22%,60 min NaOH 8%,30 min

NaOH 22%,30 min NaOH 8%,60 min

NaOH 16%,60 min NaOH 16%,30 min

Ends/cm = == == Picks/cm

Thickness mm

Crimp warp wise%

== == Crimp weft wise% == « Fabric weight "gm/m2/10"

Density "gm/m3"

FIGURE 4.2 Physical properties of the differently treated fabrics.
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Mechanical properties

Untreated
40

NaOH 22%,60 min NaOH 8%,30 min

NaOH 22%,30 min 30/NaOH 8%,60 min

NaOH 16%,60 min NaOH 16%,30 min

------ Strength MPa Elongation %

Young’s modulus *10" Gpa" == == Work of rupture * 10 "Joule"

= = = Bending stiffness ¥10 mNm

FIGURE 4.3 Mechanical properties of treated jute fabrics.

The load extension curve of the fabric shows that fabric’s Young’s
modulus decreases while the breaking elongation increases as a result of
fabric treatment, as illustrated in Figure 4.4. The breaking load is almost
constant.

4.2.2.2 Coupling Agent

Coupling agent is defined as a compound which provides a chemical bond
between two dissimilar materials, it usually improves the degree of cross-
linking in the interface region and offers a perfect bonding. Among the
various coupling agents, Silane coupling agents were found to be effective
in modifying the natural fiber-matrix interface [43, 44].

SEM obtained for failure surfaces observed that with increasing in
fiber—matrix interaction, the failure mode changes from interfacial failure
to matrix failure. The mechanical properties determined from the tensile,
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FIGURE 4.4 Load extension curve of treated jute fabrics.

flexural and shear tests exhibit a similar behavior for each of the different
fiber surface treatments but the effect of the fiber surface treatment was
more noticeable for the shear properties.

In the case of short fibers with length less than the critical fiber length
given by the Eq. (1), the effect of the coupling agent will be higher than
for the long fibers or threads and fabrics. If fiber length is greater than the
critical fiber length, full utilization of the fiber strength contributes to the
matrix overall strength. It is assumed that the fiber’s length is completely
bonded to the matrix, if not, the parts of the long fibers will debone and the
long fiber will be considered as two or more fibers. Each may be of length
less than the critical fiber length and the first condition will occur.

) =o,d /2t (1)

critical
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ey — Tiber critical length, 7—
shear strength of fiber matrix interface, d | — fiber diameter.

The value of the fiber critical length reduces as shear strength of
fiber matrix interface t, increases and the strength of the composite will
increases, too. Fiber aspect ratio (lf/d /) lower than the critical value results
in the insufficient stress transfer to fiber and thus, the reinforcement is this
case acts as a filler [44]. The value of the aspect ratio is (Z /./d f) : (Gf/Z 7).

Table 4.4 gives the values of fiber aspect ratio, their strength, and value
of the critical shear strength which should be reached by the bonding
between the fiber and the matrix (fiber pulling out force) in order to insure
complete utilization of fiber strength. The coupling agent will increase
the shear strength of fiber matrix interface [45]. It should be mentioned,
that short fibers with high aspect ratio will give some complications in
composite manufacturing due to the difficulties to separate the fibers from
each other. Interfacial shear strength can be increased by using coating/
grafting on fiber surface to improve the strength of the fiber-matrix inter-
face. The variability of the natural fiber’s aspect ratio should be taken into
consideration when choosing the raw material for a polymer composite.
Maleic-anhydride-modified polypropylene (MAPP) is found a good cou-
pling agent to bridge the interface between the ground kenaf and plas-
tic, improving stress transfer and increasing their strength and stiffness,
but also allow a higher filler loading of 65% [46]. Fiber critical length

where: o,- composite breaking strength, /

TABLE 4.4 Fiber Aspect Ratio and Critical Shear of Natural Fibers

Fiber Critical Fiber Critical
aspect Strength shear aspect Strength  shear
Fiber ratio MPa N/em?  Fiber ratio MPa N/cm?
Flax 1738 500-900 25.89 Pineapple 450 400-1600 177.78
Hemp 1000 300-800 40 Abaca 250 1100 220
Jute 100 200-500 250 Coir 1750 131-175 5
Kenaf 160 284-800 250 Cotton 900-1600 300-600 30
Ramie 1500 220-938 27.93 Soft 100 98-170 85
wood
Sisal 20 100-800 2000 Hard 50 90-180 180
wood

Banana 80 500-700 437.5
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and fiber aspect ratios obtained for the different fiber surface treatments,
using the single fiber fragmentation test. For all the surface-treated fibers
there was a noticeable decrease of the fiber critical length as compared to
the untreated fibers. It was found that for the untreated fibers, an average
critical length value of 12.96 mm, it can be reduced to 6 mm for the pre-
impregnated fiber and 3.5 mm for the silane treated fiber [47]. One of the
decisive factors that play role in improving the fiber matrix strength is the
fiber surface area to weight ratio (S/W). The surface area of the fibers “S”
in cm for fibers of weight “w” in grams is:

(s/w) = 1121/ (tex. p)™ ©)

where: p — fiber density g/cm?, tex — fiber count.

The finer the fiber is, the higher will be value of fiber surface area
per linear weight, resulting in the higher value of fiber-matrix interfacial
strength, as illustrated in Figure 4.5.

At the present time, over 40 coupling agents have been used in the
pre-treatment of natural fiber composites [47]. There are several effec-
tive methods for chemical modifications to improve the interfacial force
between the fibers and matrix [4, 9, 39-41, 45-48], namely:

S/w  Ratio
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(Surfacearea"cm?2"/weight "gm") Ratio

FIGURE 4.5 Ratio of surface area /weight of fiber versus fiber count.
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1. Graft copolymerization. (Polypropylene-malice anhydride (MAH-
PP) copolymers).

2. Treatment with compounds which contain methanol groups.

3. Treatment with isocyanates [polymethylene-polyphenyl-isocya-

nate (PMPPIC)].

4. Triazine coupling agents.

5. Silane as coupling agent.

In grafting copolymerization, after the treatment, the surface energy of
the fibers is increased to a level much closer to the surface energy of the
matrix. Maleic anhydride grafted polypropylene (MAPP) can be used in
grafting copolymerization with a certain percentages, depending on the
type of fiber, the optimum MAPP to fiber ratio is found, in average, to
range between 10% and 13.3% to attain the best mechanical properties
of the NFPC [49]. The difference with other chemical treatments is that
maleic anhydride is not only used to modify fiber surface but also the
PP matrix to achieve better interfacial bonding and mechanical properties
in composites [17]. The PP chain permits maleic anhydride to be cohe-
sive and produce MAPP, so that the treatment with cellulose improves the
bonding with the matrix.

Silane, as a coupling agent, has the capability to build durable bonds
between organic and inorganic materials to prevent the propagation of the
micro cracks on the surface of fibers under loading. It can be used with
Thermoplastics or Thermosets Polymer Applications [50]. Among the var-
ious coupling agents, Silane coupling agents were found to be effective in
modifying the natural fiber-matrix interface. Silane grafting is based on the
use of reactants that bear reactive end groups which, on one end, can react
with the matrix and, on the other end, can react with the hydroxyl groups
of the fiber. Morphological studies showed that the Silane, benzoylation
and peroxide pretreatment of flax fiber improved the surface properties.
Silane and peroxide treatment of flax led to a higher tensile strength than
that of untreated flax [51, 52]. For natural fibers and wood plastic com-
posites (WPC) 3% of maleated polyolefin, as a coupling agent, improves
the mechanical properties of NFPC, especially the impact force [51]. For
WPC mixed processes are suggested based on coating/grafting methods
where coupling agent is used to coat the fibers before mixing with the
polymer or fibers and polymer are mixed with the coupling agent before
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pre-treatment (coating or grafting). For instance, in WPC the coupling
agent such as, MAPP-maleated polypropylene, PHA-phthalic anhydride,
and Polymethacrylic acid (PMAA), represents 2—8%. The fiber volume
fraction varies between 50—70%, depending on the fabrication method
[54]. Mechanical properties of composite depend on the fiber matrix type
(thermosets or thermoplastic) and type of coupling agent. The strength of
the composite increases up to 30%. The impact resistance of the composite
material increases up to 100% [53].

4.2.2.3 Grafting
4.2.2.3.1 Esterification Process

Etherification involves the reaction of an alcohol (here a saccharide alco-
hol) with an alkylating agent in the presence of a base [16]. The hydro-
phobization of the cellulose surface has usually been achieved through
the well-known cellulose esterification process, which basically uses car-
boxylic acid, acid anhydrides or acyl chlorides as reacting agents. Esteri-
fication is a reaction that introduces an ester functional group (O—C = O)
onto the surface of cellulose by condensation of the previous reagents with
a cellulosic alcohol group. Acetylation is the reaction that introduces an
acetyl functional group CH3-C (=O) — onto the surface of cellulose [54].
This basic reaction is also involved in the preparation of cellulose ester
derivatives, such as the well-known cellulose acetate. Some investigators
applied low-pressure plasma-processes to allow enhanced chemical vapor
deposition [55].

4.2.2.3.2 Polymer Grafting

Chemical surface modification of cellulose fibers or nanoparticles can be
achieved by covalently attaching small molecules, as well as polymers in
order to increase a polar character of the fiber and have a better compat-
ibility with hydrophobic polymer matrices [55, 56]. Two main approaches
can be used to graft polymers onto surfaces; grafting onto, by addition
of polymer chains onto a surface and used for Nanocrystalline Cellulose
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particles or grafting from, a polymer chain is initiated and propagated at
the surface and used for Nanofibrillated Cellulose. Both methods grafting
“onto” or “from” are the different ways to alter the chemical reactivity of
the surface [56]. First approach involves mixing the cellulosic nanopar-
ticles with an existing polymer and a coupling agent to attach the polymer
to the nanoparticle surface. The second approach consists of mixing the
cellulosic fibers or the activated cellulosic nanoparticles with a monomer
and an initiator agent to induce polymerization of the monomer from the
fiber surface.

4.3 NATURAL FIBER COMPOSITE MATRIX

4.3.1 POLYMERS FOR NATURAL FIBER COMPOSITE (NFPC)
MATRIX

The polymer matrix is responsible to support the structure of the fiber rein-
forcement, giving the final neat shape of the designed part, aligning the
fibers, transfer the load between the fibers, assisting the fibers in providing
compression strength and modulus to the composites, assisting the fibers
in providing shear strength and modulus, withstand heat, and protect the
fiber reinforcement from the environmental conditions. The failure of the
matrix to fulfill these major requirements will lead to failure of the com-
posite under low stress. Besides that, it is preferable to be biodegradable
and easily recycled. Figure 4.6 illustrates the stress strain curves of fiber
and the polymer. High diversity in the properties of fiber and polymer
reflects on the failure performance of the composite.

Other important property under consideration is the viscoelastic
behavior of the polymer. The stress strain curve of the polymer is affected
significantly by the temperature. At elevated temperature polymer mechan-
ical properties will deteriorate due to the decrease of polymer molecular
weight, thus decreasing the tensile strength, elastic modulus and increas-
ing the ductility, impact strengths and viscosity. The change of these prop-
erties is a function of the molecular weight of the polymer. The elastic
modulus decreases at higher rate after the polymer temperature increases
over glass-transition temperature (temperature region where the polymer
transitions from a hard, glassy material to a soft, rubbery material “Tg”)



Textile Reinforcement Modification and Matrix Materialization 141

Fiber reinforcement

Stress

Strain

FIGURE 4.6 Stress—strain curve of fiber and polymer.

and dropped dramatically on reaching the melting temperature (T ), the
rate depends on the degree of crystallinity. Also, the presence of crosslinks
decreases the dropping rate of the mechanical properties [57, 58].

4.3.2 CLASSIFICATION OF POLYMER TYPES FOR NFPC
MATRIX

The construction of the NFPC aims to achieve the improved characteris-
tics of fiber and polymer combination, such as strength, stiffness, shear
resistance, creep resistance, hydrophobicity, dimension stability, solvent
and acid resistance, fire retardant, surface abrasion, and biodegradabil-
ity. Consequently, there are a certain polymer properties that are required
according to end use of the composite, for instance, good bonding to the
fibers, strength, flexibility, elastic recovery, low glass transition tempera-
ture, suitable melting temperature, easy to be adopted with the different
techniques of composite manufacturing methods, weathering resistance.
The glass transition temperature helps in the determination of the work-
ing temperature for the manufacturing process hence the properties of
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the polymer are quite different under the glass transition temperature
and above it. The polymer’s (T) is lower than its (T ) approximately by
150°C, Table 4.5.

Several types of polymers are used for processing the matrix of the

composites, such as:

1. Thermosets polymers; Polypropylene (PP), Polyethylene low density
(LDPE), Polyethylene high density (HDPE), Poly(vinyl chloride)
(PVCQO), Polystyrene (PS), Polytetrafluoroethylene (PTFE, Teflon),
Poly(methyl methacrylate) (PMMA, Lucite, Plexiglas), Poly(vinyl
acetate) (PVAc), Polychloroprene.

2. Thermoplastics polymers: PET Polyproplyene, Polycarbonate,
PBT, Vinyl, Polyethylene, Nylon.

3. Biological polymers.

4. Elastomers polymers.

4.3.2.1 Thermosets

Thermosetting plastics are polymer materials which are liquid or malleable
at low temperatures, but which change irreversibly to become hard at high
temperatures hence, cure process requires to be induced by heat, generally
above 200°C, depending on the type of polymer [60-61]. The degree of
wetting during the production process is important for a good adhesion
between fiber and matrix. The thermoset materials have glass transition
temperature but no melting temperature. When applying thermosets the
viscosity can be low T, this eases the wetting. For some lay-ups, the spe-
cific strength and stiffness will even be better compared to glass composite.
Problems that can be encountered are related to moisture. The fiber mois-
ture can affect the chemical reaction. In order to prevent this, the fibers have
to be dried before, preferably down to 2-3%. In standard room condition,
the moisture content is often over 10 percent. Air is always present in the
fibers and in the resin. The surface of the natural fiber has geometry and a
chemical condition on which air bubble growth will be initiated, especially
in vacuum processes like vacuum injection. In order to prevent many voids
and a poor fiber matrix interface during vacuum injection, it is necessary
to dry the fibers and to degas the resin. Examples of thermosetting plastics
are: Unsaturated polyester, Polyurethane Adhesives, Anaerobic Adhesives
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Araldite, Bakelite, Epoxy, Faturan, Melamine resin, Phenol formaldehyde
resin, Polyester, Polyester resin, Polyhexahydrotriazine, Polyimide, Poly-
isocyanurate, Silicone, Urea-formaldehyde, Vinyl ester.

Thermoset polymers are usually harder, stronger, and more brittle
than thermoplastics. They are insoluble in almost all organic solvents.
The thermoset has high processing cost due to long processing, but easy
in fiber impregnation, high resistance to creep, and resistance to heat
and high temperature, fatigue strength, tailored elasticity, and excellent
adhesion. While of the negative aspects of thermosets is it’s no ability to
recycle.

4.3.2.2 Thermoplastics

Thermosetting plastics are polymer materials solid at low temperatures,
but which change to become soften on heating since secondly forces
between the individual chains can break easily by heat or pressure. High
temperatures can also cause unwanted changes of the polymer structure,
most of the polymer is a mixture of amorphous and crystalline region the
amorphous region will start to melt after the glass transition temperature
Tg changing from leathery to liquid as temperature increased while the
crystalline region will start to sharply melt after melting temperature Tm
is reached.

Appropriate polymers or combinations of polymers have been inves-
tigated by several researchers to blend the polymer such as: Polyimide,
Polycarbonate, Acrylic, Aramid, Polyester, and Orlon. The thermoplastic
has high melt viscosity, difficult in fiber impregnation, high processing
temperature and pressure but the manufacturing cost including mold cost
for low volume production is low [61] and highly recyclable. Neverthe-
less, a low price, reasonable processing temperatures and recyclability
are the reason for a growing interest in thermoplastic polymers, such as
polypropylene. Unmodified PP however, will not have a proper adhe-
sion with the fibers by applying consolidation forces alone. Mechanical
properties are hardly improved: the fibers simply act like filler. Natural
fibers will only act as reinforcement if compatibilizers are used. An inter-
face between fiber and matrix should correct the natural rejection of both
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materials. An often used compatibilizer is MAPP, a modification of a PP
chain with maleic anhydride. A small amount of MAPP added to the PP
will lead to much higher strength properties of the material [59—61].

4.3.2.3 Biodegradable Polymers

The biodegradable composites can be divided into fully biodegradable
and partly biodegradable [62] depending on the biodegradability of
the matrix that capable of being decomposed by bacteria or other liv-
ing organisms. Polylactide acid (PLA), thermoplastic starch, Cellulose
esters, are examples of biodegradable polymer from natural source,
while aliphatic polyester, aliphatic-aromatic polyester, polyvinyl alco-
hol, polyanhydrides, polyethylene terephthalate are examples of bio-
degradable polymer from petroleum based polymer. Partly degradable
composites are those using non-degradable petroleum based polymer,
such as polypropylene, polyester, polyethylene, polyvinyl alcohol. Bio-
degradable plastics and polymers were first introduced in 1980s. Poly-
mers from renewable resources have attracted an increasing amount of
attention hence Natural polymers are available in large quantities from
renewable sources, while synthetic polymers are produced from non-
renewable petroleum resources. The natural Biodegradable polymers
are directly extracted from the biomass or through organically modified
organism [62]. In the last decade, the Biodegradable polymers, espe-
cially PLA, are widely used in manufacturing of NFPC and other indus-
trial products [61-67].

4.3.2.3.1 Biodegradable Polymers Classification

The biodegradable polymers are classified according to their source: Nat-
ural resource or Synthetic [62—68], into categories depending on the syn-
thesis and or the sources.
1. The agro-polymers from agro-resources:
* Polysaccharides, such as starches, which is natural polymers
are formed in nature during the growth cycles of all organ-
isms. Natural biodegradable polymers are called biopolymers.



Textile Reinforcement Modification and Matrix Materialization 147

Polysaccharides, as starch and cellulose, represent the most
characteristic family of these natural polymers. Wheat, pota-
toes, maize, lignocellulosic products, wood, straws, chitin,
chitosan, gums, alginates.

*  Poly peptide proteins, it may be prepared from animal sources,
Collagen is the primary protein component of animal connec-
tive tissues. Several types of collagen exist, or from vegetal
sources: Wheat gluten is a protein by-product of the starch fab-
rication, Soy protein and gluten. Chitin is usually found in the
shells of crabs, shrimp, crawfish and insects. Collagen, gelatin,
casein, and whey proteins. Collagen is enzymatically degrad-
able and has unique biological properties.

2. Bacterial polymers: Polyesters obtained by polymerization of
monomers prepared by fermentation process (semi-synthetic poly-
mers) or produced by a range of microorganisms, Semi-synthetic
polymers PLA, polyhydroxyalkanoates (PHA), Poly (hydroxybutyr-
ate-co-hydroxyvalerate) (PHBV), Microbial polyesters, Poly-3-hy-
droxyalcanoates (PHB), Poly (Hydroxybutyrate-Hydroxyvalerate)
(PHB/HV), Poly (Hydroxybutyrate), Poly-e-Caprolactones (PCL).

3. Polymers chemically synthesized: using monomers obtained
from agro-resources, such as PLA, Polyglycolic acid (PGA).

4. Polymers whose monomers and polymers are both obtained by
chemical synthesis from petroleum resources, such as polycapro-
lactones (PCL), polyesteramides (PEA), aliphatic co-polyesters
(PBSA), aromatic co-polyesters (PBAT), PGA, PLA and their
copolymers, Polybutylene Succinate (PBS), Poly (Vinyl Alcohol)
(PVOH) and Poly (Vinyl Acetate) (PVA).

Blends of Biodegradable Polymers Mixing biopolymers or biodegrad-
able polymers with each other can improve their intrinsic properties. For
example: Starch-based blends, Starch-poly (ethylene-co-vinyl alcohol),
Starch-polyvinyl alcohol, Starch-PLA or to improve compatibilization
is to use a compatibilizer like Maleic anhydride [69]. The compliance
requirements for the key standards, such as ASTM is 60% of the mate-
rial is biodegradable in period of 6 months. Testing for plastic materials
according to ASTM D6400 or D6868 may require a minimum of 90 days,
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and a maximum of 180 days. Cording to Standard specification for com-
postable plastics.

4.3.2.4 Elastomers

Elastomers are the polymers with viscoelasticity and very weak inter-
molecular forces, generally having low Young’s modulus and high failure
strain compared with other materials. The elasticity is derived from the
ability of the long chains to reconfigure themselves to distribute an applied
stress [70]. Elastomers can extend from 5-700% with high elastic recov-
ery. An example of the elastomer polymers are:

»  Unsaturated rubbers: Natural polyisoprene, synthetic polyisoprene,
polybutadiene, chloroprene rubber, polychloroprene, neoprene,
and baypren.

» Saturated rubbers: Ethylene propylene rubber, ethylene propylene
diene rubber, epichlorohydrin rubber, polyacrylic rubber, silicone
rubber, fluorosilicone rubber, fluoroelastomers, tecnoflon, fluorel,
perfluoroelastomers, polyether block amides, and ethylene-vinyl
acetate.

Elastomer matrix may be used, like natural rubber or manmade rub-
ber, in manufacturing of NFPC. This will combine the strength of the
fibers and the impact properties of the rubber. It was found that rigid
elastomer composite specimens had high impact resistance [71]. For sisal
fiber reinforced rubber composite, reinforcement with short fibers offers
some attractive features, such as high modulus and tear strength. Major
factors which affect the performance of rubber-fiber composites are fiber
loading, fiber dispersion, fiber orientation, fiber to matrix adhesion and
the aspect ratio of the fiber [72]. Short fiber reinforced rubber compos-
ites were developed to fill the gap between the long fiber reinforced and
particulate filled rubber composites. Composites in which the short fibers
are oriented uniaxial in an elastomer have a good combination of good
strength and stiffness from the fibers and elasticity from the rubber. These
composites are being used for the fabrication of a wide variety of prod-
ucts such as v-belts, hoses and articles with complex shapes. Design flex-
ibility is another advantage of these composites. Mechanical properties,
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like specific strength and stiffness, reduced shrinkage in molded prod-
ucts, resistance to solvent swelling, abrasion, tear and creep resistance are
greatly improved in short fiber composites [73].

4.3.3 SELECTION OF POLYMERS FOR NFPC

The polymer properties that define the polymer can be expressed by chem-
ical composition of repeat units, structural formula of repeat group, molec-
ular weight of repeat unit, crystallinity, toxicity, environmental impact,
specific volume, molar volume, specific thermal expansion, thermal con-
ductivity, melting temperature “tm,” glass-transition temperature “Tg,”
cohesive properties, intrinsic viscosity, melt viscosity, diffusion coeffi-
cient, water absorption, hardness, bulk modulus, coefficient of friction,
tensile creep, elastic modulus, breaking elongation, fatigue, limits for frac-
ture, flexural stiffness, flexural strength, hardness, impact strength, mold
shrinkage, Poisson’s ratio, scratch resistance, shear strength, surface abra-
sion resistance, tear resistance, tensile strength break, Young’s modulus,
toughness, ultimate strength, viscoelastic behavior, electrical resistance,
dielectric constant, biological stability, burning rate, flammability, chemi-
cal resistance, air and liquid permeability, thermal stability, UV resistance,
weathering. The rigid plastics, such as Polystyrene, Polymethyl methacry-
late or Polycarbonate can withstand the applied stress on the composites,
but they can’t withstand much elongation before breaking. Flexible plas-
tics, like polyethylene and polypropylene, are different from rigid plastics.
They have low strength with high initial modulus, thus they will resist
deformation. In the case of a composite material, a fiber to reinforce a
thermoset is usually used. The fiber increases the tensile strength of the
composite, while the matrix gives compressional strength and toughness.

Some polymer properties are essential for the compatibility with the
end use to fulfill matrix performance under various loading conditions,
the manufacturing processes requirements, and life cycle analysis of the
product. Some properties of polymers used for composite are given in
Table 4.5.

The glass transition temperature (T) is an important property for design-
ers to be aware of, since it lowers the expectations for mechanical per-
formance at elevated temperatures. The high glass-transition temperature
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has two contradictory effects — from one side the polymer will have good
mechanical properties, on the other hand the cooling rate during curing
should be slow. For NFPC the polymer melting temperature recommended
not be high to protect the properties of the fiber.

The polymer properties will affect its mechanical properties and pro-
cess ability. For instance, the increase of the polymer density will lead
to increase the strength, stiffness, abrasion resistance, hardness, chemical
resistance and, in the meantime, decrease of impact strength and crack
resistance. While the increase of melt flow rate of the polymer decreases
the most of the mechanical properties. But the reflection of these two prop-
erties on the manufacturing of the NFPC will be in different aspect hence
the increase of the density of the polymer requires the increase of process-
ing temperature and pressure, on the other hand the low melting flow rate
improves the polymer impregnation through the reinforcement.

The following are some types of polymers used when targeting a spe-
cific composite matrix property, such as:

I.  For mechanical strength: Nylon, Polyester, Polypropylene, Epox-
ies

II. For stiffness: Polyester, Polypropylene, Polystyrene

III. For electrical resistance: Nylon, Polycarbonate, Polyester, Poly-
propylenes, Rubbers

TABLE 4.6 Suitable Polymers for NFPC

Matrix Fiber Matrix Fiber
Epoxy Abaca, Bamboo, Polypropylene Flax, Jute, Kenaf,
Jute Hemp, Wheat Straw,
Wood fiber
Natural Rubber Coir, Sisal Polystyrene, Poly- Wood fibers
urethane, Polyvinyl
chloride
Nitrile Rubber, Phe-  Jute Polyester Banana, Jute, Pine-
nol-formaldehyde apple, Hemp
Polyethylene Kenaf, Pineap- Styrene-butadiene Jute
ple, Sisal, Wood
fiber

Rubber Oil palm PLA Wood fibers
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IV. For heat resistance: Epoxies, Polyimides
V. For chemical resistance: Nylon, Polycarbonate, Polyester, Poly-
propylene.
From the experience of several researches [57, 74-78], the suggested
polymers for different types of natural fibers are given in Table 4.6.
From Table 4.6, it clear that Polypropylene matrix is most popular for
manufacturing of Natural fiber polymer composites.
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CHAPTER 5

SOME ASPECTS OF TEXTILE
COMPOSITE DESIGN
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5.1 INTRODUCTION

The structure of the composite is very simple — it consists of three-dimen-
sional preforms that form the skeleton of the designed part. The reinforce-
ment can be in form of fiber mat, individual fibers, yarn, weave structure,
woven fabric, knitted fabric, braided fabric, nonwoven fabric, and triaxial
fabric. Also, it may be 2-D or 3-D fabrics. The matrix binds the fibers, hold-
ing them in the pre-determined form, to protect the reinforcement from the
environment effect, as well as to transfer the applied loads in all the directions
to all the fibers in the preform as the reinforcement is the main bearing load
element. The interface between the matrix and the fiber plays the important
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role in the transfer the loads from the matrix to the fibers. Hybrid composites,
which may be formed from several reinforcements of different material or
filler [1, 2], are presented in single matrix, as shown in Figure 5.1. The vari-
ety of the components for a composite are usually used to reach the properties
which can’t be obtained with single reinforcement or single matrix.

The fiber polymer composite have the following advantages: high spe-
cific strength, high specific modulus of elasticity, fatigue resistance, creep
resistance, low coefficient of thermal resistance, corrosion resistance,
design flexibility, low cost, less noisy while in operation, versatile than
metals in complex designs, high corrosion resistance and ecofriendly. A
new application of textile — steel reinforced composites have been intro-
duced in some automotive applications [3]. The textile composites (FPC)
can be classified as:

»  Synthetic fiber composite, synthetic fiber reinforcement

* Natural fiber composite, natural fiber reinforcement

*  Bio-composite, both reinforcement and matrix are environment-

friendly biodegradable materials.

Natural &Synthetic
Fibers

Ceramic. Glass,
Cement

Micro, Nano
Particles

FIGURE 5.1 Various composite structure combinations.
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5.1.1 DESIGN PROCEDURES OF COMPOSITE

According to the end use of the composite, the designer will determine
the forces acting on the designed part and start to follow the steps given in
Table 5.1, which describes the procedure for designing of textile compos-
ite. Determining the material requirements for certain component of prod-
uct in the design should be based on the specifications and end use [4].

Each of the requirements of final composite is a function of both the
fiber and matrix properties as well as the pretreatment methods.

5.1.2 SELECTION OF FIBERS

The first step in the design of the composite and the performance of the
designed part will depend on the choice of the materials to withstand:

TABLE 5.1 Procedures to Design Textile Composite

Steps Parameters

1. Selection of fiber properties Physical properties, Mechanical properties, Ther-
mal properties

2. Selection of reinforcement Material: Flax, jute, hemp, rami, kenaf, soft wood

Architect: Particle, whiskers, fiber, yarns, woven
fabric, knitted fabric, nonwoven fabric

3. Selection of pretreatment of Cold Plasma Treatment, Alkaline Treatment,
reinforcement Esterification, Salinization, Acid Treatment, Me-
chanical treatment

4. Selection of coupling agent Vinyl, chloropoeopl, methacryl, amine, cationic,
phenol, mercpto, phosphate, neoaloxy, silane,
Maleic anhydride

5. Selection of matrix material Thermoplastic (poly ethaline, polypropylene, poly-
amide), thermoset (epoxy, vinyl ester, phenolic)
and bio-gradable (natural source resin) composite

6. Selection of manufacturing Hand layup, spraying, compression, transfer, resin
technology and parameters transfer, injection, compression injection, pres-
sure bag molding, centrifugal casting, cold press
molding, continuous laminating, filament winding,
pultrusion, extrusion

7. Composite testing Type of tests according to the loading conditions
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Type of applied forces;
Condition of applied forces;
Working environment;
The joint methods to the other parts;
Method of manufacturing;
Serviceability;

Cost; and

. Environmental issues.

Natural Fiber Textile Composite Engineering

The analysis of the different factors which reflect the effect of material
properties on the product specifications are analyzed, Table 5.2.

The mechanical properties required for the design of composite of
most common natural fibers used for NFPC are given in Table 5.3.

The density, specific strength and specific Young’s modulus of the nat-
ural fibers in comparison to glass fibers, illustrated by Figure 5.2, indicate
that the specific Young’s modulus of most natural fibers has almost the
same value, while the specific strength of flax, hemp, jute and bamboo
fibers have highest values. Flax fiber can be a replacement to the E-glass
fiber in some applications.

TABLE 5.2 Material Selection for Composite Design

Composite
requirements Fiber properties
Performance Fiber strength and  Fiber stiffness Fiber Fiber and
elongation impact matrix creep
strength properties
Weight Fiber density Dimensions
Recycling CO, emission Possibility of Safety of
reuse disposal
Bio-degradation  Effect of the en- Rate of degrada-
vironment on the  tion
degradation of the
fiber and matrix
Environmental ~ Energy consump- ~ CO, emission
issue tion in composite
elements manufac-
turing and forming
Cost Raw material cost ~Manufacturing Recycling
cost cost
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1000

|

Bamboo Coir Sisal Flax Hemp Jute Ramie Softwood E-glass
Fiber

Property Value
wv
o
{1

B Specificmodulus(E/p) Specificmodulus(E/p) B Densityg/cm3 “p”

FIGURE 5.2 Comparison of the natural fibers properties with E-glass properties.

5.1.3 SELECTION OF FABRIC

Continuous fiber reinforced composites are now firmly established engi-
neering materials for the manufacture of components in the automotive
and aerospace industries [4]. In this respect, composite fabrics provide
flexibility in the design manufacture. Many investigations point out that
textile fabric possesses hardly any stiffness in bending or compression,
so it is able to cover a 3-D body gracefully and can deform to a com-
plex shape easily. However, because of its small bending rigidity, it cannot
support compressive stresses. When sheet of textile material deforms in
a compressive direction, buckling occurs and wrinkles are formed. Wrin-
kling (i.e., buckling of fibers), arising during the forming of textile com-
posites, tends to significantly degrade the performance characteristics of
the final product.

The 3-D fabric’s inherent three-dimensional structure is creating integ-
rity in three mutually perpendicular directions [5]. 3D-fabric reinforcement
can overcome the problem of low inter-laminar and through-thickness
strength typical for traditional 2D-laminates. The mechanical properties
of composites made from fiber laminate are characterized by high in-plane
stiffness and strength and lower out-of-plane stiffness and strength [6].
One of the main advantages of 3D-fabric reinforcements is the increased
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fracture toughness. The fracture toughness is a measure of how well a
material containing cracks can resist fracture. The increased resistance
to delamination also has a positive effect on compression strength after
impact [7]. The deformation modes of composite fabrics during the form-
ing process are different than those of sheet metal. Number of deforma-
tion mechanisms are available, including shear deformation between warp
and weft fibers, fiber straightening, relative fibers slip, and yarn buckling
[4]. Any type of fabric can be used, with the appropriate manufacturing
method, when it possesses the following properties [7]:

* High compression resistance;

* Low fabric bending resistance;

* Anisotropy in mechanical properties;

* Low between yarn coefficient of friction;

e Low shear modulus;

* High value of bursting strength;

*  High value of melting temperature;

* High value of tensile properties;

*  Suitable porosity;

* High thermal resistance.

For knitted fabric, shear modulus is much lower than for the woven or
braided fabrics due to its loose structure and the difference of the mechani-
cal properties in the direction of walls and courses. This makes it more
suitable for the use in 3-D preform formations. Moreover, the use of Lycra
yarn in the knitted fabric gives additional decrease of the shear modulus.
Thus, the most suitable type of fabric for the manufacturing of 3-D com-
plicated shapes for composite application are the knitted fabrics [8].

5.1.4 SELECTION OF COMPOSITE STRUCTURE

The composite is formed of the laminates from several layers of woven
fabric. The direction of warps in each laminate may be unidirectional or
take different angles in each laminate, as shown in Figure 5.3. Usually,
the direction of laminate is the direction of laminate’s higher strength, for
example in woven fabric, the direction of warp. Hence, layout of laminate
in the composite, Figure 5.3, can be expressed by the angle of inclination
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1st Laminate o, = 0°

2nd | aminate o, = 90°

w 3rd Laminate o3 = 45°
o Ny
,4111 I 4th Laminate o4 = 90°

.

M

5th | aminate o5 = 45°

6th Laminate o5 =0

X
FIGURE 5.3 Laminate architect of the composite.

of the warp yarns to the x-axis angle “o.,” where “i” is the order of the
laminate in the composite.

The discretion of such layer arrangement can be expressed as: [0°,90°,
45°,0°,45°, 0°], which is called “composite laminate code.” Symmetrical
laminate lay, [0°, 45°, —45°, 90°, 90°, —45°, 45°, 0°], which is symmetrical
in construction relative to its neutral axis, thus it can be written as: [0°,
45°,-45°,90°].

The code of the composite will indicate the percentage of the laminate
that has the same direction of the warp yarns. This will affect the load bear-
ing of the composite in each direction. The shear force at the surface of each
laminate depends on laminate code, too. This will impact on the delamina-
tion failure of the composite [9]. Laminate is called quasi-isotropic when
its extensional stiffness matrix behaves like an isotropic material.

The angle between the fiber orientations is given as:

A®O=n/N

where: N — the number of laminates.
The quasi-isotropic laminate with the construction for N=3, 4, 6, and 12
will have fiber orientations A® = 60°, A® = 45°, A® = 30°, and A® = 15°.
The delamination failure of textile composite will be more noticeable
regarding Hybrid composites, where several reinforcements of different
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materials are presented in single matrix or when one reinforcement is used
with a mixture of different materials [9].

5.1.5 THE CHOICE OF MATRIX POLYMER

The selection of the type of matrix has a profound influence on the
mechanical properties of the composite. A designer is always interested
in the estimation of failure stresses of the material he wants to employ in
his design. The most important characteristics, requiring consideration for
most engineering components, include mechanical properties (strength,
stiffness, specific strength, stiffness, fatigue, toughness, and the influence
of high or low temperatures on these properties) and degradation. Special
properties, for example, chemical, thermal, electrical, optical and mag-
netic properties, damping capacity, etc., methods of fabrication and the
total costs attribute to the material selection and manufacturing technique.

5.2 STRESS ANALYSIS IN COMPOSITE
5.2.1 GENERAL STRESS IN MATERIAL

The stress on orthogonal surfaces, assuming composite material is a
homogenous material, when subjected to forces is as shown in Figure 5.4.

Y
Oy

Y
H Ay
v Ty
i = Ox x
S

sz )
_— sz ns

N\
a

‘L
[
F

FIGURE 5.4 Stress on three orthogonal surfaces.
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This state of stress can be written in matrix form, where the stress
matrix [o] is given by:
oX TXy TZX
o= [rxy oy ryz] (1)
TzZX 1TyZ O0Z
where, ¢ = plane stress.
When the stress in one direction, then:

o=lexy o] @

In the case when normal stress ox applied to the element, the direct
relationship between stress and strain in the three directions is given by:

e=(c tv (Gy +o ))E 3)
&= (Gy tv (o, +o))/E @)
e.=(c.,tv(c + Gy))/E &)

If the strain is known, the stress can be given by:

c. =E(l-v)e+ v(ey-l- e )/N(1+v) (1-2v) (6)
c,= E(l-v) e V(e +e )/(1+v) (1-2v) @)
c.=E((1-v)etv(e+ ey))/(]+v) (1-2v) (8)

where: E — Young’s Modulus N/m?, ¢ — Stress, and v — Poisson’s ratio.

5.2.2 SHEAR STRAIN

The shear strain is a measure of the twisting of the element, which is the
angle change of the orthogonal surface, as shown in Figure 5.5.

For a linear, homogeneous, isotropic material, the shear strains in the
Vep Yy and vy, planes are directly related to the shear stresses by:

T /G )

Vo = Ty
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FIGURE 5.5 Shear deformation.

Ve = ryz/G (10)
7. =1, /G (11)

For a linear, homogeneous, isotropic material the shear modulus is
related to Poisson’s ratio:

G = E/2(1-2v) (12)

where: G — shear modulus.

From the above equations, the values of the strength of the material,
the specific strength, the Young’s modules, Poisson’s ratio are the most
parameters to compare for the different materials.

5.3 SIMPLIFIED MECHANISM OF FAILURE OF TEXTILE/
POLYMER MATRIX

In the case of textile/polymer we have three zones of materials, as shown
in Figure 5.6a, with different mechanical properties. The mechanical char-
acteristics of a fiber/polymer composite depend primarily on the mechani-
cal properties of the combined material of matrix and reinforcement, the
surface properties of the fiber, and the nature of the fiber/resin bonding as
well as the mode of stress transfer at the interface. Among the many factors
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that govern the characteristics of composites involving a fibrous material,
it is certain that the adhesion between fiber and matrix plays a predomi-
nant part, as illustrated in Figure 5.6b, the stress transfer at the interface
requires an efficient coupling between fiber and matrix. It is important to
optimize the interfacial bonding since a direct linkage between fiber and
matrix gives rise to a rigid, low impact resistance material. The treatment
of the textile reinforcement during the manufacturing process, will lead to
the penetration of the polymer through the porous yarn and bind the fibers
together more firmly. Moreover, the polymer may penetrate inside the fiber
itself, increasing the yarn strength and reducing the breaking elongation.
The mechanism of failure of the natural fiber/polymer composite is
rather complicated comparing to the usual composite, depending on the
properties of molded fibers and the matrix. When the permeated fibers
become a part of the composite, the final mechanism of composite failure
under tension might depend on the following models:
*  Applied forces strained the matrix more than the fibers, causing the
material to shear at the interface between matrix and fibers.
* Applied forces near the end of the fibers exceed the tolerances of
the matrix, separating the fibers from the matrix.
* Applied forces can also exceed the tolerances of the fibers causing
the fibers themselves to fracture leading to matrix failure.
Consequently, the reinforcement/matrix interface in composite mate-
rials forms in manufacturing processes and determines the performances
of the composite. Reinforcements may not be compatible with matri-
ces in view of their physical and/or a chemical property, which causes
premature failure of the composites [10]. Usually, coupling materials
are used to increase interfacial force between the reinforcement and the
matrix. The performance of the adhesion plays a key role in the deter-
mination of the bonding strength [11]. The fiber surface treatments are
essential to overcome the hydrophilic nature of the natural fibers which
can lead to the poor adhesion between fibers and hydrophobic matrix
polymer. The natural fibers are inherently incompatible with nonpolar-
hydrophobic thermoplastics [12, 13]. The fiber/matrix interface acts an
important role in the micromechanical behavior of the composites. The
microstructural parameters that control the properties of the composite
are: the properties of reinforcement fiber, the properties of matrix, and
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properties of the fiber matrix at the interface, the fiber volume fraction
ratio and their orientations.

5.3.1 COMPOSITE UNDER LONGITUDINAL FORCE

The application of longitude load F causes stress ¢, and strain ¢_in the
composite. It is assumed that there is a good bonding of the reinforcement
and matrix at the interfacial surface, Zone I, but if not, the mechanism
of failure will be completely different and a separation between the fiber
reinforcement and the matrix occurs, causing the delamination. The inter-
facial bonding force usually tested through the pulling of the fiber rein-
forcement from the composite. The analysis of curve of pulling force vs.
displacement will indicate properties of material at Zone I, Figure 5.7. In
the proper cases it should be equal to or more than the matrix tensile prop-
erties. The shear strength at the interfacial surface determined the suit-
ability of the fiber matrix interfacial bonding. The mechanism of adhesion
between fibers and the matrix may be one of the following mechanisms:
absorption, chemisorption, diffusion, electrostatic or mechanical interlock
or all together depending on the nature of the fiber and polymer.

The crack in the region will start when the stress on the reinforcement
is higher than that on the matrix and shearing of the material in Zone II will
initiate deboning. That will lead to the beginning of delamination of the
matrix through the interface: crack propagation will continue as the stress
increases on the composite, reaching a complete separation of the fiber
reinforcement from the matrix and the composite will lose its integrity,
the load will transfer to the fibers only, Zone III. Figure 5.8 illustrates the
difference between good and improper bonding at the interfacial surface.

Natural fiber/polymer failure under longitudinal force F, when there
is a complete bonding between the fiber reinforcement and the matrix, is
illustrated in Figure 5.9.

Knowing modulus of elasticity of matrix components, then the force
at any strain:

F=¢ (EV,+E,(I-V)) (13)
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Zone I, Matrix

Zone III, Textile
reinforcement

Zone II, Fiber-Matrix

(a)

Fabric saturated \ m

with polymer

Weft yarn

Warp yarn

Protruded fibers

Polymer inside yam pores

(b)
FIGURE 5.6 Textile/polymer composite structure.

where: E, — Young’s Modulus of the reinforcement, E, — Young’s Modu-
lus of the matrix, E, — Young’s Modulus of the interfacial layer between
matrix and reinforcement (in this analysis, it is considered E,=E, V, —
fiber volume fraction, ¢ — Strain in the matrix, € — Strain in the matrix, €_
_Strain in the matrix, o_— Stress in the composite, ¢, — Stress in the fibers,
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FIGURE 5.7  Stress strain curve of natural fiber polymer composite.
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FIGURE 5.9 Composite under longitudinal force.

o, — Stress in the matrix). When the strain to failure of matrix is more than
the stress to failure of the fiber, failure composite stress will be:

c=E,(1-V)e, (14)

Failure of the fibers does not lead to composite failure but results in a
stress increase in the matrix. The failed fibers, which now carry no load,
can weak the polymer matrix. That depends on the fiber volume fraction
percentage. In the case when stress to failure of matrix is less than that of
the fiber, the stress in the fiber increases till it reaches their failure strain.
The load will be transferred to the fibers. Failure composite stress will be:

c.=E.V.¢, (15)

The fiber volume fraction, for the composite stress will be higher than
the matrix stress should verify the following conditions;

(c,/e)>((V,E) + (1-V) E)) (16)

The mechanical properties of the matrix determine the strain of the
fiber at break and control the failure mode of the composite. Table 5.4
demonstrates some polymer properties [ 14].

Figure 5.10 illustrates the stress strain curve of flax, polymer and com-
posite showing that the failure of flax fibers occurs before the failure of
the polymer matrix.
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TABLE 5.4 Mechanical Properties of Polymers at Room Temperature [14]

Young’s Shear
Density Modulus Yield stress Breaking modulus

Polymer g/em’® E GPa MPa stain %0  GPa
Polyamide 1.1 0.78 40 5 0.78
Polyester 1.3 3.5 25 2 1.4

Polyethylene 0.95 0.7 25 90 0.42
Polypropylene 0.89 0.9 35 90 0.42
Polyvinyl chloride 1.4 1.5 33 55 0.42

(PVC)

= = =Flax Fiber Composite flax/polymer «= « .« Polymer
900
800 7
/]
700 //
§ 600 7
500
» //
g 400 /r
v 300 7 =
200 4 —
7 =
100 4 — S p———
0 & —'-l-_lv"_ il
0 0.5 il 1.5 2 2.5 3 35
Strain %

FIGURE 5.10 Stress strain curve for composite and its components.

In the other words, the interaction between the fiber volume fraction,
fiber properties and matrix properties plays the distinct role in determining
the composite mechanical properties. Figure 5.11 illustrates the relation
between the composite stress and the fiber volume fraction.

Stress at points A and D, are the breaking stress of polymer and fiber
material, respectively, ACD is the stress in the composite for different fiber
volume fraction, Point B is the stress in matrix at the fiber breaking strain,
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FIGURE 5.11 Schematic illustration of composite stress versus the fiber volume fraction
ratio (V1).

while Point C is the stress in the composite at minimum fiber volume frac-
tion. The reinforcing action of the fibers is only observed once the fiber
volume fraction exceeds the critical fiber volume fraction (V, >V ). The
above described model of failure will take place depending on whether the
value of the fiber volume fraction is higher or lower than a certain mini-
mum value V__ asillustrate in Figure 5.11. The value of fiber volume frac-
tion V represents the value at which stress in the composite exceeds that the
failure stress of the matrix. The value of V__ usually is higher than 25% for
natural fibers and 2.5% for carbon-polyester composites [15].

5.3.2 COMPOSITE UNDER TRANSVERS FORCE

If a force is applied perpendicular to the composite, then the fibers and
matrix will stretch in the same direction, as shown in Figure 5.12.
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FIGURE 5.12 Composite under perpendicular loading.

The total deformation (Ac) is just the sum of the deformations in the
reinforcement (A1), fiber matrix A2 and the matrix (A3):

Ac=A1+A2+A3
8c=81 V1+ l‘921/2 (17)
And the Young’s modulus of the composite will be:

E' =(V/E')+ (V/E') (18)

Then:
E' =(E'.E')(E'.V,+E' (1-V)) (19)
Due to the complicity of the actual cases of composites, several
researchers drive a theoretical formula to calculate the mechanical prop-

erties of natural fiber polymer matrix [16-22]. Table 5.5 demonstrates a
summary of the equations for their approaches.

5.3.3 POISSON’S RATIO OF THE LAMINATE COMPOSITE

The Poisson’s ratio of the matrix has the major Poisson ratio “v ,” relating
to the lateral strain, when a stress is applied in the longitudinal direction
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TABLE 5.5 Formulas for Calculations of the Stress in Composite

Equation

Direction of
load

Hirsch’s model [16]

Einstein and Guth [16]

Modified Bowyer and
Bader’s model [22]

Kelly and Tyson’s
mode [16, 20]

Modified Guth equa-
tion

Shear-lag equation
[19]

Cox-Krencel [18]

Modified role of mix-
ture [20]

Brintrup [17, 20]

Halphin—Tsai [17, 20]

E =x(E.V,+E,(1-V))+(1-x)E,E,/
(E, V,+E (1-V))

6, =x(c.V,+o,(1-V)) +(l-x)c,.0,/
(c,V,+to,(1-V))

x variable 0 <x <1

E=E,(1+25V, +141V)

6. =0, (1- V]o.rw)
E=E.K.K,V,+E,V,
6,=0,.K.K,V,+c,V,

0=K, <1 K, — Orientation factor
6,=6,.8.8.V,to,7V,

&, —length efficiency, &, — orientation factor
E =E,(1+0.6758.V,+11.625.V,)

S — aspect ratio of the fibers

E =E, (1 (tanh (0.333EL)/0.5EL)V, +
E.V,

E=(E/E, (1 +vm). In(P./V,),

P - fiber packing factor

c,=E.E.E V, +E,V,

& = (1 (tanh(0.5B. 1)/(0.5B. 1))
B=(4d)2GNE, In((wX, V,)%)

G = E2/2(1+V/)

6,=6,.BV,+o,V,

B — additional coefficient which accounts for
the weakening of the composite due to fiber
orientation and is less than 1

E =E.E/E(-V,)+EJV,)
E', =E, /(1 —V)x

E = E((I1+28V,)/(1-V,))

B = ((E,/E,)~D/(E JE,)+2)
6.=c (142, V )/(1-B,V,)
B,= ((0/0,)-D)/(0,/5,)+2)

Longitudinal

Longitudinal

Longitudinal

Longitudinal

Longitudinal

Longitudinal

Longitudinal

Longitudinal

Transverse

Transverse
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TABLE5.5 (Continued)

Direction of
Equation load
Chen’s Equation [21]  o©,c0s’0 =B c,0<60<0,0,=tan”" (z, /5,)  Random fiber
composites

t, is the shear strength of the matrix, ,is
the strength of composite of all aligned at

0 to the direction of applied stress, o, is the
strength of the composite with all the fiber
aligned in the direction of applied stress,

B is the strength efficiency factor which
relates the strength of a discontinuous fiber
composite to the strength of a corresponding
continuous fiber composite.

and “v,,” Poisson’s ratio relating to the strain in the longitudinal direction
when a stress is applied in the traverse direction, v,,> v, . Strain €,, when
a stress is applied in the longitudinal direction, divided by the longitudinal
strain €, v = —¢,/¢,. Consequently,

v,=v,. ¥ty (1-V,) (20)
and

v21 = VIZ (E'2/E,1) (21)

5.3.4 THE MINIMUM VALUE OF FIBER VOLUME FRACTION

In all the above equations, the fiber volume fraction performs a significant
role in determining the overall matrix stiffness under parallel or perpen-
dicular loading. The effect of fiber volume fraction is more pronounced in
the case of parallel loading. Analysis of the modes of failure, indicates that
there are several other situations of failure due to the complex structure of
the natural fiber composites, which can be summarized as:

1. The inhomogeneity of the natural fiber physical and mechanical

properties;
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2. Irregularity of the yarns in diameter and number of fibers in the

cross section;

3. Heterogeneity of the properties of the fiber mat forming the rein-

forcement;

4. Volume fraction of the fiber variation;

5. The orientation of the fibers.

The above analyses specify the importance of studying the volume
fraction of the reinforcement.

The natural fiber/polymer composites are heterogeneous material
hence it consists of completely different materials in mechanical, ther-
mal, and electrical properties. The reinforcement has high stiffness and
strength, the matrix has low stiffness and strength. Thus, when both are
subjected to the same load, it results in the unequal distribution of the
stress in the same cross section of the composite, and there are two modes
for failure. One mode is the matrix failure mode and the other fiber failure
mode. Both modes depend on the fiber volume fraction and the properties
of the matrix components.

For longitudinal force in the direction of the reinforcement, the force
on the composite will be equal to:

c,Ac=06,4,+06,4, (22)

where: 6, = composite stress; ,= reinforcement stress; o, = matrix stress;
A, = composite cross sectional area; 4,= reinforcement cross sectional
area; A, = matrix cross sectional area; E, = Elastic modulus of the fibers
in longitudinal direction; £’, = Elastic modulus of the fibers in transfer’s
direction; £, = Elastic modulus of the matrix in longitudinal direction; £,
= Elastic modulus of the matrix in transfer’s direction;

The equation rearranged to give the rule of mixture for longitudinal
stress:

c.=c,V,to,V, (23)

Assuming the component of the matrix is isotropic, and the strain in all
parts of the composite is the same, then:

E=EIV,+E,V, (24)
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c =o,V,to,(l-V,) (25)

In design of the composite the value of resultant o, should be greater
than

V,=(c,~0c,)/(c,-0,) (26)

1

Assume R = (6,/5,) and R, = (5,/c, ), then the fiber volume fraction
for getting a certain composite force F

F =A_.o0, 27)
F.=A,(R-R)/(1-R,) (28)

For example, if the composite failure stress is 0.7 that of fiber failure
stress, then R = 0.7, and if R, = 0. 25, then we need fiber minimum volume
fraction V, be 0.6.

In all the above, the fiber length is assumed higher than the critical fiber
length, which can be calculated from the following equation:

[ =o, df/27: (29)

where [ — critical fiber length (for continuous fibers L >> 15 /¢, while for
short fibers L <15 [ ); 7 — interfacial shear stress (Table 5.4 gives the shear
modulus of some polymers).

The value of the modulus of elasticity can be calculated as:

E=E.V,+E,(I1-V,) (30)

For E,/E, = 100, volume fraction V, be 0.6, then £ /E, = 0.604.
The ratio of reinforced bearing force to the composite force can be
expressed as:

(P]/PL) = V]/(V] + (EZ/E]) (] - V])) (31)

The value of the fiber volume fraction ¥, depends on the requirement
of the composite design to bear a certain value of load P :
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(P./P,)=(V,+ (E,JE,) (1-V )V, (32)

Usually £,>> E, hence the ratio (E,/E,) = R,>0.01 to 1, and the ratio
(P./P,) = R, is depending on the fiber volume fraction.

Figure 5.13 specify that the fiber loading ratio in the composite depends
on the elasticity modules ratio of fibers to matrix and the fiber volume
fraction ratio. In all cases, the effect of fiber volume fraction ratio param-
eters is reduced after V/, > 0.3 and the elasticity modules ratio of fibers to
matrix becomes the dominant factor. For R, > 0.02 higher fiber volume
fraction is required.

It is worth to mention that the actual volume fiber fraction will be less
than the calculated due to the matrix porosity. Moreover, with high value
of fiber volume fraction the spaces between the fibers become smaller and
it is expected to have a bad transfer of the stress between the fiber and
matrix; the shear stress increasing leads to the delamination between the
fibers. It is recommended for long aligned fibers higher values of volume
fiber fraction be up to 60% and for short randomly fibers, lower values are
up to 30%.
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FIGURE 5.13 The ratio of the fiber loading versus the fiber volume fraction.
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5.4 CALCULATIONS OF FIBER VOLUME FRACTION OF
NATURAL/POLYMER COMPOSITE

NFPC composite may consist of loose fiber aggregate compressed in
the thin layer and for short fibers, Figure 5.14, it will be randomly laid.
However, for long fibers, they may be laid unidirectional or multi-
directionally in a several layers. Yarns may also be used as spun yarns
parallel in one direction or orthogonally laid or they may be woven or
knitted or braided to form a fabric in 2-D or 3-D. using the fibers as
reinforcement, they occupy the largest fraction of the composite and
bear the major portion of the load. Consequently, the fiber volume frac-
tion and fiber orientation play important role of the final composite
characteristics. Usually, the synthetic fiber is different from the natu-
ral fiber in many characteristics, such as density, moisture absorption,
cross section shape, and fiber morphology. In the case of NFPC com-
posite, the matrix combines the fibers together, holding them aligned
in the important stressed directions. Loads applied to the composite are
then transferred into the fibers, the principal load-bearing component,
through the matrix, enabling the composite to withstand compression,
flexural and shear forces as well as tensile loads. The ability of com-
posites reinforced with short fibbers to support loads of any kind is
dependent on the presence of the matrix as the load-transfer medium,
and the efficiency of this load transfer is directly related to the quality
of the fiber/matrix bond. The matrix must also isolate the fibers from
each other so that they can act as separate entities. In all these structures
the volume of fiber architect will depend on the pressure applied on it
during the manufacturing of the composite.

FIGURE 5.14 Random fiber architect in composite.
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5.4.1 FIBROUS STRUCTURES

Several investigators indicate that the fiber volume fraction is one of the
main parameters in the determination of the NF composite mechanical
properties, consequently we need to determine its exact value. Generally,
fiber volume fraction is calculated as:

Vi=p W lp, W, Ap, W,) (33)

where: V, — volume fraction of fibers; W — weight of fibers, ¥V, — weight
of matrix, P density of fibers, p — density of matrix.

The natural fibers are affected by the absorption of moisture in two
directions: it changes the fiber density through the weight of water
absorbed as well as the swelling of fiber itself. The real fiber weight w,
should be modified by W,

W =W (1=W,) (34)

where: W —weight of water content, P density of fibers, and Py~ density
of dry fibers.

The value of measured fiber density p fshould be corrected, according
to the value of the moisture content M :

po=(1+M)/(1/p,) + M,) (35)
Hence, the Eq. (33) will be:

Figure 5.15 shows how the fiber density will change with the moisture
content depending on the dry fiber density. Thus, the moisture content
problem should be taken into consideration when estimating the fiber
volume density. When manufacturing natural/polymer composites, it is
recommended to use as dry fibers as possible.
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FIGURE 5.15 Effect of the moisture content on the fiber measured density.

5.4.2 IDEAL FIBERS ASSEMBLY

General situation of packing of the fibers depend on the structure in which
the fibers are put in. It will be different if the fibers are parallel to longi-
tudinal direction of the matrix or random, or in the yarn which forming a
fabric in a predetermine space location. Assuming the fiber structure con-
sists of fibers of circular cross section of diameter “d,” two different pack-
ing arrangements were considered, square and hexagonal close packing
[23—-25]. Hexagonal close packing has a higher packing density. The fiber
arrangement of this type is schematically shown in Figure 5.16. Consider-
ing the hexagonal element and according to the definition of fiber volume
fraction of a composite, we have the maximum fiber volume fraction in
this case is equal to 0.907. The packing density of maximum fiber volume
fraction in this case cubic packing is equal to 0.786 [26].
Fiber volume fraction:

V,=(0.9075 (d/p)’) (37)
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Fiber

FIGURE 5.16 Idealized fiber arrangement in composite cross section.

The maximum value of fiber volume fraction in first arrangement is
when “p” is equal to diameter of the fiber d. The maximum value of fiber
volume fraction will be equal to 0.907.

While in the square arrangement, Figure 5.16, the value of the fiber
volume fraction will be:

V,= (0.785 (d/p)’) (38)

The maximum value of fiber volume fraction is when P = d and equal
to 0.785.
The practical value of Vfis varied between 0.5 and 0.8. There are many
factors affecting its practical value, such as:
1. Fiber length
Fiber aspect ratio
Fiber rigidity
Yarn count
Yarn twist
Yarn unevenness
Weave structure
. Fibrous structure of mat
The yarns take the multi-directional form through weaving, knitting,
braiding, and 3-D fabrics. Because the reinforcement is oriented in 3-D

0N LA W
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space, the value of maximum fiber volume fraction is reduced below the
theoretical value.

When a matrix is formed of random orientated fibers, the value of vol-
ume fraction decreases depending on the spacing ratio R/r. In this case, the
fiber volume fraction may be given by:

V,=(r/R1YV, (39)

where: fiber spacing R is the radius of the composite, 7 is the fiber radius.

In the case of random fibrous structures (R/r) may reach 0.10-0.30.
Figure 5.17 reveal the fiber volume fraction versus the ratio (R/r), which
indicates that as the fiber becomes finer, the fiber volume fraction reduces.
Figure 5.17 shows that, the  reaches its maximum value when R is equal
to » and will decrease rapidly with the increase of (R/r). Typical fiber vol-
ume fractions are only 20% to 40% for NFPC [40]. As shown in Figure
5.18, the value of (R/r) in some areas may be higher than 3 to 5.

The shape of fiber cross sectional area also affects the fiber volume
fraction, the round cross section has the less volume fraction. For instance,

Fiber volume fraction %

(R/1)

eoopesVfmax 0.9 = Vfmax 0.786

FIGURE 5.17 Fiber volume fraction versus the spacing ratio (R/r).
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. ‘/
FIGURE 5.18 Random arrangement of fibers

if we have two cross sections, as shown in Figure 5.19, the square one has
higher fiber volume fraction than the round fiber cross section.

The practical values of the fiber volume fraction can reach for flat
‘non-crimp’ yarns 0.6, for woven fabric 0.4-0.55 and for random fiber
arrangement in mat form 0.15-0.25.

5.4.3 NATURAL FIBER ARRANGEMENT IN THE SPUN YARNS

The value of the fiber volume fraction is not the same for spun yarns as
a reinforcement material to form the NFPC composite compared to the

LD A

VFf=1 Vf =0.789
FIGURE 5.19 Effect of the shape of fiber cross section.
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continues yarn arrangement due to the many reasons; the fibers are varied
in diameter and cross section shapes as well as rigidity, the fibers are not
straight and parallel but they migrate between the cross section of the yarn
along its length, yarn is twisted to get its integrity which will exert a radial
pressure on the different fibers in the yarn cross section, make the fiber’s
packing density varied and, consequently yarn packing density, also each
spinning system produces yarns of different structures. Figure 5.20 expose
a cross section in a spun yarn.

The above analysis of the real yarn packing density indicates that it is
essential to determine the value of fiber volume fraction for the real yarn.
Fiber packing density of idealized yarn structures and the distribution of
the fiber in the yarn cross section were studied by several investigators
[26-36]. According to various authors, the packing density may be defined
as: The ratio of the volume of fibers to the volume of yarns, the ratio of
yarn density to fiber density, the ratio of total cross-section area of fibers
to the cross-sectional area of the yarn. Assuming the yarn is divided into
rings of radius r, so that the areas of such rings are equal, then average
value of fiber volume fraction of yarn is:

V,= (% (4,/4,)/m) (40)

Fori=1,...,m.

FIGURE 5.20 Cross section of spun yarn in composite.
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where: m — number of the rings, 4, — area of fibers in the ring of ™ which
has an area ..

When the values of the radial packing density for a certain yarn are
equal to 0.7, 0.6, 0.5, 0.42, and 0.25, respectively, for five consecutive
rings, the average fiber volume fraction will be 0.494. In this analysis we
assume that the yarn diameter is circular and constant along its axis. For
theoretical determination of yarn fiber volume fraction, a number of dif-
ferent model forms were tried. Fiber distributions have been studied by a
several researchers, the parabolic model [26—31] fits a wide variety of yarn
types, including hollow-centered bundles used in the production of yarns.
For yarns that are not hollow-centered, a simplified form of the parabolic
equation is:

Viir) =V, 1= (/R)) (41)

In the idealized structure, the maximum value of Vi . has been proved
to vary between 0.785 and 0.887 [27], depending on the arrangement of
the fibers. In the case of real yarns, we can consider V/, _at the center of
the yarn and there is minimum number of fibers n_ requlred for its forma-
tion [36, 38].

Vi = 1 (,5,/0)" V., (42)
where: n = tex x10/dtex,, v is a factor depending on the spinning system
and assumed to be: for carded ring spinning value will be 1, for combed
ring spinning 1.1, and for compact spinning y is 1.2 [35].

Figure 5.21 represents distribution of the fiber volume fraction across
the yarn cross section for yarns of counts 10, 20, 30 tex, while Figure 5.22
shows a comparison between the theoretical and experimental results that
are in a good matching with the experimental results [31]. From the Eq.
(40) we can get the distribution of the fiber volume fraction across the yarn
cross section. The average value is given by:

Vf= | Vf(r) dr / dr (43)

V=067V, (44)
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Assuming that the variation of the yarn diameter is proportional to the
variation of the number of fibers in the yarn cross section which means
that the variation of the v, will follow the same pattern, thick places will
have lower value of V_ and thin places will have higher packing density.
This is beside the effect of the twist in the thin places zone which will
increase the likelihood to get more compact zone. The coefficient of diam-
eter variation is a function of yarn count and varies between 8 and 14% for
cotton yarns, for the flax yarns higher values are expected [38]. The varia-
tion of the fiber volume fraction value in the NFPC composite will have a
profound impact on the behavior of its failure. It has been a well-known
mechanism that when a fiber composite is under the axial tension, the axial
displacements in the fiber and in the matrix will be different because of
the differences in tensile properties of these two components. As a result,
shear strains will be created on all planes parallel to the axes of the fibers.
The shear strain and the resulting shear stress are the primary means by
which load is transferred to fibers (for a short fiber composite), or distrib-
uted between and supported by the two components of composites. Inter-
action between fibers and matrix means that fiber reinforcing function is
realized [26]. Therefore, it is expected that variation of the fiber volume
ratio will result in a variation of the stress along the yarn. Added to that,
the effect of fiber orientation in the yarn structure and the presence of the
fiber hairiness are not as regular. This will lead to the recommendation of
using a regular, open structure yarn with lower packing density and less
twist which will give better and low variability of the NFPC composite
mechanical properties [39].

5.4.4 FIBER VOLUME FRACTIONS IN THE FABRICS

Architect composite can be formed from one laminate of parallel yarn in
one dimension and multilayered composite laminate can be formed using
one dimensional laments laid in different direction on each other. Also
yarns can be woven in forms of 2-D fabrics or 3-D fabrics when thick com-
posites are needed, and to overcome the delimitation of the composite, the
weave of the yarns may be orthogonal (pain weave) multidirectional fab-
ric, weft knitted, warp knitting, biaxial braided fabric and tri-axial braided
fabric. The yarns with a fiber volume fraction and when they are archi-
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tected in a certain structure, the total fiber volume fraction will depend
upon the spaces between the yarns in the fabric form. The determination
of the area between yarns in the fabric is not sufficient to calculate the
fiber volume fraction since the yarns will be filled by the matrix material.
Consequently, the fiber volume fraction will be:

V= (Volume of the fiber in the yarns/Whole assembly volume)

V=0, W/hp, Wtp,. W) (45)

where: p,—yarn density, p, —matrix material density, Wy—weight of yarns,
W —weight of matrix. Volume fiber fraction of weave structure is the per-
centage of the volume of the fiber to the volume of the composite.

In practice, the different components of the composite percentage are
usually measured by weight, IV, consequently their sum will be:

=1 (46)

where, 7 is the number of the component partial weight fraction.
Similarly, the partial volume fraction of the composite of the compo-
nents V, will be:

Ty =1 (47)

where, n is the number of the component partial volume fraction.
Transfer from Egs. (46)—(47), knowing the density of each component
of the composite, the following equations can be applied:

V= (W, p I (Wip,) (48)

W, =V, o, I (Ve p) (49)
The composite density can be given as:
=S (V. p)IV, (50)

where: V. — volume of composite.
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5.4.5 VOIDS VOLUME FRACTION

During the processing of the composite, a several voids between the rein-
forcement structures or in the matrix layers may occur. This reduces the
matrix volume fraction directly and also affects the bonding of the rein-
forcement in the matrix, thus leading to the delamination due to stress
concentration. The volume of voids ratio is given by:

V,=V/V. (51)

where: V — volume of voids, and ¥, — volume of composite.

The number of voids and their distribution in composite affects its
strength. If V_is the void content, then the Eq. (45) for simple composite
becomes:

p.=pV,tp, A=V,=V) (52)

The exact theoretical value of the fiber volume fraction for the fabrics
has been studied by several investigators [41-44], especially when con-
tinuous synthetic yarns are used for the formation of the fabric. However,
it is not regarding the natural fiber yarns with their variability. Thus, it is
recommended to measure the porosity of the fibrous structure in order to
determine matrix volume. Porosity and air permeability have a significant
correlation. The measured value of the air permeability of the fabric or
any fibrous structure can be used to calculate the structure porosity, both
vertical and horizontal [43]. The practical values of the fiber volume frac-
tion depend on the structure of the reinforcement and its porosity. The
structures with low porosity allow high volume fraction. Practical value of
fiber volume fraction for unidirectional yarns is 50-70%, for woven fab-
rics 35-55%, and nonwoven mat 10-30%. The void size percentage of the
voids and their distribution have different effects on the stress at failure.

5.5 LAMINATE AND HYBRID COMPOSITE

In order to reach the requirement of the composite design, more than
one laminate might be needed to withstand the stresses applied on the
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composite. The laminate may be made of the same laminate’s material
inlayer one over the other, however there are several techniques to design
the composites:

1. Through the change the axis directions of the laminates (Orientation).

2. Hybrid composites.

The hybrid composite may be made of different laminates of various
materials and structures or the materials used for laminates are a hybrid
material. Figure 5.23 shows some types of Hybrid composite.

The fiber volume fraction referred to laminate and hybrid composite
can be calculated using fiber volume (Vf) of each component, thickness
(?) of the composite, fiber weight percentage of each component (W), total
weight of the composite (W), so the total fiber volume fraction is:

V= (W1 (2 (W/p,) (53)

where: p, is fiber density for each of n fiber type.

5.5.1 SIMPLE APPROACH TO STRESS IN THE MULTI
LAMINATE COMPOSITE

Composites are usually weaker in direction transverse to the fiber direc-
tion [45]. In the case of multi laminate composite, the direction of main
fiber axis is rotated by an angle ® relative to the longitudinal direction of
the composite.

From Figure 5.24 the equation can be derived [45]. The stress in the
fibers due to stresses 6__and o, applied on the composite will be:

Jute fabric Polypropylene

composite

Jute fabric Polypropylene

PVC foam composite
sheet

Laminates Composite Hybrid Composite

FIGURE 5.23 Hybrid composites.
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FIGURE 5.24 Stress in multi-laminate composite.

G,=0C, cos?0 + o, sin’0 + 2 7., (cosO + sinb) (54)

c,=0C, sin’0 + o, cos*0 -2 7., (cos + sinb) (55)

7,=—0,sinb.cosb + o cosb.sinb + 7 (cos?0 — sin?0) (56)

where: ¢ ;— stress to the fiber axis, G, — stress perpendicular to the fiber
axis.

The analysis of composites with fibers inclined or oriented with
respect to the axial contribute low value to the stress of the composite,
depending on the angle of alignment 6. The total laminate composite
stress will be the sum of the share of each laminate in the direction of
the applied force.

5.6 FACTOR OF SAFETY FOR NATURAL FIBER POLYMER
COMPOSITES

The safety factor should ensure that the designed composite material
is safe under the specified extreme conditions and provide confidence
against collapse, taken into consideration for unavoidable differences
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between assumed and actual structural behavior. During the design pro-
cesses the material properties are measured under different conditions than
that when the material is subjected during life cycle. Moreover, the proper-
ties of natural fibers may be changed with utilization or due to the effect
of environmental conditions.

The structure for analysis will lead to the error in the evaluation of the
structure behavior under actual load. Surrounding working environment
have a profound effect on material properties. Such factors will lead to
the uncertainty in the design data and consequently, require the increase
of the material and/or the design capacity to acceptable risk level. Another
factor, which increases the value of factor of safety of the design, is if the
element failure will cause damage of equipment or loss of life. It should
be mentioned that the choice of the value of the factor of safety will affect
the design cost. Aspects effecting factor of safety are:

* Type of Loading: static, dynamic direct tension or compression,

direct shear, bending, torsional shear

* Nature of load application: uniaxial, biaxial, triaxial, types of

stresses, variations of loads over time, repeated & reversed, fluctu-
ating, shock or impact

* Material: properties, ultimate strength, yield strength, endurance

strength, ductility

» Confidence: reliability of data for loads, material properties, stress

calculations

*  Cost: value of the design factor

* Environment: moisture conditions, UV effect, temperature, chemi-

cal exposure.

5.6.1 DEFINITIONS

Factors of Safety: Multiplying factors to be applied to limit loads or
stresses for purposes of analytical assessment (design factors) or test veri-
fication (test factors) of design adequacy in strength or stability [46]

Limit Load: The maximum anticipated load, or combination of loads
that a structure may experience during its design service life under all
expected conditions of operation
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Margin of Safety (MS): MS = [Allowable Load (Yield or Ultimate)/
Limit Load Factor of Safety (Yield or Ultimate)]

Global Safety Factor: The factor of safety can be applied either to the
loads (the “load factor” method) or to the material strengths (the “permis-
sible stress” method).

Limit State Design: Some partial safety factors are applied to the load
and others to the material strengths. The structural design must meet two
“limit states”: the Ultimate Limit State and the Serviceability Limit State.

a) The Ultimate Limit State requires that the structure must withstand
the highest applied load without collapsing catastrophically.

b) The Serviceability Limit State requires that the structure must not
suffer excessive deflection, cracking, fatigue, vibration, fire dam-
age or other degradation under its normal working conditions. The
partial safety factors for this limit state are lower.

5.6.2 PROBABILISTIC METHODOLOGY

According to the application of the composite, there are several approaches
to determine the value of the factor of safety [46—49], such as the proba-
bilistic approach, failure mechanisms analysis, global safety factor. In all
these approaches the factor of safety is a combination of partial factors
that connected with the materials and the others connecting with the load
applied on the structure and the level of uncertainty in the measured or
calculated values at a certain acceptable level of failure risk.

The probabilistic approach can be used for the determination of the
factor of safety for a certain design. First the acceptable risk level should
be defined according to product of failure probability. The probability of
failure of the material under load “P” is equal to the area under the normal
distribution curve as shown in Figure 5.25. However, the composite may
be subjected to several types of loads, each has its failure mechanisms.
Based on evaluating all possible failure mechanisms separately, each fail-
ure mode has its own failure mechanisms, such as fiber failure, delamina-
tion, yielding. In a complete analysis all failure modes and mechanisms
need to be evaluated in detail.

The largest influence to the safety factor comes from the scatter of
material’s mechanical properties, quantified by coefficient of variation
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FIGURE 5.25 Failure probability under constant load.

(CV). The second important factor is the variability of the load during use
of the composite material.

The variability of the material properties may be assumed to follow
normal distribution of mean and M1 and standard deviation 1. The prob-
ability of failure of the martial under load P is equal to the area under the
normal distribution curve as shown in Figure 5.26. Assuming the mean

Applied
Stress
= Stafic
* Dynamic Composite Strength testing
* Impact * Constant rate of loading
# Thermal - Fatigue
* Creep
“Interference Area™ * Defect
s i * Weathering condifions
is an indication
of failure probability

<« M2

< M1 >

FIGURE 5.26 Failure probability under variable load.
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M1 is 100 N and standard deviation 30 N of the composite, then for differ-
ent applied loads the reliability of use is presented in Table 5.6.

If the applied load has variable values, Figure 5.26, the probability of
failure will differ; assume the load is varied and follows normal distribu-
tion curve of mean M2 = 80 and o, = 10, then the factor of safety is 1.25
and the probability of failure will increase to 0.2586. Statistical approach
defines the factor of safety that insures that the part will work under load
with probability of 0.99 without failure.

The other aspects that determine the factor of safety can be expressed
in the form of multiplication of the several parameters which reduce the
laboratory measured strength value o ; the allowable strength can be
expressed as:

c5L/zll()wable = factOl" Ofsafely- Gu (5 7)

where: factor of safety = K . K, K K K, K, — manufacturing factor, K, —
size factor, K, — load factor, K, — temperature factor, and K, — reliability
factor.

5.6.3 FACTOR OF SAFETY FOR FATIGUE LOADING

When the composite is subjected to cyclic loading, the design may be: (i)
design for infinite service life, and (ii) design for finite service life.

The fatigue will apply an accumulative effect on the material, therefore
reducing its strength with increase of the number of cycles till it reaches
the endurance limit as illustrated in Figure 5.26.

When the component is to be designed for infinite service life, the
endurance limit becomes the criteria of failure. The amplitude stress
induced in such components should be lower than the endurance limit in

TABLE 5.6 Probability of Failure

Force Factor of safety* Probability of failure Reliability
10 10 0.0.0013 0.9987
30 33 0.0099 0.9901
80 1.25 0.2514 0.7486

*Factor of safety = (failure stress/applied stress).
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order to withstand the infinite number of cycles. Applying the following
equation:

callowab[e - (Gendm'ance /f‘aCtor 0fSGf€D/) (58)

5.6.4 CREEP-FATIGUE LOADING

Creep is a time dependent deformation following application of a con-
stant load to a textile material and polymer. Fatigue failure occurs when
a material ruptures at a much lower stress compared to its breaking stress
under cyclic deformations on continued usage. Creep and fatigue of textile
reinforcing materials should be taken into consideration for developing
a high performance composite [50]. Severe creep type deformation can
occur under cyclic loading provided the combination of stress and tem-
perature. Composites are more creep resistant than the matrix due to the
introduction of fibers into the matrix. Creep is dominated by the creep
behavior of the matrix in composite materials. The load carried by matrix
will be outbuilding as the matrix deforms in creep, that load will be shared
by the intact fibers which can be assumed not to creep. More and more
load will be carried by fibers as creep continues. Finally, the entire load
will be carried by fibers when matrix stresses are relaxed during the creep
[51]. When a relatively large load is applied, a substantial number of fibers
can fracture and initiate damage during the initial loading and creep of
the matrix. In addition, some defects introduced during the manufacture
of fibers can also cause fracture. As fibers break, the load on the cross-
section is redistributed. The load shedding from the broken fibers is shared
by the intact fibers and the matrix, which increases the creep strain and
causes more fibers to break.

A relationship between the creep life and stress level has been sug-
gested [52] to be used for creep life prediction for the composite materials
under constant loading.

T =dc (59)

where: T is the creep life, 6 is the stress level, “4” and “n” are the empiri-
cal constants that are material related.
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Fatigue damage and creep damage increase with applied loading cycles
in a cumulative manner that may lead to fracture. At elevated tempera-
tures, the processes of fatigue damage (due to cyclic loading) and creep
damage (due to the loading duration) can also interact [52]. The factor of
safety in the case of creep—fatigue loading should be increased. The value
ofc, . is definitely decreased, depending on type of matrix polymer
and temperature, as illustrated in Figure 5.27. When composite parts are
subjected to high temperature thermal cycles concurrently with mechani-
cal strain cycles, conditions resulting in microstructural damage occur.
That will increase the creep strain as the lifetime of the components under
such loading is found to be quite different from that obtained in fatigue —
creep damage of the material at low temperature [53].

5.6.5 PRACTICAL VALUES OF THE FACTOR OF SAFETY

The nature of the working load is the important factor in determining the
factor of safety, represented in the determination of maximum steady-
state load, peak dynamic load, beside to breaking load of composite struc-
ture, elastic limit of composite structure, testing methods of composite
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FIGURE 5.27 S-N Curve for fatigue and creep-fatigue loading.
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material, effect of environment. Several approaches are given for estimat-
ing the factor of safety which may vary between 2 and 6, depending on
the above stated conditions of the applied loads and the material used.
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CHAPTER 6

NATURAL FIBER COMPOSITES
MANUFACTURING TECHNIQUES
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6.1 INTRODUCTION

The manufacturing of natural fiber composite (NFPC) includes the pro-
cess of interfere the matrix into the reinforcement textile structure material
to produce the final composite shapes. The reinforcement may be in form
of wood flour, short fibers in bulk form (two-dimensional fiber mat or ran-
dom fiber mat), entangled forms (non-woven), yarns, 2-D or 3-D fabrics
(woven, knitted, biaxial braided, triaxial, multidirectional). The manufac-
turing process should satisfy the following requirements:
1. Not affect the orientation of fibers or yarns of the reinforcement
architect;
2. The fiber volume fraction should be constant in the composite in its
different parts;
3. Insure excellent bonding of the matrix to the fiber reinforcement;



208 Natural Fiber Textile Composite Engineering

Not allow yarns touch each other;

Insure minimum voids percentage;
Minimum material waste of fibers or matrix;
Low cost;

© N oL oA

Safety and environment protection.

Consequently, the choice of the manufacturing method has a significant
sequence on the performance of the composite through the anisotropic
behavior reduction of the composite and delamination, to insure the maxi-
mum utility of the fiber strength as main target of the composite design.
Environment protection issues should be addressed, too. The U.S. Envi-
ronmental Protection Agency has continued to strengthen its requirements
to meet the mandates of the Clean Air Act Amendments, passed by Con-
gress in 1990 [1]. Specifically, the agency’s goal is to reduce the emission
of hazardous air pollutants (HAPs), a list of approximately 180 volatile
chemicals that are considered of health risks. The EPA enacted regulations
specifically for the composites industry, requiring emission controls using
maximum achievable control technology (MACT) standards [2].

6.2 MANUFACTURING OF COMPOSITES

Various methods are existed for the manufacturing of the composite mate-
rial, such as:

Extrusion

Injection molding

Structural foam molding

Rotational molding

Thermoforming

Compression molding

Casting processing of reinforced plastic

Open mold processing.

The following are examples, given in Table 6.1, of the technologies
used in the production of various types of natural fibers-based composites
[3—5]. The production technique is influenced by the maximum fiber vol-
ume fraction of the final composite.

The evaluation of the different methods of composite manufacturing
and their applicability to be used in the NFPC are given in Table 6.2.

0N E W~
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6.3 METHODS OF MANUFACTURING COMPOSITE MATERIALS

Fiber reinforced polymer composites are made of polymer resins as the
matrix and different types of fibers as the reinforcement. The demand for
advanced composite materials has been on the rise in fields as automobile
manufacturing, aerospace, civil constructions, and shipbuilding. Several
manufacturing techniques may be used for the production of natural fiber
composites (NFPC). They differ according to the type of resin used, either
thermoset or thermoplastic resins, as well as the cost, requirements for
making net-shaped parts, and cure processes temperature. Several stud-
ies indicate the inter-relation between composite manufacturing and final
composite properties, composite defects, cost, and their performance
[5-16]. For natural fiber composites the following manufacturing meth-
ods are recommended:

1. For thermosetting composites: hand lay, spray, resin transfer
molding, compression injection, pressure bag, vacuum assistance,
Pultrusion.

2. For thermoplastic composites: extrusion, injection molding,
compression, cold press, filament winding and rotational molding.

6.3.1 PULTRUSION

The fiber reinforcement may be in the form of continuous yarns wound
on packages or fabric or both types. The required number of the yarns to
form the reinforcement are fixed on creel and arranged to form a hori-
zontal sheet of yarns at the entrance of the machine. The yarn sheet is
pulled through the polymer in Pultrusion tank, where the polymer will
be infused into the yarn sheet that passes through the preform die which
defines the thickness and width of the composite material. The preform
will be subjected to heat in the heated die in order to cure the composite.
The composite material will move using a transporting belt and wound at
the end of the machine. In multi-layer laminate, fabric can be fed on spe-
cial creel and passed through the same parts of the machine with the yarn
sheet, as shown in Figure 6.1. The pultruded fabric may be rolled or lay in
form of sheet. There are various designs to the Pultrusion machines which
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Yarn packages

| Molding and curing section |

Package creel Resin hopper for
thermoplastic resin Conveyor belt

| Preform winding unit

Preform laying Unit

Mat roll

| Molding and curing section

Preform winding unit

Resin hopper for

Package creel | | Mat roll |
thermoplastic resin

FIGURE 6.1 Principles of Pultrusion process.

are designed to deal with certain composite materials and products. The
degree of automation on such machines makes it appropriate for the pro-
duction of laminate composites. The feeding section has several designs to
suite the required composite structure.
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6.3.2 HAND LAYUP

This is the simplest and widely used for many years way for the com-
posite formation, especially for large size composites, such as in the boat
manufacturing. The reinforcement in this case will be in the form of mat
of woven, knitted, or nonwoven. The short fibers or yarns require efforts
to get uniform thickness of the formed preform. The thermosetting resin
is used and the impregnation of the reinforcement is carried out manually
using roller brush to distribute the resin on the surface of the reinforcement
and apply enough pressure to allow the resin to penetrate through the rein-
forcement without voids, Figure 6.2. The preform may consist of several
laminates, so the process will be repeated layer by layer. Resin used may
be epoxy, polyester, vinyl ester, and phenolic. However, the quality of the
preform depends on the skills of the labor. Due to the high fiber volume
ratio, the probability of void formation increases. In order to reduce these
risks, a vacuum bag is used to suck the air from the unreachable spaces,
helping the resin to reach them. Hand lay or open mold technique is also

J
)/

Resin sprayer

FIGURE 6.2 Hand layup.
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connected with feeding of the fibers which are cut into small length, may
reach micro size, mixed with the polymer and sprayed in the open mold.

6.3.3 FILAMENT WINDING

In this process the yarns are cross-wound on a rotating mandrill to form
the final form of the reinforcement. The fiber yarns are passing through a
resin bath in order to impregnate the yarn with resin before it wound over
the mandrel, as shown in Figure 6.3. The resin may be of any type that

Yarn spool

| Yarn reciprocating guide I

Resin impregnation path |

FIGURE 6.3 Sketch of the filament winding.
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satisfies the designed requirements, i.e. epoxy, polyester, vinylester, phe-
nolic. The percentage of the resin take-up can be controlled by adjusting
the winding speed and the resin viscosity. The structure of the preform is
very uniform and the fiber volume fraction is uniform all over the com-
posite. The mandrel can be a part of the design or can be removed after
the formation of composite shape through special mandrel disengaged
design. This technique of composite manufacturing is of reasonably low
cost but limited to 3-D curved shapes. After preparation of the composite
with the required thickness, it is cured and the mandrel removed. Com-
posite using such method of preparation is suitable for the parts subjected
to pressure.

6.3.4 RESIN INFUSION TECHNIQUE

The resin infusion manufacturing methods are based on the principle of
infusion of the liquid resin through the fiber preform. The resin is pressed
through the preform from one side to flow under pressure to the other side,
or may be sucked from the other end of the preform so that the resin will
penetrate in all the spaces of the preform as the air sucked out. In practice,
several designs are suggested to insure the flow of the resin in all the parts
of the preform with suitable flow rate, to avoid voids. The vacuum bag
may assist the uniform distribution of the resin all over the preform, reduc-
ing the possibility of void formation. The rate of flow of the resin depends
on the resin viscosity, fiber volume fraction, porosity, as well as the archi-
tect of the fibrous assembly. The fiber reinforcement can be considered as
a porous material. Its porosity defines in what way a fluid is able to move
through the porous. Porosity is the ratio of the volume of the pores to the
total volume of the composite. During the processing of the composite,
resin is forced to flow through the fibrous reinforcement, according to
Darcy’s law [17]:

q.= (k. A/n) (6P/ox) )

where: q_is the flow rate in the x direction; k_is the permeability in the x
direction; A is the cross sectional area for flow; p is the dynamic viscosity
of the resin; (3P/0x) is the differential of pressure in the x direction.
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The permeability coefficient k depends on the combination of the
polymer and porous reinforcement used. The greater the value of k, the
higher will be the rate of flow of a fluid through a material. The resin
flow rate through the reinforcement is a function of differential pressure,
the inversely proportional to the resin dynamical viscosity and reinforce-
ment porosity. In the case of natural fiber composite, the situation is more
challenging, hence an increase in pressure will increase the velocity of
the fluid though the enforcement. However, increasing the pressure of the
fluid will increase the compaction pressure and lower the permeability.
For instance fabric compaction also impacts the porosity of the fabric,
which will affect the saturation time. Although permeability decreases
with compaction, the decrease in porosity can increase the velocity of the
fluid through a preform. Decreasing the porosity also increases the cap-
illary pressure. Also there is another category of resin flow, micro-flow
which is considered to be the flow inside the fiber yarns and macro-flow
is considered to be the flow in the macro-pores between yarns [18]. The
pressure needed to move the resin through the matrix should be enough to
develop a flow of the resin through the yarns and between the yarns and
cause no fiber or yarn compaction, depending on the permeability and the
fluid viscosity [19]. Good composite is achieved when saturated fabric
reaches that all the pores are filled with the resin. The fabric porosity and
resin viscosity are the key parameters that govern the resin flow in the fiber
reinforcement, especially for those manufactured under low pressure. This
problem has been studied by several investigators [20-29]. When a fluid
travels through a dry reinforcement of natural fibers, different mechanisms
occur. For instance, in woven fibers preforms, a macroscopic flow through
the inter-yarn regions takes place, followed by a delayed microscopic flow
through the intra- yarn region. The fabric porosity depends on the fab-
ric design: the number of intersections, the yarn count, weft and warps
per cm, crimp percentage, the yarn twist per cm, and fiber packing den-
sity, consequently the value of k which depends on the fabric porosity, it
increases with the increase of fabric porosity [29, 30]. For that reason the
estimation of pores in the fabric has been intensively investigated [31-37].
Analysis of the type of pores, which are void spaces within the material
and are separated from each other, are classified according to position in
the material [37] into inter-pores or intra-pores. The pore width can be
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classified as pore-width b>50 nm, b<50 and >2 nm or b<2 nm. Not all the
pores are accessible to the flow of the resin, open pores connected to the
outer surfaces permit fluid flow, while “blind pores” are on the contrary.
In connection with nature fibers reinforcement, all the types of the pores
are expected. In the fabric laminates, due to the increase of fabric micro
porosity, resin flow becomes more important [38] to be considered. For
fiber mat where the fibers randomly oriented the situation will be more
dependent on the mat packing density, in some cases high pressure may be
needed to fill the intra-pores.

6.3.4.1 Liquid Composite Molding (LCM)

Liquid Composite Molding is a technology to manufacture net-shaped
composite parts mod with a thermosetting resin. First, a preform is cre-
ated from reinforcing fibers. Next, the preform is inserted in a mold that
matches the dimensions of the desired part. The mold may be solid mold
or soft mold. Low viscosity thermosetting resin, mixed with a hardener,
is injected under pressure. The resulting part is cured at room temperature
or under a strictly controlled mold-temperature cycle till the end of the
curing process (Figure 6.4). In some cases, the mold is covered by a flex-
ible sheet and the resin is applied under vacuum assistance to prevent the
void’s formation, so that high fiber volume fraction can be obtained with
very low void contents. The viscosity of the resin as well as the pressure
applied during the infusion is very essential to get composite parts voids
free. Small complex automotive components and seats can be manufac-
tured using this technique. The resin transfer in the RTM is assisted by the
compaction of fibrous preform that will change the alignment of the fibers
in the molding process.

6.3.4.2 Resin Film Infusion (RFI)

For the reduction in the resin cost in the composite formation, resin in the
form of film is used and laid under dry reinforcement in the mold which is
heated to reduce the viscosity of the resin film, as shown in Figure 6.5. The
mold is heated in oven for melting the resin film, then followed by the cure
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Multi laminate preform preparation

Preform laying on the die

Mold closing

Resin injection

Cure process

Final composite shape

FIGURE 6.4 Resin transfer molding process (RTM).

cycle. The use of vacuum bag results in that the resin is defused through
the reinforcement. This process seeks high equipment cost.

6.3.4.3 Resin Vacuum Infusion (RVI)

The Vacuum Infusion Process (VIP) is a technique that uses vacuum pres-
sure to drive resin into a laminate. Figure 6.6 illustrates vacuum infusion
principles. Materials are laid dry into the mold and the vacuum is applied
before resin is introduced. Once a complete vacuum is achieved, resin is
literally sucked into the laminate via carefully placed tubing. The resin tap,
Figure 6.6, is connected to the resin reservoir. Vacuum Infusion Process-
ing is usually using vacuum bag for more control of the resin flow inside
the preform, allowing increased laminate compression, a higher fiber-to-
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-

FIGURE 6.5 Sketch of the of the resin film infusion.

Vacuum pump

|

Vacuum pump

Resin injection

FIGURE 6.6 Vacuum infusion.

resin ratio, and good specific strength characteristics. The advantages of
vacuum infusion are: less percentage of voids; less wasted resin and very
consistent resin usage; and besides it is environmentally friendly process
[39]. RVI process can be applied to manufacture of large parts utilizing
low viscosity resin.
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6.3.5 3-D PRINTING FOR NATURAL FIBER POLYMER
COMPOSITE

Using the modern technology, the natural fiber can be reduced in size to get
Nano and micro particles. In this form it can be mixed with polymer using
current techniques for the formation a complicated shapes from NFPC,
such as 3-D printing (first commercial machine 1988). This technology
allows a great freedom and fast design to produce new products with less
material waste. Moreover, the processing cost is reduced [40—47]. The
general principles of 3-D printing are illustrated in Figure 6.7, which are:

v

X direction
Y direction
= e Feeding Head
©)
e z
O
- 9! : v

-
f ﬁ Final shape
i
i~

Platform

Z direction

FIGURE 6.7 Schematics of building a tubular composite on 3-D printer.
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Step I: ~ 3-D scanning of the design or using computer aided design
software program

Step II:  Feeding the file to the printer

Step III:  The computer will slice the part image with distance Ah var-
ied between 0.05 and 0.15

Step IV:  The printer will deposit polymeric material on the platform
first layer

Step V:  The platform will move down the designed layer thickness
Ah, the smaller its value — the accurate shape of the final
designed part

Step VI: UV or Laser are used to harden the deposit layer.

6.3.5.1 Techniques of 3-D Printing for Model Formations

There are several principles of 3-D printers, some of them are:

1. 3-D Printer

2. Fuse Deposition Modeling (FDM)

3. Stereolithography (SLA)

4. Selective Laser Sintering (SLS)

Each method is found to be suitable for applications depending on the
material of the manufactured part. In order to choose the suitable one for
the processing of parts from NFPC, a short description of the principles of
3-D printers are given.

6.3.5.2 3-D Printer

Figure 6.8 demonstrates schematics of method of building model on 3-D
printer [43]. In this process, material is applied in droplets through a small
diameter nozzle, similar to the way a common inkjet paper printer works,
but it is applied layer-by-layer to build platform making 3-D object and
then it is hardened by UV light.

6.3.5.3 Fuse Deposition Modeling (FDM)

The most commonly used technology in this process is FDM. The FDM
technology works using a plastic filament or metal wire which is unwound
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Movement of the powder feeder

/ Printer Head

Binder resin

Nozzle Movement of the printer
head according to the design

shape

Powder feeder

Building powder

3-D formed
Part

|

Movement down of the platform

Movement up of
the building

powder feeder

FIGURE 6.8 Schematics of method of building model on 3-D printer.

from a coil and supplying material to an extrusion nozzle which can turn
the flow on and off. The nozzle is heated to melt the material and can be
moved in both horizontal and vertical directions by a numerically con-
trolled mechanism, directly controlled by a computer-aided manufactur-
ing (CAM) software package. As the nozzle is moved over the table in
the required geometry, it deposits a thin bead of extruded plastic to form
each layer. The plastic hardens immediately after being squirted from the
nozzle and bonds to the layer below. Figure 6.9 shows the schematics of
building model on FDM [43].

6.3.5.4 Selective Laser Sintering (SLS)

This technology uses a high power laser to fuse small particles of plastic,
metal, ceramic or glass powders into a mass that has the desired three-
dimensional shapes. The laser selectively fuses the powdered material by
scanning the cross-sections (or layers) generated by the 3-D modeling
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| Laser beam reflector l T aser beam line

\ generator
Movement of the powder feeder

—
\ Laser beam movement
Powder feeder

according to the design
shape

3-D Formed
part

Building powder

Movement up of the building

l Movement down of the platform
powder feeder T

FIGURE 6.9 Schematics of method of building model on Fuse Deposition Modeling
(FDM).

program on the surface of a powder bed. After each cross-section is
scanned, the powder bed is lowered by one layer thickness. Then a new
layer of material is applied on top and the process is repeated until the
object is completed. The process is repeated until the whole model is
completed.

The build platform is raised and the loose powder is vacuumed away,
revealing the completed part. Figure 6.10 illustrates the principles of SLS
methods [43].

6.3.5.5 Stereolithography (SLA)

The most commonly used technology in these processes is SLA. This
method was the first RP method utilized by the industry. The method
employs a ultra-violet laser beam to cure liquid photo polymer in layers.
A platform starts one layer depth below the surface of the liquid, and the
laser cures the first layer. The edge of the layer is drawn out and then the
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Movement of the printer head in XYZ
according to the design shape

Heater block

.
Fixed platform

Manufactured part

FIGURE 6.10 Schematics of method of building model on Selective Laser Sintering
(SLS).

interior is hatched to solidify inside the object. Then the platform is low-
ered by one layer depth and the next layer is cured. The process is repeat-
ing until the object is completed. Figure 6.11 illustrates the principles of
SLA [43].

FDM principle seems to be the most suitable for the processing of
natural fiber particles composites. The 3-D printing technology can sig-
nificantly improve the technology of composite manufacturing. Hence,
it can give fast and reliable products of tailored-made parts. Natural fiber
reinforced thermoplastics are of high-performance as Bio composite
materials [48]. Spherical pellets can be processed on 3-D printer using
FDM.

In the last decade, filament which is a mix of recycled wood fibers and
polymer binder, can be melted and extruded just like any other on 3-D
printer [45, 49]. One interesting feature of this material is the ability to
add ‘tree rings,’” or a subtle gradation in color from a rich brown to very
nice beige as illustrated in Figure 6.12. It is expected that the use of the
wood flour or wood microfiber will give way to the new products on 3-D
printing.
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Laser beam reflector -
Laser beam line
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Laser beam movement Re-coating bar movement
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Cured resin

Liquid resin

Movement down of the platform

FIGURE 6.11 Schematics of method of building model on Stereolithography (SLA).

FIGURE 6.12 Wood composite produced on 3-D printing.

6.3.6 EXTRUSION

This process is common for thermoplastic material. It provides the advan-
tages of high production rates and possible products with a good finish
and a good consistent quality. Wood husk and straw can be processed with
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polyethylene (PP), polypropylene (PE) and polyvinylchloride (PVC) for
the production of WPC using extrusion technique. Wood flour is mainly
produced from the residues of various wood processes, and subjected to
milling processes for size reduction. Wood plastic composites (WPC)
made out of wood waste and plastic waste has been a fast growing research
area because of its wide range of applications [50—53]. The manufactur-
ing of wood-plastic composites starts with wood material preparation,
blending with polymer, and molding. Various techniques were suggested
for molding, basically injection molding, profile extrusion or compres-
sion molding. There are also wood pellets which provide pre-processed
wood fibers as fillers for many applications. The fiber volume fraction
may reach 30-40%.

Molten polymer goes through a die to produce a final shape. It involves
four steps:

*  Wood flour with different particle sizes, 74-500 um [54] blended

by the required ratios;

*  Wood flour, dried for 3—4 hr. at 105 to 115°C;

*  Wood pellets and the polymer are mixed with coloring and addi-
tives (coupling agents, light stabilizers, pigments, lubricants);

*  The granular plastic is blended with dry wood flour and fed in a
hopper of extruder, as illustrated in Figure 6.13;

* Extruder screw thread turns forcing the wood-plastic material
through a heater, melting it;

* The extrusion process is carried out at the temperature ranging
140°C+185°C that corresponds to the temperature of plastic granu-
lates preparation and increases in the direction of the material flow;

* The wood-plastic material is forced through a die to produce the
required shape;

* Cooling process is followed which continued for predetermine
time.

Several types of polymers can be used in the extrusion processes, such
as Polyethylene Terephthalate (PET or PETE), High density Polyethylene
(HDPE), Polyvinyl Chloride or Vinyl (PVC-V), Low density Polyethylene
(LDPE), Polypropylene (PP), Polystyrene (PS) and all have a potential for
recycling.
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Wood pellet &

Plastic particles

Blend Melting zone Pressing Forming
Feeding zone zone

FIGURE 6.13 Principles of single screw extruder.

6.4 COMPOSITE DEFECTS

The composite under actual loading may be subjected to one or all the
following defects, fraction of fibers, failure of the interface between fiber
and matrix, delamination, debonding failures, and cracks. These modes of
failures are due to the defects either in the fiber, fabrics, polymer, or by
manufacturing technology. In the modern industry as production rates are
expected to expand, the quality target must be zero defects, zero rework
and repair and zero scrap [55]. Consequently, analysis of the composite
defects in each case become the essential purpose of the quality control
of the composite production. The main sources that causing defects in the
composite materials are as illustrated in Figure 6.14.

The types of defects can be classified according to their sources as
given in Figures 6.15-6.19.

The analysis of the sources of defects [56—60] in natural fiber polymer
composites are given in Figure 6.16, while the other figures give the analy-
sis of the defect’s sources for each component.
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FIGURE 6.14 Sources of composite material defects.
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FIGURE 6.15 Analysis of the composite defects.
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FIGURE6.16 Analysis of the composite defects due to fibers, yarns or particle properties.
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FIGURE 6.17 Analysis of the composite defects due to fabric properties.
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FIGURE 6.18 Analysis of the composite defects due to matrix properties.
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FIGURE 6.19 Analysis of the composite defects due to manufacturing process.
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The final performance of a composite depends not only on the choice
of the matrix and the fiber but also on the manufacturing process by
which they are made. The presence of imperfections due to manufactur-
ing must be considered. Such imperfections can be already damage for
the manufactured composite part or lead to its damage quickly due to
the change of microstructure of the matrix. The failure of the composite
may be due to:

1. Micro crakes in the matrix
The discontinuity of the fibers
The fibers’ aggravation
Shear stress concentration in the matrix at fiber ends
Presence of micro voids between the fibers and their distribution
Fiber compaction
Fiber de-bonding
. Fiber delamination

Most of the above parameters are influenced by the method of com-
posite manufacturing. For instance, if during manufacturing the fibers
are distributed unevenly in the volume of the composite, this will gener-
ate intra-laminar shear stresses under operating loads. In the matrix, the
damage is essentially correlated to the presence of porosity. The forma-
tion of micro voids between fibers and dry spots are potential starting
points for propagating cracks or delamination. Figure 6.20 illustrates the
causes of the composite defects due to the formation of voids and micro
cracks.

In several methods during the manufacturing of the composites, the
mix of the fibers and the polymer is heated and pressed under high-pres-
sure values to be extruded or molded into a specific shape. The resultant
cross section may have one of the defects or all together, such as resin-
rich areas, voids, disordered fibers in 3-D space or sometimes the fiber
may break. The resin-rich areas lead to starting of micro cracks which
will speed under the load causing deboning between the fiber and the
matrix. The presence of voids proved to decrease the composite strength
as well as the possibility of moisture absorption increase. The defects in
the final composite are directly related to the manufacturing techniques
and their particular settings and speeds as well as the shape of the pro-
cessed parts.

0N LA W
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FIGURE 6.20 Manufacturing parameters and material behavior effects on voids and
micro crack formation.

The analyses given in Figure 6.20 are the general overview of the com-
posite defects. Figure 6.21 illuminates some of these defects, which are
due to composite materials behavior effects of voids and micro crack and
manufacturing.

Referring to the interlayer delamination, one of the laminates will be
separated from the other laminate, causing the micro cracks, vice versa
to the outer layer delamination. The delamination may be on one place
or different portions of the matrix. There is deference between deboning
and delamination — the later means the laminates become separated while
deboning happens when matrix and fiber doesn’t adhere together. Incor-
rect cure occurs owing to the incorrect formulation or mixing, or thermal
exposure conditions of the fibers or matrix.

Non-destructive testing (NDT) for defects should be minimized by
achieving manufacturing processes which are under control.
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FIGURE 6.21 Some defects of the composites.
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7.1 INTRODUCTION

The earliest composite materials were straw reinforced bricks, which was
similar to modern steel reinforced concrete [1]. The agriculture waste
is one of the problems of the modern intensive agriculture which needs
innovative methods for its useful industrial applications. The develop-
ment of composites from renewable raw materials has increased exten-
sively during the last years as they are considered to be environmentally
friendly materials. Natural fibers are renewable, easily recycled, carbon
dioxide neutral, and are available in large quantities. In addition, they
have high specific properties and cause less health problems during han-
dling when compared to glass fibers. Currently, natural fibers, mainly



242 Natural Fiber Textile Composite Engineering

flax and hemp, are available as commercial products as short fibers for
injection molding compounds or as non-woven mats based on short fibers
organized in a random array. Enhancing the adhesion between the natu-
ral fibers and matrix results in improving composite strength and tough-
ness [2—6]. Green composite combines plant fibers with biodegradable
resins to create natural composite materials. Biomaterial composites are
made from hemp, kenaf, sisal, soybean, and agro-residuals. Natural fibers
are emerging as low cost, lightweight and apparently environmentally
superior alternative to synthetic fibers [7]. With natural fiber composites,
car weight reduction is possible. This can be translated into lower fuel
consumption and the lower environmental impact. Natural fiber based
composites also offer good mechanical performance, good formability,
high sound absorption and cost savings due to low material costs. More-
over, their “Green look™ as well as ecological and logistical benefits of
the natural fiber based technologies looks more attractive. In 2000, more
than 23,000 tons of natural fibers have been used in the automotive sector
alone, furthermore, natural fibers in automotive industry should experi-
ence a sustainable growth EU [3].

There are currently massive unused quantities of agricultural (straw)
residues around the globe. The estimated worldwide availability of wheat
and rice straw in several countries is shown in Figure 7.1. The world avail-
able wheat straw reaches 583,776 tons and the rice straw 727,400 tons [8].
China, India and the USA appear to be at the present the major producing
countries of straw residues (mainly wheat and rice straw). The harvest
index of different crops is given in as: wheat and barley 0.55, rice 0.5,
maize 0.52, sun flower 0.5, cotton 0.33, sugar beets 0.5. The wheat and
rice straw are not the only agro residuals but also the other grain crops
and cotton increase the amount of available materials for WPC. Figure 7.1
shows the availabilities of the other straw residuals.

According to the statistical data, the average yield of straw is around
1.3-1.4 kg per kg of grain [4]. The world statistics of the wheat and rice
straw reveals that there are about 710 million metric tons of wheat straw
and 650-975 million ton of rice straw each year [5]. The forest residuals
also represents a source of material which can be used for composite pro-
duction. The forest residuals may reach 20—35%, besides wood industry
waste and the other unused residues (Figure 7.2).
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FIGURE 7.2 Agriculture waste [9].

The SWOT assessment of various aspects of rice straw and wheat
straw, when used as WPC, discloses the far-reaching prospective of using
straw of different agriculture residuals, as given in Table 7.1.
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TABLE 7.1 SWOT Analysis of Wheat and Rice Straw Applications
Strengths Weaknesses

Rice straw and wheat straw are avail-
able in many countries around the
world

Rice straw and wheat straw are the
most abundant agricultural residues in
the world

Straw is a “Non-food” feedstock
Straw exhibits a high cellulose content

Positive environmental impact

Opportunities

Increased grain production in the
world leads to more straw being pro-
duced

Increased Environmental legislative
efforts to stop open field burning of
straw will make straw available

Development of composite technolo-
gies may lead to a higher demand for
straw

The increase the demand on biode-
gradable materials

Increased environmental awareness

There are high costs associated to
collection, handling, and transport of
straw

The required storage facilities and
pre-treatment process makes straw
less attractive

In many countries the supply chain of
straw is very fragmented

Threats

Other non-energy uses of straw
compete with straw use for bio based
economy

Implementation of Sustainability
criteria might lead to higher extrac-
tion rates

The increase of the cost of collection
and storage

Limitations of application of WPC

7.2 THE POTENTIAL OF USING THE AGRICULTURE WASTE AS
REINFORCEMENT OF COMPOSITE

The advantages of using natural fiber composites are: low specific weight,
high strength and modulus, low cost renewable source of material, eco-
friendly, easy recycle. Figure 7.3 demonstrates the objective of several
researchers to turn the agro-residual into green composite [10—-19]. There
are huge unused quantities of agricultural (straw) residues around the
globe. In 2014, the annual global production of wheat straw was around
705 million tons, out of which 75% was produced by 18 countries, while
around 20% was produced by EU [7].
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FIGURE 7.3 From rice straw bale to WPC profiles.

Increased environmental awareness and societal needs serve as a cat-
alyst for developing new eco-friendly materials, like green composites.
Agro-residuals and Biodegradable resin, starch based biodegradable poly-
mer, soy flour resin — either can be used for the production of several items.

Thermoset composites or thermoplastic are commonly used in several
applications, such as particleboard, fiberboard (MDF, HDF, cardboard,
hardboard), wood-natural fiber composites, and non-woven mats. These
products found applications in construction, automotive and marine indus-
tries, electrical components, appliances and furniture. WPC are used in
decking and exterior and high density fiber (HDF) may be used in some
flooring laminates. Wood-polymer composites (WPC) have gained a lot
of concern in the last decade due to the optimization and development
of machinery, material, and processing conditions. Polymer composites
made with wood and natural fibers, such as rice hulls, flax, hemp, jute,
kenaf, agricultural residue are environmentally sound due to their biode-
gradability [1, 7-9]. More than 350,000 tons of natural fibers composites
are expected to be used in EU in 2015, mostly are WPC, over 80,000 tons
used in automobile industry alone.
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7.3 PRE-TREATMENT OF THE AGRICULTURE WASTE

There are several utilization methods of the agricultural residuals, such as
landfill, industrial composting, domestic composting, feedstock recycling,
animal bedding, biogas plant, thermal recycling and electric energy gen-
eration, as well as in bioplastic or non-bioplastic applications. The main
direction of the scientific research in this area is to transfer the agriculture
residue collected after crop harvesting into useful applications, as shown
in Figure 7.3. The straw, which represents the most popular material to
be used as agro waste, or the wood residue, both have a variable physical
and mechanical properties. For instance, the rice straw has length 51-66,
diameter 2.2-4.8 and the wall thickness 0.23-0.68 mm, which specifies
the high coefficient of variations, making it difficult to be used directly
[8]. The same situation is with the other types of agro waste and wood
residual. So, the solution was found in milling or fibrillation these mate-
rial in order to unify the size of the produced particles to be utilized in the
composites. Also, the chemical analysis of the different types of agricul-
ture waste point out that they have different percentage of cellulose, lig-
nin, length and width. Table 7.2 demonstrates some lignocellulosic fibers.

TABLE 7.2 Chemical Composition and Properties of Agro Residuals [17-22]

Type of Fiber Cellulose [%)] Lignin [%]
Bagasse 32-37 18-26
Cereal-straw 3145 16-19
Corn-straw 32-35 16-27
Wheat-straw 33-39 16-23
Rice-straw 28-36 12-16
Cotton stack 45 -49 11-27
Bamboo 2643 21-31
Sugarcane bagasse 42 20
Nut shells 25-30 30-40
Grasses 2540 10-30
Oil palm press 40 24
Wood-based Softwood 40-45 26-34

Hardwood 38-49 23-30
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Generally, the length of straw fibers is shorter than softwood fibers, but is
in the same level as hardwood fibers. The amount of lignin and cellulose
is also lower than in both hardwood and softwood fibers. Hemicellulose
(%) 1s varied between 20-40%. Wheat and rice straw, both are of the same
composition, with about 39% of cellulose.

There are several preparation methods applied to the agro waste which
depend on the nature of the waste itself and the required end product char-
acteristic. Before applying the pre-treatment process, the following steps
should be followed:

1. Selecting the classified fiber materials according to a desired
property;

Choosing agro waste fiber/husk composition;

Selecting proper preparation technology for a specific agro-waste;
Defining the suitable additives, coupling agent and polymer;
Choosing the proper manufacturing technology.

All the above steps represent one package for the successful produc-
tion of wood polymer composite.

CIENEVRS]

7.3.1 PRE-TREATMENT TECHNOLOGIES OF STRAW AND
WOOD RESIDUALS

The objective of the pre-treatment of the straw of agro residual is to trans-
fer the low long density straw into high-density fibers of short lengths suit-
able to manufacturing into thermoplastic composite. The application of
pre-treatments breaks the long-chain hydrogen bond in cellulose, making
hemicelluloses amorphous, loosening the lignin out of the lignocellulosic
matrix and reducing its percentage, resulting in better quality to make it
more suitable for various applications. These methods can be classified
as: physical, physicochemical, chemical, and biological [17, 23-25]. The
result of the process of breaking down the stem into fiber element makes
it possible to transport and handling of the agro residuals. The bulk den-
sity of rice straw is around 75 kg/m? for loose straws, 100-180 kg/m?® in
packed and in the bale form, and it increases in the pellet form 560-720
kg/m?® [26]. Also, it allows mix easily with a polymer when using one of
the forming techniques to manufacture the various products and facilitates
easy and economical storage.
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7.3.2 PHYSICAL METHODS (PHM)

Usually, the mechanical means are applied to reduce the stem into smaller
size, such as milling, grinding, and chopping. Figure 7.4 shows a sketch

Hydraulic Piston

Wood grinding

A

Movable Knife

=]

Knife mill
FIGURE 7.4 Sketch of the principles of machine grinder and knife mill.
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of milling and grinding machine principle. The size of the particle will be
in the range of 0.2—2 mm milling, 10-20 mm chopping. More than one
operation can be applied, starting with chopping then milling and sieving,
to achieve the length as required (>5 mm to <0.1 mm in length). Mill-
ing is generally done by mechanical means, including abrasion, compres-
sion, and impact. Impact mills include the ball mill, which has media that
tumble and fracture the material. Shaft impactor causes particle-to-parti-
cle attrition and compression [4]. Several passes are needed to reach the
required size.

The material size can be classified according to the size of the particles
through sieving with different mesh size as shown in Figure 7.5.

7.3.3 PHYSICO-CHEMICAL METHODS (PHCM)

Steam explosion; in this process high-pressure saturated steam is injected
into a reactor filled with agro residuals. During the steam injection, the
temperature rises to 160-260°C. Successively, pressure is suddenly
reduced and the agro residuals undergo an explosive decompression with
hemicellulose degradation and lignin matrix disruption as a result. During
steam explosion pre-treatment process, the lignocellulose agro residuals
are heated with high-pressure saturated steam having high temperatures
for 1-15 minutes [27]. Subsequently, the material is quickly subjected to
atmospheric pressure: as a result, the water inside the material vaporizes
and expands rapidly, disintegrating the agro residuals. This causes great
reduction in the particle size of the straw. Consequences of steam-explo-
sion pre-treatment depend on treatment time, temperature, particle size
and moisture content [28]. Investigations have been carried out to try to
improve the results of steam explosion by addition of chemicals such as

59

} 257
milled wood flour

'Hed only chopped and milled
FIGURE 7.5 Wood particle’s classification.
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acid or alkali [29]. The temperature of steam and the duration time may
be reduced. The steam explosion process offers several attractive features
when compared to other technologies [30]. These include less hazardous
process chemicals and significantly lower environmental impact. Steam
explosion process is a cost effective method for hard wood and agriculture
residuals pre-treatment. There are several physico-mechanical methods,
such as AFEX (Ammonia fiber explosion method), ARP (Ammonia recy-
cle percolation method), CO, explosion, Ozonolysis and Wet oxidation.
All required to increase the temperature (90°C to 200°C), except Ozonoly-
sis, and time of treatment (30- 90 min), more than that of steam explosion
process (1-15 min) [31].

7.3.4 CHEMICAL METHOD (CM)

The straw can be treated by Acid, either diluted or concentrated, Alkali
(sodium hydroxide, calcium hydroxide, potassium hydroxide, Sulphur
dioxide, ammonia, etc.) or Oxidization agent (H,0,). This treatment not
only reduces the size of particles but also affects the pore size, lignin and
hemicellulose. Depending on the type of chemical used, pre-treatment
could have different effects on structural components. Alkaline pre-treat-
ment, ozonolysis, peroxide and wet oxidation pre-treatments were report-
edly more effective in lignin removal, whereas diluted acid pre-treatment
was more efficient in hemicellulose solubilization [32, 33]. Ozonolysis
pre-treatment is carried out at room temperature and normal pressure. It
can effectively remove the lignin without producing any toxic residues or
affect cellulose and with slight influence on the hemicellulose. The chemi-
cal treatment of straw may be:

Acidic Pretreatment: diluted acids will treat the stacks at high tem-
perature 160°C or strong acid hydrolysis, which need lower temperature.
H,SO, and HCI, are used. The straw will be treated by enzymes only in the
case of diluted acid treatment.

Alkaline Pretreatment: alkaline solutions, such as calcium, potas-
sium, sodium and ammonium hydroxide are used for alkali pre-treatment
of corn Stover, switchgrass, bagasse, wheat, rice straw, hardwood, and
softwood. Pre-treatment doesn’t require elevated temperature and gives a
satisfactory results.
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Wet Oxidation: dry milled straw is heated for 20min in temperature up
to 195°C, followed by the addition of water and caustic soda. The applica-
tion of air for oxidation leads to lignin removal. This method can be used
with all agro-residuals [34].

Ionic Liquids: this method introduces lignin solvents to the agro-
residual at temperature 90—-130°C.

Oxidative Delignification: the agro-residual is treated with oxidizing
agents, such as ozone, hydrogen peroxide. Ozonolysis oxidations will dis-
solve lignin only.

Organosolv: organic solvent such as ethanol, methanol, acetone are
applied at temperature 200°C.

The most important and widely used methods for cellulose Nano fibers
isolation are chemical methods, mechanical methods, physical methods,
using microwave, biological and high-pressure homogenizer. CM process
is easier than milling process (MM) by which material is reduced from a
large size to a smaller size ‘top-down.” A combination of the above meth-
ods is usually applied.

7.3.5 BIOLOGICAL METHODS (BOIM)

Using enzymes, may be one potential alternative to provide a more practi-
cal and environmental-friendly approach for enhancing the nutritive value
of rice straw. The approaches are costly and also affect lignin and hemi-
cellulose [35, 36]. Enhancement of the biological pre-treatment was sug-
gested by several researchers for delignification of agricultural residues
[37] through the chemical pre-treatment by alkali or diluted acid pre-treat-
ment. White-rot fungi and Soft-rot fungi are capable of degrading lignin
without affecting much of cellulose and hemicelluloses. Several types of
fungi can be used with different straw type, such as Aspergillus Niger,
Aspergillus awamori, Trichoderma reesei, Phanerochaete chrysosporium,
Bjerkendra adusta, and Cyathus stercoreus. Combination treatment of the
agro residuals by mechanical, chemical and biological methods is usually
used to get the best result for the pre-treatment process of the different
types of straw and wood residuals. For instance, in the pre-treatment pro-
cess of wheat and rice straw, mechanical, physical and chemical meth-
ods are applied all together [38, 39]. Diverse pre-treatment methods were
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outlined in terms of the mechanisms involved, the choice of the optimal
pre-treatment process depends greatly on the objective of the agro residual
end-use. Furthermore, the selection of a pre-treatment method should not
only be based on its final profit but also on the environmental impact. Fig-
ure 7.6 shows the effect of fungi treatment of wheat straw.

7.4 PREPARATION OF AGRICULTURAL RESIDUES
7.4.1 PRODUCTION OF WOOD FILLER

The WPC use wood that is derived from residues of the forest industry
recycled wood or sawdust. Wood residuals require to be processed both
mechanically and chemically. The mechanical processing purpose is cut-
ting and milling the wood fiber to desirable size. For composite material
preparation, it is necessary to remove from fibers fine organic impuri-
ties and greases and modify their length. Optimal length of milled fibers
ranges within 0.5 up to 2 mm.

The chemical treatment reduces moisture absorption and enhances the
wood-plastic bindings. Whatever is the treatment type of the wood, there
is a need for wood to be dried to decrease the moisture content that reduces
the wood — plastic interfacial bonding. The wood filler can be either in
the shape of flakes, fibers, chips or flour and the size of the flour or fiber
depends on the manufacturing technique and desired characteristics of the
finished product. To decrease the moisture content in wood, one of the fol-
lowing treatments can be applied: acetylation, thermal modification and
furfurylation.

Straw After fungi treatment
FIGURE 7.6 Fungi treatment of straw.
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*  Acetylation: Acetylation is a process whereby one hydroxyl group
is replaced by one acetyl group through impregnating the wood
with acetic anhydride and then exposing the impregnated wood to
a higher temperature in order for the start the reaction.

»  Thermal Modification: Thermal modification is process where the
wood is subjected to a temperature around 200°C for several hours
in a low oxygen atmosphere.

»  Furfurylation: Furfurylation is a process where the wood is impreg-
nated under pressure with furfuric alcohol. Furfurylated wood also
exhibits improved mechanical properties and improved and low
tendency to absorb moisture.

7.4.2 WOOD FLOUR

Wood flour is defined as a finely-ground wood cellulose. It is used in
manufacturing a wide variety of products ranging from exterior composite
decking/railing to office furniture to caster wheels. The number of wood/
plastic composite applications continues to grow significantly every day.

Wood flour is produced from selected dry wood waste by several types
of grinders and sized by mechanical or air screening methods. The char-
acteristics of very small wood particles are dependent on the method of
preparation. De-bonding the wood cells, mechanical methods leave the
chemical nature of the wood unaltered, but in making crushed wood pulp,
the fibers are separated by fragmentation of the wood to smaller size parti-
cles [29]. Blending wood flour with a mixture of plastic resins has resulted
in the creation of durable, long-lasting composites that are less expensive
and lighter in weight. Screening the wood fiber to 35 to 235 mesh size
results in a particle size between 0.513- 0.064 mm. The particles from
mesh size between 40 and 60 gives good flow characteristics and ease of
mixing into the plastic matrix.

7.4.3 WOOD PLASTIC PELLETS (GRANULES)

The processes, as shown in Figure 7.7, starts by blending the meshed wood
waste particles, according to the required proportion. The meshed wood
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FIGURE 7.7 Sketch of the principle processing of wood plastic pellets (granules).

waste is dried in a furnace for 4 hours to almost completely eliminate the
moisture. The furnace temperature is set at 115°C to avoid wood waste
burning. Afterwards, dried wood waste is mixed with plastic and fed to the
hopper of mixer and then fed into the single screw extruder. WPC additives
are chemical components that facilitate wood-plastic composite process-
ing (WPC extrusion) as well as/or impart WPC with improved properties.
They come in form of powder, granules and, less often, liquids. Among the
most common ones are coupling agents, compatibilizers, lubricants, UV-
stabilizers, flame-retardants, antibacterial agents, antioxidants, etc.

Over forty coupling agents have been used in WPC [40]. Coupling
agents are classified into organic, inorganic, and organic-inorganic groups.
Organic agents include isocyanates, anhydrides, amides, imides, acrylates,
chlorotriazines, epoxides, organic acids, monomers, polymers, and copo-
lymers. Only a few inorganic coupling agents, such as silicates, are used
in WPC. Organic-inorganic agents include silanes and titanates. A cou-
pling agent accounts for only 1-3% of the total weight of a composite
in WPC. Initiators are usually required with coupling agents during the
coupling treatment, especially in graft copolymerization. The most widely
used initiators are organic peroxides, including dicumyl peroxide, benzoyl
peroxide, lauroyl peroxide, which accounts for only 0.5—1% of the total
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weight of a composite in WPC. The heating section of the extruder gradu-
ated between 120 to 150°C. In the extrusion line (One-step), the resulted
extruded WPC are cooled and cut into the granules to predetermined spec-
ified dimensions.

7.4.4 WOOD PELLETS (GRANULES)

Wood pellets are usually made from sawdust, wood shavings, wood chips
or wood logs, any forestry wastes or agro residuals straws, stalks, etc. Fig-
ure 7.8 shows the sequence of the wood pellet as:

Milling: the process starts with size reduction through milling of the
different blend components;

Cleaning and Pre-Treatment: to remove the dust and any impurity
and pre-treat the material by one of the discussed above techniques;

Drying: to achieve a material’s consistent moisture level. Large dryer
drums may use natural gas, propane, sawdust burners, or other fuels to
heat the drum;

Pelletizing: after drying, the sawdust is pressed through dies at high
pressure. This process causes the sawdust to heat up and release natural

- Cleaning and -| Grindin
pretreatment .

Agro residual

Wood pellets
s (rUIeS) . Cooling Pelletizing
I y f‘ / - and pellet

forming
e

FIGURE 7.8 Sketch of the principle manufacturing of wood pellets (granules).
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lignin in the wood that binds the sawdust together or to use extruders to
give a small size pellets;

Cooling: cooling tower is used to bring the temperature down and
harden the pellets.

The wood pellets can be blended with polymer and extruded to the
required shape in the next step.

Estimated world wood pellet production is about 16 million tons, pro-
duced in EU, Canada, USA, almost 60% are produced in Canada only [28§]
using sawmill residues — sawdust, planer shavings, and other forest residuals.

7.4.5 WOOD RESIDUAL DEFIBRILLATION

The steps of the defibrillation are shown Figure 7.9. The wood residual
defibrillation process involves size-reduction, screening, and washing of
the raw material to get a clean and suitable size of the chips for con-
sistent material flow into the Defibrator system [29]. The wood chips
are pre-heated by steam and forced into a vertical preheater, then to the
Defibrator system which is pressurized under pressure of 0.7-1.0 MPa

Screening&
Washing

s
(o= W

s E@ s
FIGURE 7.9 Sketch of the defibrillation of wood residual.
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with temperature 170—190°C. The fibril material will pass through drying
section ended by cyclone for further drying. The material is ready to be
blended with a polymer and chemical additives and fed to the extruder.

7.4.6 WHEAT AND RICE STRAW

The wheat and rice straw after pre-treatment can be used for the formation
of WPC in several forms as classified in Figure 7.10. The composite may
be completely biodegradable when using matrix of bio gradable polymer
[41-43].

Depending on the end use, there are several manufacturing technologies
to deal with the rice and wheat straw: mechanical milling, chemical, biologi-
cal method or combination of them. For the chemical pre-treatment of straw,
different chemicals may be employed including acids, alkalis and oxidizing
agents, such as peroxide and ozone. Among acid pre-treatment methods,
diluted acid pre-treatment using H,SO, is the most-widely practiced method
[42]. For rice straw the best pre-treatment method is acid-catalyzed hydro-
lysis with high temperature and hot water [43]. Calcium, sodium, potassium
and ammonium hydroxides are suitable alkaline agents for pre-treatment.

Wheat and Rice straw composite

1
| 1

Fibrous composite Particles

— Short fiber L Micro particles

Nano particles

| Long fiber

FIGURE 7.10 Classifications of wheat and rice straw composites.
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For biological pre-treatment of straw, the most effective microorganism is
white rot fungi, usually combined with other pre-treatment methods.

The other method is by using steam explosion. Pre-treatment of wheat
straw starts by cutting it into chops of length in range of 10-50 mm. The
size-reduced and dry straw material is later heated with steam and hot
water in a screw mixer or soaked in water [17]. It is also possible to add
chemicals at this stage. Afterwards, it is rapidly heated under pressure
of 0.7-1.0 MPa to temperature 170-190°C for a period of time ranging
in 1-3 min, then the pressure is suddenly reduced forcing the material
undergo an explosive decompression. Figure 7.11 shows the change of the
wheat straw after the steam explosion process.

Rice straw is fibrillated at a slighter lower pressure, approximately 0.6
MPa for 1 min. Rice straw will be soaked in a hot water before feeding to
the Defibrator system [17]. Pre-treatment is an important step in biomass
to conversion process and helps in overcoming the resistance of biomass
for processing of NFPC [44].

7.5 NANO-SCALE CELLULOSE FIBERS
7.5.1 THE PRODUCTION OF NANO/MICRO FIBER

The production of Nano-scale cellulose fibers and their application in
composite materials has gained increasing attention due to their high

Pretreated - cut wheat straw Fibrillated wheat straw

FIGURE 7.11 Wheat straw fibrils after steam explosion.
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strength and stiffness combined with low weight, biodegradability and
renewability [45-51]. The nanotechnology has drawn much attention
since the beginning of this century as the critical technology to advance
industrial outputs. Developing commercial applications of nanotech-
nology, the Nano-sized particles play a significant role because of their
unique functional properties. The nanoparticle technology is expected to
further develop rapidly in all the industries handling fine particles in the
near future [52-56]. Cellulose nanofibers have many advantages compar-
ing with the inorganic fibers, some of the most relevant being the follow-
ing: low density, renewable sources, biodegradability.

The main reason in using cellulose nanofibers in composite materials
is attributable to the potentially high stiffness of the cellulose fibers for
reinforcement. This property can be achieved with the reducing amount of
amorphous material by breaking the structure of the plant into individual-
ized nanofibers with high crystallinity [56].

Growing interest has been focused on biodegradable polymers based
materials cellulose microfiber. One reason is the potential for significant
improvements in the mechanical properties of fiber—plastic composites
(FPC) for use as new materials due to the abundance, low cost, and its
process ability. One of the famous applications is the use of wood as filler,
wood flour, with a low length to-diameter (I/d) ratio 3.3 to 4.5. It was
found that fiber length and distribution play important role in the process-
ing and mechanical performance of fiber-based composites [57].

The mechanical properties of wood-plastic composites made with
different percentages and sizes of pine flour in a HDPE matrix using an
injection-molding process have been studied [58]. Compared to fiber
proportion, size of screened particles showed no significant impact on
mechanical properties of the composite materials. In terms of processing,
it was suggested that mechanical properties and fiber length are sensitive to
extrusion parameters, such as screw configuration and compounding tem-
perature [59]. Short fibers resulted in better process ability than long fibers,
water absorption and volumetric swelling increased with fiber length.
Increasing fiber length had beneficial effects on tensile, flexural modu-
lus of elasticity and toughness of wood-plastic composites. A decrease in
the modulus of rupture was observed with the addition of wood fibers
into the thermoplastic, but this effect could be minimized by using long
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fibers. The length of reinforced fibers plays a significant impact on some
mechanical properties, modulus of elasticity, breaking elongation and the
impact strength of fiber reinforced composites. Several studies emphasize
the effect of fiber length and fiber orientation [60—62] on mechanical prop-
erties of the fabricated composites. The development of starch composite
materials filled with Nano/micro sized rigid particles has attracted both
scientific and industrial interest, in case of the rice starch (RS) films rein-
forced with microcrystalline cellulose from palm pressed fiber (MCPF).
The incorporation of MCPF into rice starch films provided an improve-
ment of water resistance for the rice starch films. In bio-composite films,
rice starch film/MCPF increased tensile strength from 5.16 MPa, for pure
rice starch film, to 44.23 MPa, but decreased in elongation at the break of
composites [63]. Because of strong Nano fibril-polyurethane interaction at
the interface, nanocomposites have large strain-to-failure. At high strains,
cellulose Nano fibrils, as well as polymer molecules, become strongly
reoriented in the loading direction, providing additional stiffening [64].
The production of MFC by fibrillation of cellulose fibers into Nano-scale
elements requires intensive mechanical treatment. However, depending
upon the raw material and the degree of processing, chemical treatments
may be applied prior to mechanical fibrillation. These chemical processes
are aimed to produce purified cellulose, such as bleached cellulose pulp,
which can then be further processed. There are also examples with reduced
energy demand in which the isolation of cellulose micro-fibrils involves
enzymatic pre-treatment followed by mechanical treatments [46].

Micro fibrillated celluloses (MFCs) are generally obtained when cel-
lulose fibers are submitted to high mechanical shearing forces. Nano fib-
rillated celluloses (NFPCs or Nano fibrils) are produced when specific
techniques facilitating fibrillation are incorporated in the mechanical refin-
ing of wood and plants pulps. They ideally consist of individual nanopar-
ticles with a lateral dimension around 5 nm [46].

Mechanical processes, such as high-pressure homogenizers, grind-
ers/refiners crycrushing, high intensity ultrasonic treatments, and micro-
fluidization have been used to extract cellulose fibrils from WF, PF,
microcrystalline cellulose (MCC), tunicate, algae, and bacterial source
materials. In general, these processes produce high shear that causes trans-
verse cleavage along the longitudinal axis of the cellulose micro-fibrillar
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structure, resulting in the extraction of long cellulose fibrils, termed MFC.
Typically, cellulose materials are run through the mechanical treatment
several times (i.e., number of passes). After each pass, the particles are
generally smaller, more uniform in diameter, but have increased mechani-
cal damage to the crystalline cellulose. A filtration step is included to
remove the larger unfibrillated and partially fibrillated fractions. In addi-
tion, these mechanical processes can be followed by chemical treatments
to either remove amorphous material or chemically functionalize the par-
ticle surface [50]. Cellulose Nano-fibers would be prepared from MCC by
application of a high pressure homogenizer (137.89 MPa) and treatment
consisting of different passes (0, 1, 2, 5, 10, 15 and 20) [55].

The potential of cellulose Nano-fibrils as reinforcement provides a new
direction for the development of value-added novel composites. These cel-
lulose Nano-fibrils have been extracted from cell walls by a chemical [45,
50, 51] or mechanical treatment [65, 66], and combination of these treat-
ments [69]. Cellulose whiskers from cellulosic materials were prepared
by hydrochloric acid and sulfuric acid hydrolysis, and web-like cellulose
Nano-fibrils were obtained by refining and homogenizing action. Cellu-
lose Nano-fibrils with diameters below 100 nm were isolated by a chemi-
cal or mechanical treatment. Mechanical treatment with acid hydrolysis
results in even finer cellulose Nano-fibril structures with diameters below
50 nm. MCC was used as raw material for the preparation of nanofibers,
starting with MCC of about 20 um.

The mechanical treatment can produce particles in Nano/micro scale
between 5 nm and 120nm from the different stacks, depending on the
number of crushing passes and passes through the homogenization [67]. A
fundamental mechanism of the high-pressure homogenizer is to bombard
a fluid stream against itself within interaction chambers of fixed geometry
at very high energy, resulting directly in the breakup and dispersion of the
slurry. High pressure, high velocity and a variety of forces on the fluid
stream are capable of generating shear rates within the product stream,
reducing particles to Nano-scale.

The steam explosion process is another efficient pre-treatment method
for converting lignocellulosic agro residuals with the final aim of separat-
ing nanofibers. In this process the agro residual is first milled and then
subjected to high pressure steam for a short time (20 sec to 20 min) at
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a temperature 200—270°C and a pressure of 14—16 bar. The pressure in
the digester is then dropped quickly by opening the steam and the mate-
rial is exposed to normal atmospheric pressure to cause explosion which
breaks down lignocellulosic structure. Steam explosion causes the hemi-
celluloses and lignin from the wood to be decomposed and converted into
low molecular weight fraction which can be recovered by extraction [68].
In order to fibrillate MCC, pass numbers were 1 up to 20, depending on
the size required. The MCC fibrils have approximately the particle sizes
of 10 um length and 2 mm diameter (aspect ratio of around 5). After fur-
ther treatment to 20 passes, these small bundles were additionally split
into thinner fiber bundles [55]. The effectiveness of the steam explosion is
dependent on the agro residuals feedstock and, for instance, the process is
less effective for softwood than for hardwood [57].

Other physical methods using gamma radiation or Altera sound wave
are another approaches for straw pre-treatment. Microwave and radio fre-
quency (RF) heating can be used instead of steam. The temperature of
operation ranged from 70 to 230°C, while heating time varied from 5 to
120 minutes, depending on the microwave power [69]. Alkali pre-treat-
ment will help to reduce the time of fibrillation.

7.5.2 NATURAL NANO/MICRO FIBER FROM INDUSTRIAL
WASTE

Cellulose particles can be obtained from the natural fiber waste extracted
during the processing. The shaving method of staple fiber was suggested,
resulting in particles of different diameters [70], Figure 7.12 illustrates
the histogram of a sample of 700 particles. The value of cutting length
is 2 micron. The analysis of the histogram of the sample particles length
in micron evidences that 48% of the particles have a length less than 2
micron, which is the sum of residual length of the fibers with a tendency
be skewed to the right. The mean value of particle length is 2437 nm and
CV 2.87% with probability of Nano-particles presence, with law aspect
ratio of 1.6 in average.

The analysis of the histogram of particle size equal to or less than 500
nm indicates that the average particle size is equal to 297 nm and CV 5%,
as given in Figure 7.13.
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FIGURE 7.12 Histogram of the cellulose particles distribution.
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FIGURE 7.13 Histogram distribution of the cellulose particles of size equal to or less
than 500 nm.
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FIGURE 7.14 SEM images of cotton fiber particles using shaving methods.

The particle shapes produced by shaving method exhibit various
dimensions of fragments of the particles, as shown in Figure 7.14.

The acid hydrolysis is used for the production of micro cellulose
particles in which the chemical treatment will attack fiber’s amorphous
parts obtaining a more uniform particle length. Cotton fibers can be acid
hydrolyzed and micro cellulose particles can be extracted Figure 7.15a,
b. It is clear from the histogram Figure 7.15c¢ the average particles size is
8208.33nm.
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FIGURE7.15 SEM images of cotton particles using acid hydrolysis processing treatment.
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The length of the different fibers of cotton samples as well as the
dimensions of the particles in each case denoted Table 7.3, categorizing
that the smallest particle size was obtained when flat stripes or cotton wool
were used, hence more than 50% of the particles had size less than one
micron. Sisal plant and other fibers can be dried and ground into powder
using a grinding machine and sieved to 150 pum and 300 um sizes [69]. The
sieved sisal powder was used as the reinforcement. The sisal powder and
the ground polypropylene were blended for manufacturing of compos-
ite. Sisal particles improved the hardness property of the polypropylene
matrix composite. The application of micro cellulose as a filling material
change the characteristic of the PVA composite properties. Table 7.4 gives
an example of using micro cellulose 20 um in PVA matrix which indicates
the increase of both Young’s modulus and the shear modulus as the per-
centage of the micro particles increased while the failure strain decreases.

TABLE 7.3 Particle Length Frequency Distribution for Different Samples

Percentage of

Fiber Average particle particle length
Material type length  size (u) micron CV % < () micron
Cotton 32 2.64 2.87 38%
Cotton (flats stripes waste) 10 1.99 8.9 50%
Cotton (taker-in waste) 18 2.53 6.43 32%
Cotton wool 12.5 241 8.92 40%
Cotton (ginning waste) 11 2.27 7.546  35%
Flax 25 2.53 6.436  32%

TABLE 7.4 Mechanical Properties of the MC/PVA Composite

MC/PVA Ratio  Tensile Young’s modulus  Shear modulus
after drying stress N/cm?  Strain% E MPa G MPa

0% 320.68 3.12 1.0287 0.459

6.33% 311.22 0.248 12.55 4.822

11.60% 353.22 0.135 26.16 9.69

16.20% 351.37 0.12 29.28 10.6

20.80% 383.29 0.15 25.55 9.07

24.80% 662.74 0.058 114.26 39.88
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7.6 METHODS OF MANUFACTURING AGRO-WASTE
COMPOSITES

After the pre-treatment of the agro-waste, the cellulosic material may be in
the form of chopped material cut straw, fibers, particles, flour, nano/micro
particles, according to the method used for pre-treatment and nature of the
agro-waste. The agro-waste can be used in some products in raw form or
after milling and mixed with the suitable polymer, PE, PP, PVC, adding
other additives to manufacture pallets, packing plates, windows and door
frames, decoration panels, etc. as illustrated in Figure 7.16.

There are several methods for manufacturing the pretreated agro resid-
uals that cope with the final product shape and the nature of the filling
materials used and finally, the costs.

7.6.1 EXTRUSION PROCESS

This process is common for thermoplastic material, with the advantages
of high production rates, large volume of constitutes are produce. Raw
materials, such as thermoplastic granules, pellets or powder, are placed
into a hopper and feed into screw extruder [71]. Wood husk and straw can
be processed with polyethylene (PP), polypropylene (PE) and polyvinyl-
chloride (PVC) for the production of WPC using extrusion technique.
Wood flour is mainly produced from the residues of various wood pro-
cesses, and subjected to milling processes for size reduction. Wood plastic

Wood flour Rice husk powder

FIGURE 7.16  Agro material for manufacturing.
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composites (WPC), made out of wood waste and plastic waste, have been
a fast growing research area because of their wide range of application
[72-75]. The manufacturing of wood-plastic composites starts with wood
material preparation, blending with polymer, and molding. Various tech-
niques were suggested for molding, injection molding, profile extrusion
or compression molding. There are also wood pellets which provide pre-
processed wood fibers as fillers for many applications. The fiber volume
fraction may reach 30—40%.

However, the screw has four distinct sections: feed section, melt sec-
tion, pressing section and forming section.

Molten polymer goes through a die to produce a final shape. It involves
the following steps:

*  Wood flour with different particle size, 74-500 um [76], is blended

in the required ratios;

*  Wood flour is dried for 34 h at 105-115°C;

*  Wood pellets and the polymer are mixed with coloring and addi-
tives (coupling agents, light stabilizers, pigments, lubricants);

*  The granular plastic is blended with dry wood flour and fed in a
hopper of extruder, as illustrated in Figure 7.17;

* Extruder screw thread turns forcing the wood-plastic material
through a heater, melting it;

»  The extrusion process carried out in the temperature ranging 140°C
to 185°C that corresponds to the temperature of plastic granulates
preparation and increases in the direction of the material flow;

*  The wood-plastic material is forced through a die to produce the
required shape;

*  Cooling process is continued for a predetermine time.

Several types of polymers can be used in the extrusion processes, such
as Polyethylene Terephthalate (PET or PETE), high density Polyethylene
(HDPE), Polyvinyl Chloride or Vinyl (PVC-V), low density Polyethylene
(LDPE), PP, Polystyrene (PS) and all have a potential for recycling. In the
extruded WPC product, 50% use PP, 39 % use PE, and 15% use PVC [77].
The physical and mechanical properties of WPC depend on the wood fiber
percentage content and type of a polymer. WPC with medium percentage
of wood filler in PP or PE polymer have higher impact resistance, but
lower strength and stiffness, while PVC polymer composites have high



268 Natural Fiber Textile Composite Engineering

Wood pellet &

Plastic particles

Blend Melting zone Pressing Forming
Feeding zone zone

| Single screw extruder | ‘ Double screw extruder ‘

FIGURE 7.17 Principles of single screw and double screw extruder.

strength and stiffness and very low impact resistance with high thermal
expansion.

Single screw extruder or double screw extruder can be used it is
steadier, less heat required, exerting high pressure on the material and
more in productivity.

7.6.2 INJECTION MOLDING

The sketch of the principles of the injection molding is given in Figure
7.18. The machine consist of two zones, the injector is where the first stage
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FIGURE 7.18 Injection molding machine.

of the injection molding process takes place. The injector is the part of the
machine into which plastic or in the case of WPC pelletized compound
is fed, molten, and then injected into the mold. As the screw rotates, it
transports the molten WPC from the hopper towards the nozzle, it is trans-
ported further towards mold under pressure. The screw has three sections,
for feed, melting and metering. The second zone is the clamping device.
When the molten plastic is injected into the mold the mold needs to be
held together in order for the pressure to be maintained. This is done by the
clamping device [78]. The clamping device opens in the end of the cycle
and ejects the finished product. The injection cycle consists of following
steps, molting WPC injection, packing stage, ejection. The pressure and
the temperature are varied during the injection cycle. The temperature is
high 200°C at the start the dropped in the cooling period (most time of the
injection cycle) till the injection is completed, while the pressure will be
high at the injection and constant for the half time of the cycle, dwelling
pressure after molten plastic fills out cavities, then dropped gradually till
the injection of the molded part.
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Polymers, such as polystyrene, nylon, polypropylene and polythene,
can be used in the injection molding. WPC can be processed on the injec-
tion molding using polyethylene, polypropylene, and polystyrene. For
WPC, strong binding is needed between hydrophilic wood and hydropho-
bic polymers. It can be improved through one or more coupling agents,
Silanes, Carboxylated Waxes, Maleic Anhydride Polypropylene, DuPont’s
Fusabond, and/or pre-treatment of the wood. The injection molding pro-
cess has been applied to wood fiber, flax fiber, hemp, jute, rice hulls, palm
fiber waste and sisal fiber filled composites [78—80].

7.6.3 INJECTION BLOW MOLDING

Blow molding is a manufacturing process by which hollow plastic parts
are formed, such as plastic bottles. This process forms the products from a
variety of thermoplastic materials, including the following: LDPE, HDPE,
PET, PP, and PVC. Depending on the materials, the blow ratio may be
as high as 7:1. In extrusion blow molding (EBM), plastic is melted and
extruded into a hollow tube. This tube is then captured by closing it into a
cooled metal mold. Air is then blown into the tube (parison), inflating it into
the shape of the hollow bottle, container or any part. After the plastic has
cooled sufficiently, the mold is opened and the part is ejected [81]. Figure
7.19 illustrates the principles of Injection Blow Molding process. In blow
molding, the composite formulation and the choice of the suitable polymer
play a determined role in the quality of the product. For instance, softwood
flour in the particle size range of 60 mesh, maple (hardwood) flour (80
and 140 mesh) was mixed with different grades of polypropylene. These
grades included injection grade with moderate melt flow, blow molding
grade with low melt flow and another blow molding grade with high melt
strength. The matrix was filed at 25% wood flour [82]. In blowing molding
the higher processing temperatures is required for pure polymers. Wood is
understood to degrade at temperatures approaching 200-232°C, whereas
plastics tend to perform optimally around this temperature range. Melting
temperature of some polymers are PS 105°C, LDPE 105°C, HDPE 135°C,
PP 165°C, and PVC 215°C [83]. Temperature effects the blow mold abil-
ity of a wood fiber reinforced plastic composite. Blowing is usually done
with a hot air blast at pressure ranging from 350—700 kPa [71].
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7.6.4 COMPRESSION MOLDING

Compression molding involves a pre-shape viscous mixture of liquid-
resin and filler measures is place directly into a heated mold cavity at
approximately 200°C. Forming is done under pressure from a plunge. The
process is usually used in thermosetting plastics with the wood particles

Compressed air

Feed of wood flour and
plastic granules

|

Extrusion section | |

Molted WPC composite

Injection blowing section I— s

FIGURE 7.19 Injection blow molding method principles.
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material being in a partially polymerized state. Figure 7.20 shows a sketch
of the principle of compression molding.

The process of the manufacturing of the WPC depends on several
parameters, such as the nature of the wood material, size of the particle,
pre-treatment method, polymer properties, type of additives, shrinkage
ratio, mold shape, applied pressure and temperature during processing and
many other factors.

7.7 WOOD PLASTIC COMPOSITE PROPERTIES

Wood plastic composite with high modulus and impact strength can be
manufactured by combining PE or PP with wood fiber (WF), using twin-
screw extruder techniques. The advantage of using low melt viscosity
polymer matrices is that it enhances the modulus and reduces the overall
viscosity of the system. SEM analysis of the composites confirmed that
the polymer molecules penetrate into the vessels and cracks of the cel-
lulose fiber, which decreases the number of voids and produces a higher
density composite with improved mechanical performance. The addition
of maleic anhydride-grafted polyolefin as a compatibilizer improves the
level of adhesion between the wood fiber and the polyolefin matrix. The
impact strength of the composites with compatibilizer is 60% higher than
those without. Young’s moduli of WF/PE and WF/PP with compatibilizer

Upper

movable

mold half
Wood Polymer Formed part
charge

Lower fixed
mold half

FIGURE 7.20 Sketch of the principle of compression molding.
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were 4.4 and 5.4GPa, respectively, meanwhile the impact strengths of WF/
PE and WEF/PP were 44 and 24J/m, where the WF content was 50 % [84].
The wood-plastic composite WPC are characterized as lightweight
materials and easy to mold, allowing complex shapes. WPC end use cov-
ers the extensive variety products, especially to substitute the wood. The
PP and polyester (PE) are widely used in manufacturing of WPC and the
recycled polymers PP and PE [85]. WPC improves resistance to moisture
and insects, and fungi attack. It was found that the composites with 30%
wood sawdust also had higher water absorption, but water uptake is lower
in composites with coupling agent, so this may have a protective effect
against penetration of water. Innovative environmentally friendly processes
for turning agricultural residues, like straw, into quality boards suitable for
use in the furniture, construction, and the automotive and transportation
industries are targeted by several researchers [86—88]. In general, ratio of
30% wood flour showed good physical and mechanical properties [88]. The
polymers used with agro residuals are PE, PP, PVC, and PS with the cou-
pling agents like Maleic anhydride and Hexamoll for PVC. The single or
twin screw extruders are used, depending on the type of polymer [89, 90].
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8.1 INTRODUCTION

The composite material is a bonding of several materials, which are of dif-
ferent physical and mechanical properties, to create a new material with
properties that cannot be achieved by any of the components acting alone
in the final form of the designed part. The performance of the compos-
ite depends of the properties of each component and how strongly they
bonded to each other. Otherwise, the properties of the composite will be
that of the weakest one as in the chain strength is that the minimum link.
The heterogeneity of the properties of composite components requires
uniform distribution of the components in space of the composite architect
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and minimizes the anisotropic properties of the components used. This
required continues testing of each component with the main objectives:

1. Check the properties of the raw material used;

2. Check the designed composite properties;

3. Quality assurance of the produced composite properties;

4. Compliance of composite material to applicable standards and

specifications;
5. Verify supplier specifications.

8.2 TESTING OF THE DIFFERENT COMPOSITE’S COMPONENTS

In the natural fiber polymer composite, the main components are fibrous
material and the matrix. Each should be tested for several properties
related to the required performance of the final composite before it is used
in manufacturing process.

8.2.1 SAMPLING OF TEST SPECIMEN

The textile fibers and textile material, in general, are heterogeneous mate-
rial. Choice of the sample should represent the population in order to
insure the confidence of the results of the test. Random sample, numerical
sample or biased sample may be chosen. For each test of the fibers, there
is a procedure of the sampling to verify the required confidence of the
results. ASTM D1441 — 12, covers the sampling of cotton fibers, while
ASTM D2258 —99(2012) for sampling of yarn, for fabric each type of test
its sampling procedure as stated in the ASTM standards of the test such
as ASTM D737-96 for air permeability, ASTM D3776/D3776M — 09a
(2013) for mass per unit area (Weight) of fabric, ASTM D5034 for fabric
breaking strength and elongation.

Determining sample size is a very important issue because samples that
are too large may waste time, resources and money, while samples that are
too small may lead to inaccurate results. In many cases, we can easily deter-
mine the minimum sample size needed to estimate a process parameter, such
as the population mean . To prepare an unbiased sample in which the popu-
lation of the different parameters in the sample are presenting as those in the
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bulk or through sampling each product has equal chance of being chosen
when withdraw the sample. The size of samples is governed by nature of
the test, degree of accuracy expected in the results, variability expected in
the material. If the measured parameter of the tested phenomena follows a
normal distribution, assuming an error E% and standard deviation o, for the
certain value of confidence ¢ the number of the samples required is:

n = (t.o/E)? (1)

For confidence limit 90%, the value of ¢ is equal to 1.645, for 95%, t is
equal to 1.96, while for 99%, ¢ is equal to 2.58. The accepted value of error
depends on the importance of the tested value.

For example, if fabric has a mean strength 800 N and standard devia-
tion 6 =5 N, number of samples to be tested with error 5% and with con-
fidence limit 95% will be n = 3 samples.

8.2.2 FIBROUS REINFORCEMENT

The components of material used for natural fibers composites are the nat-
ural fibers, chemical coupling agent and resin. Each component is tested
for different properties as well as the final composite material to comply
the target properties. The reinforcement may be fiber, yarns, 2-D and 3-D
woven fabrics, knitted fabric, braided fabric or nonwoven mat. Each mate-
rial requires number of different testing procedures. The essential tested
properties of the fibrous reinforcement may be fibers, yarns, and fabrics.

8.2.2.1 Fibers

The main prop erties of the natural fibers may be classified as shown in
Figure 8.1.

8.2.2.2 Yarns

The parallel yarn reinforcement can be used in forming composites, made
of natural fibers, or used to form 2-D or 3-D structure fabrics. The main
yarn properties are shown in Figure 8.2.
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FIGURE 8.1 Textile fiber’s properties.
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FIGURE 8.2 Yarn properties.
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8.2.2.3 Fabrics

When fabrics are used as reinforcement, several properties should be
tested to insure it suitability to give the required performance of the com-
posite. The main fabric properties are shown in Figure 8.3.

Geometrical
properties

Physical
properties

Environmental
impact

Fabric properties

Mechanical
properties

Thermal
properties

Chemical
properties

FIGURE 8.3 Textile fabric properties.
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8.3 POLYMER PROPERTIES TESTING

The polymers are used to form the matrix, which have different properties
depending on the length of the polymer chain and chain structure. There
are thermoset and thermoplastic polymers. When the thermoplastic poly-
mers are heated, the de-bonding between chains occurs and the viscosity
of the polymer increases, on the contrary to thermoset polymers — on heat-
ing of the polymer no movement between the molecules occurs.

The density, mechanical properties (tension, compression, shear), glass
transition temperature “T ,” melting temperature “T ,” thermal expansion
properties, resistivity, coefficient of thermal expansion, fiber polymer
interfacial strength are important properties to be determined, as given in
Figure 8.4.

Molecular
weight&viscosity

Mechanical
properties

Environmental
impact

Polymer properties

Thermal
properties

Creep properties

Chemical
properties

FIGURE 8.4 Polymer properties.
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8.4 COMPOSITE ESSENTIAL TESTING

According to the required performance of the final composite design, the
type of testing methods is selected. The classification of the type of tests
for composite material are: component identification, physical properties,
mechanical properties, adhesives properties, composite’s defects. Table
8.1 gives summery of the essential tests required.

The number of the tests to determine the material properties and the
final composite properties depends on the end use of the composite mate-
rial and the type of loading and finally, the environment surround the
composite. Consequently, not all the tests should be carried out and the
designers should decide which value of the properties should be tested. In
the next paragraphs we will give some overall pictures about the methods
of the testing and the standards used. Ambient conditions for all testing
must be carried out under constant standard atmospheric conditions. The
standard atmosphere for textile testing involves a temperature of 20+£2°C,
and 654+2% rh. The samples must be pre-conditioned at least 24 hours
under constant standard atmospheric conditions to attain the moisture
equilibrium.

8.5 REINFORCEMENT TESTING METHODS

8.5.1 FIBER TESTING

Due to the variability of fiber types, the different testing methods and
procedures are used to define the physical and mechanical properties.
Table 8.2 demonstrates the principles of some of those testing methods.
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FIGURE 8.5 Fibrograph.

Vibrating Pivot

FIGURE 8.6 Sketch of the measuring principle of vibroscope.
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FIGURE 8.8 (Continued)
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Lower jaw

Lower jaw

(c) (d)

FIGURE 8.8 Method of measuring fiber-matrix interfacial force. (a) Single fiber pull-out
test; (b) Micro bond test; (c) Single fiber fragmentation test; (d) Push out test.

8.5.2 Yarns Testing Methods
8.5.2.1 Introduction

The yarn is main element in the construction of woven fabric. Its physical
and mechanical properties will define the end use of the fabrics. As illus-
trated in Figure 8.9, Yarns can be classified to:
1. According to fiber length staple yarns, continuous mono filament
or multi filament yarns.
2. According to how many stages of twist applied on the fibers: sin-
gle, ply, cord or cabled.
3. According to the decorative features added to the yarn “novelty
yarns,” such as slub, flack, flake, spiral, boucle, knob, knot, spot,
chenille, tweed yarns.
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4. According to modification processes, textured yarns, bulk yarns,
high bulk yarns, loop bulk, air jet yarns, stretch yarns.

5. Core spun yarns: usually the core is elastomeric continuous filament.

These types of yarns are produced on several systems — one for short
staple, the other for long staple and the third one for bast fiber. The yarns
are assembly of short fibers to form endless structure twisted around its axis
to bind them together. In the case of manmade fibers, it can be processed
on staple system or continues filaments (As monofilament, multifilament,
textured, high bulk, etc.).

Single
yarns

Cabled

FIGURE 8.9 Types of yarns.

8.5.2.1.1 Single Yarn

Single yarn produced by spinning of staple fibers on one of the different
spinning systems ( ring spinning, compact spinning, open end spinning,
jet spinning, woolen spinning, worsted spinning, bast fiber spinning) using
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twist as a binder of the staple fibers together to give the yarn its strength
and integrity.

8.5.2.1.2 Ply Yarn
In order to increase the strength of the yarns, two or more single yarns are

twisted together on twisting machine. Second twisting process is shown in
Figure 8.10. Direction of twist z/s or s/z, in some cases z/z.

- Single Yam (2)
Single Yam (2)
Single Yz N
=
/

Ply Yarn (S)
Cord Yarn (Z)

Ply Yamn (S)
Ply Yarn (S)

Ply Yam (S) Cord Yam (Z)

FIGURE 8.10 Sketch of different yarn structures.

8.5.2.1.3 Cord Yarn

Stronger yarns are produced by twisting of ply yarns through third stage
twisting process. Direction of twist z/s/z.

8.5.2.1.4 Cabled Yarn

Several cord yarns are twisted together forming more strong yarn. Fourth
twisting stage. Direction of twist z/s/z/s.
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8.5.2.2 Yarn Properties

Whichever the yarns are used as reinforcement or to form the fabric to
reinforce the composite, their properties are of primary importance to
the mechanical properties of the composite. The main properties of the

yarn are:
1. Yarn count;
2. Yarn diameter;
3. Yarn unevenness;
4. Yarn mechanical properties;
5. Yarn twist;
6. Yarn friction;
7. Yarn creep.

All the above properties are affected by the moisture absorption and
the temperature in the case of synthetic yarns. Table 8.3 gives the ASTM
standard methods for testing of the above properties. For the designer of
composite material the values of the above mentioned properties should
be known.

TABLE 8.3 ASTM Standards for the Measuring Yarn Properties

Properties Standards
Yarn Count (short lengths-for yarns raveled from fabrics) ASTM D1059
Yarn Count (skein method) ASTM D1907
Yarn, Sliver, or Roving — Unevenness and Hairiness ASTM D1425
(Uster Tester 5)

Yarn Coefficient of Friction (yarn to solid object) ASTM D3108
Skein Shrinkage (hot air or boiling water) ASTM D2259
Yarn Tensile Properties (single end) ASTM D2256
Twist in Single Yarn ASTM D1422
Twist in Plied Yarn ASTM D1423

Yarn creep ASTMD5262-07(2012)
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8.5.2.3 Yarn Count

There are two systems to define the material count:

1. Indirect system: (Fixed—length system): defined as number of unit
length per unit mass. The higher the count number, the finer the
yarn. The examples are:

*  English count (Ne) = (Length (yd.)/840)/weight (pound)
* Linen count = (Length (yd.)/300)/weight (pound)

*  Metric count (Nm) = Length (km)/weight (kg)

*  Worsted count = (Length (yd.)/560)/weight (pound)

2. Direct system (Fixed-weight system): Number of mass per unit
length. The higher the count number, the coarser the yarn.
*  tex: weight (g) per length of 1000 (m).

* Denier: weight (g) per length of 9000 (m).

Usually, the unit length is varied for each system as well as the weight
units. For cotton count, the unit length is 840 yd. and unit weight one
pound while for metric count, the unit length is one meter and unit weight
one gram. To convert from one system to another use the constants given
in Table 8.4.

TABLE 8.4 Conversion Table for Yarn Counts

Count tex Ne den Nm

tex 1 590.54/Ne den/9 1000/Nm

Ne 590.54/tex 1 5314.9/den Nm x 0.5905
den tex X 9 5310/Ne 1 9000/Nm
Nm 1000/tex 1.6806 x Ne 9000/den 1

There are several equations can be used for the yarn diameter (cm)
calculations, Peirce equation:

d = 0.0907/(Ne)** = 0.0036(tex)"” ©)

This equation is modified to take into consideration the different spin-
ning systems:

d = 0.00357(tex/($.p,))"* 3)
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where: d — yarn diameter “cm,” fex — yarn count, ® — yarn packing coef-
ficient, p,_— fiber density “g/cm’.”

For blended yarns, the average fiber density is given by the following
equation:

(1/p) = (2" (p,/py) “)

where: p — average fiber density of the blended fibers; p, — weight fraction
of the i component; p . — fiber density of the i" component; n — number of
components of the blend.

One can calculate the diameter of synthetic monofilament yarn or fiber
with the following formula:

d = (0.00014 den/p)’* mm (5)

where: p — yarn density; den — yarn count in denier.

The yarn diameter is a function of the yarn count. Figure 8.11 gives the
change of the yarn diameter for different systems of expressing the yarn
count Ne, Nm, fex, den.

600

»
500 _ e
rd
'/
. 400 —=
= -
L
8 300 LY -
E \ L -
> 200 ® ‘,"
100
P o5 vod e d e '
..--.----;"'——*!' ke —icirarey P

0 lwesssssesis-o-o-o--
0.08 0121832 0.163664 0.205496 0.247328  0.28916  0.330992  0.372824

Yarn diameter mm

—®—Ne —® ' Nm =-®--tex — @ —den

FIGURE 8.11 Yarn count versus yarn diameter.
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Yarns of the same material but with different diameter have differ-
ent mechanical properties, such as yarn tenacity, bending stiffness, creep
properties, resilience, bulkiness, thermal properties, water absorbance, and
porosity. One of the most influencing parameter is the yarn surface area
which controls a number of properties, like frictional properties between
fibers, size of the pores between fibers in the yarn structure, packing den-
sity, the yarn-matrix bonding, while the cross section area affects most of
yarn mechanical properties. Figure 8.12 shows the relation between the
yarn surface area and yarn cross-section area.

N
w

N
o

[
wn

=
o

e ad
".0"

0 1 2 3 4 5 6
Yarn diameter mm
&= Cross section area mm2 ~—@—surface area /mm of yarn length

v

Cross section area and surface area

FIGURE 8.12 Effect of the yarn diameter on the surface area/cm and cross sectional
area.

The fabric properties will also change, such as fabric thickness, fabric
tightness, fabric weight per m?, fabric thickness, fabric drape ability, moisture
absorption, porosity, surface friction and comfort, etc. The mechanical proper-
ties will change too as a function of yarn diameter, like strength, tear strength,
shear property.

8.5.2.4 Yarn Diameter

The yarn diameter consists of fibers packed together with different radial
packing density across the radius of the yarn, as shown in Figure 8.13.
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There are several formulas to calculate the diameter of the yarn which
depends on the type of spinning system, hence the yarn density varied
from one system to another. For example, open-end spun yarns are 20%
larger in diameter than ring spun yarns. The compact spun yarns are more
compact than the ring spun yarns with the same count.

Packing density

T

0.5

0.4

Radial packing density %

0.05 0.1 0.15 0.2 0.25

0.1

Yarn radius mm

Yarn cross section Radial packing density

FIGURE 8.13 Yarn cross section.

The packing density of the fibers in the yarn depends on the spinning
system and the level of twist. For determination of the fiber volume frac-
tion, the yarn count should be calculated knowing the yarn count or mea-
suring the yarn diameter. Hence the fiber or yarn diameter is not constant,
for practical purposes count systems are used to define diameter. The yarn
density can be calculated knowing yarn diameter as:

Yarn density (g/cm®) =4 tex 105/ d° 6)

8.5.2.4.1 Measurements of Yarn Diameter

Yarn diameter is an important determinant of many fabric parameters and
properties, such as cover factor, porosity, thickness, air permeability, fabric
appearance. The design of fabric properties for different end use depends
on the yarn diameter. There are many methods based on different types of
sensors used for characterization of yarn diameter which are summarized
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in Table 8.5. The difference between the measuring techniques is analyzed
by several researchers [15-27]. However, the most common method is the
optical scanning [23].

TABLE 8.5 Principles of Diameter Measurement

Method Principles Reference

Capacitive scanning  The yarns passed through a capacitor and the [23-25]
variation of its capacity is measured and analyzed
to give the yarn diameter and its variation.

Optical scanning Measuring yarn diameter with dual light beams [23-27]
perpendicular to each other. Hence the yarn
diameter is not round, this method reduces shape
error caused by irregular yarn cross-sections.

Infra-red scanning Principle of optical measurement using infra-red  [19, 20]
light where infrared light sensor operating with a
precision of 1/100 “mm” over a measuring field
length of 2 mm and at a sampling interval also of

2 mm.
Flying Laser spot When a yarn is passed in the scanning area, the [19, 26]
scanning flying spot generates a synchronization pulse

that triggers the sampling. The width between
the edge of the first and the last light segment
determines the diameter of the yarn. Depending
on the spot size and specimen feeding speed, the
measurement values may vary.

Photoelectric method Beam of light is directed onto photoelectric cell [19, 22]
through a narrow slit where the yarn is passing
through. The magnitude of the current produced
by photo cell is proportional to the intensity of
light falling, which depends on the diameter of
the yarn.

The yarn cross section shape is another parameter that affects the thick-
ness of the fabric. The yarn shape factor indicates the roundness of the yarn.

8.5.2.5 Yarn Twist

In spinning of staple fiber yarns, twist is inserted into the strand of fibers
in order to hold the fibers together and impart enough yarn strength. A
change in the level of twist changes the yarn strength as well as different
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properties, such as breaking elongation, diameter, yarn surface morphol-
ogy friction properties, bending stiffness, and yarn packing density. Also,
twist defines the properties of the fabric, such as fabric strength, drape
ability, stiffness, resilience, surface friction and appearance of the fabric.
The composite properties will be directly affected by the amount of the
twit imported in the yarn.

The twist amount can be expressed by the number of turns given to the
yarn per meter (tpm). The direction of the twist may be S or Z as illustrated
in Figure 8.14.

Usually, the single yarns are twisted in Z direction, except for sewing
threads or ply yarns. The fibers in the yarn will be inclined to its axis by
angle ®:

tan® =t d (twist per cm) (7
Assuming the yarn density p is constant, then:
Twist (tpm) = k/tex"’ ®)
where: & is constant called twist factor.
k=0.5tan®. (p 10° /n)"*’ )
k= (tpm) (tex)* (10)

where tpm = twist per meter.

i

S-Twist
FIGURE 8.14 Direction of yarn twist.
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Thus, k is a factor relating twist level to yarn count. The derivation
shows that if two yarns have the same twist factor, they will have the same
surface twist angle®, regardless of count. Since surface twist angle is the
main factor determining yarn character, then twist factor can be used to
define the character of a yarn.

8.5.2.5.1 Measurement of Twist

Twist measurement is a routine test for yarns, according to ASTM D1422
for single yarns, ASTM D1423 for ply yarns. Some basic principles are
discussed here.

1. Straightened Fiber Method: This method involves counting of
the number of turns required to untwist the yarns until the surface
fibers appear to be straight and parallel to yarn axis. This method is
mainly used for ply and continuous filament yarns.

2. Untwist/Twist Method: This is the common method used for sta-
ple fiber yarns. To measure the twist level in a yarn with Z twist,
the yarn is first untwisted (by a twist tester) in S direction, until
the surface fibers appear to be straight and parallel to yarn axis,
and continue to twist the yarn in the same direction — yarn will
contract till it reaches its initial length. In this situation the num-
ber of the revelation of the yarn end will be double the original
twist.

8.5.2.6 Yarn Tensile Properties

Yarn strength is the mean property that determines the fiber reinforcement
of the NFPC material. In the case of the staple fibers yarns, the strength
will be a function of the fiber strength, length and frictional properties,
while the twist inserted for yarn formation is the predominated factor of
the yarn strength. For yarns made of continuous filament, its strength
depends mainly on the filament strength. Universal testing instrument,
illustrated in Figure 8.15, is usually used for the tensile measurement of
yarn strength. The yarn tested gauge length is 500 mm and number of
samples is according to “ASTM D2256.”
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FIGURE 8.15 Sketch of the universal testing instrument.

The instruments used for determining the tensile strength are classified
into three groups, based on the principle of applying the load: Constant
rate of traverse (CRT); Constant rate of extension (CRE); and Constant
rate of loading (CRL).

The rate of loading as determined by the “time-to-break,” is an
important factor, which defines the strength value recorded by means of
any instrument. Lower strength recorded when the time-to-break is high
and vice versa. The testing speed varied between 200 and 400 m/min
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depending on the material of yarn tested. The yarn stress strain curve is
illustrated in Figure 8.16.

Stress ¢ Breaking stress
Cl . €
£l !
0y !
— | Breaking strain
8 :
il |
0,00 b d g
Strain

FIGURE 8.16 Stress strain curve.

From the strength elongation curve, the following values can be cal-

culated:

L.

Nk

Yielding load stress “N/tex”

Yarn tenacity stress “N/fex” or “MPa,” Yarn tenacity = oc cN/tex
Breaking strain = od

Initial modulus or Young’s modulus = (oa/ob) cN/tex

Work factor (2 works of rupture/ (breaking load x breaking elonga-
tion)

Percentage of unreturned elongation after removing load/elonga-
tion under the load

Fiber toughness energy absorbed before fracture (area under the
load elongation curve “oed””) N.cm or joule (Work of rupture).

The universal testing machine is used for the tensile or compression
tests and also for the other types of tests, such as shear, flexure, peel, tears,
and cyclic loading. Usually, the yarn strength is given in N/tex. In order to
convert N/tex to MPa, the following equation can be used:
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Yarn strength (MPa) = 10° ¢ p, (N/tex) (11)

where: d — Yarn diameter “cm,” fex — Yarn count, ¢ — Yarn packing coef-
ficient, p,— Fiber density “g/cm?.”

8.5.2.7 Yarn Creep

Almost all textile materials are made up of polymers and are viscoelastic
in nature and exhibit creep, as well as stress relaxation, inverse relaxation
and inverse creep. Creep is the continued extension of a material under
long-term static loading. Resistance to creep (or its static-strain comple-
ment, stress-relaxation) is a critical design consideration in material selec-
tion for many applications requiring long-term dimensional stability. In
composite the different components will behave diverse under the same
stress due to their creep behavior that has a direct impact on the formation
of micro-cracks.

Three regimes can be clearly distinguished characterized by a different
behavior of the creep rate [28]. Figure 8.17 represents the creep behavior
which can be divided into; Zone I “primary creep,” Zone II: “steady state
creep,” Zone III: “tertiary creep,” in the last zone molecular chains start
to break. High strains will start to cause necking in the yarns and will
increase the local stress that further accelerates the strain until breakage.
The creep may be due to tension or compression or bending loads. Sev-
eral standard testing methods are used for testing the creep of the material
depending on its end use (ASTM D885/D885M, Standard Test Methods
for Tire Cords, Tire Cord Fabrics, and Industrial Filament Yarns Made
from Manufactured Organic-Base Fibers, ASTM D 5262, Standard Test
Method for Evaluating the Unconfined Tension Creep and Creep Rupture
Behavior of Geosynthetics, ASTM D7337/D7337M Tensile Creep Rup-
ture of Fiber Reinforced Polymer Matrix Composite Bars, ASTM D4762,
Standard Guide for Testing Polymer Matrix Composite Materials, ASTM
D6112, Standard Test Methods for Compressive and Flexural Creep and
Creep-Rupture of Plastic Lumber and Shapes, ASTM D2990, Standard
Test Methods for Tensile, Compressive, and Flexural Creep and Creep-
Rupture of Plastics).



Testing Methods for Composite Materials 313
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o I ‘: n Material Failure
Yo ] | under creep
i liﬁmmum creep rate ] ; E
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FIGURE 8.17 Creep behavior.

The designer of the composite material should include into consid-
eration the following: creep rupture, thermal relaxation, dynamic creep
under cyclic loads or cyclic temperatures, creep and rupture under mul-
tiaxial states of stress, cumulative creep effects, and effects of combined
creep and fatigue. The creep test is conducted using a tensile specimen to
which a constant stress is applied, often by the simple method of suspend-
ing weights. Surrounding the specimen is a thermostatically controlled
furnace, the temperature being controlled by a thermocouple attached to
the gauge length of the specimen, Figure 8.18.

8.5.3 FABRIC TESTING METHODS

The testing methods of the fabric may be divided into basic test to deter-
mine the fabric specifications and several other tests, depending on the
end use of the fabric. The properties, related to the design of the com-
posites, and should be tested before the manufacturing is summarized in
Table 8.6.
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Constant force

Test Specimen

Heating Element

Extension Measurement

Over The Gauge Length

Thermocouple l

Constant force

FIGURE 8.18 Principle of measuring the creep properties of the material.

8.5.3.1 Yarn Crimp

Due to the interlacing of the weft and warp, the yarns are not straight
but interlocked on each other, therefore increasing the length of the yarn
in each direction. The crimp increases as the number of ends and picks
increases. The fabric surface topography will be affected by the crimp
value which influences the fiber-matrix interfacial strength. The crimp is
simply measured by raveling yarns in the direction where the crimp calcu-
lated. Crimp is calculated under a predetermined tension:

Crimp% = (Straight length of raveled yarn —
Yarn's length in fabric) x 100/Yarn's length in fabric (12)
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TABLE 8.6 Fabric Testing Standards

Properties ASTM Standards
Physical

Yarn crimp D3883

Yarn count D1059

Mass per unit area D3776
Picks/cm and ends/cm

Fabric thickness D1777

Air permeability D737
Flammability D6413
Porosity

Moisture content D789

Yarn Melting point D7138
Fabric stiffness D1388
Mechanical

Tearing strength D 1424, D5587
Grab strength D5034

Strip strength D5035

Shear strength and Shear modulus

Stifthess D1388

Tear strength D2261
Thermal

Heat transfer D7140
Thermal conductivity C1696
Flammability D1230
Electrical

Resistivity D257, D4496

8.5.3.2 Air Permeability

Air permeability express the resistance of fabric to the air flow pass-
ing under constant prescribed air pressure (differential between the two
surfaces of a fabric) while firmly clamped in the test head, as illustrated
in Figure 8.19. The value of air permeability will be equal to:
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Air permeability (cm*/sec/cm?) = Rate of air flow (cm*/sec)/
Sample area (cm?)
x Pressure drop (cm water) (13)

As it was stated before, there is a positive correlation between the air
permeability and the fabric porosity. Fabric porosity, being one of the most
important factors which determines the composite mechanical properties,
affects the fiber volume fraction of composite and the resin flow rate.

Theoretically, permeability can be calculated by this formula:

K = (.h.V)/AP (14)

where: p — fluid viscosity (pa.s); h — flow length, thickness of tested sam-
ple, (m); k — permeability coefficient; AP — pressure drop (pa); V — fluid
speed. k is considered as a constant for the relationship between V and AP
and is called the permeability of the fabric.

The value for k will depend on the type of porous media, the pore
geometry and fluid viscosity [29].

flow

Fabric holder

Auir flow meter
to measure air flow rate
“Q” cm®/sec

FIGURE 8.19 Sketch of the air permeability tester.
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8.5.3.3 Fabric Porosity

Porosity is most important geometrical property of the pores in the fabric.
The basic equation describing fluid flow in porous medium is [29]:

O =K. AP A/u. h (15)

where: Q: flow rate (m?/s); A: fabric area (m?).

The porosity of the fabric used in composite as reinforcement plays an
important role in manufacturing the composites as well as the final prop-
erties and the voids percentage. Volume porosity of a fabric is defined as
the ratio of the volume fabric material to total fabric volume expressed
as a percentage. Porosity of woven fabric is affected by some parameters
like yarn structure as well as fabric specifications [30]. The total porosity
of a woven fabric consists of three components: (a) the intra-fiber poros-
ity, due to the voids within the fiber itself, (b) the inter-fiber porosity, due
to the voids between the fibers, and (¢) the inter yarn porosity, formed by
the intersections between the yams. The pores, within a fabric, are also
influential factors in rate of flow of resin during the composite manufac-
turing [31]. The porosimeter’s principles can be classified as:

* Liquid extrusion: extrusion flow porosimetry, extrusion porosimetry.

* Liquid intrusion: mercury intrusion porosimetry, non-mercury

intrusion porosimetry.

*  Gas Adsorption: vapor adsorption, vapor condensation.

*  Wave-pore size analysis: Electroacoustic /Conductivity.

From the porosity measurements, the following values can be calcu-
lated:

» Effective Porosity

*  Bulk Volume Irreducible data (BVI) and Free-Fluid Index

*  Pore Size Geometry

»  Pore Size Distribution

*  Melt Index Porosity

*  Adsorption Pore Size Distribution

*  Micro Pore Surface Area

For woven fabric, the fabric porosity depends on the number of inter-
lacements of the weft and warp yarns. The relation between the air per-
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meability and porosity is highly correlated [32—-34]. Their values are
important to be measured, depending on fabric application.

8.5.3.4 Fabric Strength
8.5.3.4.1 Uniaxial Strength of Fabric

Universal testing machine is used for the fabric strength determination.
The speed of testing varies from 0.001 mm/min up to 1000 mm/min.
The testing fabric samples are cut according to the standards (D4964 —
96(2012), D5034 —09(2013), D5035 — 11(2015)) and gripped in two jaws,
one is fixed on the frame while the other moves down at a predetermined
speed. The fabric may be tested under constant rate of traverse or constant
rate of loading. The data of the test is automatically recorded and ana-

lyzed. Figure 8.20 shows the load- extension curve of fabric tested under
the uniaxial load.

Fabric
-
>
==
& Zone II
=2
Eﬂ Zone I
o -
]
L=
E
z . _—
| ] - -
Jamming point
0.0 2.0 4.0 6.0 8.0 10.0 12.0
Strain (%)

FIGURE 8.20 Load elongation curve of fabric.

The mechanical properties of the fabric, such as breaking load “N,”
breaking extension percentage, Initial modulus “N,” and Work of rupture
“N.m,” can be obtained directly on the result sheet of Universal testing
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machine. Sample raveled strip dimension is 50 mm width x 150 mm in
length, unraveled fabric width 25mm. Strip sample dimension is 25 mm
in width X 150 mm in length. All tests must be performed under Standard
atmosphere for conditioning relative humidity 65% rh and temperature
20°C. The fabric load extension curve, Figure 8.20, has three different
behaviors, depending on the fabric extension under the load: in the first zone
the fabric extended under low values of loads to overcome friction between
the un-straight fibers in the weft and warp yarns in the direction of the load,
in the second zone, the de-crimping zone, where the yarns in the direction
of the load are trying to straighten and remove the crimp, till they reach the
jamming condition, in the third zone the load will extend the yarns to its
failure. This mechanism of fabric failure represents a threat to the failure
mechanism of the composite, due to the assumption that the reinforcement
is strained lower than that of the matrix, which is true only in the third zone.
Fabrics with high strain in zones one and two will have a micro cracks at
the low values of loading. Also, during the de-crimping zone, the crimp
interchange mechanism will apply a compression stress into the composite
during tensing it. The designer of the fabric for the laminate should take this
into considerations and it is recommended to use low crimp fabric with stiff
yarns. The mechanism of yarn failure in a fabric subjected to uniaxial tensile
testing is strongly influenced by fabric geometry at the instant of failure and
by yarn properties, both mechanical and topological [35].

To convert the fabric breaking load value in Newton “N, fabm.c” to MPa
the following equation can be used:

Fabric strength (MPa) = 10° (®.p /EB)(N,,,. /tex,,. ) (16)
where: tfex — yarn count “tex,” @ — yarn packing coefficient, p, — fiber
density “g/cm?,” E — numbers of the ends/cm in the fabric, B — width of the
tested fabric specimen cm.

Example: 1f the fabric strength 800 N, (E.B) 70, yarn count 25 fex, the
fabric strength in MPa will be: 514.2 MPa.

The woven fabric strength is a function of the yarn strength, its sur-
face morphology, coefficient of friction as well as the fabric structure. The
strength of fabric stripe per yarn is in the range of 1.1 for ring spun yarns
and to 1.5 for open end and air jet yarns.
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8.5.3.4.2 Biaxial Strength of Fabric

In some applications, the fabrics and composites are under a biaxial load-
ing, where the load P, is applied in the warp direction and the load P, in
the weft direction, as illustrated in Figure 8.21.

The biaxial loading leads to different stress distribution on the vari-
ous parts of the material, and the failure mechanism will be different than
for the uniaxial loading. The testing specimen in the case of biaxial load-
ing is cross shaped [36]. The stress distribution on the test specimen dur-
ing loading is shown in Figure 8.21, from which it is clear that the strain
distribution is varied along the area of the test specimen. For anisotropic
properties of fabric, more strain was noticed at the edges.
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FIGURE 8.21 Strain map of biaxial loading.

8.5.3.5 Fabric Stiffness

The fabric stiffness is determined by several methods, of which Cantilever
bending is the most common (ASTM D1388). Figure 8.22 shows the prin-
ciple of this method where a stripe of fabric (fabric sample dimensions 25
mm x 150 mm) is slide on smooth horizontal surface. The fabric stripe will
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bend under its own weight when its outer edge touches the surface of indica-
tor which is inclined 45° to the horizontal. The overhang length of the fabric
is recorded and the fabric stiffness is calculated by the following equation:

C =1(cos 0.5 6/8 tan 0)%333 17)
where: / — the fabric length, 6 — the bend angle of fabric.

Fabric

Bending angle indicator

o

FIGURE 8.22 Principle of fabric stiffness measurement.

Bending angle

A new method of determining the fabric stiffness is based on the auto-
matic bending of a certain fabric’s length on device TH-7 [37] as illus-
trated in Figure 8.23. The force acting on one end of fabric while the other
end is fixed, required to bend the fabric so it crosses the vertical line, is
proportional to the fabric stiffness.

The bending stiffness of the fabric or composite is given by:

B=k(F,/s) (18)

where: B — bending stiffness Nm, k — a constant = 0.0334, F/ — bending
force N, s — specimen width.

The device measures circular samples with the diameter of 5 cm. How-
ever, the device can be also used for measuring square or rectangular sam-
ples, and even for measuring samples of other shapes, such as triangular or
trapezium. The fabric stiffness has impact on the delamination phenomena
when the composite is subjected to the bending force as illustrated in Fig-
ure 8.24, hence the interfacial layers will undergo high shear force as the
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difference in the reinforcement and matrix stiffness increases and micro
crakes may propagate, especially in the presence of voids.

Fabric holder

Deformed fabric

N
6
Bending force E

FIGURE 8.23 Fabric stiffness measurement.

Shear force

........................................

-

Matrix Stiff fabric

Delamination

FIGURE 8.24 Matrix under bending moment.
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8.5.3.6 Fabric Shear

The shear characteristic of a fabric determines the ability of a fabric to
conform to a double-curvature surface which depends mainly on the in-
plane shear behavior [38]. The shear properties of fabric associated with
the biaxial state of stress in the fabric design: fabric designs with high
number of yarn intersection show high value of shears resistance. Fabric
shear properties measurements may be ether the direct method of measur-
ing the shear force on the fabric and the shear angle or picture frame shear
test. Picture frame shear test is carried out on the universal tensile testing
machine by fixing the fabric in frame as shown in Figure 8.25a, which
allows the sides of the fabric to move opposite to each other when tension
load is applied on one end of the frame.

Forces act on the sample during the loading, Figure 8.25b, therefore
causing in-plane fabric shear. The force and the angle of the shear are
recorded to calculate the shear stress and shear modulus.

FIGURE 8.25 Picture frame shear test stand. (a) Shearing frame device (b) Forces acting
on the sample in shear frame.
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Figure 8.26 represents forces acting on the sample. Shear property was
tested using a biaxial tensile fabric tester: the frame with the fabric fixed in
two jaws of the tester in one direction. The relation between the frame pull-
ing force F and the fabric shear property is given by the following equations:

Shear stress © = F/A (19)
Shear strain = Al/L (20)
Shear modulus = (F/4)/tan® 21

where: F — shear force, A — area of the fabric cross section, T — shear stress.

FIGURE 8.26 Fabric under shear force.

The relation between the shear force and shear angle depends on the
physical properties of the fabric as well as the fabric design and the yarn
properties [39]. The mechanism of fabric shear indicates that at small
values of shear force, which cannot overcome the friction at the weft and
warp intersections, the shear strain depends on the deformation at the
intersections. As the shear force increases, the slippages start at the points
of intersection overcoming the frictional forces, following by the elastic
deformation till the complete fabric jamming. Figure 8.27 illustrates the
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relation between shear forces and shear angle for two different fabric
designs.
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FIGURE 8.27 Relation between shear forces and shear angle.

8.5.3.7 Fabric Thickness

Fabric thickness is one of the basic physical properties of fabric speci-
fications that influences the final composite properties. The fabric of
the same weight per unit length can be produced having different fab-
ric thickness, depending on several factors: yarn density, yarn packing
density, fabric cover factor, fabric tightness and fabric design. There
are several methods to determine the material thickness, such as the
Gravimetric Methods, Stylus Method, Quartz Oscillator Method, and
Optical Methods. The Stylus Method, Figure 8.28, is the most popu-
lar for measuring the fabric thickness, according to ASTM D1777 —
96(2015).

Several other non-contact thickness gauges for measurement a textile
material thickness depend on the electrical principles. Ultrasonic thickness
gauge, dual — Lasers sensor thickness gauge, etc. are available. Ultrasonic
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thickness gauge is used to measure thick fabric or composite on the basis
how long it takes for a sound pulse, caused by a small an ultrasonic trans-
ducer, to travel through a test piece and reflect back. Thickness measure-
ment range from 0.1 mm to 4 cm with accuracy limits £0.002 mm.

Digital gauge

Standard weight

Fabric

FIGURE 8.28 Sketch of Stylus thickness meter.

8.5.3.8 Tear Strength

Rectangular specimen 75 mm by 203 mm, slit at one end by the length of
75 mm, is placed into the universal testing machine — one side of the slit
end is clamped into the upper jaw and the other is clamped into the lower
jaw as shown in Figure 8.29a. The jaws move apart at a constant rate until
the fabric begins to tear. The tear speed is 50 mm/min. The highest peak
force needed to continue a tear reflects the strength of the yarns, fiber
bonds, or fiber interlocks. Trapezoidal sample, as shown in Figure 8.29b,
may be used for the determination of the tear strength.

The load extension curve is illustrated in Figure 8.30, expressing that
the load increases till tearing of a yarn takes place followed by the increase
of extension till the jamming of the next yarn.

8.5.3.9 Puncture Strength

Testing puncture strength tests are used to determine the puncture of a
fabric. This is generally a test where a material is punched by a probe or
other type of sharp element until the fabric allow the probe to penetrate
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through. The test is performed on the universal testing machine using
special holder for the fabric (ASTM F1342/F1342M). Figure 8.31 rep-
resents the punching attachment on the universal testing machine and
the punched sample. The loading of the specimen is CRL. The puncture
test may be also carried out through impact by a falling weight, accord-
ing to ASTM D5420. Figure 8.32 shows a setup for fabric falling weight
tester. Dropped weight impact for penetration resistance tests was per-
formed to simulate a knife or blunt spike stab impact on the fabric on a
specially designed apparatus, as shown in Figure 8.32. Dropped weight-
impact stab tests are performed with the primary objective to identify
the maximum energy needed to puncture the fabrics. The punching
speed will be the speed of the spike at the instance of impacting the
sample surface.

Load “N”

Displacement of the lower jaw
FIGURE 8.30 Fabric tearing test in weft direction.
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Upper Jaw

Fabric Sample

Warp direction

Weft direction

Lower Jaw

(@)

Line of gripping of the lower jaw

Line of gripping of the lower jaw

(b)

FIGURE 8.29 Tear test samples.
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Punching head Punching tool

Punched fabric Sample

Fabric holder

FIGURE 8.31 Punching attachment on universal testing machine.

The falling weight test is used to fulfill the compliance of NIJ Stan-
dard-0115.00 requiring protection against low energy, medium or high
energy threats, so the fabric should withstand strike energy with standard
spike or knife of 24 J, 33J and 43J, respectively [40].

Analyses of the punching mechanism indicated the following possible
scenarios:

Scenario A, impactor’s edge punches the fabric between the threads,
hence sufficient space allows it to pass, as in the case of fabric with low
density in weft and warp. The yarns will move in different directions per-
mitting impactor edge to pass through without fiber or yarn damage.

Scenario B, impactor’s edge punches the fabric between the threads
without cutting matrix, pushing the yarns aside without cutting it.

Scenario C, for tight fabric near the jamming condition, the yarns start
to be cut by impactor’s edge. If the strike energy is higher than fabric
resisting energy, the impactor will pass completely though the fabric.
Impactor’s edge perforates the fabric through cutting the yarns in contact
area with its blade edge. In this case, part of the energy is absorbed by
deformation of the fabric; the other part is absorbed through the cutting of
number of yarns to allow impactor’s edge to pass through.

Scenario D, if impactor’s edge cannot perforate the fabric, as in the
case of blunt impactor, the fabric will be deformed causing the yarns to
distort and travel with the same speed of the falling impactor.
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Falling weight
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Impactor
Impactor spike
Fabric specimen
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Fabric specimen

FIGURE 8.32 Falling weight attachment.

This will form a cone transferring the strain to all other yarns, either
in the same direction or in different directions. The failure will take place
only if the strain in the yarns reaches the breaking strain.

In the case of the natural fiber polymer composite, the Scenarios C and
D are the most probable.
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In Scenario C, the matrix starts to be cut by impactor’s edge, if the
strike energy is higher than matrix resisting energy, then impactor will
pass completely though the matrix layer and impactor’s edge perforates
the fabric through cutting the yarns in contact area with its blade’s edge.

In Scenario D, the impact may cause the delamination between the
laminates or fibers or yarns, if the binding energy of the composite com-
ponents is less than the impact energy.

The straight way to evaluate the impact performance of a fabric is to
calculate its energy absorption. Hence, the kinetic energy of the impactor
before impact (E, impalct) will be equal to the sum of the kinetic energy
absorbed (E_ . ) by the fabric and kinetic energy of the impactor after

impact (E_ impact). Therefore:
absorbed = before impact - after impact (22)
The energy lost during impact E, . is given by:
Eabsorbed =05M (V127 V22) (23)

where: E | is the kinetic energy absorbed by the fabric, V| is the veloc-
ity of the impactor before impact, V., is the velocity of the impactor after
impact, and M is the mass of the impactor.

Kinetic energy absorbed by the fabric E . is defined by the follow-
ing six different components:

1. ES: Energy to shear the yarns.

ED: Energy to deform all other yarns.

ET: Energy to tensile failure of directly impacted yarns.
EF: Energy to overcome friction between fabric layers.
EJ: Energy to overcome friction between blade and yarns.
EM: Energy to move the fabric during impact.

Therefore the total absorbed energy by the fabric is expressed as the
sum of all the above energies. In the case of the composite of fabric lami-
nate, yarns are fixed in position due to the presence of matrix. This will
lead to the energy increase required to punch the composite due to the
higher values of EM, EJ, E and ET. The percentage of increase of the total
energy depends on the polymer properties and the value of the interfacial
bonding between the yarns and the matrix.

SVIF SN
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8.5.3.10 Bursting Strength

Pressure at which a fabric or sheet plastic composite will burst is used as a
measure of resistance to rupture, burst strength depends largely on the tensile
strength and extensibility of the material. There are two method for the mea-
suring the fabric bursting strength: the measurement of the bursting strength
by means of a ball burst mechanism or Diaphragm. Bursting ball bursts the
fabric which is fixed in the lower jaw of the universal testing machine while
a ball attachment is fixed on the upper jaw as shown in Figure 8.33. The
bursting of the ball in the fabric will continue till the complete penetration
takes place (ASTM D6797). The applied load on the fabric may be CRT or
CRE, which gives different results. The burst strength is expressed in MPa
and is determined by the formula, for ball diameter 2.54 cm:

Bursting strength “MPa” = 0.001974 F (24)

bursting

where: F, is bursting force “N.”
ursting

tin;

Bursting Ball

Fabric

Fixed lower fabric holder

Fabric deformation by bursting ball

FIGURE 8.33 Sketch of ball bursting strength tester.
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In diaphragm bursting strength tester, the sample is fixed on holder
over the rubber diaphragms, shown in Figure 8.34. Under the increase
of the hydraulic pressure, the rubber diaphragm strains the sample till
bursting of the fabric occurs (ASTM D3786/D3786M). It can be used
for knitted, nonwoven and woven fabrics. The bursting pressure of each
specimen can be calculated by subtracting the pressure required to inflate
the diaphragm from the total pressure required to rupture the specimen.

Fixed fabric clamp

Rubber diaphragm Compressed air

FIGURE 8.34 Sketch of diaphragm bursting strength tester.

8.6 POLYMER TESTING METHODS

The polymers with the different properties, depending on the polymer
length of the polymer chain and chain structure, are used to form the
matrix. There are thermoset and thermoplastic polymers. When the ther-
moplastic polymer is heated, the de-bonding between chains occurs and
the viscosity of the polymer increases, on the contrary to thermoset poly-
mers — on heating of the polymer no movement between the molecules.

8.6.1 PROPERTIES OF POLYMER

The following polymer properties should be known to the designer to
assist in the selection of the suitable matrix for a certain application:
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Intrinsic viscosity measurement
Density measurement
Chemical family
Tensile properties
Flexural strength
Thermal — mechanical strength
Compression
Creep properties
Polymer physical properties
. Identification of Polymer Additives
. Adhesive properties
. Ageing Testing for Plastics and Polymers
. Chemical Resistance Testing
. Environmental Testing
. Ballistic Properties
. Chromatography Analysis of Polymers
. Mechanical Properties of Polymers
. Mold shrinkage determination
. Electrical Properties: Volume Resistivity, Surface Resistivity,
Dielectric Constant, Dielectric Strength, Dissipation Factor, and
Arc Resistance.

O XNk WD -

—_
_ o

el e e e
O 0 3 O L B W N

8.6.2 TESTING METHODS FOR POLYMER MATRIX
COMPOSITE MATERIALS

Depending on the application of the polymer and the composite end use,
the test should be chosen. Table 8.7 gives some of the basic tests that pro-
vide a required knowledge to a designer of composite material.

8.7 COMPOSITE MATERIALS TESTING METHODS

8.7.1 INTRODUCTION

Composite testing plays a decisive role across the composites supply
chain and product life cycle. According to the expected forces which
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probably applied during the service of the composite, it will be tested
before accepted for an application. The attachment used to apply the
load for testing will follow the recommendations of the standards, such
as ASTM, BS, and ISO. The type of test is trying to imitate the loading
condition during the use of a composite part. The success of the use of
composite is to know exactly fracture mechanics of the designed part,
thus a suitable flexure is designed to imitate the loading condition mode.
For instance, assuming the following fraction modes in the case of com-
posite delamination, as shown in Figure 8.36, to determine propagation
characteristics of existing cracks.

Mode I: Opening or extension;

Mode II: Shear;

Mode III: Tearing or twist.

TABLE 8.7 Polymer Testing Methods

Test Method ASTM  Ref.
Intrinsic viscos- 1. Solvent-free method based on the extrusion D4603

ity measure- of the polymer through a die using a dedicated

ment instrument

2. Solvent-based techniques
3. Free blowing method

Density Mea- Five samples are prepared by cutting approxi- D792
surement mately 6.5 mm from a preform, then dropped
into a density gradient column and allowed
to settle for approximately 15 minutes. The
height of the samples is then carefully mea-
sured. Standard density balls are used to cali-
brate the density of the column. The density of
polymers varied between 0.57-0.68 g/cm? for
Polypropylene Uniboard Ultrastiff to 3.9 g/

cm?® for PTFE Tetron B.
Tensile proper-  The force required to break a polymer com- D3039
ties posite specimen and the extent to which the D5083

specimen the test speed can be determined by D638
the material specification or time to failure (30 D638
sec to 5 minutes) measure.

Sample size: 25 mm wide and 115 mm long,

(10 mm) thickness. Testing speed 0.125-500

cm/min
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TABLE 8.7 (Continued)

Test

Method ASTM  Ref.

Chemical
family

Flexural
strength

Thermal prop-
erties

Compression

Creep

Spectroscopy FTIR, Fourier Transform E1252
Infrared. Infrared radiation is passed through ~ E168
a sample. Some of the infrared radiation is ab-

sorbed by the sample and some of it is passed

through (transmitted). The resulting spectrum
represents the molecular absorption and trans-
mission, creating a molecular fingerprint of

the sample. For each polymer there is standard

FTIR spectrum, as shown in Figure 8.35. By

FTIR spectrum of the organic materials bulk

and small particle materials can be analyzed.

Three-point bending test with center loading ~ D7264
on a simply supported beam or four-point

bending test with two loading points. Standard
universal testing machine.

The thermal properties of the polymer include
the effect of the heat on their physical and
mechanical properties such as viscosity, plas-
ticity, creep, strength compressibility, fatigue,
flexure strength, which depends on polymer
thermal conductivity, melting point, specific
heat capacity.

Compression test determines the mechanical D6641
properties of unreinforced and reinforced rigid D3410
plastics, including high-modulus composites, D695
when loaded in compression at relatively low

uniform rates of straining or loading. The

application of compression load on sample is

found to use several shapes of fixture, gener-

ally the specimen is tested under compression

or combined load using one of the following

methods: Shear loading method, End loading

method or Combined loading method.

This test method measures the creep rup- D7337
ture time of FRP bars under a given set of

controlled environmental conditions and

force. The ranking of the different polymers

indicates that Polyester and nylon show high

resistance to creep on the contrary to Polyeth-

ylene.

[41,42]

[43, 44]
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TABLE 8.7 (Continued)
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Test

Method ASTM

Ref.

Glass Transi-
tion Tempera-
ture, Tag

Thermal expan-
sion properties

Deflection tem-
perature under
load

Moisture ab-
sorption

Chemical resis-
tance

Flammability

Impact resis-
tance

Temperatures indicate change in the matrix D7028
material from the glassy to the rubbery state

during heating. A change in matrix stiffness of

two or three orders of magnitude occurs dur-

ing the glass transition. Dynamic Mechanical

Analysis (DMA) is commonly used.

Tag value is usually used to indicate the upper

use temperature of composite materials.

The coefficient of thermal expansion (CTE) D696
values are of considerable interest to design
engineers. It defines the rate at which a mate-
rial expands as a function of temperature.
Method for the measuring of CTE includes
mechanical dilatometry, optical imaging

and interference systems, x-ray diffraction
methods and electrical pulse heating tech-
niques. Polyethylene has the highest value of
coefficient of thermal expansion. While PAI
Polyamide-imide has the smallest value.

The temperature of the loaded beam is raised ~ D648—
until a certain amount of deflection is ob- 01
served. The temperature when that deflection

is reached is called the DTUL. The DTUL is
sometimes referred to as the Heat Distortion
Temperature or HDT.

As moisture is absorbed into a polymer D5229
composite it has a plasticizing effect on the

material and a degradation in the strength of

the composite. The moisture absorption of

polymer varied “between” 0.01% to 1.9%.

Chemical resistance of the polymer is highest
for PE, Polyethylene, moderate for Polyester
and low for PC Polycarbonate.

Flammability Oxygen Index of polymers E2058-
varied between 58 and 15. Polyester and nylon 13a
have moderate values.

Polypropylene has the highest value of impact D7136

resistance while Polyester is the worst.
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8.7.2 TESTING METHODS FOR COMPOSITE MATERIALS

The survey of testing methods and the suitable attachment designed
to test preform in the different modes of composite failure is shown in
Table 8.8.
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TABLE 8.8 Attachments for Composite Testing
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Mode

Procedure

ASTM

Ref.

Mode 1

Mode I

Mode III

Mixed mode
T+I1

,[

FIGURE 8.37 The specimen will be split at
its end andt attached to the testing machine as
illustrated in Figure 8.35 to measure inter laminar
fracture.

}

FIGURE 8.38 The specimen will be split at
its end and attached to the testing machine as
illustrated in Figure 8.36 to perform 3 point
bending test. Both shear and tensile stresses are
acting in this test.

FIGURE 8.39 The split at the edge specimen is
subjected to moments in all three axes.

Applied force
Split specimen

Roller supports

FIGURE 8.40 In this test the split specimen
is subjected to the combination of Mode I and
Mode II.

[42,43]
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TABLE 8.8 (Continued)

Mode Procedure ASTM Ref.
Intralumi- ASTM
nal crack D5045
resistance on
tension
_____________________ R reanen]
—/_

FIGURE 8.41 The split in a specimen may be
in the direction of laminate or perpendicular to it.

Intralumi- ASTM
nal crack l D5045
resistance on

bending

1

FIGURE 8.42 The notch in specimen may be
in the direction of laminate or perpendicular to it.
Tested on three point bending test, as shown in
Figure 8.4.

Generally, the mechanical testing of composite material includes:
1. Tensile Strength
2. Compression
3. Flexure/Bend Strength
4. Puncture Strength
» Tear Resistance
*  Peel Strength
»  Shear Strength
*  Delamination Strength
* Bond Strength
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*  Adhesion Strength
* Creep and Stress Relaxation
*  Crush Resistance
* Impact Strength
»  Torsion
Table 8.9 gives some testing methods usually carried out on composite
to characterize composite’s properties which depends on the end use.

TABLE 8.9 Composite Testing

Test Method ASTM Ref.

Moisture  The specimens are dried in an oven for a specified time D570
absorption and temperature and then placed in a desiccator to cool.
Immediately upon cooling, the specimens are weighed.
The material is then emerged in water at agreed upon
conditions, often 23°C for 24 hours or until equilibri-
um. Specimens are removed, patted dry with a lint free
cloth, and weighed.

Impact 1. Out-of-plane impact force is one of the major con-  D7136/
cerns of many structures made of advanced composite D7136M
laminates. Drop-weight impact testing is used for the D3763
determination of the damage response parameters
and can include dent depth, damage dimensions, and D 5628
through-thickness locations. Impactor geometry hasa D256
blunt, hemispherical striker tip. D182

| Weight initial position

_T___.

Composite specimen f

FIGURE 8.43 Free weight drop tester.
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TABLE8.9 (Continued)

Test

Method ASTM Ref.

Fiber
push-out
test

In drop weight impact testing, a mass is raised to a
known height H and released, impacting the
specimen.

2. A notched specimen of dimensions 63.5 x 12.7 x
3.2 mm?® (with the notch facing away from the point of
contact) is placed into an instrument with a pendulum
of a known weight. The pendulum is raised to a known
height and allowed to fall. As the pendulum swings, it
impacts and breaks the specimen, rising to a measured
height.

-

+

Initial height

Specimen holder

FIGURE 8.44 Ballistic tester.

Amount of energy lost due to fracturing the specimen is
proportional to the difference in the height of the mass
before and after the impact. Not notched specimen may
be used.

3. Izod impact strength test method for determining
the impact resistance of the materials is similar to the
above method. Result is expressed in (J/cm).

Mechanical test performed on the composite materi- [50]
als where a fiber is mechanically pushed out of the

material. This test is carried out with the purpose of

measuring the matrix/fiber interface de-bonding energy

and the effect of frictional sliding between the matrix

and the fiber.
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TABLE 8.9

(Continued)
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Test

Method ASTM

Ref.

Fiber pull-
out

Tensile
testing

Adhesive
strength

Fiber pull-out is one of the failure mechanisms in fiber-
reinforced composite material. Other forms of failure
include delamination, intraluminal matrix cracking,
longitudinal matrix splitting, fiber/matrix de-bonding,
and fiber fracture. The cause of fiber pull-out and
delamination is weak bonding.

W,=ndc,’l/M4E,

where: d is fiber diameter, cfis failure strength of the
fiber, /, is the length of the de-bonded zone, and £ ; is
fiber modulus. ‘

Tensile testing is a fundamental materials science test D882

in which a sample is subjected to a controlled tension D5083
until failure. The results from the test are commonly

used to select a material for an application, and to D3039/
predict how a material will react under other types of D3039M
forces.

Specimen dimensions: 25 mm wide and at least 250
mm long. Thickness can be between 2 mm and 14 mm.
Test speed is 2—5 mm/min.

Representative of actual joint to be used. losipescu D 5379
Shear test or bonded joint test can be used. Thick D 5656
adhered specimen, as shown in Figure 8.46, is tested on

tension to measure the bonded joint characteristics.

Adhesive section

——) D
P —

FIGURE 8.46 Bonded joint test.

In Figure 8.46, P — load per unit width of joint; / —
specimen width; t — sheet thickness; o — P//.

=0 (t/l)

where 7 — shear stress in the adhesive.

[51]

[51]
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TABLE 8.9 (Continued)
Test Method ASTM Ref.

Compress- The objective of this tests is to determine the compres- D3410
ibility sive properties, such as:

e Ultimate compressive strength

e Ultimate compressive strain

e Compressive chord modulus of elasticity
e Compressive Poisson’s Ratio

Specimen should have a uniform rectangular cross sec-
tion, 140 mm to155 mm long, width can be 12 mm or
25 mm. various thickness can be tested by applying the
compressive force into the specimen.

Density Measure the density of solid materials. D1505-68,
measure- D 792
ment

Compres- In compression test is applied to measure compressive D 6641/D
sion strength and stiffness of polymer matrix composite mate- 6641M-01
rials using a combined loading compression test fixture. D 695-96
The other test procedure designed to measure the com-
pression residual strength properties of multidirectional D7137
polymer matrix composite laminated plates. Exposure D 3410
to damage from concentrated out-of-plane forces. Dam-
age resistance and damage tolerance properties that are
derived from this test are useful for composite material
design. Several loading fixture were designed to test the
samples on compression. This test procedure intro-
duces the compressive force into the specimen through
combined shear end loading. The specimen geometries
also differ markedly from method to method. Strip of
composite material having a constant rectangular cross
section. The specimen is constrained from buckling by
sandwiching it between lateral supports that are lightly

bolted together.

Shear Several methods are used for measuring the shear prop- D5379 [48]
erties of the composites. D7078 [49]
I. In-plane shear D3518
1. losipescu Shear D3846

2. V-Notched Rail Shear
3. +45 Tension Shear

D5379
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TABLE8.9 (Continued)
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Test

Method ASTM

Ref.

Fire calo-
rimetry

Flamma-
bility

II. Out-of-plane shear
1. Short Beam Shear
2. losipescu Shear

Figure 8.47 shows the principles of losipescu Shear
tester.

1

Adiustable law Upper grip holder
\ Adjustable jaw

"

Lower grip holder

FIGURE 8.47 losipescu Shear Tester.

The cone calorimeter is used to test fire performance  E 1354
at radiant heat fluxes of 25, 50, 75, and 100kW/m?.
MIL-STD-2031 fire response parameters include the

peak and average HRRs (kW/m? and the time to igni-

tion (Tig) (seconds) as well as the type and amount of
combustion gases produced at a 25kW/m? incident heat

flux.

The flammability test is used to determine the relative D635
rate of burning of self-supporting plastics. The follow-
ing parameters are measured:

1. Time until the flame extinguishes itself.
2. Distance the burn propagates.
3. Linear burning rate in mm per minute.

[52]
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8.7.3 OTHER COMPOSITE MATERIAL TEST METHODS

Several testing procedures may be carried out in order to give the designer
an idea about the performance of the composite when loaded as a part
of the complicated structure and the deterioration in the composite parts
during the service life. The testing types and procedures of composite
material have been on the increase in the last decade due to the diverse
types, shapes and composition of the composite materials to satisfy the
vast applications in all fields of the industry.

8.7.3.1 In-Service Testing

These tests are carried out to get clearer picture about the expected behav-
ior of the final composite parts during service, such as: Notched Laminate
Testing, Bearing Testing, Compression after Impact Testing, and Fracture
Mechanics Testing.

The notched laminate test used to provide design values mechanically
fastened joints effects of manufacturing differences and small damage areas,
ASTM standards (D 5766, D 6484). The specimen is tested in tension or
compression with or without a fastening. Bearing testing is used to specify
bolted joint configuration under single or double shear, ASTM D 5961.

8.7.3.2 Nondestructive Tests (NDT)

The nondestructive tests are very efficient method for the detection of
the Inhomogeneity within the materials, the presence of fiber breakage,
the presence of resin micro-cracking, percentage of voids, the change of
porosity, delamination and other manufacturing defects. Also, the com-
posites during their service life are subjected to fatigue, impact, creep
loading and change of environmental conditions, temperature, and humid-
ity. These loads can cause great damage to the composite (cracks, delami-
nation, and fiber matrix de-bonding). Nondestructive test is required to
inspect the composite in-service. There is a long list of NDT methods and
sub techniques that are applicable for composite testing [47]. Table 8.10
gives principles of some Nondestructive tests.
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Test Method ASTM

Ref.

Ultrasonic There are several apparatus build on the prin- ~ E2533
ciple of using sound inspection of composite E2580
using a low frequency sound wave. Ultrasonic  _ |,
testing commonly used as non-distractive in-
spection method for composite materials. Short
pulses of ultra sound are passed through the
composite and detected after having interrogated
the structure and analyzed.

Method of application Ultrasonic test

Pulse- echo: a pulse of ultrasonic energy is
transmitted into the specimen in perpendicular
to its surface. The amplitude of the echo will
give an idea of the size of the defect. The speci-
men is usually immersed in water during testing.

Back scatter: the transducer is inclined at an
acute angle to normal to test specimen surface.
During measurement, the transducer rotates
around the same angle. The maximum back
signal when the transducer is perpendicular to
the direction of the fibers in the composite.

Through — transmission: in this case two
transducers are used, one emitter and the other
receiver. Water jet at each transducer is acting as
wave guide.

Ultrasonic spectroscopy: the pulse arrived to
the receiver transducer is analyzed harmonically,
thus detect the characteristic of the composite
structure.

Acoustography: the receiver probe is focused
into system of lenses after passing through the
specimen.

X-Ray Inspec- The X-ray inspection technique is used since

tion long time to detect density changes and well
suited for bonded interfaces and can locate
delamination, presence of voids, change of
porosity, inclusions.

Thermography The principle of this method depends on heat
transfer through the composite which is record-
ed using infrared video camera to allocate the
thermal changes in the composite cross section.

[49]

[53, 54]

[55]

[56]

[56]

[56]

(48]

[57]
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TABLE 8.10 (Continued)

Test

Method

ASTM Ref.

Shearography

Sheargraphy is a laser based optical measuring
technique that provides fast and accurate indica-
tions about internal material discontinuities or
irregularities in non-homogenous materials.

Using laser light, a shearing interferometer is
able to detect extremely small (sub-micrometer)
changes in surface out-of-plane deformation.
When a test object is subjected to an appropriate
load, a proportional strain is induced on the test
surface. If underlying discontinuities are pres-
ent, the surface will deform unevenly at these
locations. This is then interpreted through the
shearing interferometer as a change in the phase
of the laser light.

[58, 59]

All the NDT methods are used in product and process design optimi-
zation, on line process control, after manufacturing inspection as well as
in-service inspection.
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A

Acid hydrolysis, 264
Acidic pretreatment, 250
Agriculture waste composites
chemical composition and properties,
246
comparisons, 243
industrial applications, 241
methods of manufacturing
compression molding, 271-272
extrusion process, 266—268
injection blow molding, 270
injection molding, 268-270
potential of using as reinforcement,
244-245
preparation of agricultural residues
production of wood filler,
252-253
wheat and rice straw, 257-258
wood flour, 253
wood pellets (granules), 255-256
wood plastic pellets (granules),
253-255
wood residual defibrillation,
256-257
pre-treatment of, 246
biological methods (BOIM),
251-252
chemical method (CM), 250-251
physical methods (PHM),
248-249
physico-chemical methods
(PHCM), 249-250
of straw and wood residuals, 247
quantities, 242
from rice straw bale to WPC profiles,
245

statistical data, 242
SWOT assessment, 243-244
Agro-polymers, 146-147
Air permeability tester, 316
Air pollution, 16
Alkali pre-treatment, 250, 262
Alkali treatment, 130-134
Ammonia fiber explosion method
(AFEX), 250
Ammonia recycle percolation method
(ARP), 250
Ammonium polyphosphate (APP), 20
Automotive brake linings, 68

B

Bacterial polymers, 147
Bio composite, 18, 21
Biodegradable polymers
classification
agro-polymers, 146-147
bacterial polymers, 147
elastomers, 148149
monomers and polymers, 147
polymers chemically synthesized,
147
Biological methods (BOIM), 251-252
Braiding process
3-D braided fabrics, 94
angle, 118
braid jamming condition, 119
geometrical parameters of, 118
designs, 96
four step, 96
path of interlaced yarns, 95
principle of nonwoven needle punch-
ing fabric formation, 93
structures, 95
tubular, 97
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two-step, 9697
weave, 95
Bursting strength, 332-333

C

Cabled yarn, 301
Cellulose, 41
nano-fibrils, 261
particles, distribution, histogram, 263
Cement bonded wood fiber, 20
Cement—wood composites, 20
Chemical method (CM), 250-251
Cleaning and pre-treatment, 255
Coating/grafting methods, 138-139
Composites
choice of matrix polymer, 165
components testing, 289-291
fibrous reinforcement, 285-287
sampling of test specimen,
284-285
defects, 228
analysis of, 229
due to fabric properties, 230
due to fibers, yarns or particle
properties, 230
due to manufacturing process, 231
due to matrix properties, 231
non-destructive testing (NDT) for,
233-234
performance, 232
sources of, 229
voids and micro crack formation,
233
design procedures of, 159
fiber polymer, manufacturing meth-
ods, materials, products of, 209-210
laminate architect of, 164
manufacturing of, 208
methods of, 212-228
system evaluation, 211
material, 4
selection for, 160
materials testing methods, 334337,
341-345
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attachments for, 339-340
FTIR spectrum, 338
in-service testing, 346
modes of fraction, 338
nondestructive tests (NDT),
346-348
procedures to design textile, 159
selection of
fabric, 162—-163
fibers, 159
structure, 163—-165
structure combinations, 158
and their applications history, 6—7
Compression molding, 271-272
Computer-aided manufacturing (CAM)
software package, 223
Cooling process, 256
Cord yarn, 301
Corona treatment, 128
Cotton fiber
convolutions, 53
SEM images, 264
Cotton reinforcement composites, 18
Coupling agent, 134-139
Cradle-to-grave, 14
Creep behavior, 313
Crimp structure, 52-54

D

Date palm tree fiber (DPF), 19
Design techniques of composite, 85
analysis of material choice, 86
choice of fabric type, 87-88
of laminates
basic weave, 90
braiding fabric, 93-97
2-D fabric, 89-90
3-D fabric, 98-103
knitting fabric, 90-91
nonwoven fabric, 92-93
one dimensional, 89
triaxial fabric, 91-92
material selection for, 86
3-D-fabric
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classification of, 98—100
methods of manufacturing, 100-103
principles of, 101

ranking of preform designs according

to their properties, 101
reinforcement, 87
weaving, 98
Dicumyl peroxide (DCP), 21
3-D Printing for natural fiber polymer
composite
3-D printer, 222
schematics of method of building
model on, 223
fuse deposition modeling (FDM),
222-223
schematics of building, 221
selective laser sintering (SLS),
223-225
stereolithography (SLA), 224-226
techniques, 222
Drying process, 255

E

Ecosystem, impact of product manufac-
turing on, 15

Elastomers, 148—-149

Environmental Management System
(EMO), 14

Esterification process, 139. See also
Grafting

Extrusion, 226228

F

Fabric
under shear force, 324
stiffness measurement, 321-322
tearing test in weft direction, 327
Fabric structure calculations, 103
fabric technical parameters of woven
fabric, 107-108
effect of woven fabric design on,
115-116
fabric areal density, 110
fabric fractional cover, 110-111
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fabric specific volume, 113
total fabric cover, 111-113
weave areal density, 113
weave factor, 114
weft or warp crimp, 109
woven fabric jamming, 114
yarn count, 109
yarn diameter, 108
knitted fabric
technical parameters, 117-118
woven fabric designs, 105-107
Face mask (Brooklyn Museum), 5
Failure probability
under constant load, 197
under variable load, 197
Falling weight attachment, 330
Fatigue loading, 66
creep—fatigue loading, 199-200
factor of safety for, 198—199
S-N curve, 200
Fiber clamp, 298
Fiber-matrix
de-bonding, 62—63
interfacial force, method of measur-
ing, 298-299
Fibers in concrete (FRC), 19
Fiber surface treatment methods, 126
chemical methods for, 129
alkaline treatment, 130134
coupling agent, 134-139
grafting, 139-140
physical methods for, 127
plasma treatment, 128—129
Fibrograph, 297
Filament winding
requirements, 216
sketch of, 215
Flat knitted spacer fabrics, 103
Flax/PLA bio-composites, 21
Flax stems components, 50
Friction force, 68—69
Fuse deposition modeling (FDM),
222-224
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G

Glass fibers

environment impact of, 17

physical and tensile properties, 55-56
Grafting

esterification process, 139

polymer grafting, 139-140

H

Hand lay or open mold technique,
214-215

Hazardous air pollutants (HAPs), 208

Hemicellulose, 4142

Hermetical alkali absorption process, 69

Hybrid composites, 82—83, 193

I

Ideal fibers assembly, 183—-186

Idealized fiber arrangement in composite
cross section, 184

Injection blow molding, 270

Injection molding, 268-270

In-service testing, 346

Interlaced yarns, 95

Ionic liquids, 251

J
Jacquard designs, 105

K

Knitted 3-D fabrics, 101
multiaxial, 102
spacer fabric, 103
stitch bonding, 103
technical parameters
warp knitted structures, 118
weft knitted structures, 117
triaxial braided fabric, 103
Knitting process, 90-91

L

Laminate
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approach to stress in multi laminate
composite, 193—-194
architect of composite, 89
and hybrid composite, 192
Life cycle assessments (LCA). See also
Natural fiber composite
basic steps of, 14
element of, 12-14
Lignin, 41-42
Liquid composite molding (LCM), 218
Load elongation curve of fabric, 318

M

Maleic-anhydride-modified polypropyl-
ene (MAPP), 136, 138

Maliwatt fabric, 104

Man-made fibers, 16—17

Matrix under bending moment, 322

Maximum achievable control technol-
ogy (MACT), 208

MC/PVA Composite, mechanical prop-
erties, 265

Micro bond test, 299

Microcrystalline cellulose from palm
pressed fiber (MCPF), 260

Micro fibrillated celluloses (MFCs), 260

Micro fibrils structure of secondary
wall, 42

Microwave and radio frequency (RF)
heating, 262

Milling process (MM), 251, 255

Mixed Nile mud, 3

Mud bricks, 3—4

Multiaxial fabric, 102

Multi-laminate composite, stress in, 194

N

Nano clay particles, 20-21
Nano-fibrillated cellulose, 139-140
Nano-fibrils, 261
Nano-scale cellulose fibers
natural nano/micro fiber from indus-
trial waste, 262-265
production of nano/micro fiber,
258-262
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Natural fiber composite matrix
classification of, 141
biodegradable polymers, 146—148
thermoplastics, 145-146
thermosets, 142, 145
polymers for, 140—-141
selection of polymers, 149-151
structure combinations, 158
Natural fiber/polymer composite
(NFPC), 4
advantages over high performance
fiber, 9
applications of, 17-23
chemical properties of, 69—70
classification
type of matrix, 81-82
type of reinforcement, 81-83
construction, 84
creep strain, 64—65
eco indicators of, 15-17
environment impacts of, 14-15
importance of use of, 10—12
life cycle assessments (LCA) of
element of, 12—-14
materials for, 9-10
number of articles for, 11
physical and tensile properties, 55-56
physical properties of, 44
products and methods of manufactur-
ing, 22
slope of S-N curve, 66
spot light on manufacturing technol-
ogy of, 23
SWOT analysis of, 7-9
Natural fiber polymer composites, factor
of safety, 194
creep—fatigue loading, 199-200
definitions
global safety factor, 196
limit load, 195
limit state design, 196
margin of safety, 196
for fatigue loading, 198-199
practical values of, 200-201
probabilistic methodology, 196—198
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Natural fibers

annual production of, 38
aspect ratio, 5052
biodegradable composite, 81
breaking elongation, 60
classification of, 34-38
coefficient of static and kinetic fric-
tion, 69
creep strain, 64—65
crimp or waviness, 52—54
cross section shape, 48—49
diameter or width frequency distribu-
tion for, 44-48
diameter range, 4448
end uses analysis, 10
environment impact of, 17
fatigue properties of, 65-68
fiber aspect ratio and critical shear,
136
frictional property, 68—69
geometrical properties, 43—44
with glass fiber hybridization, 18-19
length, 49-50
load elongation curve, 59
mechanical properties, 54, 57
physical and tensile properties, 55-56
production of, 37
properties, 38—43
with E-glass properties, compari-
son of, 162
S-N curve, 67
sources of, 36
specific strength
and modulus, 33
and modulus of elasticity for, 63
strain, 59
strength, 57-62
thermal properties of, 70
work of rupture, 62—64

Natural/polymer composite

calculations of fiber volume fraction,
181

in fabrics, 190-191

fibrous structures, 182

ideal fibers assembly, 183186
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natural fiber arrangement in spun
yarns, 186—-190
voids volume fraction, 192
Needle punched jute nonwoven mat, 94.
See also Braiding process
Nondestructive tests (NDT), 346-348
Non-interlaced multiaxial orthogonal
3-D fabrics, 100-101
Non-wood fibers for composite applica-
tions, 80
Nonwoven fabric, 92-93
Nonwoven needle punching fabric for-
mation, 93. See also Braiding process

(0]

Organosolv, 251
Oxidative delignification, 251
Ozonolysis pre-treatment, 250

P

Papyrus composite paper, 5
Pectin, 42-43
Pelletizing process, 255-256
Physical methods (PHM), 248-249
Physico-chemical methods (PHCM),
249-250
Picture frame shear test stand, 323
Plain weave, 105-106
fiber polymer composite for, 108
Plasma treatment, 128-129
Ply yarn, 301
Poisson’s ratio of laminate composite,
175-177
Polymers
grafting, 139-140 (See also Grafting)
physical properties, 143—144
properties testing, 288
testing methods
for polymer matrix composite
materials, 334
properties of polymer, 333-334
Polymethacrylic acid (PMAA), 139
Polypropylene fibers, environment
impact of, 17
Porosity of fabrics, 120
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Probabilistic methodology, 196—198
Pultrusion process, 212
principles of, 213
Punching attachment on universal test-
ing machine, 329
Push out test, 299

R

Random arrangement of fibers, 186
Random fiber architect in composite,
181
Recycled cotton fiber composites, 20
Reinforced polymer composite, 23
Reinforcement testing methods
fabric testing methods, 313
air permeability, 315-316
bursting strength, 332-333
fabric porosity, 317-318
fabric shear, 323-325
fabric stiffness, 320-322
fabric strength, 318-320
fabric thickness, 325-326
puncture strength, 326-331
standards, 315
tear strength, 326
yarn crimp, 314
fiber testing, 291-299
yarn
count, 303-305
creep, 312-313
diameter, 305-307
properties, 302
tensile properties, 309-312
twist, 307-309
yarns testing methods, 299
cabled yarn, 301
cord yarn, 301
ply yarn, 301
single yarn, 300-301
Reinforcing glass fiber, mechanical
properties, 161
Resin film infusion (RFI), 218-220
Resin infusion technique
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liquid composite molding (LCM),
218
porosity, 217
principle of infusion, 216
reinforcement, 216-218
resin film infusion (RFI), 218-220
resin vacuum infusion (RVI),
219-220
Resin transfer molding (RTM), 120
Resin vacuum infusion (RVI), 219-220
Ring spun yarn, 189

S

Satin weaves, 105-106
Selective laser sintering (SLS), 223-224
Shaving method of staple fiber, 262
Shearing frame device, 323
Silane coupling agents, 134, 138—139
Simplified mechanism of failure of tex-
tile/polymer matrix, 167168
composite under
longitudinal force, 169—174
transvers force, 174-175
minimum value of fiber volume frac-
tion, 177-180
Poisson’s ratio of laminate compos-
ite, 175177
Single fiber
fragmentation test, 299
pull-out test, 299
Single yarn, 300-301
Soft-rot fungi, 251
Soy meal plastics, 17
Spacer fabric, 103, 105
Specific modulus of elasticity versus
fiber density, 62
Specific strength versus density of
fibers, 61
Spot light on manufacturing technology
of NFPC, 23
Spun yarns
in composite, 187
effect of shape of fiber cross section,
186
natural fiber arrangement in, 186—190
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Steam explosion process, 249250,
261-262
Stereolithography (SLA), 224-226
Stitch bonding, 103
Strain map of biaxial loading, 320
Straw pre-treatment, 262
Stress analysis in composite
in material, 165-166
shear strain, 166—167
Stress strain curve, 311
Stylus thickness meter, 326
SWOT analysis of natural fiber compos-
ite, 7-9

T

Tear test samples, 328

Textile composites
classification of, 82—83

reinforcement, 84

Textile raw materials for composite
choice reinforcement structure, 34
effect of properties, 3940
material selection, 30-34
tensile strength elongation chart for,
32

Thermoplastics, 145-146
and thermosets polymer applications,
138

Thermosets, 142, 145

Treated jute fabrics
load extension curve of, 135
mechanical properties, 134
SEM photos for, 132

Triaxial braided fabric, 103, 105

Triaxial fabric, 91-92

Tubular braiding, 97

Twill fabric, 108

Twill weaves, 105-106
fiber polymer composite for, 108

U

Universal testing instrument, 310

A\

Vacuum infusion, 220
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Vibroscope, sketch of the measuring
principle, 297

W

Warp and weft yarns, 106

Warp knitting, 90-91

Water pollution, 16

Weft knitting, 90-91

Weight reduction, 16—17

Wet oxidation, 251

Wheat and rice straw, 257-258

Wheat straw fibrils after steam explo-
sion, 258

White-rot fungi, 251

Wohler equation, 67

Wood flour, 253

Wood particle’s classification, 249

Wood pellets (granules), 255-256

Wood-plastic composites, 18, 20

properties, 272-273

Wood plastic pellets (granules), 253-255

Wood-polymer composite (WPC) indus-
try, 80

Wood residual defibrillation, 256-257

Wool and flax fiber’s crimp, 52

Woven 3-D fabrics, 100
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fabric technical parameters, 107
effect of woven fabric design
on some mechanical properties,
115-116
fabric areal density, 110
fabric fractional cover, 110-111
fabric specific volume, 113
total fabric cover, 111-113
weave areal density, 113
weave factor, 114
weft or warp crimp, 109
woven fabric jamming, 114
yarn count, 109

yarn diameter, 108
Wrinkling, 87

Y

Yarns testing methods, 299. See also
Reinforcement testing methods
cabled yarn, 301
cord yarn, 301
ply yarn, 301
single yarn, 300-301
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