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Preface

Composite materials, usually man-made, are a three-dimensional combination of at
least two chemically distinct materials, with a distinct interface separating the
components, created to obtain properties that cannot be achieved by any of the
components acting alone. In composites, at least one of the components called
the reinforcing phase is in the form of fibers, sheets, or particles and is embedded in
the other materials called the matrix phase. The reinforcing material and the matrix
material can be metal, ceramic, or polymer. Very often commercially produced
composites make use of polymers as the matrix material. Typically, reinforcing
materials are strong with low densities, while the matrix is usually a ductile, or
tough, material. If the composite is designed and fabricated adequately, it combines
the strength of the reinforcement with the toughness of the matrix to achieve
a combination of desirable properties not available in any single conventional
material.

The present book focuses on the preparation and characterization of polymer
composites with macro- and microfillers. It examines the different types of fillers
especially as the reinforcing agents. The text reviews the interfaces in macro- and
microcomposites and their characterization. Advanced applications of macro- and
micropolymer composites are discussed in detail. This book carefully analyses the
effect of surface modification of fillers on properties and chemistry and reinforcing
mechanism of composites. It also introduces recovery, recycling, and life cycle
analysis of synthetic polymeric composites.

The book is organized into five parts. Part One contains four chapters. Chapter 1 is
an introduction to composites, classification, and characteristic features of polymer
composites, their applications in various fields, state of the art, and new challenges
and opportunities.

Chapter 2 focuses on micro- and macromechanics of polymer composites. Knowl-
edge of micro- and macromechanics is essential for understanding the behavior,
analysis, and design of polymer composite products for engineering applications.

Chapter 3 deals with interfaces in macro- and microcomposites. Interface plays a
big role in physical and mechanical behavior of polymer composites. It deals with
the various techniques and analyses of the interfacial properties of various polymer
composite materials.



XXVI

Preface

Chapter 4 describes various preparation and manufacturing techniques for poly-
mer composites starting with simplest hand lay-up (contact molding) to sophisti-
cated autoclave molding and CNC filament winding methods.

Part Two deals with fiber-reinforced polymer composites and Part Three discusses
textile composites.

Each of the seven chapters included in Part Two deals with a particular fiber as
reinforcement for polymer matrices. These fibers are carbon, glass, Kevlar, polyester,
nylon, polyolefin, and silica.

Each of the four chapters included in Part Three deals with a particular form of
textiles as reinforcement. These textiles are 2D woven fabric, 3D woven fabric,
geotextiles, and hybrid textiles.

The first five chapters included in Part Four deal with different microsized fillers
reinforcing the polymer matrix. Different microparticulate fillers include carbon
black, silica, metallic particles, magnetic particles, mica (flakes), and so on. The last
chapter of this part deals with viscoelastically prestressed polymer composites.

Finally, Part Five studies applications of macro- and microfiller-reinforced poly-
mer composites. Polymer composites find applications in all types of engineering
industry, namely, aerospace, automobile, chemical, civil, mechanical, electrical, and
so on. They also find applications in consumer durables, sports goods, biomedical,
and many more areas.

Sabu Thomas, Kuruvilla Joseph,
Sant Kumar Malhotra, Koichi Goda,
and Meyyarappallil Sadasivan Sreekala
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1

Advances in Polymer Composites: Macro- and
Microcomposites — State of the Art,

New Challenges, and Opportunities

Josmin P. Jose, Sant Kumar Malhotra, Sabu Thomas, Kuruvilla Joseph, Koichi Goda,
and Meyyarappallil Sadasivan Sreekala

1.1
Introduction

Composites can be defined as materials that consist of two or more chemically and
physically different phases separated by a distinct interface. The different systems are
combined judiciously to achieve a system with more useful structural or functional
properties nonattainable by any of the constituent alone. Composites, the wonder
materials are becoming an essential part of today’s materials due to the advantages
such as low weight, corrosion resistance, high fatigue strength, and faster assembly.
They are extensively used as materials in making aircraft structures, electronic
packaging to medical equipment, and space vehicle to home building [1]. The basic
difference between blends and composites is that the two main constituents in the
composites remain recognizable while these may not be recognizable in blends.
The predominant useful materials used in our day-to-day life are wood, concrete,
ceramics, and so on. Surprisingly, the most important polymeric composites are
found in nature and these are known as natural composites. The connective tissues in
mammals belong to the most advanced polymer composites known to mankind
where the fibrous protein, collagen is the reinforcement. It functions both as soft and
hard connective tissue.

Composites are combinations of materials differing in composition, where the
individual constituents retain their separate identities. These separate constituents
act together to give the necessary mechanical strength or stiffness to the composite
part. Composite material is a material composed of two or more distinct phases
(matrix phase and dispersed phase) and having bulk properties significantly different
from those of any of the constituents. Matrix phase is the primary phase having a
continuous character. Matrix is usually more ductile and less hard phase. It holds the
dispersed phase and shares a load with it. Dispersed (reinforcing) phase is embedded
in the matrix in a discontinuous form. This secondary phase is called the dispersed
phase. Dispersed phase is usually stronger than the matrix, therefore, itis sometimes
called reinforcing phase.

Polymer Composites: Volume 1, First Edition. Edited by Sabu Thomas, Kuruvilla Joseph,
Sant Kumar Malhotra, Koichi Goda, and Meyyarappallil Sadasivan Sreekala
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.



4

1 Advances in Polymer Composites: Macro- and Microcomposites — State of the Art

Composites in structural applications have the following characteristics:

¢ They generally consist of two or more physically distinct and mechanically
separable materials.

¢ They are made by mixing the separate materials in such a way as to achieve
controlled and uniform dispersion of the constituents.

» They have superior mechanical properties and in some cases uniquely different
from the properties of their constituents [2].

Wood is a natural composite of cellulose fibers in a matrix of lignin. Most primitive
man-made composite materials were straw and mud combined to form bricks for
building construction. Most visible applications pave our roadways in the form of
either steel and aggregate reinforced Portland cement or asphalt concrete. Reinforced
concrete is another example of composite material. The steel and concrete retain their
individual identities in the finished structure. However, because they work together,
the steel carries the tension loads and concrete carries the compression loads.

Most advanced examples perform routinely on spacecraft in demanding environ-
ments. Advanced composites have high-performance fiber reinforcements in a
polymer matrix material such as epoxy. Examples are graphite/epoxy, Kevlar/epoxy,
and boron/epoxy composites. Advanced composites are traditionally used in the
aerospace industries, but these materials have now found applications in commercial
industries as well.

1.2
Classification of Composites

On the basis of matrix phase, composites can be classified into metal matrix
composites (MMCs), ceramic matrix composites (CMCs), and polymer matrix
composites (PMCs) (Figure 1.1) [3]. The classifications according to types of rein-
forcement are particulate composites (composed of particles), fibrous composites
(composed of fibers), and laminate composites (composed of laminates). Fibrous
composites can be further subdivided on the basis of natural/biofiber or synthetic
fiber. Biofiber encompassing composites are referred to as biofiber composites. They
can be again divided on the basis of matrix, that is, nonbiodegradable matrix and
biodegradable matrix [4]. Bio-based composites made from natural/biofiber and
biodegradable polymers are referred to as green composites. These can be further
subdivided as hybrid composites and textile composites. Hybrid composites com-
prise of a combination of two or more types of fibers.

1.2.1
Polymer Matrix Composites

Most commercially produced composites use a polymer matrix material often called a
resin solution. There are many different polymers available depending upon the
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Figure 1.1 Classification of composites [5].

starting raw ingredients. There are several broad categories, each with numerous
variations. The most common are known as polyester, vinyl ester, epoxy, phenolic,
polyimide, polyamide, polypropylene, polyether ether ketone (PEEK), and others.
The reinforcement materials are often fibers but can also be common ground
minerals [6]. The various methods described below have been developed to reduce
the resin content of the final product. As a rule of thumb, hand lay up results in a
product containing 60% resin and 40% fiber, whereas vacuum infusion gives a final
product with 40% resin and 60% fiber content. The strength of the product is greatly
dependent on this ratio.

PMCs are very popular due to their low cost and simple fabrication methods. Use
of nonreinforced polymers as structure materials is limited by low level of their
mechanical properties, namely strength, modulus, and impact resistance. Rein-
forcement of polymers by strong fibrous network permits fabrication of PMCs, which
is characterized by the following:

a) High specific strength

b) High specific stiffness

¢) High fracture resistance
d) Good abrasion resistance
e) Good impact resistance

Good corrosion resistance

© o

Good fatigue resistance
Low cost

=
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Figure 1.2 Schematic model of interphase [7].

The main disadvantages of PMCs are

a) low thermal resistance and
b) high coefficient of thermal expansion.

1.2.1.1 Factors Affecting Properties of PMCs

1.2.1.1.1 Interfacial Adhesion The behavior of a composite material is explained on
the basis of the combined behavior of the reinforcing element, polymer matrix, and
the fiber/matrix interface (Figure 1.2). To attain superior mechanical properties the
interfacial adhesion should be strong. Matrix molecules can be anchored to the fiber
surface by chemical reaction or adsorption, which determine the extent of interfacial
adhesion. The developments in atomic force microscopy (AFM) and nano inden-
tation devices have facilitated the investigation of the interface. The interface is also
known as the mesophase.

1.2.1.1.2 Shape and Orientation of Dispersed Phase Inclusions (Particles, Flakes,
Fibers, and Laminates) Particles have no preferred directions and are mainly used
to improve properties or lower the cost of isotropic materials [8]. The shape of the
reinforcing particles can be spherical, cubic, platelet, or regular or irregular geometry.
Particulate reinforcements have dimensions that are approximately equal in all
directions. Large particle and dispersion-strengthened composites are the two
subclasses of particle-reinforced composites. A laminar composite is composed of
two dimensional sheets or panels, which have a preferred high strength direction as
found in wood. The layers are stacked and subsequently cemented together so that
the orientation of the high strength direction varies with each successive layer [9].
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1.2.1.1.3 Properties of the Matrix Properties of different polymers will determine
the application to which it is appropriate. The chief advantages of polymers as matrix
are low cost, easy processability, good chemical resistance, and low specific gravity.
On the other hand, low strength, low modulus, and low operating temperatures limit
their use [10]. Varieties of polymers for composites are thermoplastic polymers,
thermosetting polymers, elastomers, and their blends.

Thermoplastic polymers: Thermoplastics consists of linear or branched chain
molecules having strong intramolecular bonds but weak intermolecular bonds. They
can be reshaped by application of heat and pressure and are either semicrystalline or
amorphous in structure. Examples include polyethylene, polypropylene, polystyrene,
nylons, polycarbonate, polyacetals, polyamide-imides, polyether ether ketone, poly-
sulfone, polyphenylene sulfide, polyether imide, and so on.

Thermosetting polymers: Thermosetts have cross-linked or network structures with
covalent bonds with all molecules. They do not soften but decompose on heating.
Once solidified by cross-linking process they cannot be reshaped. Common
examples are epoxies, polyesters, phenolics, ureas, melamine, silicone, and
polyimides.

Elastomers: An elastomer is a polymer with the property of viscoelasticity,
generally having notably low Young’s modulus and high yield strain compared
with other materials. The term, which is derived from elastic polymer, is often
used interchangeably with the term rubber, although the latter is preferred when
referring to vulcanizates. Each of the monomers that link to form the polymer is
usually made of carbon, hydrogen, oxygen, and silicon. Elastomers are amorphous
polymers existing above their glass transition temperature, so that considerable
segmental motion is possible. At ambient temperatures, rubbers are relatively soft
(E ~ 3MPa) and deformable; their primary uses are for seals, adhesives, and
molded flexible parts. Natural rubber, synthetic polyisoprene, polybutadiene,
chloroprene rubber, butyl rubber, ethylene propylene rubber, epichlorohydrin
rubber, silicone rubber, fluoroelastomers, thermoplastic elastomers, polysulfide
rubber, and so on are some of the examples of elastomers.

1.2.1.2 Fabrication of Composites

The fabrication and shaping of composites into finished products often combines the
formation of the material itself during the fabrication process [11]. The important
processing methods are hand lay-up, bag molding process, filament winding,
pultrusion, bulk molding, sheet molding, resin transfer molding, injection molding,
and so on.

1.2.1.2.1 Hand Lay-Up The oldest, simplest, and the most commonly used
method for the manufacture of both small and large reinforced products is the
hand lay-up technique. A flat surface, a cavity or a positive-shaped mold, made from
wood, metal, plastic, or a combination of these materials may be used for the hand
lay-up method.

7
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1.2.1.2.2 Bag Molding Process It is one of the most versatile processes used in
manufacturing composite parts. In bag molding process, the lamina is laid up in a
mold and resin is spread or coated, covered with a flexible diaphragm or bag, and
cured with heat and pressure. After the required curing cycle, the materials become
an integrated molded part shaped to the desired configuration [12]. Three basic
molding methods involved are pressure bag, vacuum bag, and autoclave.

1.2.1.2.3 Pultrusion It is an automated process for manufacturing composite
materials into continuous, constant cross-section profiles. In this technique, the
product is pulled from the die rather than forced out by pressure. A large number
of profiles such as rods, tubes, and various structural shapes can be produced
using appropriate dies.

1.2.1.2.4 Filament Winding Filament winding is a technique used for the manu-
facture of surfaces of revolution such as pipes, tubes, cylinders, and spheres and is
frequently used for the construction of large tanks and pipe work for the chemical
industry. High-speed precise lay down of continuous reinforcement in predescribed
patterns is the basis of the filament winding method.

1.2.1.2.5 Preformed Molding Compounds A large number of reinforced thermo-
setting resin products are made by matched die molding processes such as hot press
compression molding, injection molding, and transfer molding. Matched die
molding can be a wet process but it is most convenient to use a preformed molding
compound or premix to which all necessary ingredients are added [13]. This enables
the attainment of faster production rate. Molding compounds can be divided into
three broad categories: dough molding, sheet molding, and prepregs.

1.2.1.2.6 Resin Transfer Molding Resin transfer molding (RTM) has the potential of
becoming a dominant low-cost process for the fabrication of large, integrated, high
performance products. In this process, a dry reinforced material that has been cutand
shaped into a preformed piece, generally called a perform, is placed in a prepared
mold cavity. The resin is often injected at the lowest point and fills the mold upward to
reduce the entrapping of air. When the resin starts to leak into the resin trap, the tube
is clamped to minimize resin loss. When excess resin begins to flow from the vent
areas of the mold, the resin flow is stopped and the mold component begins to cure.
Once the composite develops sufficient green strength it can be removed from the
tool and postcured (Figure 1.3).

1.2.1.2.7 Injection Molding Injection molding is a manufacturing process for both
thermoplastic and thermosetting plastic materials. Composites is fed into a heated
barrel, mixed, and forced into a mold cavity where it cools and hardens to the
configuration of the mold cavity. Injection molding is used to create many things
such as wire spools, packaging, bottle caps, automotive dashboards, pocket combs,
and most other plastic products available today. It is ideal for producing high
volumes of the same object [15]. Some advantages of injection molding are high
production rates, repeatable high tolerances, and the ability to use a wide range of
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Figure 1.3  Schematic representation of RTM technique [14].

materials, low labor cost, minimal scrap losses, and little need to finish parts after
molding. Some disadvantages of this process are expensive equipment investment,
potentially high running costs, and the need to design moldable parts.

1.2.1.2.8 Reaction Injection Molding (RIM) RIM is similar to injection molding
except that thermosetting polymers are used, which requires a curing reaction to
occur within the mold. Common items made via RIM include automotive bumpers,
air spoilers, and fenders. First, the two parts of the polymer are mixed together. The
mixture is then injected into the mold under high pressure using an impinging
mixer. The most common RIM processable material is polyurethane (generally
known as PU-RIM), but others include polyureas, polyisocyanurates, polyesters,
polyepoxides, and nylon 6. For polyurethane, one component of the mixture is
polyisocyanate and the other component is a blend of polyol, surfactant, catalyst, and
blowing agent. Automotive applications comprise the largest area of use for RIM-
produced products. Polymers have been developed specifically for exterior body
panels for the automotive industry. Non-E-coat polymers offer an excellent combi-
nation of stiffness, impact resistance, and thermal resistance for body panel
applications. These provide excellent paintability and solvent resistance with the
ability to achieve high distinction of image (DOI) when painted.

1.2.1.2.9 Reinforced Reaction Injection Molding If reinforcing agents are added to
the mixture of RIM setting then the process is known as reinforced reaction injection
molding (RRIM). Common reinforcing agents include glass fibers and mica. This
process is usually used to produce rigid foam automotive panels. A subset of RRIM is
structural reaction injection molding (SRIM), which uses fiber meshes for the
reinforcing agent. The fiber mesh is first arranged in the mold and then the polymer
mixture is injection molded over it.

9
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1.2.1.2.10 Spray-Up In spray-up process, liquid resin matrix and chopped rein-
forcing fibers are sprayed by two separate sprays onto the mold surface. The fibers
are chopped into fibers of 1-2” (25-50 mm) length and then sprayed by an air jet
simultaneously with a resin spray at a predetermined ratio between the reinforcing
and matrix phase. The spray-up method permits rapid formation of uniform
composite coating, however, the mechanical properties of the material are mod-
erate since the method is unable to use continuous reinforcing fibers.

1.2.1.3 Applications
PMCs are used for manufacturing

i) Aerospace structures: The military aircraft industry has mainly led the use of
polymer composites. In commercial airlines, the use of composites is
gradually increasing. Space shuttle and satellite systems use graphite/
epoxy for many structural parts [16].

ii) Marine: Boat bodies, canoes, kayaks, and so on.

iii) Automotive: Body panels, leaf springs, drive shaft, bumpers, doors, racing car
bodies, and so on.
iv) Sports goods: Golf clubs, skis, fishing rods, tennis rackets, and so on.
v) Bulletproof vests and other armor parts.
vi) Chemical storage tanks, pressure vessels, piping, pump body, valves, and so
on.
vii) Biomedical applications: Medical implants, orthopedic devices, X-ray tables.
viii) Bridges made of polymer composite materials are gaining wide acceptance
due to their lower weight, corrosion resistance, longer life cycle, and limited
earthquake damage.
ix) Electrical: Panels, housing, switchgear, insulators, and connectors.
And many more.

1.2.1.4 Recent Advances in Polymer Composites

1.2.1.4.1 3-DFRPComposites Fiber-reinforced polymer (FRP) composites are used
in almost every type of advanced engineering structure, with their usage ranging
from aircraft, helicopters, and spacecraft through to boats, ships, and offshore
platforms and to automobiles, sports goods, chemical processing equipment, and
civil infrastructure such as bridges and buildings. The usage of FRP composites
continues to grow at an impressive rate as these materials are used more in their
existing markets and become established in relatively new markets such as biomed-
ical devices and civil structures. A key factor driving the increased applications of
composites over the recent years is the development of new advanced forms of FRP
materials. This includes developments in high performance resin systems and new
styles of reinforcement, such as carbon nanotubes and nanoparticles [17].
Recent work on 3D FRP composites includes the following:

a) Manufacturing of 3D preforms by weaving, braiding, knitting, and stitching.
b) Fabrication of FRP composite products by preform consolidation followed by
liquid molding.
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Table 1.1 Mechanical properties of natural fibers compared with synthetic fibers [20].

Fiber Density Elongation Tensile Young’s
(10* kg/m?) (%) strength (MPa) modulus (GPa)
Aramid 1.4 3.3-3.7 3000-3450 63-67
Carbon 1.4 1.4-1.8 4000 230-240
Kelvar 49 1.45 2.0 2800 124
Cotton 1.5 7.0-8.0 287-597 5.5-12.6
Jute 1.3 1.5-1.8 393-773 26.5
Flax 1.5 2.7-3.5 345-1035 27.6
Hemp — 1.6 690 —
Ramie — 3.6-3.8 400-938 61.1-128
Sisal 1.5 4-6 511-635 9.4-22
Coir 1.2 30 175 4.0-6.0
Banana 1.3 2-4 750 29-32
Pineapple 1.56 — 172 62
Oil palm 1.55 — 100-400 26.5
Soft wood craft 1.5 — 1000 40.0
E-glass 2.5 25 2000-3500 70.0
S-glass 2.5 2.8 4570 86.0
SiC 3.08 0.8 3440 400
Alumina 3.95 0.4 1900 379

¢) Micromechanics model for mechanical properties of 3D woven/braided/knit-
ted/stitched fabric polymer composites.

d) Designing microstructure of 3D FRP composite materials to obtain optimum
performance (for both continuous and discontinuous fiber composites).

1.2.1.4.2 Natural Fiber Composites Glass, carbon, Kevlar, and boron fibers are
being used as reinforcing materials in fiber-reinforced plastics, which have been
widely accepted as materials for structural and nonstructural applications [18].
However, these materials are resistant to biodegradation and can pose environmental
problems. Natural fibers from plants such as jute, bamboo, coir, sisal, and pineapple
are known to have very high strength and hence can be utilized for many load-bearing
applications. These fibers have special advantage in comparison to synthetic fibers in
that they are abundantly available, from a renewable resource and are biodegradable.
But all natural fibers are hydrophilic in nature and have high moisture content, which
leads to poor interface between fiber and hydrophobic matrix. Several treatment
methods are employed to improve the interface in natural fiber composite [19].
Automobile industry in Europe has started using natural fiber composites in a big
way both for exterior and interior of car bodies because of stringent environmental
requirements (Table 1.1).

Natural fibers are generally incompatible with the hydrophobic polymer matrix
and have a tendency to form aggregates. Therefore, the surface of both (matrix and
fibers) should be appropriately wetted to improve the interfacial adhesion and to
remove any impurities. The surface of hydrophobic matrices should be modified by

1
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the introduction of polar groups by treating them with oxidative chemicals such as
chromic acid/acetic acid or chromic acid/sulfuric acid [21]. Cold plasma chemistry
opens up new avenues for the surface modifications of materials for composites and
other applications. Various oxidative and nonoxidative chemical treatments are
available for natural and synthetic fibers to improve the bonding at the interface.
Alkali treatment has been proved to be an effective method for fiber modification
from as early as 1935. It has been reported that on treatment with alkali, some of the
wax components at the fiber surface are saponified and thereby removed from the
fiber surface. Increased fiber/matrix adhesion as a result of improved surface area
and increase in availability of the hydroxyl groups have also been reported as a result
of alkali treatment.

Compared to unmodified composites, all chemically modified fiber composites
show higher tensile properties and lower water uptake. As chemical treatment
reduces hydrophobicity of the fiber it favors the strong interfacial adhesion between
fiber and PP matrix. Tensile properties decrease with water uptake and time of
immersion. Figure 1.4 shows the effect of chemical treatments on the tensile
strength of the sisal/PP composites after immersion in water.

Compared to other natural fibers, banana and sisal have good mechanical
properties. In general, the strength of a fiber increases with increasing cellulose
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Figure 1.4 The effect of chemical treatments on the tensile strength of sisal/PP composites after
immersion in water. Fiber loading 20%, temperature 20°C [22].
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Table 1.2 Properties of banana and sisal fiber [24].

Banana Sisal
Cellulose (%) 63-64 6465
Hemicellulose (%) 19 12
Lignin (%) 5 9.9
Moisture content (%) 10-11 10
Microfibrillar angle (°) 11 20
Lumen size (um) 5 11

content and decreasing spiral angle with respect to the fiber axis. The composition,
microfibrillar angle, and lumen size of banana and sisal fibers are given in Table 1.2.
The cellulose content of sisal and banana fibers is almost same, but the microfibrillar
angle of banana fiber is much lower than sisal. Hence, the inherent tensile properties
of banana fiber are higher than sisal fiber. The diameter of banana fiber is lower than
sisal. As the surface area of banana fibers in unit area of the composite is higher, the
stress transfer is increased in banana-reinforced composite compared to sisal-
reinforced composites [23].

1.2.1.4.3 Fully Green Composites Research efforts are progressing in developing a
new class of fully biodegradable green composites by combining fibers with biode-
gradable resins. The major attractions about green composites are that they are eco-
friendly fully degradable and sustainable, that is, they are truly green in every way. The
design and life cycle assessment of green composites have been exclusively dealt with
by Baillie. Green composites may be used effectively in many applications such as
mass-produced consumer products with short life cycles or products intended for one
time or short time use before disposal. The important biodegradable matrices are
polyamides, polyvinyl alcohol, polyvinyl acetate, polyglycolic acid, and polylactic acid,
which are synthetic as well as polysaccharides, starch, chitin, cellulose, proteins,
collagens/gelatin, lignin, and so on, which are natural [25]. Bio-based composites
with their constituents developed from renewable resources are being developed and
its application has extended to almost all fields. Natural fiber composites can be used as
a substitute for timber and for a number of other applications. It can be molded into
sheets, boards, gratings, pallets, frames, structural sections, and many other shapes.
They can be used as a substitute for wood, metal, or masonry for partitions, false ceiling,
facades, barricades, fences, railings, flooring, roofing, wall tiles, and so on [26]. It can
also be used prefabricated housing, cubicles, kiosks, awnings, and sheds/shelters.

1.2.1.4.4 Other Emerging Areas

a) Five-axis weaving technology for the next generation of aircraft and mechanical
performance of multiaxis weave structures.

b) Noncrimp fiber performs for helicopters composite parts.

¢) Noncrimp braided carbon fiber-reinforced plastics for aeronautic applications.
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d) Finite element modeling of textile-reinforced composites and comparison with
real testing.

e) Textile composites in ballistics: modeling the material and failure response.

f) 3D textile composites: mechanical-progressive failure modeling and strength
predictions.

g) Long-term durability of plain weaves polymer composites.

1.3
Interface Characterization

The characterization of interface gives relevant information on interactions between
fiber and matrix. The mechanical properties of fiber-reinforced composites are
dependent upon the stability of interfacial region. Thus, the characterization of
interface is of great importance. The various methods that are available for charac-
terization of the interface are as follows.

1.3.1
Micromechanical Technique

The extent of fiber/matrix interface bonding can be tested by different microme-

chanical tests such as fiber pull-out (Figure 1.5), micro-debond test, microindentation
test, and fiber fragmentation test.

Cap
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Figure 1.5 Schematic illustration of pull-out test preparation [27].



1.4 New Challenges and Opportunities

1.3.2
Spectroscopic Tests

Electron microscopy for chemical analysis/X-ray photoelectron spectroscopy, mass
spectroscopy, X-ray diffraction studies, electron-induced vibration spectroscopy, and
photoacoustic spectroscopy are successful in polymer surface and interfacial
characterization.

1.3.3
Microscopic Techniques

Microscopic studies such as optical microscopy, scanning electron microscopy,
transmission electron microscopy, and atomic force microscopy can be used to
study the morphological changes on the surface and can predict the strength of
mechanical bonding at the interface. The adhesive strength of fiber to various
matrices can be determined by AFM studies.

13.4
Thermodynamic Methods

The frequently used thermodynamic methods for characterization in reinforced
polymers are wettability study, inverse gas chromatography measurement, zeta
potential measurement, and so on. Contact angle measurements have been used
to characterize the thermodynamic work of adhesion between solids and liquids and
surface of solids.

1.4
New Challenges and Opportunities

¢ Inthe context of eco-friendly materials, recyclability of the composites is one of the
major problems. Recyclability of the composites will lead to the cost-effective
products at the same time this is the remedy for the increased amount of waste
materials. Green composites can replace all hazardous and waste-producing
counterparts.

« Life cycle analysis should be done for all newly synthesized materials and thus the
biodegradability can be measured. This will help us to select eco-friendly and
acceptable materials.

e Microfibrillar composites, their properties and applications created a lot of
interest in research because of its special properties and applications.

¢ Composite materials having long-term durability for continuous purposes are
desirable and cost-effective.

¢ Since the interface has a significant role in property enhancement, new charac-
terization techniques for interface will bring new opportunities.

e Online monitoring of morphology of composites during processing is another
area, which requires a lot of attention of researchers.
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Shock and Impact Response of Glass Fiber-Reinforced
Polymer Composites

Vikas Prakash

2.1
Introduction

A large body of knowledge currently exists in the literature on the propagation of
acceleration waves and finite amplitude shock waves in heterogeneous materials. For
such systems, scattering, dispersion, and attenuation play a critical role in deter-
mining the thermo-mechanical response of the media. In particular, the nonlinear
behavior of the S2-glass fiber-reinforced polymer (GRP) composites can be attributed
to the complex material architecture, that is, the impedance and geometric mismatch
at the various length scales, and complex damage evolution in the form of extensive
delamination, fiber shearing, tensile fiber failure, large fiber deflection, fiber micro-
fracture, and local fiber buckling.

Even though some progress has been made in understanding the propagation of
acceleration waves in model heterogeneous material systems, such as, bilaminates,
the phenomenon of material and geometric dispersion in these materials continues
to be poorly understood. For example, shock waves in the absence of phase
transformations are understood to have a one-wave structure in most homogeneous
materials. However, upon loading of a bilaminate, a two-wave structure is obtained —
a leading shock front followed by a complex pattern that varies with time. This
complex pattern is generated by a continuous interaction of compression and
rarefaction waves due to the presence of interlaminar interfaces. Expressions for
stress and particle velocity, based on the consideration of head—wave interaction with
interfaces in linear elastic bilaminates under weak shock wave loading have been
obtained by Laptev and Trishin [1]. It was shown that the attenuation of shock stress
and particle velocity is primarily determined by the ratio of acoustic impedance of the
layers and by the size of the periodic structure of the bilaminates (cell size). Smaller
the cell size, the greater is the number of interfaces that interact with the propagating
stress waves, and higher is the attenuation and dispersion. Analytical studies of wave
dispersion relations for an infinite train of time-harmonic acceleration waves
propagating in layered material systems have been conducted in a variety of elastic
composites. Sun et al. [2] studied the case of waves in elastic bilaminates (i.e.,
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composites consisting of alternating plane layers of different linear elastic materials)
propagating in directions parallel or perpendicular to the laminates. These exact
dispersion relations have been compared by Hegemier [3] to those obtained from
various approximate theories. For viscoelastic bilaminates the understanding of
dispersion relations is less complete. Stern et al. [4] considered wave propagation in a
direction parallel to the laminates for alternating layers of elastic and viscoelastic
materials. They simplified the analysis by neglecting the transverse displacement in
the viscoelastic layers and the variation of the longitudinal displacement across the
thickness of the elastic layers. Chen and Clifton [5] considered the exact theory of
time-harmonic waves propagating in the direction of the normal to the laminates for
general linear viscoelastic bilaminates. The dispersion relations obtained were
similar to those obtained by Sve [6] for the closely related case of thermoelastic
waves in laminates. Transient solutions for the case of step loading applied uniformly
over the surface of a half space consisting of alternating plane layers of elastic
materials have been obtained by Peck and Gurtman [7] and by Sve [8] who considered,
respectively, waves propagating parallel and perpendicular to the layers. In both these
cases late-time asymptotic solutions were obtained, which show the dispersive
character of the main part of the wave. Sve [8] also considered, in an approximate
way, the late-time solution for viscoelastic bilaminates in which the waves are
propagating in the direction perpendicular to the laminates.

To date, only a limited number of experiments have been conducted that concern
the finite amplitude wave-propagation in composite materials. Barker et al. [9]
performed experiments on periodic laminates and found that below certain critical
input amplitude, the stress wave amplitude decayed exponentially with distance and
formed a structured shock wave above the critical amplitude. Lundergan and
Drumbeller [10] and Oved et al. [11] also conducted limited shock-wave experiments
on layered stacks, which showed resonance phenomena due to layering. Nesterenko
et al. [12] observed an anomaly in the precursor decay for the case of propagation of
strong shock waves in periodic bilaminates with a relatively small cell size. They noted
that for bilaminates with a relatively small cell size the jump in particle velocity at the
wave front is essentially higher than one obtained with the larger cell size at the same
distance of propagation. Similar observations were made for Ti—Al layered material
systems under strong shock waves loading [13]. Comparison of the experimental
results and computer simulations indicated that this effect is primarily due to the
interactions of the secondary compression waves with the leading shock front. At
early times, these secondary compression waves trail the shock front. However, with
increasing distance of propagation these waves catch-up and eventually overtake the
leading shock-wave front from behind. This increase in wave speed is facilitated by
the propagation of the trailing secondary waves in a previously compressed material
state. More recently, Zhuang [14] have conducted normal plate-impact experiments
on layered stacks of polycarbonate and either glass, stainless steel, or aluminum
systems to investigate dispersion versus dissipation characteristics due to heteroge-
neity of the layered material system during propagation of strong shock waves. They
also reviewed existing models for propagation of shock waves and proposed new
scaling laws for shock viscosity of heterogeneous layered solids.



2.1 Introduction

Although glass reinforced polymers (GRP) were introduced in the 1930s, the
dynamic failure of these material systems was not the focus until the 1970s when
drop-weight testing machines were utilized to estimate their impact strength.
Lifshitz [15] investigated the tensile strength and failure modes of unidirectional
and angle-ply E-glass fiber-reinforced epoxy matrix composites at strain rates between
0.1and 200s ™. The failure stresses under impact loading conditions were found to
be considerably higher when compared to those obtained under quasi-static loading
conditions. The dynamic response of GRPs has been investigated utilizing the split
Hopkinson pressure bars (SHPBs) under relatively simple states of stress, for
example, uniaxial compression, uniaxial tension, and pure shear [16-23]. In these
studies the failure and ultimate strength of the GRP composites were found to
increase with increasing strain rates. More recently, Zhuk et al. [24] studied the shock
compressibility and sound wave velocity in commercial plain-weave fiberglass KAST-
V (Soviet standard 102-92-74) composites using manganin gages in the range 5-
22 GPa. They also utilized the VALYN™ VISAR to monitor the free surface particle
velocity in experiments conducted at stress levels between 0.8 and 1.2 GPa. Hydro-
dynamic shock front attenuation was observed for the experiments impacted by thin
(approximately 1.3 mm) aluminum flyer plates. Zaretsky et al. [25] also conducted
plate-impact experiments on commercial KAST-V for stress range between 0.3 and
0.8 GPa. Spall signal was observed in the experiments with a shock stress level of
about 0.3 GPa, and the spall strength of KAST-V was estimated to be about 0.1 GPa.
The equation of state (EOS) of KAST-V was also determined, and the shear strength
was found to be about 0.28 GPa. The authors proposed that the matrix—filler interface
controlled the behavior of these materials in compression. Later Zaretsky et al. [26]
performed plate-impact experiments on laminated glass fiber-reinforced epoxy 7781
composite. The free-surface velocities were recorded by the VISAR in the stress range
of 0.5-2.4 GPa. The spall strength was calculated to be about 0.16 GPa. The dynamic
viscosity was found to be much larger than of the epoxy matrix material. Oscillations
in the free-surface particle velocity profile were observed; the frequency of the
oscillations was found to increase with increasing impact stress.

Dandekar et al. [27] studied the elastic constants and spall strength of S2-glass GRP.
They utilized ultrasonic wave velocity measurements along the six axes of the GRP to
calculate the six independent elastic constants for its tetragonal stiffness matrix. The
measured spall strength was between 0.007 and 0.06 GPa. On the same material,
Boteler et al. [28] carried out a series of experiments using embedded polyvinylidene
fluoride (PVDF) stress-rate gauges to study the shock-wave profiles in GRP as a
function of propagation distance. The experimental stress histories displayed shock-
wave attenuation with the increasing propagation distance. In the same year, Trott
et al. [29] at Sandia National Laboratories applied a novel line-imaging velocity
interferometer to simultaneously record the shock response of GRP at various points.
The systematic difference in shock arrival time over a transverse distance of 2 mm and
the relatively large amplitude fluctuations in the wave profiles reflected the complex
periodic geometry of GRP. Later on, Dandekar et al. [30] in a joint research program
with Sandia National Laboratory studied the shock response of GRP. The equation
of state for the GRP was determined from a series of shock-reshock and
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plate-reverberation experiments. Tsou and Chou [31], using a combined analytical and
numerical approach, studied the shock-wave propagation in unidirectional fiber-
reinforced composite along the fiber direction. From these simulations the interface
shear strength was estimated. Chen and Chandra [32], deBotton and coworkers [26],
and Espinosa et al. [33] performed shock structure simulations on plain-woven glass
fiber-reinforced composites. Fluctuations in particle velocity profiles due to stress
wave reverberations between material interfaces were understood to play a critical role
in controlling the overall behavior of the material.

Even though considerable progress has been made over the years in understanding
the dynamic response of heterogeneous material systems under shock loading, the
details of the shock structure including the phenomenon of material and geometric
dispersion continues to be poorly understood. In view of this, in the present study
asymptotic techniques have been employed to analyze propagation of acceleration
waves in 2D layered material systems. Moreover, wave propagation in 2D elastic—
viscoelastic bilaminates is analyzed to understand the effects of material inelasticity
on both the wave-front and late-time solutions. The use of bilaminates provides a
more tractable geometry from both analytical and experimental considerations. The
analysis makes use of the Laplace transform and of the Floquet theory for ordinary
differential equations (ODEs) with periodic coefficients [34]. Both wave-front and late-
time solutions for step-pulse loading on layered half-space are presented. Moreover, a
series of plate-impact shock-wave experiments were conducted by employing various
different thicknesses of S2-GRP plates. The S2-glass GRP plates were impacted by Al
7075-T6 and D7 tool-steel flyer plates over a range of impact velocities. From this data,
the details of the structure of the shock front, the Hugoniot elastic limit (HEL), EOS,
and the Hugoniot states for the S2-glass GRP were determined. In the second series
of experiments, both normal impact and combined compression-and-shear plate-
impact experiments with skew angles ranging from 12° to 20°, were conducted to
investigate the effects of normal compression and combined compression and shear
loading on the spall strength of the two different architectures of GRP composites —
S2-glass woven roving in Cycom 4102 polyester resin matrix and a 5-harness satin
weave E-glass in a Ciba epoxy (LY564) matrix. In the third series of experiments,
shock-reshock and shock-release plate-impact experiments were conducted to study
the residual shear strength of the S2-glass GRP following normal shock-compression
in the range 0.8-1.8 GPa.

In the following the results of the analytical analysis on elastic-elastic and elastic-
viscoelastic bilaminates and the aforementioned plate-impact experiments on the
GRP composites are presented.

2.2
Analytical Analysis

The objective of the proposed analytical analysis is to better understand wave
scattering and dispersion at bimaterial interfaces and the role of material inelasticity
in determining the structure of stress waves in heterogeneous material systems. To
keep the problem analytically tractable the heterogeneous material systems are
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modeled as elastic—elastic and elastic—viscoelastic bilaminates. Both wave-front and
late-time solutions for step-pulse loading on layered half-space are analyzed to
understand the effects of layer thickness, impedance mismatch, and material
inelasticity on the structure of acceleration waves in the bilaminates.

2.2.1
Wave Propagation in Elastic—Viscoelastic Bilaminates

Consider bilaminates consisting of elastic and viscoelastic layers of uniform thick-
ness and infinite lateral extent. The elastic layers occupy odd-numbered layers, that s,
n=1,3,5..., and the viscoelastic layers occupy even-numbered layers, that is,
n=2,4,6.... Consider the individual layers to be homogeneous and isotropic and
the layer thickness of both constituents to be the same, thatis, Ly = L, = 0.5 d, where
Ly and L, are the thickness of the elastic and viscoelastic layers, respectively, and d is
the total thickness of a typical bilaminate.

Let the laminates be subjected to a time-dependent normal stress loading, which is
applied uniformly over the plane x = 0 (see Figure 2.1). Under these conditions
longitudinal waves of one-dimensional strain propagate in the direction normal to
the laminates. We consider the case in which the applied loading has a step function
time dependence, thatis, 0 = —o, H(t), and seek asymptotic solutions for the wave at
the wave front and the waveform at late times.

For infinitesimal deformation, longitudinal waves propagating in the x-direction
are governed by the balance of linear momentum and continuity. For the elastic
layers, these equations can be written as

6u1 60’1 681 6u1

Qla(x, t)—a(x, t)=0 and §(x, t) = a(x, t) (2.1)

Figure 2.1 Schematic of the laminate used in the analytical analysis.
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For viscoelastic layers, the balance of linear momentum and the continuity
equations can be written as

6u2 80'2 - 682 _ aﬂ
QZE(XZ, t)fa(x7 t)=0 and g(x7 t) = o (x,¢) (2.2)

The constitutive equations for elastic and viscoelastic layers can be expressed as

t
o1(x%,t) = E&1(x,t) and oy(x,t) = J G(t—1)de;, respectively (2.3)

—00

In Egs. (2.1)-(2.3), 01 and o, are the longitudinal components of the stress in the
elastic and viscoelastic layers, u; and u, are the longitudinal components of the
particle velocities in the elastic and viscoelastic layers, ¢, and o, are the mass density
of the elastic and the viscoelastic layers, &; and ¢, are the longitudinal components of
the strain in the elastic and viscoelastic layers, and E and G(t) represent the elasticand
the viscoelastic modulus, respectively.

The relaxation function for the viscoelastic material behavior is to be described by
an exponential function of the following type:

G(t) = [G(0)—G(o0)]e /™ + G(0) (2.4)

where G(0) denotes the “glassy” modulus at t = 0, G(co) denotes the “rubbery”
modulus at t = oo, and 7 denotes the characteristic relaxation time.

We seeksolutionto Egs. (2.1)—(2.3) which satisfy zero stress and zero particle velocity
initial conditions, and boundary conditions given by ¢(0,t) = —oo H(t). Solutions to
such problems are obtained most conveniently by means of Laplace transform
methods in which the Laplace transform, f (x,s), of a function f (x, t) is defined by

Fles) = jf(x, e ds 25)
0

Application of the Laplace transform to Egs. (2.1)—(2.3) yields a system of four
algebraic equations in the transformed plane. For a fixed s, these equations represent
ODEs in which the coefficients are periodic functions of x with period d = L; + L.
These equations contain four complex constants associated with the solution for the
longitudinal component of stress. Two conditions on the four complex constants are
obtained by requiring that the particle velocity and stress be continuous across the
interface between the two adjacent layers comprising the bilaminate. The remaining
conditions are obtained by the application of Floquet theory for periodic struc-
tures [34]. According to Floquet’s theory, for such differential equations the solution
at an arbitrary position x is related to the solution at x—d by

W(x,s) = e“Ci(x—d, s) (2.6)

where W(x, s) represents the solution vector for the particle velocity and stress, and
u(s) is a characteristic parameter to be determined.
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The characteristic parameter u(s) in Eq. (2.6) can be obtained by solving the
transcendental equation

cosh u(s)d = cosh a4 (s)L; cosh ay(s)L; +

1 (@@l | el in s inh a, (s (2.7)
2(92a2(3)+91a1(5))5 h ay(s) Ly sinh a,(s)L,

where

ai(s) = \/52%, and ay(s) = Csii) (2.8)

Note that if u is a solution of Eq. (2.7) then —u is also a solution. By considering
wave propagation in the direction of increasing x, we can restrict our attention to
roots for which Reu(s) < 0, so that the solution remains bounded as x — co. This
requirement uniquely determines u, except for added integer multiples of 27ti that do
not affect the solution.

222
Solution at Wave Front: Elastic Precursor Decay

Let the longitudinal wave fronts propagate with speeds ¢, and ¢, in the elastic and the
viscoelastic layers, respectively. An average wave speed for the longitudinal wave
fronts can be defined as

d

CWape = ———————
Wave (Li/e1 + La/cy)

(2.9)

Atthe arrival of the longitudinal wave at x = x,,, where x, = (n/2)d is the distance
from x = 0 to the interface between the nth and the (n + 1)th layers, the stress is
given by

1,G'(0)]1) "2
0 (%, %, [Cw,,) = fao{exp [222 G((O))} } o—"/? (2.10)
where
1 1/0,6 Q1C1>
gl 1(@2 oa 211
2 4 (9101 0202 ( )

For the case of elastic—elastic bilaminates the argument of the exponential function
is zero and the right-hand side of Eq. (2.10) can be interpreted as an average
transmission coefficient for propagation of an elastic wave through a cell of length
d. The attenuation of the amplitude at the wave front is the decay primarily due to
successive elastic wave reflections. For the case of elastic—viscoelastic bilaminates,
the argument of the exponential function gives rise to additional attenuation due to
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Figure 2.2 Effect of material mismatch and the number of layers on the elastic precursor decay for
elastic—elastic bilaminates.

material inelasticity. The rate of decrease in stress is often so rapid that the stress at
the wave front can become negligibly small at remote positions.

Figure 2.2 shows the magnitude of the elastic precursor as a function of number of
layers and the impedance mismatch. A strong decay in the elastic precursor is
observed with an increase in the number of layers and the increase in impedance
mismatch.

Figure 2.3 shows the effect of viscoelasticity on the elastic precursor decay after
wave propagation through 10 layers. The stress at the wave front is normalized by the
amplitude of the corresponding elastic precursor for the case of elastic—elastic
bilaminates. The x-axis represents the ratio of the time taken for the longitudinal
wave to travel the thickness of a viscoelastic layer to the relaxation time constant for
the material. Itis to be noted that when the relaxation time is large and the viscoelastic
layer thickness, that is, L, is small, the effect of material inelasticity on elastic
precursor decay is small. Also, when the ratio between the instantaneous modulus
and the rubbery modulus, that is, y? = G(0)/G(oc0), is close to one the effect of
material inelasticity on the elastic precursor decay is negligible.

223
Late-Time Asymptotic Solution

At sufficiently late times after the arrival of the wave front, the stress at a remote
position is expected to reach a level o,, which corresponds to the applied stress
boundary condition at x = 0. The transition from the low-amplitude stress at the
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Figure 2.3 Effect of material inelasticity on the elastic precursor decay. The stress at the wave front
(y-axis) is normalized by the amplitude of the elastic precursor for the case of elastic—elastic
bilaminates.

wave front to this equilibrium state at late times can be characterized by obtaining the
late-time asymptotic solution to the integral

1 y +ico
o 1) = 50z J (%, 5) €ds (2.12)

y—ioco

The integral in Eq. (2.12) can be evaluated asymptotically for large ¢ by using the
method of steepest descent. To this end, it is convenient to introduce the small time
scale

0 =t—xn/crL, (2.13)

in which cp,, denotes the average wave speed at which the main parts of the
longitudinal disturbance propagates at late time and is given by

d

(Li/c1)* +(La/c2)* + (0161 /0,62) + (0202/9101))(L1/01)(Lz/Cz)}
(2.14)

Clove =

1/2

It should be noted that ¢;__ is equivalent to defining the phase velocity of an infinite
train of sinusoidal waves of zero frequency, that is, the long wavelength limit. It is
interesting to note that the speed of longitudinal disturbance at late times depends on
the impedance mismatch between the layers. For laminate architectures in which the
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Figure 2.4 The effect of impedance mismatch on the average wave speed ¢, at which the main
parts of the longitudinal disturbance propagate at late times.

impedance mismatch is close to one, the late-time dispersion wave and the elastic
precursor arrive at a particular location at the same time. However, for laminates in
which the impedance mismatch is large, ¢, is considerably less than cyw, . This
effect is shown graphically in Figure 2.4 for a selected number of material pairs.

Substituting Eq. (2.13) in Eq. (2.12), we can obtain an alternate form of the inverse
transform, that is,

I'+ico

(%, ) :% J ﬂds (2.15)
T-ico
where
g(s) = u(s)er,. (2.16)
and
h(s) = (s)er,, +s (2.17)

In order to evaluate the integral in Eq. (2.15) for t — oo, we employ the method of
steepest descent [35]. In view of this, it must be noted that the main contribution to
the integral is expected to arise from s = 0. Expanding h(s) about the saddle point
s = 0 gives

W), , H'(0)

T 30 (2.18)

gls) = —s+
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and

h(s) - h//(o) 52 N h///(o)

3
0 S (2.19)

In Egs. (2.18) and (2.19), h"(0) and k"' (0) are given by
w(0) = e ([Bopp oy - akz [0y (@2 (2.20)
a2\ [ 4 10y 4 0,6 ’

_ Cfavc L (L20, + Li0y)
at 403015

and

h!//(o)

{121,030, (I20,—2L10, )¢} + L} L203¢5

+ Lot (K Lot +3(1 422 =3y Loi’c) +3(1+ 20 =3y*) Lig,0,7°¢)

+61L10,016; (LT Lot —12y (v2 -1) Loy’ — 210,04 (L5 +67* (¥’ ~1)7°¢3) ) }
(2.21)

where, as before, y? is the ratio between the instantaneous modulus and the rubbery
modulus.

In view of Egs. (2.15)—(2.19), the integral in Eq. (2.15) along the path of steepest
descent I' can be written as

1 7{h”’(0)3+h(0 }6+{h’”0)3+h”(0) }t

o(.0) =3 | e ds

r

24 (1-0)508
ds (2.22)

Zm

1 05+ )L
j e
r

Substituting Eq. (2.13) in Eq. (2.22) and applying the transformation

6 )
S”an/qaw)w"(oﬂ W) (2.23)
yields
Aﬂ eBz+z
o(xn,t) =€ ZJ'ciJ 5 dz (2.24)
r.
In Eq. (2.24)

A= (=0 s + 5 oz ) (225)
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and

" 2 1/3
B= {(t—xn/CLave)—;[Z,,,(?g% (xn/CLm)} <W) (2.26)

The path of steepest descent I' approaches s=0 along the directions
arg(s) = —mn/3; itis indented to the right around the pole s = 0 and leaves the origin
along the direction arg(s) = nt/3. The contribution to the integral from the one-third
of a circle indentation around the origin is ¢ /3. Thus, the integral in Eq. (2.24) along
the steepest descent path becomes [36]

(3 £) = et E + J: Ah(B)dB} (2.27)

in which Ah(B) is the Airy Hardy function

1 Bz+2}
RJe dz (2.28)
T

Ah(B) =

After certain algebraic manipulations it can be shown that Eq. (2.12) can be expressed
as

= I(( 1)/
0(%y,t) = 0 e + > };_—:—— ! Bm“sm<3 (m+ 1)) (2.29)
where I'(m) is the gamma function and is defined as
I'(m) = It’"’le’tdt for m>0 (2.30)
0

For infinitesimal deformation, solutions for elastic precursor decay and late-time
dispersion, which satisfy zero stress and particle velocity initial conditions and
boundary conditions given by a step loading function in time, are summarized in
Figure 2.5. Upon impact of the laminate, a two-wave structure is obtained. The
leading elastic precursor propagates at a speed dictated by the average wave speed in
the two constituents given by cw, while the late-time dispersed front arrives ata speed

L. The late-time stress wave oscillates about a mean level dictated by the amplitude
of the input stress pulse.

Next, stress wave profiles obtained from the asymptotic solutions at the wave front
and the waveform at late times are presented. These simulations are designed to
illustrate the effect of impedance mismatch, distance of wave propagation, layer
thickness, that is, cell size, density of interfaces, and material inelasticity on the
amplitude of stress wave at the wave front and the dispersive characteristics of the
waveform at late times. The simulations are carried out for elastic—elastic bilaminates
comprising Ti-Fe and Mo-Fe material pairs, and elastic—viscoelastic bilaminates
comprising Al-PC material pair. The acoustic impedance mismatch for Ti-Fe
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Figure 2.5 The two wave structure obtained during impact of a typical elastic bilaminate.

and Mo-Ti bilaminates is 1.75 and 2.45, respectively. For the Al-PC bilaminates, the
acoustic impedance mismatch is 8.31. Three different layer thicknesses are evaluated
for Ti-Fe and Mo—Fe laminates: 0.75, 1.5, and 2.25 mm for total laminate thickness of
9mm. For the Al-PC laminates the simulations are presented for layer thickness of
0.125 mm with total laminate thicknesses 0f 0.5, 1.0, and 1.5 mm. The relaxation time
in Eq. (2.4) for PC is taken to be 7 =2 us. The ratio of the instantaneous modulus to
the rubbery modulus, that is, G(0)/G(c0), is taken to be 1.01. Table 2.1 gives the
physical properties of all the materials used in the simulations.

Figures 2.6 and 2.7 present the predictions of the wave profiles for elastic—elastic
bilaminates illustrating the effects of impedance mismatch on the wave-front and
late-time dispersion wave characteristics. Two different bilaminates are considered:
Fe-Ti bilaminates with an impedance mismatch of 1.75 and Mo-Ti bilaminates with
an impedance mismatch of 2.48. In each case, the thickness of the individual layers is

Table 2.1 Physical properties of the material layers employed in the simulations.

Layer material Elastic Density Longitudinal Acoustic
modulus (GPa) (g/cm?) wave speed (m/s) impedance
(GPa (mm/us))

Titanium (Ti) 120.2 4.5 6716 30.22
Iron (Fe) 211.4 7.87 5950 46.83
Molybdenum (Mo) 324.8 10.22 6250 63.88
Aluminum (Al) 70.6 2.7 6420 17.33

Polycarbonate (PC) 23 1.2 1832 2.20
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Figure 2.6 Effect of distance of propagation on the elastic precursor and late-time dispersion for
Fe—Ti laminates.

Figure 2.7 Effect of distance of propagation on the elastic precursor and late-time dispersion for
Mo-Ti laminates.
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0.75 mm. The abscissa represents the time after impact while the ordinate represents
the theoretical normal stress normalized by the amplitude of the input stress. The
stress profiles are shown at a propagation distance of 3, 6, and 9 mm. As discussed
earlier, for each laminate a two-wave structure is obtained. A leading wave front
(elastic precursor) that propagates at the speed cy, . and a late-time dispersion wave
propagating at the speed ¢ . For the case of Mo-Ti bilaminates a larger precursor
decay and a lower frequency of the late-time dispersive waves is observed. Also,
consistent with Egs. (2.9) and (2.14), the time difference between the arrival of the
leading wave-front and the late-time dispersive wave is much longer in the case of
Mo-Ti laminates when compared with the Fe-Ti laminates. It is also interesting to
note that for both cases the late-time dispersive waves show steady wave profiles with
increasing distance of propagation into the bilaminates.

Figure 2.8 shows the effect of the layer thickness on the elastic precursor decay and
late-time dispersion during propagation of stress waves in Ti—Fe laminates and the
results for three different layer thicknesses are as follows: 0.75, 1.5, and 2.25 mm. As
expected, the arrival of the elastic precursor at x,, = 9 mm occurs at the same time for
the three different laminate architectures. However, the laminates with largest layer
thickness, that is, 2.25 mm, shows the smallest elastic precursor decay, while the
laminate with the smallest layer thickness, that is, 0.75 mm, shows the highest
precursor decay. The late-time dispersive wave for the smallest layer thickness
laminates contain the highest frequency oscillations while the largest layer thickness
laminates contain the lowest frequency oscillations. Also, the rise-time associated

Figure 2.8 Effect of layer thickness on the elastic precursor and the late-time dispersion for Fe—Ti
laminates.
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Figure 2.9 Wave-front and late-time dispersion results for AI-PC bilaminates.

with the late-time dispersive wave decreases with layer thickness and an increase in
the density of interfaces (i.e., number of layers in a given laminate thickness).

Figure 2.9 shows the wave-front and the late-time solution for the Al-PC laminate
for x, =0.5, 1, and 1.5 mm. The impedance mismatch for the Al-PC material pair is
8.3. The thickness of each Al and PC layer is 0.125 mm. Due to the relatively high
impedance mismatch between the Al and PC layers, and also the viscoelasticity
associated with PC, a very strong elastic precursor decay is observed; so-much-so that
the elastic precursor is reduced to approximately zero as the stress wave propagates
only 0.5 mm into the laminate. This is seen more clearly from the insert in Figure 2.9,
which shows the early parts of the wave profiles for the three thicknesses. Also, it is
interesting to observe that the frequency of the oscillations in the late-time dispersive
wave solution is much smaller when compared to the lower impedance mismatch
Mo-Ti and Ti-Fe material pair laminates.

Figure 2.10 compares the late-time dispersion characteristics for several select
material pairs with different impedance mismatch laminates. Because of the
dependence of ¢r,,, on the impedance mismatch, the dispersion profiles have been
shifted in time so as to start at the same point in time. The late-time dispersion
profiles can be characterized by the rise time and the frequency of the oscillations
contained in the wave profiles. The rise times of the dispersion waves is observed to
increase with an increase in impedance mismatch, while the frequency of the
oscillations decreases with an increase in the impedance mismatch. Also, the
late-time dispersive wave oscillates about the mean level corresponding to the input
stress. The maximum amplitude of the late-time dispersion wave is 0.30,, and is
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Figure 2.10 Characteristics of late-time dispersion for select material pairs with different
impedance mismatch.

observed to be independent of the impedance mismatch of the elastic—elastic
laminates. Also, it is interesting to note the effect of material inelasticity on the
dispersion characteristics of the late-time wave profiles. With an increase in the ratio
between the instantaneous modulus to the rubbery modulus the rise time associated
with the late-time dispersive waves is observed to increase while the frequency of the
oscillations decreases.

23
Plate-Impact Experiments on GRPs

2.3.1
Material: Glass Fiber-Reinforced Polymer

Inthe present investigation, two different GRPs were investigated: (a) S2-glass woven
roving in Cycom 4102 polyester resin matrix and (b) a balanced 5-harness satin weave
E-glass in a Ciba epoxy (LY564) matrix. The S2-glass GRP was fabricated at the
Composites Development Branch, US Army Research Laboratory, Watertown, MA,
while the E-glass GRP was fabricated by the DRA Land Systems, Great Britain. The
S2-glass fibers (in which “S” stands for higher-strength glass fiber), are known to be
stronger and stiffer than the E-glass fiber reinforcement — they have a 40% higher
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tensile strength, 10-20% higher compressive strength, and much greater abrasion
resistance when compared to the E-glass fibers.

The S2-glass GRP specimens used in the present study were made from S2-glass
woven roving in CYCOM 4102 polyester resin matrix with a resin content of 32 £ 2%
by weight. The individual laminate plies were 0.68 mm in thickness. Composites of
the desired thickness were manufactured by stacking an appropriate number of plies
in a £90° sequence. The desired number of laminates was stacked between two steel
plates with release film. The stacked layers were then vacuum bagged and subjected
to the following heat cycle:

1) Initially heated to 339 + 4K for 45 min.

2) Temperature raised to 353 £ 2K for 2h.

3) Temperature raised to 398 &4 K and held for 2 h.
4) Cooled to 312 £12K at the rate of 7 K/min.

The curing cycle was initiated with a gradual temperature increase under vacuum
conditions so that the volatile gases including the water vapor can be driven off. Next,
the curing temperature was gradually increased to its maximum and held constant
for a couple of hours to develop a high degree of cross-linking, followed by application
of pressure to consolidate the laminate. The final density of S2-glass GRP was
1.959 & 0.043 kg/m?, while the longitudinal wave speed in the composite obtained
from phase velocities of ultrasonic waves was 3.2+0.1km/s in the thickness
direction [27]. The six independent elastic constants and elastic compliances of the
tetragonal symmetry stiffness matrix are shown in Table 2.2.

The stiffness matrix [C] is given by

Cnn Cip Cis 0 0 0

Ciy Cpn Cp 0 0 0

= C3 C3 Ci3 O 0 0
0 0 0 Cu O 0

0

0 0 0 0 Gss
0 0 0 0 0 Ces

where sz = C11, C23 = C13, and C55 = C44..
The E-glass laminates comprised of a balanced 5-harness satin weave E-glass with
Ciba epoxy (LY564) as the matrix. The resin content was 50% by volume. The

Table 2.2 Values of elastic constants and elastic compliances of the GRP.

Elastic constants GPa Elastic compliances 1072GPa’
Cip 31.55 S11 4.5039
Css 20.12 Sss 6.2074
Cysq 4.63 Sia 21.60
Coo 4.94 See 20.24
Ci, 15.86 S12 —1.8696

Cy3 9.75 S13 —1.2766
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Figure 2.11 SEM micrograph of the S2-glass fiber woven roving layer.

individual laminate plies were 1.37 mm in thickness. The composite was manufac-
tured by using the resin transfer molding process, in which an appropriate number of
plies were stacked in +-90° sequence to achieve the desired thickness. A low cure-time
and temperature was used to produce a reasonably tough matrix. The final density of
the E-glass GRP was 1.885 kg/m?, while the longitudinal wave speed in the composite
was 3.34km/s in the thickness direction.

Figures 2.11 and 2.12 show SEM micrographs of the S2-glass and the E-glass fiber
woven roving for the two GRPs, respectively. The E-glass GRP has a much smaller
fiberglass bundle size when compared to the S2-glass GRP. Each fiberglass bundle is
approximately 5mm in width for the S2-glass GRP, while it was approximately
1.25 mm for the E-glass GRP.

Figure 2.12 SEM micrograph of the 5-harness satin weave E-glass fiber woven roving layer.
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2.3.2
Plate-Impact Shock Compression Experiments: Experimental Configuration

The plate-impact shock compression experiments were conducted using the
82.5mm single-stage gas-gun in the Department of Mechanical and Aerospace
Engineering at Case Western Reserve University. The experiments involve the
normal impact of a flyer plate with the GRP target. The shock-induced compression
waves in the GRP are monitored at the free surface of the target by means of a
multibeam VALYN VISAR system. A COHERENT VERDI 5W solid-state diode-
pumped frequency doubled Nd:YVO, CW laser with wavelength of 532 nm is used to
provide a coherent monochromatic light source. The schematic of the plate-impact
experimental configuration is shown in Figure 2.13. A fiberglass projectile carrying
the flyer plate is accelerated down the gun barrel by means of compressed helium
gas. Rear-end of the projectile has sealing O-ring and a plastic (Teflon) key that slides
in a key-way inside the gun barrel to prevent any rotation of the projectile. In order to
reduce the possibility of an air cushion between the flyer and target plates, impact is
made to occur in a target chamber that has been evacuated to 50 um of Hg prior to
impact. A laser-based optical system, utilizing a UNIPHASE helium-neon 5 mW
laser (Model 1125p) and a high-frequency photodiode, is used to measure the
velocity of the projectile. To ensure the generation of plane waves, with wave front
sufficiently parallel to the impact face, the flyer and the target plates are aligned
carefully to be parallel to within 2 x 10> rad by using an optical alignment
scheme [5]. The actual tilt between the two plates is measured by recording the
times at which four, isolated, voltage-biased pins, that are flush with the surface of
the target plate, are shorted to ground. The acceptance level of the experiments is of
the order of 0.5 milrad.

82.5 mm Single-Stage Gas-Gun

0077

— > | ==

VISAR Probe

VI A i \
/ GRP Target
Fiberglass Projectile

Target Holder

Al 7075-T6/D7 Tool Steel Flyer

Figure 2.13 Schematic of the plate-impact shock compression experiments.
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Figure 2.14 Time-distance diagram for normal plate-impact shock compression experiments.

2.3.2.1 t-X Diagram (Time versus Distance) and S-V Diagram (Stress versus Velocity)
for Plate-Impact Shock Compression Experiments

The t—X diagram for normal plate-impact shock compression experiments on GRP is
shown in Figure 2.14. The abscissa represents the distance from impact surface;
while the ordinate represents the time after impact. Figure 2.15 shows the stress and
particle velocity diagram for the same experiment. The S-V diagram provides the
locus of all the stress and particle velocity states that can be attained during a typical
experiment. The abscissa represents the particle velocity in the target and the flyer
plates, while the ordinate represents the stress in the target and flyer. In order to avoid
the possibility of spall (delamination) of the GRP during the experiment, the release

A
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1]
(%]
o
£
3 0?‘?/
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<
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State (2) Particle Velocity
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Figure 2.15 Stress—velocity diagram for normal plate-impact shock compression experiments.
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waves from free surface of the flyer and the target plates should intersect within the
GRP target during the time duration of the experiment. In order to achieve this, the
thickness of the flyer plate is chosen such that the release wave from the free (back)
surface of the flyer plate arrives later than the time of the arrival of the release wave
from the free (back) surface of the target plate, that is, t; > t,.

233
Plate-Impact Spall Experiments: Experimental Configuration

In order to conduct the plate-impact spall experiments, a thinner metallic flyer plate
(A1 7075-T6) is impacted with a thicker GRP target plate at both normal and oblique
incidence. Figure 2.16 shows the schematic of the experimental configuration used
for the combined pressure-shear plate-impact spall experiments. For the case of the
normal plate-impact spall experiments, the skew angle of the flyer plate is zero. The
multibeam VALYN VISAR is also used to measure the history of the normal particle
velocity at the rear surface of the target plate.

2.3.3.1 t-X Diagram (Time versus Distance) and S-V Diagram (Stress versus Velocity)
for Plate-Impact Spall Experiments

A schematic of the time versus distance diagram (+-X diagram), which illustrates the
propagation of compression waves and tensile waves through the target and flyer
plates during the plate-impact spall experiments, is shown in Figure 2.17. The
abscissa represents the distance in the flyer and the target plates from the impact
surface while the ordinate represents the time after impact. The arrows indicate the
direction of wave propagation. Upon impact of the flyer and the target plates, two
compressive waves are generated. These waves propagate from the impact surface
into the flyer and the target plates with wave speeds that are characteristic of the flyer
and target plate materials. Since the flyer has a smaller thickness than the target and

82.5 mm Single-Stage Gas-Gun

7 7

—>

Fiberglass Projectile\ R
| b |
7
% % R
Obg
\ GRP Target

Target Holder

Al 7075-T6 Flyer

Figure 2.16 Schematic of the plate-impact spall experiments.
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Figure 2.17 Time-distance diagram showing the wave propagation in the flyer and the target
plates for plate-impact spall experiments. The spall plane occurs approximately in the middle of the
target plate.

the Al alloy flyer has a higher longitudinal wave speed (6.23 km/s) than that of the
GRP targets, the compressive wave in the flyer reflects as a release wave from its
free surface, part of which is transmitted into the GRP target plate. Similarly, the
compressive wave in the target reflects from its back surface as a rarefaction wave and
interacts with the release wave from the flyer to generate a state of tensile stress ata
predetermined plane in the target (represented as State (7) in the target). If the
amplitude of the tensile wave is large enough, the GRP target will undergo spall
failure. Since the spall failure is associated with the creation of a free surface, the
tensile stress wave is reflected back from this surface as a compression wave, as
shown in Figure 2.17.

Figure 2.18 shows the details of the locus of the stress and particle velocity states
that can be attained during a typical plate-impact spall experiment. The abscissa
represents the particle velocity in the target and the flyer plates, while the ordinate
represents the stress in the target and flyer plates. For the case in which the spall
strength is larger than the tensile strength, the stress and particle velocity in the
GRP moves along the dashed lines from State (5) to the no-spall state denoted by
State (7). However, if the tensile stress is greater than the spall strength of the GRP
(0span indicated by the short dashed lines), the GRP will spall and the tensile stress
in State (7) will unload to the stress-free state denoted by State (7’). The compressive
“end of spall” wave from State (7') arrives at the free surface of the GRP and brings
the free surface particle velocity to State (10), which is the same as that in State (6)
and also in State (7). The free surface particle velocity in States (6), (7'), and (10), is
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Figure 2.18 Stress—velocity diagram showing the loci of all the stress and particle velocity states
that can be achieved in a typical plate-impact spall experiment.

referred to as V., and the corresponding free surface particle velocity in State (8)
is referred to as Vinin. Vinax and Vi, can be used to determine the spall strength in
the GRP.

23.4
Shock—Reshock and Shock—Release Experiments: Experimental Configuration

Figure 2.19 shows the schematic of the experimental configuration used for shock—
reshock and shock-release experiments. In these experiments, a dual flyer plate
assembly was used. The shock-reshock experiments were conducted by using a
projectile faced with a GRP plate and backed by a relatively high shock impedance
Al 6061-T6 plate; for the shock-release experiments, the GRP was backed by a

82.5 mm Single-Stage Gas-Gun

V PMMA Window
L

Higher/Lower Impedance /

Plate T E

VISAR Probe

%

/ GRP Target
Fiberglass Projectile GRP Flyer

Target Holder

Figure 2.19 Schematic of the shock-reshock and shock-release experiments.
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relatively lower impedance PMMA plate. The target comprises a disk machined
from the GRP under investigation, which is backed by a PMMA window to prevent
spall. The PMMA disk is of optical quality and is lapped and polished to a flat
structure within a few bands of sodium light. Prior to gluing the PMMA window to
the GRP disk, the bonding surface of the PMMA is lapped and coated with
approximately 100nm thick aluminum layer by vapor deposition to make it a
diffusively reflecting surface. The VISAR probe is then focused on the diffuse
interface and used for monitoring the shock-wave profile at the GRP/window
interface.

2.3.4.1 t-X Diagram (Time versus Distance) for Shock—Reshock and Shock—Release
Experiments

A schematic of the time versus distance diagram (—X diagram), which illustrates
the propagation of shock waves through the target and flyer plates during the
shock-reshock and shock-release experiments, is shown in Figure 2.20.
The abscissa represents the distance in the flyer and the target plates from the
impact surface while the ordinate represents the time after impact. The arrows
indicate the direction of wave propagation. The initial shock in the flyer reflects
from the GRP/AlI6061-T6 or GRP/PMMA interface as a reshock or release wave
(which converts the material stress state from State (3) to (4)), as shown in
Figure 2.20, and then propagates toward the GRP/PMMA window interface. As
indicated in the t-X diagram, the GRP is shock loaded to State (3), reshocked or
released to State (4), which are recorded as States (5) and (7) at the GRP/PMMA
window interface.

Time

Flyer Backing Plate pjyer Target Target Backing Plate
Al 6061-T6/PMMA| GRP GRP PMMA
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State 4 State 5
PMMA \\
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Figure 2.20 Time-distance diagram for shock-reshock and shock-release experiments.

41



42

2 Shock and Impact Response of Glass Fiber-Reinforced Polymer Composites

Figure 2.21 Photograph of a typical target assembly showing the GRP specimen, the aluminum
ring holder, the tilt, and trigger wires.

24
Target Assembly

In all experiments, the A17075-T6 and D7 tool-steel flyer plates were 3 in. in diameter,
while the GRP plates were 54 x 54mm?”. A typical target holder with the GRP
specimen is shown in Figure 2.21. The target holder is made of aluminum. Besides
being useful in holding and aligning the target, the target holder also provides the
ground for the trigger and the tilt measurement systems. One ground pin and four
trigger pins are mounted near the periphery of the GRP specimen. The GRP
specimen, the ground, and the trigger pins are all glued in place by epoxy and
lapped flush with the impact surface, shown facedown in Figure 2.21. In all the
experiments conducted in the present study, a thin (60-125 nm) aluminum coating is
applied to either the rear surface of the GRP specimen or the interface between the
GRP target plate and the PMMA window plate so as to facilitate laser-based
diagnostics using the multibeam VALYN VISAR.

25
Experimental Results and Discussion

2.5.1
Plate-Impact Shock Compression Experiments

In the present study, a series of plate-impact experiments were conducted to better
understand the structure of shock waves in the S2-glass GRP under normal shock
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Table 2.3 Summary of plate-impact shock compression experiments of the S2-glass GRP.

Experiment Flyer Impact Target Free surface Shock wave
No. material velocity thickness particle arrival
(m/s) (mm) velocity (m/s) time (us)

LT25 AL7075-T6 184.29 6.88 276.54 2.347
LT27 AL7075-T6 187.65 20.2 277.46 6.317
LT28 AL7075-T6 183.98 2.94 286.18 1.078
LT29 AL7075-T6 191.49 12.37 284.97 3.597
LT30 AL7075-T6 111.69 6.75 171.12 2.155
[T31 AL7075-T6 312.70 6.55 456.26 1.952
LT32 AL7075-T6 113.71 19.35 165.80 5.970
LT33 AL7075-T6 312.72 19.25 437.98 5.669
LT35 AL7075-T6 52.5 13.35 76.99 4.454
LT36 AL7075-T6 439 12.95 65.85 4.136
LT37 AL7075-T6 39.13 13.07 56.58 4.155
LT38 AL7075-T6 85 13.23 12.47 4.817
LT40 AL7075-T6 108.1 13.10 155.31 3.774
LT41 AL7075-T6 212.38 13.59 307.92 4.247
LT42 AL7075-T6 104.7 13.46 150.82 4.228
LT43 AL7075-T6 42.36 13.51 59.97 4.707
LT44 AL7075-T6 68.96 13.26 99.91 4.063
LT45 AL7075-T6 47.36 13.61 71.38 4.449
LT46 D7 tool-steel 329.13 6.95 575.34 2.060
LT47 D7 tool-steel 367.88 6.8 661.98 1.897
LT48 D7 tool-steel 417.96 6.76 807.16 1.978
LT49 D7 tool-steel 416.96 6.85 780.61 1.958
LT50 AL7075-T6 188.17 13.20 265.51 3.983
LT51 AL7075-T6 172.76 13.25 257.83 3.942
LT52 AL7075-T6 138.86 13.16 195.98 4.101
LT53 AL7075-T6 133.23 13.23 207.47 4.306
LT54 AL7075-T6 140.64 12.99 219.51 3.938
LT55 AL7075-T6 82.86 13.23 114.13 4.453
LT56 AL7075-T6 75.75 13.21 105.89 4.449
LT57 AL7075-T6 59.98 13.42 85.65 4.162
LT58 AL7075-T6 43.48 13.18 61.52 4.244
LT59 AL7075-T6 31.95 13.27 45.10 4.797
LT60 AL7075-T6 48.41 13.67 70.26 4.981
LT61 AL7075-T6 68.17 13.56 95.97 4.510

compression. Four different thicknesses of S2-glass GRP specimens (i.e., 3,7, 13.5,
and 20 mm) were utilized for characterization. In the experiments, the amplitude of
the shock compression was varied from 0.03 to 2.6 GPa. The results of these
experiments are analyzed to understand the structure of the shock waves in the
GRP as a function of impact velocity and the distance of shock wave propagation.
Moreover, the experimental shock data is analyzed to estimate the EOS (shock
velocity versus particle velocity), the loci of Hugoniot stress versus Hugoniot strain
and the Hugoniot elastic limit. Table 2.3 details the flyer material, impact velocity,



44

2 Shock and Impact Response of Glass Fiber-Reinforced Polymer Composites

GRP target thickness, free surface particle velocity, and shock wave arrival time for
each experiment.

2.5.1.1 Structure of Shock Waves in the GRP

From the results of the plate-impact shock compression experiments, the structure of
the shock waves in the GRP are obtained at stress levels in the range 0.03-2.6 GPa.
In order to establish the relationship between the structure of shock waves in the
S2-glass GRP and distance of shock wave propagation, the experiments on GRP
targets with nearly the same impact stress were employed. Figure 2.22 shows the free-
surface particle velocity versus time profiles obtained from the four plate-impact
experiments with different thickness target plates. In these experiments the ampli-
tudes of shock compression were 865, 824, 874, and 842 MPa, respectively. A distinct
knee in the velocity—time profile is observed during the rise-time of the particle
velocity profiles in each of the four experiments. The slope of the velocity-time
profiles after this knee decreases with the thickness of the GRP target, that is, with
distance of wave propagation. The stress level at which this slope change occurs
decreases with increasing GRP thickness. This phenomenon is similar to the elastic-
precursor decay observed in elastic—viscoplastic materials, and in the case of the
S2-glass-reinforced polymer composites is understood to be due to a result of both

Figure 2.22 Free surface particle velocity profiles obtained from the four plate-impact shock
compression experiments conducted on different thickness GRP target plates under nearly the same
impact loading conditions.
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Figure 2.23 Free surface velocity profiles during five different shock loading on approximately
7 mm S2-glass GRP specimens and the dashed lines represent the elastic estimate level.

material and geometric dispersion of the shock wave. The effect becomes more
prominent as the thickness of the GRP target increases. Following the knee, the
shock wave is observed to rise to an equilibrium plateau level. It is interesting to note
that the stress levels at equilibrium are nearly the same in all the four experiments.
The equilibrium level is observed to drop for the thickest GRP specimen, that is,
experiment LT27, at around 7.8 us; however, the time corresponding to the drop in
particle velocity coincides with the arrival of the release waves from the lateral
boundary of the target plate.

The free-surface particle velocity profiles in GRP targets with nearly the same
thickness were also used to establish the relationship between the shock stress and
the structure of shock waves in the GRP. Figure 2.23 shows the free surface velocity
profiles at five different levels of shock stress for approximately 7 mm thick GRP
specimens. The abscissa represents the time after the arrival of the shock waves at the
free surface of the target plate and the ordinate represents the free surface particle
velocity. Experiments IT30, L'T25, and LT31 were shock loaded to 519, 824, and
1461 MPa, respectively, using 7075-T6 aluminum flyer plates. Experiments LT47 and
L'T48 were shock loaded to 2022 and 2611 MPa, respectively, using D7 tool-steel flyer
plates. It should be noted that in experiments with impact stresses less than 1.5 GPa
the shock front is not observed, while in experiments with impact stresses greater
than 2.0 GPa the presence of shock front is clearly evident. Moreover, the slope of
wave front increases with the increasing impact stress. Barker et al. [9] proposed the
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idea of “critical amplitude,” which represents the specific shock stress for a clear
shock front to appear during shock loading for a variety of materials of interest. In this
regards, the critical stress amplitude for the S2-glass GRP is estimated to be between
1.5 and 2.0 GPa.

In the results presented in Section 2.2, the late-time shock-wave profiles for the
elastic—elastic bilaminates were determined to be oscillatory with the frequency of
oscillations related to the density of interfaces. However, this oscillatory behavior is
not observed in the shock experiments on S2-glass GRPs conducted in the present
study, as seen in Figure 2.23. Some oscillations can be observed in the shock profile
for shot LT30, but for all other experiments the late-time shock-wave profiles are
relatively flat. The absence of the oscillatory behavior in the free surface velocity
profiles is perhaps due to the development of a complex wave interference pattern
within the composites due to the impedance mismatch between the S2-glass fiber
reinforcement and the polymer matrix, and also the inelasticity of the polymer
interlayer that tends to increase the wave dispersion and hence the rise time of the
wave profiles. Also, in agreement with the analysis presented for the case of elastic—
viscoelastic bilaminates, the elastic precursor is not observed in the shock profiles of
the S2-glass GRP.

In Figure 2.23, the black circular markers indicate the position at which the slope of
the particle velocity profiles changes during the rise-time. It should be noted that
these markers do not indicate the Hugoniot elastic limit of the composites, and the
origin of the change of slope at the black markers is likely due to the viscoelastic
response of the polymer layers. Moreover, because of the layered architecture of the
composite and the inelasticity of polymer matrix, the shock waves do not develop a
sharp fronted wave. Rather, the wave profiles gradually approach the equilibrium
level — like in experiments T30, LT31, and LT48; or overshoot the equilibrium level
and then settle down to the equilibrium level — like in experiments LT25 and LT47.
According to Sve [8], whether the wave fronts approach the equilibrium level
gradually or overshoot the equilibrium level depends on the relative importance of
two competing attenuation mechanisms. When the inelasticity in polymer layers is
the dominant factor the shock front approaches the equilibrium level gradually;
otherwise, when the layered structure is the dominant factor the shock front over-
shoots the equilibrium level.

Figure 2.24 shows the free-surface particle velocity profiles from select experi-
ments conducted at the different impact velocities on 13 mm thick S2-glass GRP
specimens. The dashed lines indicate the elastic prediction for the experiments
assuming the flyer plate and the GRP to remain elastic. The change in slope of wave
front with increasing shock compression is quite evident. Moreover, the oscillatory
nature of the shock-wave profile can be clearly observed in the experiments. Besides
the experiment with the lowest compression stress, that is, shot [T38, the experi-
ments shown in Figure 2.24 can be categorized into three main groups based on the
level of the shock stress imparted to the composite: experiments with shock stresses
below 350 MPa, shock stress between 350 and 700 MPa, and shock stresses above
700 MPa and less than 1 GPa. The particle velocity versus time profiles for these
experiments are shown in Figures 2.25, 2.26 and 2.27, respectively. None of the
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Figure 2.24 Selective free surface velocity profiles for approximately 13 mm S2-glass GRP
specimens under different levels of shock compression loading. The dashed lines represent the
elastic estimate levels.

Figure 2.25 Free surface velocity profiles for 13 mm S2-glass GRP specimens at the low stress
range.
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Figure 2.26 Free surface velocity profiles for 13 mm S2-glass GRP specimens at the medium
stress range.

Figure 2.27 Surface velocity profiles for 13 mm thick S2-glass GRP specimens in the high stress
range.
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experiments show a clear shock front; however, the change in slope of the wave front
with increasing impact stress is quite evident. Besides the increase in slope at the
wave front, the difference in the number of oscillations in the late-time particle
velocity versus time profiles for the three impact velocity regimes is quite evident.
From Figure 2.25, it can be seen that the oscillations in the wave profiles have an
amplitude between 7 and 10% of the equilibrium level. From Figure 2.26, it can be
seen that the oscillations in the wave profiles were about 5-8% of the equilibrium
level, while from Figure 2.27 the oscillations in the wave profiles are seen to be about
3% of the equilibrium level.

Thus, in summary, shock wave attenuation with increasing distance of shock wave
propagation (target thickness) was not observed in the S2-glass GRP. The results of
the present experiment indicate that with increasing levels of shock compression the
slope of shock front increases continuously. Also, the amplitude of the oscillations in
the wave profiles decreases with increasing levels of shock compression. In this
regards, it could be argued that at the lower impact stresses the layered structure
dominates the late-time wave profiles; however, at higher impact stresses the
inelasticity of constituent materials dominate the S2-glass GRPs shock response.

2.5.1.2 Equation of State (Shock Velocity versus Particle Velocity) for S2-Glass GRP
The Rankine-Hugoniot conservation equations for shock waves in solids are derived
under the assumption of a hydrodynamic state of stress within a solid. These
equations, also referred to as the conservation of mass, momentum, and energy
relations, represent three equations that relate the five variables: pressure (P), particle
velocity (up), shock velocity (Us), density (o), and energy (E). Hence, an additional
equation is needed to determine all parameters as a function of one of them [37]. This
fourth equation, which can be conveniently expressed as the relationship between
shock and particle velocities, has to be experimentally determined.

This relationship between shock velocity (Us) and particle velocity (up) can be
described by a polynomial equation of the form

Us = Co+ Sitp + Spub+ .. (2.31)

where S; are experimental determined parameters and Cj is the sound velocity in the
material at zero pressure. For most materials, the equation of state can be approx-
imated as a linear relationship between the shock velocity and the particle velocity (U
Versus up) given by

Us = Co + Su, (2.32)

where S is an empirical constant determined experimentally. It is important to note
that if there is porosity or phase transitions in the material, or if material undergoes
large elastic—plastic deformations the linear EOS is no longer applicable and has to be
modified [38].

Figure 2.28 shows the shock velocity versus particle velocity data obtained from the
present plate-impact experiments on the GRP specimens. The shock velocity was
estimated from the thickness of the GRP specimens and the shock wave arrival times.
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Figure 2.28 Shock velocity versus particle velocity of the S2-glass GRP for present work. The effect
of tilt to shock velocity during impact is quite clear especially at lower impact velocity.

In Figure 2.28, the abscissa represents the particle velocity while the ordinate
represents the shock velocity. The unfilled circles represent the data points before
taking experiments’ tilt data into consideration in the calculation of the shock velocity
while the black squares represent the data points after the tilt adjustments have been
applied. The effect of tilt on the shock velocity calculations is quite evident, especially
at lower impact velocities where the tilt time measurements can be relatively larger.
The linear fit for the EOS for the GRP under investigation in the present study is
determined to be

s = 3.224+0.960u, (2.33)

Figure 2.29 shows the EOS data obtained for the S2-glass GRP from the present
experiments and from Ref. [30]. It also shows the EOS data for the GRP constituent
materials, that is, the S2-glass and polyester [39, 40]. The combined data show that
when the shock stresses are below 3 GPa, the EOS is essentially linear and lies
between the EOS of S2-glass and the polyester materials. However, the slope of the
shock velocity versus particle velocity line obtained in the present study is not as steep
as that obtained by Dandekar et al. [30] at higher levels of shock compression.
Moreover, the slope of the EOS for the S2-glass GRP is smaller than that of the EOS
for the two constituents, thatis, the S2-glass and polyester. This is probably because in
monolithic materials, that is, in S2-glass and polyester, there are much fewer defects
(e.g., voids, complex polymer/glass interfaces) when compared to those in the GRP.
Hence, during shock compression of the S2-glass GRP, as the impact stress levels are



2.5 Experimental Results and Discussion

Figure 2.29 Shock velocity versus particle velocity for the S2-glass GRP and its component
materials: S2-glass and polyester.

increased the composite is not able to carry the same level of shock stress when
compared to its constituents — the S2-glass or polyester.

In order to estimate the EOS for the S2-glass GRP over a larger range of shock
stress range, the data from Ref. [30] were combined with the data obtained in the
present study. This combined data is shown in Figure 2.30. Linear fit of the three sets
of experimental data show that the shock velocity versus the particle velocity
relationship in S2-glass GRP in the shock compression range 0.04-20 GPa, and
can be described by

Us = 3.228 4 0.996u, (2.34)

In Eq. (2.34), Cp = 3.228 km/s, which is close to the ultrasonic wave-velocity
measurement of 3.21 4 0.012 km/s in the S2-glass GRP by Dandekar et al. [27]
along the impact direction. The shock velocities, particle velocities, and tilt time data
from the present study are provided in Table 2.4.

2.5.1.3 Hugoniot Stress versus Hugoniot Strain (Hugoniot)

From the Rankine-Hugoniot conservation relations, the relationship between stress
and strain immediately behind wave front can be established. This stress versus
strain relationship is generally referred to as the Rankine-Hugoniot equation, or
simply as the “Hugoniot” [38]. For this reason, the stress and strain immediately
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Figure 2.30 Shock velocity versus particle velocity for the S2-glass GRP composites.

behind shock wave front are also referred to as the Hugoniot stress and Hugoniot
strain.

A “Hugoniot” isthelocusofallthe shock statesinamaterialand essentially describes
the shock response of a material. As mentioned in previous section, the Hugoniot of a
material canbe determined aslongasits equation of stateis known. From the Rankine—
Hugoniot conservation relationships, it can be shown that the Hugoniot stress, oy,
can be determined from shock velocity Us and particle velocity u,, as

OH = Qo Us”'p (235)

Also, the Hugoniot strain, &y, can be expressed as

ey =1-20 (2.36)
0

Using the Rankine-Hugoniot conservation of mass, the relationship between mass
density, shock velocity, and particle velocity can be expressed as

0/ = (Us—up)/ Us (2.37)

Using Egs. (2.36) and (2.37) the Hugoniot strain, ey, can be determined from shock
velocity and particle velocity as

) (2.38)
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Table 2.4 Shock velocity versus particle velocity data for S2-glass GRP from the present study.

Experiment Free surface Calculated shock Impact tilt Adjusted shock
No. particle velocity velocity (km/s) time (ns) velocity (km/s)
(m/s)
LT25 276.54 3.237 184.29 3.237
LT27 277.46 3.283 187.65 3.283
IT28 286.18 3.090 183.98 3.090
LT29 284.97 3.539 191.49 3.539
LT30 171.12 3.285 111.69 3.285
LT31 456.26 3.509 312.70 3.509
[T32 165.80 3.341 113.71 3.341
LT33 437.98 3.430 312.72 3.430
LT35 76.99 3.129 52.5 3.129
LT36 65.85 3.358 439 3.358
LT37 56.58 3.339 39.13 3.340
LT38 12.47 3.086 8.5 3.086
LT40 155.31 3.489 108.1 3.489
[T41 307.92 3.327 212.38 3.327
LT42 150.82 3.327 104.7 3.327
LT44 99.91 3.364 68.96 3.364
LT45 71.38 3.331 47.36 3.331
LT46 575.34 3.663 329.13 3.663
LT47 650.28 3.585 367.88 3.602
LT48 679.69 3.453 417.96 3.467
LT49 724.65 3.465 416.96 3.480
LT50 265.51 3.395 188.17 3.395
LT51 257.83 3.385 172.76 3.385
LT52 195.98 3.283 138.86 3.283
LT53 207.47 3.252 133.23 3.252
LT54 219.51 3.341 140.64 3.341
LT55 114.13 3.389 82.86 3.389
LT56 105.89 3.242 75.75 3.242
LT57 85.65 3.386 59.98 3.386
LT58 61.52 3.212 43.48 3.212
LT59 45.10 3.091 31.95 3.091
LT60 70.26 3.207 48.41 3.207
LT61 95.97 3.244 68.17 3.244

The Hugoniot stress and Hugoniot strain values, obtained from the measured
shock and particle velocities and using Egs. (2.35) and (2.38), are shown in Table 2.5
for the experimental data in Refs [27, 30] and in Table 2.6 for the data obtained from
the experiments conducted in the present study.

Combining Egs. (2.35), (2.38), and the EOS, the relationship between oy and ey
can be expressed in terms of the sound velocity at zero pressure Cy, and the empirical
constant S, as

00 Coen

1sen)? (2.39)

Oy =
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Table 2.5 Calculated Hugoniot stress and Hugoniot strain for experimental data on S2-glass GRP
from Refs [27, 30].

Experiment No. Particle Shock Hugoniot Hugoniot
velocity (km/s) velocity (km/s) stress (GPa) strain (%)

Dandekar et al. [30] at Sandia National Laboratories

GRP-2 0.685 3.48 4.670 19.684
GRP-3 1.08 4.35 9.203 24.828
GRP-4 1.40 4.60 12.616 30.435
GRP-5 1.69 4.87 16.123 34.702
GRP-6 1.99 5.26 20.506 37.833
Dandekar et al. [27] at Army Research Laboratory

448-1 0.211 3.24 1.403 6.821
438-1 0.395 4.01 3.103 9.850
503-1 0.5168 4.08 4.131 12.667
513 0.4695 3.70 3.403 12.690

The Hugoniot stress and strain states obtained from using data from the present
experiments and Egs. (2.35) and (2.38), are shown in Figure 2.31. The dashed line
represents the linear fit to the Hugoniot stress versus Hugoniot strain data, while the
solid line represents the relationship between Hugoniot stress and Hugoniot strain
calculated using Eq. (2.39) and the EOS determined from Eq. (2.34) in the previous
section. The concave-up shape of Hugoniot curve is more evident in Figure 2.32,
which includes shock data in the highest stress range from Refs [1, 27, 30, 52].
Although the data shows good agreement with the linear fit at lower stress levels, the
Hugoniot stress versus strain curve describes the experimental data more accurately
over the entire range of stress.

2.5.1.4 Hugoniot Stress versus Particle Velocity
By utilizing the Rankine-Hugoniot relationship (2.35) and the EOS, the relationship
between Hugoniot stress and particle velocity can be written as:

ou = 0o(Co + Sup)up (2.40)

This relationship can be determined as long as the sound velocity at zero stress Co,
and the empirical constant S, in the EOS are known. Figure 2.33 shows the Hugoniot
stress versus particle velocity data from all the S2-glass GRP experiments conducted
in the present study, and from Refs [27, 30]. The solid line represents the calculated
Hugoniot stress versus particle velocity curve obtained using Eq. (2.40), while the
dashed line represents the elastic prediction for the stress and particle velocity based
on the elastic acoustic impedance of the GRP. The acoustic impedance was calculated
from the sound velocity at zero stress multiplied the initial density of GRP [30]. As
predicted, the Hugoniot stress versus particle velocity curve obtained by using
Eq. (2.40) conforms well to the various data sets and has the regular concave-up
profile. The dashed-line was drawn to identify the elastic limit in GRP under the
shock loading conditions. Based on their experimental results, Dandekar et al. [30]
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Table2.6 Hugoniot stress and Hugoniot strain data for S2-glass GRP experiments conducted in the
present study.

Experiment No. Hugoniot stress (GPa) Hugoniot strain (%)
LT25 0.877 4.272
LT27 0.892 4.226
LT28 0.866 4.631
LT29 0.988 4.026
LT30 0.551 2.260
LT31 1.568 6.501
LT32 0.543 2.481
LT33 1.471 6.385
LT35 0.236 1.230
LT36 0.217 0.981
LT37 0.185 0.847
LT38 0.038 0.202
LT40 0.531 2.226
LT41 1.003 4.628
LT42 0.491 2.267
LT44 0.329 1.485
LT45 0.233 1.072
LT46 2.064 7.854
LT47 2.294 9.027
LT48 2.308 9.802
LT49 2.470 10.412
LT50 0.883 3.911
LT51 0.855 3.808
LT52 0.630 2.984
LT53 0.661 3.190
LT54 0.718 3.285
LT55 0.379 1.684
LT56 0.336 1.633
LT57 0.284 1.265
LT58 0.194 0.958
LT59 0.137 0.730
LT60 0.221 1.095
LT61 0.305 1.479

estimated the HEL for S2-glass GRP to lie between 1.3 to 3.1 GPa. The reason for the
estimate can be better understood from Figure 2.34. It shows the data points from
zero to 1 km/s particle velocity, and thus provides a better look at the data points in the
lower stress range. The dashed line represents the elastic relationship between stress
and particle velocity based on the acoustic impedance of GRP before impact, while
the solid line represents the calculated Hugoniot stress versus particle velocity curve.
Because Dandekar et al. [30] show a data point at 1.3 GPa, which is consistent with the
elastic estimate, and also a data point above 3.1 GPa that is considerably higher than
the elastic estimate, it is reasonable to assume that HEL for the GRP lies somewhere
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Figure 2.31 Hugoniot stress versus strain of S2-glass GRP in the present study. The linear fit
indicates that the Hugoniot stress versus strain follows a linear relationship in the test range.

Figure 2.32 Hugoniotstress versus strain for S2-glass GRP composites with linear and third-order
polynomial fit.
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Figure 2.33 Hugoniot stress versus particle-velocity data of the S2-glass GRP.

Figure 2.34 Hugoniot stress versus particle velocity data of the S2-glass GRP. Only particle
velocity data below 1km/s are shown here to have a better look of the data for the low stress range.
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in between 1.3 and 3.1 GPa. Combining experimental data from the present research
with that of Dandekar et al. [30], the HEL can be identified as the deviation of the
elastic estimate (dashed line) with the Hugoniot stress versus particle velocity curve,
and is estimated to be approximately 1.6 GPa for the S2-glass GRP.

2.5.2
Plate-Impact Spall Experiments

In the present study, results of a series of plate-impact experiments designed to study
spall strength in glass fiber-reinforced polymer composites are presented. Two GRP
architectures are investigated — S2-glass woven roving in Cycom 4102 polyester resin
matrix and a balanced 5-harness satin weave E-glass in a Ciba epoxy (LY564) matrix.
The spall strengths in these two composites were obtained as a function of the normal
component of impact stress and the applied shear strain by subjecting the GRP
specimens to shock-compression and combined shock compression and shear
loading. The results were used to develop a failure surface for the two composites.

Table 2.7 provides a summary of all the experiments conducted on the S2-glass
GRP in the present study. It shows the experiment no., the flyer and the target plate
materials, the thickness of the flyer and target plates, the impact velocity, and the skew
angle of impact. In this series of experiments, the impact velocity was varied from 8.5
to 138.8 m/s. In the case of the combined pressure and shear plate-impact experi-
ments, skew angles of 12°, 15°, and 20° were utilized. Table 2.8 shows the

Table 2.7 Summary of all the normal plate-impact and the pressure—shear plate-impact
experiments conducted to obtain the spall strength of S2-glass GRP.

Experiment No. Flyer thickness: Target thickness: Impact Skew
Al 7075-T6 (mm) S2-glass GRP (mm) velocity (m/s) angle (°)

LT38 13.59 12.95 8.5 0
LT39 13.59 12.95 38.1 0
LT37 13.59 12.95 39.1 0
LT36 13.59 12.95 439 0
LT40 13.59 12.95 108.1 0
LT53 13.59 12.95 133.2 0
LT52 13.59 12.95 138.8 0
LT60 13.59 12.95 48.4 12
LT57 13.59 12.95 59.9 12
LT61 13.59 12.95 68.1 12
LT56 13.59 12.95 75.7 12
LT43 13.59 12.95 42.3 15
LT58 13.59 12.95 434 15
LT55 13.59 12.95 82.8 15
LT42 13.59 12.95 104.7 15
LT59 13.59 12.95 319 20
LT45 13.59 12.95 47.3 20

LT44 13.59 12.95 68.9 20
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Table 2.8 Summary of all the normal plate-impact and the pressure—shear plate-impact
experiments conducted to obtain the spall strength of E-glass GRP.

Experiment No. Flyer thickness: Target thickness: Impact Skew
Al 7075-T6 (mm) E-glass GRP (mm) velocity (m/s) angle (°)

FY06001 12.5 10.34 71 0
FY06002 12.5 10.34 141 0
FY06003 12.5 10.34 199.8 0
FY06004 12.5 10.34 300.1 0
FY06005 12.5 10.34 448.8 0
FY06007 12.5 10.34 113.6 12
FY06006 12.5 10.34 213.3 12
FY06008 12.5 10.34 128.1 15
FY06009 12.5 10.34 177.2 15
FY06010 12.5 10.34 180.2 20

corresponding experiments on the E-glass GRP. In this series of experiments,
the impact velocity was varied from 71 to 448.8 m/s. Moreover, as for the case of
the S2-glass GRP, skew angles of 12°, 15°, and 20° were utilized.

2.5.2.1 Determination of Spall Strength

Figure 2.35 shows the measured free-surface particle velocity and the t—X diagram for
a typical plate-impact spall experiment, FY06001, on the E-glass GRP. The abscissa
represents the time after impact while the ordinate represents the free surface
particle velocity measured at the rear surface of the GRP target plate. At time T1,
when the compression wave arrives at the free surface of the GRP plate, the free
surface particle velocity rises to the level V,,,,, which is consistent with the Hugoniot
stress and particle velocity state corresponding to the impact velocity used in the
experiment. At time T2, the release waves from the back of the target and the flyer
plates intersect at the middle of the GRP plate; the corresponding “unloading tensile
wave” and the “end of spall compressive wave” propagate and arrive at the free surface
of the GRP plate at times T3 and T4, respectively. At time T3, the free surface particle
velocity in the GRP plate starts to decrease and reaches a level V,,;,, at the time T4,
before recovering to its Hugoniot state level of V,,,,. This initial decrease followed by
a recovery in the free surface particle velocity, is also referred to as the “pull-back”
characteristic of the spall signal, and is useful in the calculation of the material’s spall
strength, as detailed in the following.

The method applied for calculating the spall strength from the measured free
surface particle velocity history is illustrated in Figure 2.36. The free surface
particle velocity data for experiment FY06001 (shown in Figure 2.35) is used as an
example. The abscissa represents the time after impact and the ordinate represents
the free surface particle velocity measured by the VISAR. Due to the oscillatory
nature of the measured free surface particle velocity profiles in GRP, V., was
taken to be the average free surface particle velocity during the shocked Hugoniot
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Figure 2.35 Time-distance diagram paired with the measured free surface particle velocity profile
for experiment FY06001 to illustrate the “pull-back” phenomenon in the free surface particle velocity
profile for a typical plate-impact spall experiment.

state. This level is also consistent with the prediction of the particle velocity in the
Hugoniot state as obtained by using the EOS for the flyer and the target materials.
After the spall event, the free surface particle velocity drops to Vi, followed by a
pull back to V,. In most spall experiments, V, is expected to be equal to Va5
however, in experiments where V, is observed to be smaller than V,,,, the
occurrence of a partial spall is indicated. Vi, spanr corresponds to State (7) in
Figure 2.18, when the tensile stress is not high enough to create spall.

The spall strength of the GRP is estimated to be approximately 119.5 MPa by using

Ospall = ZGRP(Vmavamin)/z (2.41)

In Eq. (2.41), Zgrp is the acoustic impedance of the GRP in the zero stress condition
and is calculated from the initial density and longitudinal wave speed of the GRP. The
S2-glass GRP has an acoustic impedance of 6.288 MPa/(m ), and the E-glass GRP
has an acoustic impedance of 6.296 MPa/(ms).
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Figure 2.36 Free surface particle velocity profile for experiment FY06001 showing the calculation
of the spall strength.

2.5.2.2 Spall Strength of GRP Following Normal Shock Compression

Figure 2.37 shows the spall strength data collected from all the normal plate-impact
experiments on the E-glass and the S2-glass GRP composites conducted in the
present work. The abscissa represents the impact stress while the ordinate shows
the estimated spall strength obtained from the experiments using Eq. (2.41).
Among the seven normal plate-impact experiments conducted on the S2-glass
GRP composite, in experiments IT38 and LT39 (impact stresses lower than
180 MPa) the resultant tensile stress was not sufficient to cause spall in the
specimens. In experiments L'T36, LT37, and LT40 (i.e., with impact stresses in the
range from 180 to 500 MPa), a finite spall strength was measured. In experiments
LT52 and LT53 (with impact stresses greater than 600 MPa), no pull-back signal in
the free surface particle velocity profile was observed, indicating that during shock
compression the S2-glass GRP was damaged to such an extent that it could not
support any tensile stress (i.e., delamination of the composite occurred with a
negligible spall strength).

In all the five normal plate-impact spall experiments that were conducted on the
E-glass GRP composite (impact stresses ranging from 330.7 to 2213.8 MPa), a finite
spall strength was measured. Also, these levels of spall strength are significantly
higher when compared to the spall strengths measured in S2-glass GRP compo-
sites. However, like in the case of the S2-glass GRP, the spall strengths in
the E-glass GRP was observed to decrease with increasing levels of applied
shock compression.
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Figure 2.37 Spall strength versus impact stress obtained from the normal plate-impact
experiments.

2.5.2.3 Spall Strength of GRP Following Combined Shock Compression and Shear
Loading

In order to illustrate the effect of combined shock compression and shear loading on
the spall strength, results of one normal impact and one oblique impact experiment
on the E-glass GRP are presented in Figure 2.38. The figure shows the free surface
particle velocity profiles for a normal plate-impact experiment (FY06003) and a 20°
pressure-shear plate-impact experiment (FY06010). The normal component of the
impact stress in the two experiments, FY06003 and FY06010, were 978.0 and
871.4 MPa, respectively. The magnitude of the shear strain, 7,3, in the sample for
experiment FY06010 was 1.465%. The shear strain was calculated using the analysis
by Dandekar et al. [27].

B 0%3sin 6 cos 0
(00/0){ C11 sin* 0+ C33 cos* 0+ ((1/2)C13 + Cas)sin® 260}

113 (2.42)

InEq. (2.42), 0%, is the impact stress along the gun barrel direction and is calculated
from the impact velocity and the impedance of the flyer and the target materials; g and
0, are the densities of the GRPs after and before impact, respectively; and ¢ /g, can be
determined by shock velocity and particle velocity; C;; are the elastic constants of GRP
and are taken from Ref. [27]; and 0 is the skew angle of the pressure—shear plate-
impact experiments.
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Figure 2.38 Free surface particle velocity profiles for experiments FY06003 and FY06010. The
effect of the superimposed shear strain on the spall strength of the E-glass GRP is emphasized.

The spall strengths estimated in the two experiments with and without the
presence of shear strain, that is, experiments FY06003 and FY06010, were 105.1
and 40.4 MPa, respectively. From these results, it is quite evident that the presence of
shear strain decreases the spall strength of the E-glass GRP dramatically. For
example, in experiment FY06006 on the E-glass GRP, the spall strength is reduced
to essentially zero when the specimen is impacted at a normal stress of 1052.9 MPa
and a shear strain of 1.056%.

To illustrate the effects of the shear stress on the spall strength of the S2-glass GRP,
results of four pressure—shear plate-impact spall experiments (conducted at a normal
impact stress of approximately 200 MPa), are shown in Figure 2.39. The abscissa
represents the shear strain while the ordinate represents the spall strength. The
normal components of the impact stresses in these experiments were 187.9, 204.4,
192.9,and 217.5 MPa, respectively. As seen from the figure, the spall strength in these
experiments drops very rapidly, that s, from 39.4 MPa to essentially zero, as the shear
strain is increased from 0.229 to 0.353%. These results indicate that for the E-glass
GRP much higher levels of normal stress and shear strains are required to reduce its
spall strength to essentially zero when compared to the S2-glass GRP.

Table 2.9 provides a summary of normal stress, shear strain, and the measured
spall strength from all the experiments conducted in the present study on S2-glass
GRP. In these experiments, the normal stress was varied from 39.0 to 637.9 MPa,
while the shear strain was varied from 0 to 0.615%. Table 2.10 shows the correspond-
ing data for the E-glass GRP. The normal stress was varied from 330.7 to 2213.8 MPa,
and the shear strain varied from 0.549 to 1.465%.
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Figure 2.39 Spall strength as a function of the shear strain in the S2-glass GRP for selected
experiments each having a normal component of the impact stress of about 200 MPa.

Table 2.9 Summary of normal stress, shear—strain, and spall strength for S2-glass GRP.

Experiment No. Normal stress (MPa) Shear—strain (%) Spall strength (MPa)
LT38 39.0 0 No spall
LT39 175.1 0 No spall
LT37 179.7 0 46.1
LT36 201.6 0 35.8
LT40 496.6 0 45.7
LT53 612.0 0 0

LT52 637.9 0 0

LT60 217.5 0.229 39.6
LT59 137.9 0.237 22.7
LT43 187.9 0.245 33.8
LT58 192.9 0.252 18.3
LT57 269.5 0.283 53.7
LT61 306.3 0.323 0

LT45 204.4 0.353 0

LT56 340.4 0.359 0

LT55 367.6 0.484 0

LT44 297.7 0.516 0

LT42 464.6 0.615 0
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Table 2.10 Summary of normal stress, shear—strain, and spall strength for E-glass GRP.

Experiment No. Normal stress (MPa) Shear-strain (%) Spall strength (MPa)
FY06001 330.7 0 119.5
FY06002 668.4 0 108.1
FY06003 978.0 0 105.1
FY06004 1467.8 0 78.7
FY06005 2213.8 0 69.7
FY06007 534.8 0.549 86.1
FY06006 1052. 1.056 0
FY06008 605.3 0.771 85.1
FY06009 855.3 1.094 73.9
FY06010 871.4 1.465 40.4

Figures 2.40 and 2.41 show the spall strengths as a function of the applied shear
strain and the normal stress obtained from all the experiments conducted on S2-glass
and the E-glass GRP composites. The abscissa represents the normal stress during
impact while the ordinate represents the shear strain obtained in each experiment.
The Z-axis represents the spall strength. The failure surface shows that the spall
strength decreases with increasing shear strain and with increasing normal stress for
the two GRP composites. As noted earlier, the E-glass GRP shows much larger levels
for the spall strength when compared to the S2-glass GRP. The maximum spall
strength measured for the E-glass GRP was 119.5MPa, while the maximum
measured spall strength for the S2-glass GRP was 53.7 MPa.

Figure 2.40 Spall strength illustrated in relationship with normal stress and shear strain for the
S2-glass GRP.
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Figure 2.41 Spall strength illustrated in relationship with normal stress and shear strain for the
E-glass GRP.

253
Shock-Reshock and Shock-Release Experiments

In the present study, two sets of shock-reshock and shock-release experiments on
the S2-glass GRP were conducted. The shock-release experiment [T71, and the
shock-reshock experiment ['T73, were conducted at impact velocities of 252 and
264 m/s, respectively. The shock-release experiment LT76 and the shock-reshock
experiment I'T77 were performed at relatively higher impact speeds of 498 and
485 m/s, respectively. Table 2.11 provides a summary of all the four experiments
conducted on the S2-glass GRP in the present study.

Figure 2.42 shows the particle velocity versus time profile at the GRP/PMMA
window interface for experiments LT71 and LT73. The abscissa represents the time

Table 2.11  Summary of four shock-reshock and shock-release experiments conducted on the
S2-glass GRP.

Experiment Flyer (mm) Flyer-backing Target PMMA Impact

No. plate (mm) (mm) window velocity
(mm) (m/s)

LT 71 GRP, 4.50 PMMA, 12.08 GRP, 9.67 12.37 252

LT 73 GRP, 4.45 Al 6061-T6, 12.13 GRP, 9.53 12.35 264

LT 76 GRP, 4.33 PMMA, 12.16 GRP, 10.35 12.53 498

LT 77 GRP, 4.25 Al 6061-T6, 12.05 GRP, 9.43 12.28 485
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Figure 2.42 Particle velocity at GRP/PMMA window interface versus time profile for experiments
LT71 and LT73. The shot LT71 is shifted to the left in order to match the arrival time of the first shock
wave with the shot LT73.

after impact while the ordinate represents the measured particle velocity profile. The
arrival times of shock and reshock/release waves do not exactly coincide due to small
differences in the flyer and target thicknesses. The rise-time associated with the
reshock waves and the fall-time associated with the release wave is much larger when
compared to the rise of the first shock wave. Also, the oscillatory structure of the first
shock Hugoniot state in the GRP is much less prominent in the reshock and release
wave profiles. Figure 2.43 shows the particle velocity versus time profiles for
experiments LT76 and LT77. The abscissa represents the time after impact while
the ordinate represents the measured particle velocity at the window interface. Again,
because of the slight difference in the flyer thicknesses, the arrival times of the
reshock and release waves do not coincide. Also, unlike in experiments LT71 and
LT73, the rise-time and the fall-times associated with the reshock and the release
waves show small changes in slope compared with the rise time associated with the
first shock wave. Moreover, the oscillatory characteristics of the first shock Hugoniot
state in the GRP were not as prominent as that observed in experiments LT71
and LT73.

2.5.3.1 Self Consistent Method for the Determination of Dynamic Shear Yield Strength
For most materials (except most ceramics), the yield strength is typically less than
1 GPa; when shock compressed to above 10 GPa, the stress component normal to the
shock front (which is an experimentally determined quantity) is often taken to be
equal to the mean stress. This approximation is understood to be within experimental
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Figure 2.43 Particle velocity at GRP/PMMA window interface versus time profile for experiments
LT76 and LT77. The shot LT76 is shifted to the left in order to match the arrival time of the first shock
wave with the shot LT77.

error in shock wave experiments. However, recent results of shock wave studies
suggest this assumption may not be valid; the dynamic shear yield strength of a solid
under shock compression is given by the difference between the dynamic com-
pressibility curve obtained under uniaxial strain conditions, also referred to as the
Hugoniot curve, and the hydrostat, which is either measured directly or determined
by extrapolating the pressure—volume behavior of the material determined at lower
hydrostatic pressures. Based on von Mises yield criteria, the difference between the
Hugoniot stress and the hydrostatic pressure curve is defined as two-thirds the
dynamic shear yield strength.

Fowles [41] determined the shear strength of annealed Al 2024 when compressed
to about 5 GPa by comparing the recorded shock impact stress with the predeter-
mined hydrostat curve of annealed Al 2024. He successfully showed that at the same
compression strain the stress normal to the shock front is larger than the hydrostatic
pressure by an amount equal to its shear strength, that is, two-thirds of the dynamic
yield strength. But in Fowles’ [41] method, a predetermined hydrostat curve was
required. Later, Asay and Lipkin [42] proposed a self-consistent technique for
estimating the dynamic yield strength of a shock loaded material by utilizing
shock-reshock and shock-release experimental data from a desired compression
state. Asay and Chhabildas [43] utilized this technique to study the variation of shear
strength in Al 6061-T6 under shock compression stress ranging from about 8 to
40 GPa. They found that the shear strength of Al 6061-T6 during shock compression
increased with increasing shock stress. Reinhart and Chhabildas [44] also used this
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self-consistent technique to investigate the shear strength of AD995 alumina in the
shock state over the stress range of 26-120 GPa; they found that the shear strength of
AD995 alumina also increased with increasing shock stress.

Plate-impact experiments are often used to generate high strain rate under uniaxial
strain conditions in materials. For uniaxial strain in the x-direction, the state of stress
during shock compression is given by

0y—0y  0x—0;
2 2

T= (2.43)
where 7 is the resolved shear stress; o, represents the longitudinal stress; and o, and
o, represent the lateral stresses in the specimen. In accordance with the von Mises
yield criterion, if the stress state is on the yield surface, the shear stress attains its
maximum value, 7., which is the shear strength. Since in plate-impact experiments,
under uniaxial strain conditions, the lateral stresses g, = 0, the mean stress in the
shocked state can be expressed as

o =5 (0:+20) (2.44)

From Egs. (2.43) and (2.44), the longitudinal stress 0, and the lateral stress o, can be
expressed in terms of the mean stress and the shear stress as

4

Ox =0+ ET (24—5)
_ 2

0y =0-37 (2.46)

In most typical normal plate-impact gas-gun experiments only the longitudinal stress
is measured, and so it is necessary to infer the shear stress and/or material strength
indirectly. For estimating the shear stress in the shocked state, itis often assumed that
the mean stress can be approximated from low-pressure quasi-static measurements.
This procedure is not accurate at high pressures due to uncertainties in extrapolating
low-pressure response and also because thermal effects must be explicitly accounted
for when estimating hydrostatic response. Conversely, if Hugoniot data are used to
estimate the mean stress, 7, the influence of a finite shear strength contribution to the
Hugoniot requires consideration.

A more direct approach is to estimate shear stress in the shocked state. Taking the
derivative of Eq. (2.45) with respect to engineering strain, ¢, yields

do._dosir i)
de de  3de

As will be shown later in this section, the relation allows for the determination of the
shear stress from shock wave measurement without recourse to other data.

Figure 2.44 illustrates graphically the response expected if a material is shocked to
an initial longitudinal stress, oy. Initial yielding is assumed to occur at the Hugoniot
elastic limit, and steady shock compression proceeds along the Rayleigh line to a
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Figure 2.44 Stress versus strain states for a pair of reshock-release experiments loading or
unloading from the same Hugoniot state.

point on the solid Hugoniot. At the Hugoniot stress oy, there is a deviatoric stress
offset of (4/3)7y from the mean stress. In the idealized elastic—plastic theory, 7y is
equal to the maximum shear strength, t.. However, due to possible transient
softening effects during the initial compression process or time-dependent hard-
ening effects in the shocked state, the shear stress in the shocked state, 7y, may differ
from the maximum stress, 7., the material can support.

In view of Eq. (2.45), the relation between the Hugoniot stress oy, mean pressure
0, and shear stress 7y is given by

- %(O‘H _5) (2.48)

Equation (2.48) yields the following relations:

4

oy=0-+ ng (2.49)
_ 4

Omax = 0+ grc (2.50)

Omin = 6_§Tc (251)

In Egs. (2.50) and (2.51), Omax and Om;n are the maximum and the minimum stresses
at the common Hugoniot strain ey, and are estimated along with the shear stress in
the shocked state 7y, and the shear strength, 7., by employing a combination of
shock-release and shock-reshock experiments from approximately the same “first
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Hugoniot shocked state.” If the material is released from the initial Hugoniot
shocked state, oy, Eq. (2.45) should apply continuously as the shear stress varies
from its initial value 7y, to a final value, —t., corresponding to reverse yielding. For
the sake of discussion, reverse yielding is assumed to occur at State (2) along the
unloading path. Similarly, during reshock from oy, the shear stress increases from
its initial value 7y < 7, to the shear strength.

Combining Egs. (2.49)—(2.51), the following equations can be obtained:

3
‘L'C+‘L'H ZZ(OHmein) (252)

Te—TH = — (Omax—0nH) (2.53)

=

where the critical strength Yc is defined as

3
Y =21. = Z(amax—amin) (2.54)

2.5.3.2 Calculation of Initial Hugoniot Shocked State and Hugoniot Stress—Strain Curve
The equation of state for the S2-glass GRP is taken from Section 2.5.1:

Us = 3.224 4 0.96u, (2.55)

From the Rankine-Hugoniot conservation relationships, the initial Hugoniot
shocked stress, oy, under plate-impact, can be determined by

on = Qg Usthy = 0o(Co + Sty (2.56)

where g, is the material density at zero pressure, u, is the particle velocity, S and Cy
are material constant and taken from Eq. (2.55).

Because the first shock is GRP on GRP, which is a symmetry impact, the particle
velocity can be estimated by the impact velocity u;

U, = ! u (2.57)
P 2 I .

Combining Egs. (2.56) and (2.57), the Hugoniot shocked stress, oy, under plate
impact, can be determined by

1 1
Oy = EQO(CQ + ESI/L[)M[ (258)

From the Rankine-Hugoniot conservation relations, the relationship between
stress and strain immediately behind wave front can be established. This stress
versus strain relationship is generally referred to as the Rankine—-Hugoniot equation,
or simply as the “Hugoniot” [38]. For this reason, the stress and strain immediately
behind shock wave front are also referred to as the Hugoniot stress and
Hugoniot strain.

n
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The Hugoniot stress, oy, can be determined from shock velocity, Us, and particle
velocity, uy, as

ou = 0o Ustip (2.59)
While, the Hugoniot strain, ey, can be expressed as

ey =1-20 (2.60)
0

Using the Rankine-Hugoniot conservation of mass, the relationship between mass
density, shock velocity, and particle velocity can be expressed as

00/0 = (Us—up)/ Us (2.61)

Using Egs. (2.60) and (2.61) the Hugoniot strain ey, can be determined from shock
velocity and particle velocity as

. (2.62)

Combining Egs. (2.59), (2.62), and the EOS (i.e., Eq. (2.55)), the relationship between
oy and ey can be expressed in terms of the sound velocity at zero pressure Cy, and the
empirical constant S, as

00Cien

se? (2.63)

oy =

2.5.3.3 Calculation of Off-Hugoniot States for Reshock—Release Loading

An approach that employs the incremental form for stress and strain, both related to
the corresponding Lagrangian velocity, was used for calculating the off-Hugoniot
states of reshock-release loading

0 =30,CiAu,
A

.y (2.64)
Cr

In Eq. (2.64), 0, is the initial material density; u,, is the particle velocity; and Cy is the
Lagrangian wave speed.

The particle velocity u, was calculated from the measured particle velocity at the
GRP/PMMA window interface by using the relation

_ ths (Zpmma + Zore)

U, = 2.65
P2 ZGRrp (2.65)

where u, is the measured particle velocity at the GRP/PMMA window interface,
Zppma is the shock impedance for the PMMA window, and Zggp is the shock
impedance for the GRP.
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The Lagrangian velocity C, was calculated using

or

2.66
[T =+ At(urs)—trise_26F/ Ueff] ( )

CL(urs) =

In Eq. (2.66), T'is the arrival time of the reshock-release front at the rear surface of
the GRP target; tyce is the rise time for the first shock state due to the layer structure
ofthe GRP; 4t and Jr are the GRP target and the flyer thickness, respectively; and Ueg
is the effective shock wave speed.

The effective shock velocity Ueg was introduced by Reinhart and Chhabildas [44] to
take into account a single shock wave traversing at an effective shock velocity in the
flyer. It is calculated by using the relation

OH

QoUH

Ue = (2.67)
In Eq. (2.67), oy and uy represent the stress and particle velocity of the first shock
state, respectively.

The off-Hugoniot stress versus strain curves for experiments LT71, L'T73, LT76,
and LT77 from the “first Hugoniot shocked state” are presented in Figure 2.45. The
abscissa represents the engineering strain and the ordinate represents the normal
stress along impact direction. The four circles represent the first Hugoniot shock
state calculated from Eq. (2.58), and the Hugoniot curve is calculated from Eq. (2.63).

Figure 2.45 Stress—strain curves for experiments LT71, LT73, LT76, and LT77.
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For higher impact stress experiments, I'T76 and LT77, the path of the off-Hugoniot
states was observed to deviate much more from the calculated Hugoniot curve when
compared with the lower impact velocity experiments, [T71 and LT73. Some previous
reshock-release tests on aluminum and alumina [43, 44], and silicon carbide [45]
have shown elastic-reshock and elastic-release at the leading edge of the reshock—
release waves. However, the present experiments show no indication of the elastic
precursor in the reshock waves or elastic—release in the release waves at the leading
front at the arrival of the reshock and the release waves in the GRP. The leading edge
of reshock-release waves travels much faster than the first shock wave because of the
increase in material density due to shock compression.

2.5.3.4 Determination of the Critical Shear Strength in the Shocked State for
S2-Glass GRP

Figures 2.46 and 2.47 illustrate the calculation of the critical shear strength of the
S2-glass GRP. In the figures, States (1) and (2) are defined as maximum or minimum
shear stress states because the Lagrangian wave velocity reduces to the bulk wave
speed at these states, that is, the reshock and release curves intersect with the 7.
dashed Hugoniot lines (parallel to the Hugoniot curve). Once States (1) and (2) are
decided, the maximum and the minimum stresses, Omayx and Omin, can be calculated
graphically [44]. Finally, the critical shear strength (Yc = 27¢) can be calculated from
Eq. (2.54). Table 2.12 summarizes the results for stress and strain states obtained
from this study.

Figure 2.46 Stress—strain curves for experiments LT71 and LT73. The technique to estimate the
maximum and the minimum stresses Gmay, Omin, and the critical shear strength Yc is illustrated.
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Figure 2.47 Stress—strain curves for experiments LT76 and LT77. The technique to estimate the
maximum and the minimum stresses Omax, Omin, and the critical shear strength Yc is illustrated.

The critical shear strength increased from 0.108 to 0.682 GPa when the first
Hugoniot stress increased from 0.85 to 1.7 GPa. As noted earlier, the S2-glass GRP
used in the present study has polyester resin matrix with a resin content of 32 + 2% by
weight; in general, polymeric systems exhibit high hydrostatic pressure and normal
stress dependency of their flow and fracture behavior [46—49]. Moreover, damage in
GRP materials is complicated by the presence of additional heterogeneities, and
failure under impact loading is understood to proceed by various mechanisms — the
incident energy is dissipated through the spread of failure laterally and through
the thickness. It is envisioned that multiple factors such as rate and pressure
dependence of the polyester resin combined with the complex damage modes in
the GRP are collectively responsible for the increasing critical shear strength with
increasing impact stress.

Table 2.12  Summary of stress and strain states for all shock-reshock and shock-release
experiments.

Experiment No. oy (GPa) €H Omax OF Omin (GPa) Yc (GPa)
LT 71 0.833 0.0377 0.804 0.108
LT 73 0.868 0.0394 0.948

LT 76 1.655 0.0702 1.37 0.682

LT 77 1.700 0.0719 2.28
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2.6
Summary

Synthetic heterogeneous systems, for example, layered composite materials with
organic matrices reinforced by glass fibers, are attractive materials for a variety of
lightweight armor applications. In an attempt to better understand the dynamic
response of GRPs under shock wave loading. In the present study several series of
plate-impact experiments were conducted on two different architectures of the GRP —
S2-glass woven roving in Cycom 4102 polyester resin matrix and a balanced 5-harness
satin weave E-glass in a Ciba epoxy (LY564) matrix.

In an attempt to better understand material and geometric dispersion of stress
waves in the GRPs analytical techniques were used to investigate the structure of
stress waves in elastic-elastic and elastic-viscoelastic bilaminates. The analysis makes
use of the Laplace transform and Floquet theory for ODEs with periodic coefficients.
Both wave-front and late-time solutions for step-pulse loading on layered half-space
are compared with the experimental observations. The results of the study indicate
that the structure of acceleration waves is strongly influenced by impedance
mismatch of the layers constituting the laminates, density of interfaces, distance
of wave propagation, and the material inelasticity. The speed of the elastic precursor is
independent of the impedance mismatch of the individual laminae constituting the
bilaminates and is equal to the average wave speed within the bilaminates. The speed
of late-time dispersive wave is observed to decrease with an increase in impedance
mismatch; however, it is found to be independent of the density of interfaces, that s,
the number of layers in a given thickness laminate. The decay in elastic precursor is
observed to increase with an increase in impedance mismatch, the density of
interfaces, and the distance of wave propagation. Moreover, the rise-time of the
late-time dispersion waves increases with an increase in impedance mismatch;
however, it is observed to decrease with an increase in the density of interfaces. The
frequency of oscillations of the late-time dispersive wave is observed to decrease with
an increase in impedance mismatch; however, it is observed to increase with an
increase in the density of interfaces.

In order to understand the shock response of the S2-glass GRP, plate-impact
experiments were conducted to study its dynamic response under shock stresses
ranging from 0.04 to 2.6 GPa. By varying the thickness of S2-glass GRP plates and the
shock compression stress, the structure of shock waves and the effects of shock
compression in S2-glass GRP were investigated. No elastic precursor was observed in
the S2-glass GRP, and weak late-time oscillations were observed at low stress range.
Moreover, no attenuation in shock wave was observed in the S2-glass GRP as a
function of increasing distance of wave propagation. Moreover, the slope of shock-
wave front was observed to increase continuously with increasing levels of shock
compression. The amplitude of the oscillations in the wave profiles was observed to
decrease with increasing levels of shock compression. The critical shock amplitude
for GRP, which represents the specific shock stress for a clear shock front to appear
during shock wave loading, was observed to be between 1.5 and 2.0 GPa. Although
shock waves propagation in GRP was somewhat irregular, some important material
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shock parameters were determined through careful data analysis. Combining the
results of the present experiments with data from Refs [27, 30], EOS of the S2-glass
GRP was determined to be between 0.04 and 20 GPa. Besides EOS, the Hugoniot
curve (Hugoniot stress versus Hugoniot strain) was calculated using Rankine—
Hugoniot relationships; the departure of the Hugoniot stress versus particle velocity
curve from linearity allowed the estimation of the Hugoniot elastic limit of the S2-
glass GRP to be about 1.6 GPa.

In the second series of experiments, normal plate-impact and pressure—shear plate
experiments were conducted to study the spall strength in two different glass fiber-
reinforced polymer composites — S2-glass woven roving in Cycom 4102 polyester
resin matrix and a balanced 5-harness satin weave E-glass in a Ciba epoxy (LY564)
matrix. Based on the experimental results, the seven normal plate-impact experi-
ments on the S2-glass GRP were placed in three different categories. Experiments in
the first category were conducted at an impact stress between 0 and 175 MPa. In these
experiments, the resultant tensile stress was too low to cause spall within the
specimens, and the free surface particle velocity profiles were observed to unload
completely to their no-spall predicted levels. Experiments in the second category were
conducted at impact stresses in the range of 175 and 600 MPa; the resulting tensile
stresses within the specimen were high enough to result in spall. In these experi-
ments, a clear pull-back signal was observed in the measured free surface particle
velocity profiles. In the third category of the experiments, the incident compression
stress pulse amplitude was larger than 600 MPa. These relatively high levels of shock
compression resulted in enough damage in the GRP specimens such that no
resistance to spall (i.e., zero spall strength) was registered in the experiments. The
corresponding free surface particle velocity profiles for these experiments show no
signs of pull-back or unloading of the free surface particle velocity, and it remains ata
level corresponding to the predicted Hugonoit state, V.. On the other hand,
experiments conducted on the E-glass GRP composites (at impact stresses ranging
from 330.7 to 2213.8 MPa) showed a finite spall strength. However, like in the case of
the S2-glass GRP, the spall strength of the E-glass GRP composite was observed to
decrease with increasing levels of shock compression. Under the combined com-
pression and shear loading (pressure—shear plate-impact experiments), the spall
strengths in the two GRP composites were found to decrease with increasing levels of
applied normal and the shear stress. A zero spall strength condition was found for the
E-glass GRP when the specimen was impacted at a normal stress of 975 MPa and a
shear strain of 1.056%, which is much higher than that obtained for the case of the
S2-glass GRP composite. Based on these results, the spall strength for the two GRP
composites is illustrated as a failure surface in the shear strain and the normal stress
space. The measured spall strengths are much lower than those observed in
monolithic metals, ceramics, polymer, and so on. In such homogeneous materials,
the conventional spall process is thought to proceed from the coalescence/growth of
inherent defects, such as impurities, micro-cracks, preexisting pores, and so on.
However, damage in GRP materials is complicated by the presence of additional
heterogeneities due to the composite material’s microstructure, and failure under
impact loading is understood to the proceed by various mechanisms — the incident
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energy is dissipated through the spread of failure laterally and through the thickness.
Moreover, due to their inherent multimaterial heterogeneous composition of the
GRPs, several distinctive modes of damage are observed which includes extensive
delamination, fiber shearing, tensile fiber failure, large fiber deflection, fiber micro-
fracture, and local fiber buckling. In particular, local fiber waviness is understood to
led to interlaminar shear failure in such materials [50, 51]. Moreover, strong wave-
reflection-effects, between components with different shock impedance, led to signif-
icant shock wave dispersion resulting in an overall loss of spall strength [24, 26, 52].

In the third series of experiments, plate-impact shock-reshock and shock-release
experiments were conducted on a S2-glass GRP to estimate the critical shear strength
of the GRP following shock compression by using the self-consistent technique
described by Asay and Chhabildas [43]. The shear strength of the shocked GRP was
determined for impact stresses in the range of 0.8-1.8 GPa. There is no indication of
elastic behavior in the reshock waves and the release waves. The rise-time in the
reshock waves and fall-time in the release waves decreases with increasing impact
stress. The critical shear yield strength increases from 0.108 to 0.682 GPa when the
Hugoniot stress was increased from 0.85 to 1.7 GPa — suggesting a rate-dependence
and pressure-dependent yielding behavior.
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3
Interfaces in Macro- and Microcomposites
Haeng-Ki Lee and Bong-Rae Kim

3.1
Introduction

With continuing demand for materials offering improved performance in a wide
variety of fields, the use of composite materials is increasing steadily due to their
significant weight, cost, and performance advantages over conventional structural
materials [1-6]. Composite materials, however, have a variety of imperfections
caused by stress fluctuations due to their heterogeneity, and the damage that can
be induced by such imperfections will potentially affect the performance of structural
materials [6-8]. Therefore, an understanding of the complicated damage/fracture
mechanisms in composite materials is of fundamental importance for adequate
application.

An interface (or interphase) is a significant region that mainly determines the
mechanical properties of all heterogeneous multiphase systems such as composite
materials [9-17]. Composite materials are a microscopic or macroscopic combination
of two or more chemically different materials with a recognizable interface (or
interphase) between them [18]. The interface (or interphase) in composite materials
is an important constituent in which the load stress will inevitably be transferred
from the matrix to inclusions (or reinforcements) [19, 20]. Damage and fracture in
composite materials are most likely to occur at the imperfect interface existing
between inclusions and the matrix in the form of interfacial debonding, interfacial
dislocations, interfacial cracks, and so on [8]. Damage at the interface leads to
subsequent degradation of mechanical properties [8, 21]. Therefore, it is essential
to fundamentally research the characteristics of imperfect interfaces in composite
materials and their effects on structure-property relationships in order to
achieve a comprehensive understanding of the science and technology of composite
materials [1, 8, 22, 23].

Diverse studies on the imperfect interface of composite materials are being carried
out in efforts to understand their physical characteristics, to determine the effects of
the imperfect interface on the mechanical behavior of composite materials, and to

Polymer Composites: Volume 1, First Edition. Edited by Sabu Thomas, Kuruvilla Joseph,
Sant Kumar Malhotra, Koichi Goda, and Meyyarappallil Sadasivan Sreekala
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characterize composite materials in terms of interfacial parameters for the prediction
of interfacial debonding phenomenon [22]. To this end, experimental and analytical
approaches have been employed. A variety of experimental methods have been
developed for testing the interface quality using both macroscopic methods, where
the macroscopic properties of composite materials are under nearly realistic loading
conditions, and microscopic methods, which extend the understanding of damage/
failure mechanisms at the microscopic level by investigating single inclusion
embedded in the matrix [24]. These experimental methods, however, are time-
consuming and acquiring a thorough understanding of the mechanical behavior
of composite materials remains challenging [25, 26]. Accordingly, in order to address
these difficulties, the development of suitable analytical approaches is also
imperative.

Generally, in the analysis of composite materials, there are four major levels
corresponding to differentiated scale: nanolevel (10”7 ~ 10~ m), microlevel (10 *
~10®m), mesolevel (10> ~ 10~®m), and macrolevel (10>~ 10> m) [17, 27-31].
Among these, the interface of composite materials is mostly considered at the nano-
and microlevels. In a nanolevel analysis, the interface is studied in terms of
fundamental adhesion by chemistry and molecular physics [17, 32, 33]. A microlevel
analysis entails modeling of the local constituents (fiber, particle, matrix, interface,
etc.), which are treated as individual phases, and predicts the local damage
between the constituents [26, 34, 35]. From the viewpoint of engineering, a microlevel
analysis of the interface of composite materials plays the most important role
with regard to the stress transfer efficiency and interfacial strength [17, 36]. Micro-
level evaluations are generally conducted via the following procedures [17]: the
interfacial parameters to be measured are first selected and micromechanical
tests for the interface characterization are then properly chosen. Finally, adequate
micromechanical models relating interfacial parameters from test results are
developed.

This chapter is mainly focused on micromechanics-based analyses for interfacial
characterization and understanding of the overall mechanical behavior of composite
materials. General microscale tests for characterization of the interface and micro-
mechanical models are reviewed. Details of the microscale tests and micromecha-
nical models can be found in a variety of studies referenced in the following sections.
In Section 3.2, the characterization of interfaces in composite materials is intro-
duced. For the characterization of interfaces, the various surface treatments
and microscale tests employed for interfacial parameters are summarized in this
section. In Section 3.3, the micromechanics-based analysis is reviewed, and among
the available micromechanical analysis techniques, a new micromechanical
framework using ensemble-volume average method [37, 38] for a multiphase
composite medium is explained in particular. Also, a variety of interface models
are reviewed in this section. Finally, the interfacial damage modeling for composite
materials having imperfect interfaces is presented in Section 3.4. In particular, in
Section 3.4, the conventional Weibull probabilistic approach [39, 40], the multilevel
damage model [41-45], and the cumulative damage model [46, 47] are reviewed and
summarized.
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3.2
Characterization of Interfaces in Macro- and Microcomposites

3.2.1
Surface Treatments of Reinforcements for Composite Materials

Asmentioned in the previous section, the mechanical properties of composite materials
are controlled by the interfacial region (interface or interphase) between the reinforcing
inclusions (or fibers) and the matrix. It is worth noting that good interfacial bonds
between inclusions and the matrix are a primary requirement for improvement of
mechanical properties of composite materials and their effective use [48].

Surface treatments change the surface of reinforcing inclusions (or fibers) mor-
phologically and chemically, and these techniques can improve the interfacial bond
strengths between two distinct constituents [1, 18, 49-52]. In addition, surface
treatments may also protect the reinforcing inclusions from degradation by mois-
ture, chemicals, and adverse chemical reactions with the matrix at high tempera-
tures [18]. The effectiveness of surface treatments for control of interfacial properties
in composite materials has been widely researched [1, 50-62]. The numerous surface
treatments developed to date can be classified according to the type of reinforcing
inclusions: examples include dry (air, oxygen, oxygen-containing gases) and wet
(liquid-phase oxidizing agent) oxidizing chemical treatments [63-68], nonoxidizing
chemical treatments [69-71], plasma treatment (thermal plasma, cold plasma, corona
discharge) [53, 72-79], and application of coupling agents [80, 81].

The effectiveness of surface treatments with respect to parameters such as
interfacial bond strength and load-carrying capacity depends on the surface mod-
ification techniques. For selection of a suitable surface treatment, it is necessary to
thoroughly understand the strengths or drawbacks of each treatment [49]. For an
extensive and in-depth understanding of surface treatments and their effects on
composite materials, details of surface treatments of reinforcing inclusions (e.g.,
glass, carbon, polymeric, and ceramic fibers) can be found in the relevant literature.

3.2.2
Microscale Tests

A large number of microscale tests have been developed to determine the interfacial
parameters (e.g., interface fracture toughness, interface shear strength, and interface
frictional strength) between reinforcing inclusions (or fibers) and the matrix [10, 12,
16,17,22,24, 51, 82-84]. Itis noted that microscale tests refer to experimental testing of
specially constructed specimens containing single fiber and are aimed at under-
standing the interfacial properties and failure mechanisms at the microscopic
level [17, 24]. The most common state-of-the-art tests are reviewed in this section.
The microscale tests for interfacial properties can be classified into two large
classes based on the external loading points [17]. A classification for microscale tests
is shown in Figure 3.1 and detailed descriptions of each technique can be found in the
cited literature: single-fiber pull-out[17, 22, 51, 82, 85], microbond [12, 17, 51, 82, 84,
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Figure 3.1 Classification of microscale tests for interfacial characterization.

86, 87], push-out (or microindentation test) [17, 51, 82, 88], fragmentation [17, 35, 51,
82, 89], and single-fiber compression tests [16, 17, 24, 51, 90] are summarized below.

The single-fiber pull-out test is a straightforward method that has been widely
used, but it has some limitations associated with specimen quality issues and test
scale [12, 51]. In order to alleviate the experimental difficulties encountered in single-
fiber pull-out tests, the microbond test has been developed as a variation of the
conventional pull-out test [51, 86, 91-94]. Although the microbond test can be used
for almost any fiber/matrix composites, there are some inherent limitations (e.g.,
microdrop size, embedded fiber length, and variations in the location of points of
contact between the blades and the microdrop) [82]. The push-out test (or micro-
indentation test), meanwhile, is a fast, automated, and simple method capable of
examining the interfaces of composites in the real environment [51, 82]. However, the
push-out test also has some drawbacks: inability to observe the failure mode and
location, problems related to crushing and splitting of fibers, limitation of the variety
of fibers, and so on [51, 82, 95]. The single-fiber compression testis one of the earliest
methods having two different types of specimen geometry: a parallel-sided specimen
test (for shear debonding) and a curved neck specimen test (for tensile debonding
in the transverse direction), which is commonly referred to as the “Broutman
test” [16, 24, 51]. These test methods have not been as widely employed as other
microscale tests due to problems related to specimen preparation and detection of
interfacial debonding [51]. The fragmentation test is the most widely used method,
and is based on tensile pulling of a totally embedded single-fiber specimen in the fiber
direction [22, 51, 82, 96, 97]. However, this test method also has some shortcomings:
stain limit and sufficient toughness of the matrix, higher interfacial shear stress due
to Poisson’s ratio, effects of penny-shaped cracks, and so on [82].

In addition to the aforementioned test methods (single-fiber pull-out test, micro-
bond test, push-out test (or microindentation test), single-fiber compression test, and
fragmentation test), there are extensive tests available for determining the interfacial
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parameters. A number of factors, including specimen preparation, loading methods,
and measurement and data reduction methods, contributing to the discrepancy of
test results are also manifest with respect to each test method [51]. Therefore, a
thorough understanding of each method including their strengths, weakness, and
limitations is required for selection of an adequate test method for evaluating
interfacial characteristics. Detailed microscale tests for the determination of inter-
facial characteristics, as well as the advantages and limitations of each test, can be
found in the referenced literatures [51, 82].

33
Micromechanics-Based Analysis

3.3.1
Micromechanical Homogenization Theory

A micromechanics-based analysis aims to develop adequately related models with
regard to microlevel investigation and to predict the effective (averaged) properties by
understanding the fundamental concepts of composite materials and the relevant
damage phenomena [26, 98-100]. In a micromechanics-based analysis, the com-
posite materials are simplified in characterization models based on a widely accepted
homogenization process. This is achieved by replacing a body of heterogeneous
material by a constitutive equivalent body of a heterogeneous continuum [26, 37,
38, 101-104]. In order to obtain the effective behavior of a heterogeneous material,
there are two basic approaches for homogenization [101, 105, 106]: average-field
homogenization theory [107-112], in which the effective mechanical properties are
determined as relations between the averaged microfields, and asymptotic homoge-
nization theory [113-118], in which the effective properties naturally emerge as
consequences of the relations between the microfield and macrofield using a
multiscale perturbance method (cf. the terms “average-field homogenization theory”
and “asymptotic homogenization” are expressed as “average-field theory” and
“homogenization theory” in Hori and Nemat-Nasser [105]). Details of each approach
can be found in the referenced literature. This chapter focuses on the micromecha-
nical approach using average-field homogenization theory.

3.3.1.1 Representative Volume Element

The effective (averaged) properties of a heterogeneous material are obtained from
the sample volume in a homogenization process using average-field homogenization
theory [26]. The term effective (or averaged) is defined in a statistically
homogeneous medium at a location independent of the sample volume [26, 103].
Therefore, the sample volume is considered to be both smaller than the macroscale
characteristic volume and larger than the heterogeneities on the microscale in
order to accurately represent the medium [26, 103, 106]. Such a sample volume is
called the representative volume element (RVE) and some definitions of an RVE are
given below.
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RVE is a sample that (a) is structurally entirely typical of the whole mixture
on average, and (b) contains a sufficient number of inclusions for the
apparent overall moduli to be effectively independent of the surface values
of traction and displacement, so long as these values are “macroscopically
uniform.” [109]

RVE is a “mesoscopic” length scale which is much larger than the charac-
teristic length scale of inclusions (inhomogeneities) but smaller than the
characteristic length scale of a macroscopic specimen. [37]

The size of RVE should be large enough with respect to the individual grain
size in order to define overall quantities such as stresses and strains, but it
should be small enough in order not to hide macroscopic heterogeneity. [119]

In a micromechanics-based analysis, based on the assumption of repeating
characteristics of the microstructures, composite materials can be approximated
by the RVE and the effective properties of composite materials are then deter-
mined [120]. It is worth noting that the RVE plays a key role in a micromechanics-
based analysis. Therefore, an appropriate RVE size must be defined according
to the statistical homogeneity assumption. The details of additional definitions of
RVE, RVE existence, and RVE size determination can be found in the cited
literatures [108, 121-135].

3.3.1.2 Eshelby’s Equivalent Inclusion Method
Eshelby’s equivalent inclusion method was proposed in a celebrated work carried out by
Eshelby [107] involving the stress analysis of an infinite homogeneous elastic body
that contains a subdomain undergoing a stress-free uniform transformation
strain [136, 137]. Eshelby’s inclusion method [107, 138, 139] is an indispensable
part of the theoretical foundation of modern micromechanics and has been widely
applied in evaluating the effective mechanical properties of heterogeneous
media [111, 112, 140-142].

In Eshelby’sinclusion problem, the elastic field for an infinite homogeneous medium
D including an inclusion @ and the matrix D—C2 is expressed as follows [26, 143]:

en(#0) VxeD-Q C:ep VxeD-Q
g(x)= o(x)=

g§(=S:€") VxeQ C:(g—€") VYxeQ G
where C denotes the elastic moduli and €, and ¢; are strains in the matrix and
inclusion, respectively. Here, €* is eigenstrain (also called as stress-free transformation
strains), a nonelastic strain resulting from thermal expansion, phase transformation,
initial strains, plastic strains, and misfit strain [26, 111, 144, 145]. Note that eigenstress 6*
(=C: €*) denotes self-equilibrated internal stresses caused by these eigenstrains in the
inclusion, which is free from any other external force and surface constraint [26, 145].
In addition, a fourth-order rank tensor S (Sju= Sjiu= Sji), which is referred to
as Eshelby’s tensor, relates the (constrained) strain g; inside the inclusion to its
eigenstrain €* [26, 111, 145, 146]. The detailed expressions of Eshelby’s tensor for



3.3 Micromechanics-Based Analysis

various shapes (spheres, cylinders, ellipsoids, disks, and cuboids) are well documented
in Refs [111, 112].

Based on Eshelby’s equivalent inclusion method, the local strain and stress fields at
any point x in the infinite medium under far-field strain ° can be expressed as
follows [26, 141, 143, 147):

cl _{s°+£’(x) VxeD-Q {Cm:(£°+s’(x)) VxeD-Q (32)

o(x)=
e +¢(x) VxeQ Ci:(e2+€(x)) VxeQ

where C,, and C; denote the elastic modulus in the matrix and inclusion, respectively,
and €'(x) is a perturbed strain field due to the presence of the inclusion [141].
From the eigenstrain €*(x), the local strain and stress fields can be rewritten as
follows [26, 143, 147]:

e +ER) VxeD-Q () = Cn: (e24+€(x)) VxeD-Q
T e @) vxeQ " T | Gt (604 (X)€" (%) VaeQ
(3.3)

Eshelby’s equivalent inclusion method is an elegant method to mimic an inhomo-
geneity by an inclusion containing a fictitious transformation strain [146]. Here, an
inhomogeneity is defined as an inclusion having material properties different from
those of the surrounding matrix [146]. The result of Eshelby’s equivalent inclusion
method has a major impact on micromechanical modeling using a homogenization
process [143]. Details of Eshelby’s equivalent inclusion method can be found in the
relevant literature.

33.2
Effective Elastic Modulus

In a micromechanics-based analysis, there are a variety of homogenization methods
that can be used for determination of the effective elastic moduli for heterogeneous
materials [26, 37, 38, 102, 103]: rule of mixture method [148, 149], variational
principle method [108, 121, 122, 150-158], self-consistent method [110, 159-164],
differential scheme [165-167], Mori-Tanak method [168-172], and other homoge-
nization methods [173-184]. Among these approaches, the self-consistent and Mori—
Tanaka methods are the most popularly used approaches for estimation of the
effective elastic responses of heterogeneous materials [141, 185]. The self-consistent
and Mori-Tanaka methods (see Refs [112, 143, 186] for details) and a new micro-
mechanical framework using the ensemble-volume average method [37, 38] for a
multiphase composite medium are described in the following section.

3.3.2.1 Self-Consistent Method

As means of estimating the average stress or strain in a typical inhomogeneity, the
self-consistent method considers a single inclusion in a fictitious unbounded
homogeneous matrix that has the yet-unknown overall properties of the composite
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materials [112, 143]. In the self-consistent method, the homogenized elastic operator
C of a two-phase composite is expressed as [143]

C= Co +¢)1(C1—Co) A (34)

where C, and ¢, are the elastic tensor and volume fraction of r-phase, respectively.
A denotes the strain concentration tensor, which relates the average strain of the
inclusion (g;) to the average strain of a heterogeneous RVE (g), and (-) means
“averaged.” Here, the strain concentration tensor for the self-consistent method is
expressed as follows [143]:

A= <I+S- [C‘l ~C1—ID_1 (3.5)

where I denotes the fourth-rank identity tensor and S signifies Eshelby’s tensor. The
numerical solution can be obtained with the self-consistent method by using an
iterative process, due to the unknown C. Generally, a physical estimate of the moduli
should lie between the Voigt (uniform strain) [187] and Reuss (uniform stress)
average bounds [189, 190]. Therefore, in an iterative process, Voigt's or Reuss’
models can provide an initial estimate of C [143]. Refer to Refs [143, 160, 161, 191] for
more details on the self-consistent method.

3.3.2.2 Mori-Tanaka Method

The Mori-Tanaka method is also a widely used homogenization scheme and is
mainly utilized for composite materials with moderate volume fractions of inclu-
sions [143]. In particular, this method has been favored by many researchers due to its
simplicity and universal applicability [192]. The basic concept of the Mori-Tanaka
method is to relate the average stress in an inclusion to the average stress in the
matrix [193]. In the Mori-Tanaka method, the strain concentration tensor A is
expressed as follows [143, 194]:

A= I+ (1-¢,)(1+5-Cy-[C1—Co)] (3.6)

Finally, the homogenized elastic operator C of a two-phase composite for the Mori—
Tanaka method can be obtained as an explicit formula from Eq. (3.4). Due to the
explicit form of the Mori-Tanaka method, this method has received widespread
attention and has been used with success to model the elastic behavior of composite
materials [191]. Refer to Refs [143, 168-172, 191, 194, 195] for further details on the
Mori-Tanaka method.

3.3.2.3 Ensemble-Volume Average Method

Eshelby’s equivalent inclusion method plays a key role in homogenization models
in the microfield. A number of studies have focused on the development of
various micromechanical models using Eshelby’s equivalent inclusion method to
describe the overall mechanical properties of composite materials. In particular,
Ju and Chen [37, 38] developed a new micromechanical framework using the
ensemble-volume average method. For the ensemble-volume average method,
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Eshelby’s equivalent method and a renormalization procedure are employed to avoid
the conditional convergence problem [26, 37, 38].

According to Ju and Chen [37, 38], upon loading, the strain at any point within an
RVE is decomposed into two parts: the uniform far-field stress £° and the perturbed
strain €'(x) due to the presence of inclusions having eigenstrain €*(x). A schematic
description of RVE representation for a composite medium and decomposition of the
strain field can be found in Refs [37, 38]. Here, the stresses of the inclusion in the
original heterogeneous RVE can be expressed in the same stresses of the homoge-
neous equivalent medium using a consistency condition (or mechanical equivalent) in
Eshleby’s equivalent inclusion method [26]. The domain of the rth- phase inclusion
with an elastic stiffness tensor C, can be expressed as [26, 37, 38, 107, 139, 143]

C [+ (x)]=Co: [ +€(x)—& (x)] (3.7)
with
e(x) = JG(xfx') G, e (x)dY (3.8)
v

where x, x'€V, the subscript r signifies the rth phase, Cy is the stiffness tensor of the
matrix, and G is the (second derivative of the) Green’s function in a linear elastic
homogeneous matrix. Details of the Green’s function can be found in Refs [37, 38,
111]. From Egs. (3.7) and (3.8), the following equation can be obtained [37, 38].

A e (x) ="+ JG(X—;() cef(x)dY (3.9)
with
A =(C-Cy) "G (3.10)

In addition, according to Ju and Chen [37, 38], the volume-averaged strain tensor is
expressed as

€=

[s(x)dx =&+ %] IG(xfx')dx cef(x)d¥ (3.11)

where, since [-] is conditionally convergent, a renormalization procedure [196, 197] is
applied. With the renormalization procedure [37, 38], the ensemble-volume-averaged
strain field of Eq. (3.11) can be rephrased as

iw’;} (3.12)

in which S is the (interior point) Eshleby’s tensor and ¢, is the volume fraction of the
rth phase. Eshelby’s tensor S is fully documented in Refs [111, 112]. From a similar
process, the ensemble-volume-averaged stress field can also be recast as [37, 38]

e=¢"+S:
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6=Co: {s— zn:sb} (3.13)

Furthermore, assuming that the interinclusion interaction effects are neglected, the
ensemble-volume average of the relation between € and €, (or between €° and €/) over
all rth-phase inclusions can be expressed as follows [37, 38]:

g€ =—(A+S,) " (3.14)

Finally, the effective elastic stiffness tensor C. of the composite materials can be
obtained from the strain—stress relationship as [37, 38]

C=Co-

1+ ZN: {¢,(A, s [I—(prS, (A + s,)ﬂ 1}] (3.15)

«

where “” is the tensor multiplication and I denotes the fourth-rank identity tensor.
Details of the expansion process for the ensemble-volume-averaged micromecha-
nical equation in an elastic medium can be found in Refs [37, 38]. The ensemble-
volume average method has been widely used for predicting the overall mechanical
properties of composite materials. Refer to Refs [37, 38] for more detailed studies on
ensemble-volume-averaged micromechanics—based analysis.

333
Interface Model

In the conventional analytical and numerical work, perfect bonding is assumed at the
interface between an inclusion and the matrix; at the interface, however, material
properties change discontinuously, while interfacial traction and displacements are
continuous across it [8, 11, 23]. The interface is seldom perfect in actual cases and,
therefore, it is of primary importance to formulate imperfect interface conditions
mathematically [23]. Numerous studies on the interface have been conducted and
many models have been proposed to simulate interface properties of composite
materials. Among the various models, four interface models (linear spring model,
interface stress model, dislocation-like model, and free sliding model) are reviewed in
this section. Refer to Ref. [224] for details of these interface models.

3.3.3.1 Linear Spring Model

The linear spring model has been extensively used to model imperfect interfaces of
composite materials [225, 226]. For the linear spring model, a thin interphase layer
near the interface is introduced and its layer thickness is assumed to vanish [227]. In
this case, although the interface tractions become continuous, the displacement at
the inclusion and matrix sides can be discontinuous, and the jump in displacement is
linearly proportional to the interface tractions, as given by the following interface
conditions [224, 226, 227]:

[6] n=0, P.c-n=aP-[u], n-¢-n=_puln (3.16)



3.3 Micromechanics-Based Analysis

where P = 1) —n @ n, I is the second-order identity tensor, n is the unit normal
vector to the interface between the inclusion and the matrix, [-] = (out)—(in), and @ and
p are the interface elastic parameters in the tangential and normal directions,
respectively [224, 226]. In the linear spring model, the finite positive values of the
interface parameters define an imperfectinterface (e.g., perfectly bonded in case of @,
B — oo and completely debonded in case of a, f = 0) [8, 226]. Details of linear spring
models can be found in Refs [8, 224-226, 228-233].

3.3.3.2 Interface Stress Model

In case of large-scale composite materials with a small volume ratio of the interface to
the bulk, the effect of the interface stress can be neglected. However, for nanocom-
posites with a large volume ratio of the interface to the bulk, the contribution of
interface stress becomes significant[224, 234]. Therefore, an interface stress model is
suitable for characterizing the elastic effects of interfaces/surfaces in nanocompo-
sites. A general theoretical framework for surface/interface stress effects was
proposed by Gurtin and Murdoch [235, 236] and Gurtin et al. [237]. The necessary
basic equations for the interface stress model consist of the displacement continuity
condition and the generalized Young-Laplace equations, as given by the following
interface conditions [224, 226, 232, 233, 235, 238].

[u=0, n-[o]'n=-t:k, P-[o]- n=-V;1 (3.17)

where 1 is the interface stress tensor, k is the curvature tensor, and V; - T denotes the
interface divergence of t. In addition, the last two equations signify the generalized
Young-Laplace equations, where one is the interface condition in the normal
direction and the other signifies that a nonuniform distribution of the interface
stress will produce shear stress in the abutting bulk materials [224, 232, 233]. Details
of interface stress models can be found in Refs [224, 226, 232, 233, 239].

3.3.3.3 Dislocation-Like Model

The dislocation-like model was proposed by Yu [240] to mathematically describe the
effect of an imperfect interface on the load transfer. The interface condition is similar
to the linear spring model in that the displacements can be discontinuous while the
interface tractions become continuous at the limit of vanishing layer thickness.
However, in the dislocation-like model, the displacement at one side of an interface is
assumed to be proportional to the displacement at the interface of the constituent
where the load is applied [224, 227, 240, 241]. The interface condition for the
dislocation-like model can be expressed as [224, 240]

6] n=0, wi=yuw (3.18)

where vy = %P+ nyn®n and n; and 5y are two parameters that describe the
bonding conditions in the tangential and normal directions of the interface, respec-
tively. In the dislocation-like model, the two parameters take any values between 0 and
1, and define an imperfect interface (e.g., perfectly bonded in case of y = I¥) and
completely debonded in case of y = 0) [224, 240]. Details of the dislocation-like model
can be found in Refs [224, 227, 240].
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3.3.3.4 Free Sliding Model

The free sliding model allows free tangential slip at the interface, but prohibits
relative normal displacement; that is, the interfacial shear stresses are assumed to be
zero, and the normal traction and displacements are continuous across the interface
according to the following interface conditions [224, 242, 243]:

n-f6]'n=0, n-ju=0, P-o-n=0 (3.19)

Physically, the free sliding model may represent grain boundary sliding in poly-
crystals, particles in soils, or imperfectly bonded interfaces in composite materi-
als [224, 242, 244]. Details of the free sliding model can be found in Refs [224, 242,
244-246].

34
Interfacial Damage Modeling

3.4.1
Conventional Weibull’s Probabilistic Approach

Weibull’s statistical approach [247] has been widely used to study survival/hazard
problems (e.g., fatigue and fracture) [47, 248-250]. Progressive, interfacial debond-
ing may occur under increasing deformations and influence the overall mechanical
behavior of composite materials. After interfacial debonding between the reinforcing
inclusions (or fibers) and the matrix, the debonded reinforcing inclusions lose their
load-carrying capacity along the debonded directions [40, 204]. In this case, it is
assumed that the debonding of reinforcing inclusions is controlled by their internal
stress and the statistical behavior of interfacial strength [204]. The Weibull probability
distribution function for fiber debonding can be expressed as [204]

I 1—exp{— L } (3.20)

where (0¢),, denotes the internal stresses of the fibers, and S, and M are scale
(Weibull modulus) and shape parameters, respectively. Refer to Refs [47, 204] for
more detailed studies on the Weibull function for damage evolution.
Micromechanical damage models for effective elastoplastic behavior of composite
materials considering complete particle debonding and partial particle debonding
were developed by Ju and Lee [39, 40]. In this section, these models are summarized.
Figure 3.2 shows a schematic diagram of complete particle debonding [39] and partial
particle debonding [40] of composite materials. For the effective moduli of a
composite material, Ju and Lee [39, 40] derived the ensemble-volume-averaged
micromechanical equation (see Eq. (3.12)) with an evolutionary probabilistic inter-
facial debonding model. In addition, for the estimation of the overall elastoplastic
behavior, the developed elastic framework was expanded by employing the J,-type
von Mises yield criterion with the isotropic hardening law. In particular, to meet the
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Figure 3.2 A schematic diagram of complete particle debonding (a) [39] and partial particle
debonding (b) [40] of composite materials. Reproduced with permission from Elsevier from
Ref. [39], Copyright 2000, and Ref. [40], Copyright 2001.

characteristics of partially debonded interfaces (see Figure 3.2b), a partially debonded
isotropic spherical elastic particle was replaced by an equivalent, perfectly bonded
spherical particle that possesses yet unknown transversely isotropic elastic moduli, as
shown in Figure 3.3 [40, 251, 252]. It is worth noting that the effects of a random
dispersion of inclusions and evolutionary interfacial debonding were considered in
the micromechanical framework of Ju and Lee [39, 40].

414
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Figure 3.3 A schematic representation of the equivalence between a partially debonded isotropic
particle and an equivalent, perfectly bonded transversely isotropic particle. Reproduced from
Ref. [40] with permission from Elsevier, Copyright 2001.
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A variety of numerical simulations and a comparison between theoretical and
experimental results were carried out. It was observed from the numerical simula-
tions that the predicted overall stress—strain behavior of composite materials using
the proposed micromechanical damage models [39, 40] is in good qualitative
agreement with the theoretical and experimental results. In addition, from the
numerical simulations, the following meaningful results were obtained by Ju and
Lee [40]:

e The influence of partially debonded particles on the overall stress—strain
responses is rather significant when the interfacial particle bonding strength
Sois weak and the initial particle volume fraction ¢ is medium due to the relatively
rapid damage evolution corresponding to weaker interfacial strength and higher
volume fraction of debonded particles [40].

e On the contrary, if the interfacial strength is high and the particle volume fraction
is low, the effects of partial particle debonding are not pronounced compared to
that of the complete particle debonding model or even that of the perfect bonding
model [40].

Figure 3.4a shows the predicted elastoplastic responses of the partially debonded
damage model [40] and the completely debonded damage model [39]. In addition,
comparisons with theoretical results [251] are given in Figure 3.4b. Details of the
extended micromechanical damage model, and more detailed figures and results can
be found in Refs [39, 40]. Also, refer to Refs [206, 207, 251-253] for more detailed
studies on the conventional (one-step) Weibull’s probabilistic approach.

- . 300.0
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Figure 3.4 Comparisons of predicted elastoplastic responses of the partially debonded damage
model [40] and completely debonded damage model [39] (a) and comparisons with theoretical
results (b) [251]. Reproduced from Ref. [40] with permission from Elsevier, Copyright 2001.
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342
Multilevel Damage Model

The conventional (one-step) Weibull’s probabilistic approach has been used by many
researchers to describe the interfacial debonding between the reinforcing inclusions
(particles or fibers) and the matrix. However, a sequential probabilistic debonding
analysis is necessary to realistically reflect the effect of loading history on the
interfacial debonding [41]. Diverse studies on sequential probabilistic debonding
analysis have been conducted by many researchers (e.g., Gurvich and Pipes [254],
Hwang et al. [255], Liu et al. [214, 215], Ghosh et al. [256], Ju and Ko [220], and Lee and
Pyo [41-45]). Recently, Lee and Pyo [219] proposed a micromechanical framework for
predicting the effective elastic behavior and the weakened interface evolution of
composite materials. In this section, the micromechanical framework proposed by
Lee and Pyo [41, 42, 219] is summarized.

Lee and Pyo [41, 42, 219] developed a multilevel damage model in accordance with
the Weibull’s probabilistic function in order to realistically reflect the effect of loading
history on the progression of a weakened interface, as shown in Figure 3.5. In order to
model spherical particles having imperfect interfaces in composite materials, the
modified Eshelby’s tensor for slightly weakened interface proposed by Qu [8] was
adopted in Refs [41, 42, 219]. In Ref. [8], the imperfect interface is modeled by a linear
spring model and the final form of the modified Eshelby’s tensor can be expressed as
follows [8]:

1
Sfj\.’fd = QJQ Siit(x)AV (%) = Syt + (Tjpg— Sijpq) Hpgrs Lrsmn (Innii— Smniat) ~ (3.21)

with
1
Hpgrs = pTe) (Macnym + mpniny -+ yming + 17;nin) (3.22)

where Q signifies the inclusion domain and S and »n; denote the interface and its unit
outward normal vector, respectively. In addition, S is the (original) Eshelby’s tensor, I
signifies the fourth-rank tensor, and L is the fourth-rank elasticity tensor. Here, the
second-order tensor 77; denotes the compliance of the interface spring layer and can
be expressed as [8]

1 = adij + (B—a)mn (3.23)

in which d;; denotes the Kronecker delta and « and 8 represent the compliance in the
tangential and normal directions of the interface, as previously mentioned in
Section 3.3.3. Details of the modified Eshelby’s tensor for ellipsoids, spheres, and
cylinders can be found in Ref. [8].

With the help of the modified Eshelby’s tensor [8] and the ensemble-volume-
averaged micromechanical equation (Eq. (3.12)), micromechanics-based constitutive
models for multilevel damage modeling were developed by Lee and Pyo [41, 42,
219]. A variety of numerical simulations were conducted for validation of the
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Figure 3.5 Schematics of a multilevel damage process in a composite material having imperfect
interfaces. Reproduced from Ref. [41] with permission from Elsevier, Copyright 2007.

«— - €

micromechanical damage model through comparison with theoretical and experi-
mental results. Figure 3.6 shows the predicted stress—strain responses of composite
materials and the corresponding damage evolution curves with regard to various
interfacial types [219]. Details of the extended micromechanical damage model for
multilevel interfacial damage and more detailed figures and results can be found in
Refs [41-45].

343
Cumulative Damage Model

Cumulative damage models have been proposed with the assumption that microscale
interfacial debonding damage is accumulated with increased loading or deformation
and eventually leads to failure of composite materials [46, 47, 257]. Recently, Kim and
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Figure 3.6 The predicted stress—strain responses of composite materials (a) and the
corresponding damage evolution curves with regard to various interfacial types (b). Reproduced
from Ref. [41] with permission from Elsevier, Copyright 2007.

Lee [46, 47] proposed a micromechanical damage model that incorporates a cumu-
lative step-stress concept into the Weibull statistical function for a more realistic
simulation of evolutionary interfacial debonding in composite materials. In this
section, the micromechanical framework proposed by Kim and Lee [46, 47] is
summarized. According to Kim and Lee [47], damage induced by interfacial debond-
ing in composite materials may be accumulated as loading or deformations continue
to increase. Therefore, the initial damage step needs to be modeled such that it is
differentiated from the subsequent damage steps for more realistic prediction of
progressive interfacial debonding; thatis, the effects of previous damage steps have to
be properly reflected in the prediction of interfacial debonding at the current damage
step for accurate prediction of progressive interfacial debonding, since the subsequent
damage steps are the following steps of the current damage step and are affected by the
current and previous damage steps (see the figure in Refs [46, 47]). The Weibull
probability distribution function at the nth damage step considering the cumulative
damage steps can be expressed as [46, 47]

Al =1-eed <[] § =) (3.24)
Rl <1-ep) | (PO R 2
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From the proposed cumulative damage steps, a micromechanical damage model was
presented by Kim and Lee [46, 47] and a variety of numerical simulations were

(0eq)y_1 = [(6‘}’7)71—17(617);1—2] { } + (Geq) 2 (3:26)

conducted for validation of the micromechanical damage model through comparison
with theoretical and experimental results. In particular, from the numerical simu-
lation, the following observations and findings were investigated (see the figure in
Ref. [46)):

¢ The four parts are observed from the stress—strain curve: (A) linear elastic part,
(B) interface damage part, (C) plastic and interface damage part, and (D) plastic
part. Part A reflects the elastic behavior of particulate ductile composites where no
significant damage occurs [46]. Part B illustrates nonlinear behavior of the
composites caused by particle interfacial debonding, as shown in the correspond-
ing damage evolution curve [46]. This result accommodates the investigated
phenomena [258-260], which show a clearly emerging view: there are both bonded
and debonded regions that simultaneously present at the fiber—matrix interface.
Distinguished from part B, part C indicates that the void growth initiated at the
starting point of plastic behavior and the void nucleation by particle interfacial
debonding influence the nonlinear behavior of the composites [46]. This result
explains that for composite materials containing ductile matrices, the fiber-matrix
interface region tends to yield in preference to clear-cut debonding [51]. Finally, part
D corresponds to the plastic behavior following the isotropic hardening law/flow
rule and ductile damage caused by the void evolution [46].

o It is worth noting that the proposed micromechanical damage model for the
cumulative interfacial damage [46, 47] is a suitable micromechanics model for
prediction of the interfacial damage of composite materials.

Details of the extended micromechanical damage model for the cumulative
interfacial damage and more detailed figures and results can be found in Refs [46, 47].

3.5
Summary

Overall microscale tests utilized for characterization of the interface of composite
materials and micromechanical models for composite materials were reviewed in
this chapter. Imperfect interface existing in composite materials is the key region for
understanding of damage and failure phenomenon. Therefore, it is essential to
fundamentally research on imperfect interfaces and their effects through the
analytical, numerical, and experimental studies. There exist many different micro-
scale test methods to measure the interfacial parameters: single-fiber pull-out test,
microbond test, push-out test, single-fiber compression test, and fragmentation test.
Due to the diversity of experimental condition (e.g., specimen preparation, loading
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methods, and measurement and data reduction methods), they have the advantages
and limitations for the determination of interfacial characteristics. Although the
microscale tests for interfacial parameters were roughly introduced in this chapter, an
in-depth understanding of each test methods has to be fully discussed for adequate
investigation of the interface of composite materials. In addition, in order to
efficiently understand the mechanical behavior of composite materials, a variety of
micromechanics-based analyses have been developed: rule of mixture method,
variational principle method, self-consistent method, differential scheme, and the
Mori-Tanaka method. In particular, among various micromechanics-based analyses,
a new micromechanical framework using the ensemble-volume average method
[37, 38] for a multiphase composite medium and an interfacial damage modeling
(e.g., the conventional Weibull probabilistic approach, the multilevel damage model,
and the cumulative damage model) for composite materials having imperfect
interfaces were mainly introduced in this chapter. The proposed methodologies for
evaluating interfacial damage are suitable for more precise prediction of progressive
interfacial debonding in composite materials.

However, since various damage mechanisms (e.g., fiber or particle breakage, void
problems, microcrack problems, and interaction problems) exist in composite
materials and they involve too many fitting parameters, micromechanics-based
analyses are not always adequate for real material applications [6, 17, 26, 30].
Nevertheless, it is worth noting that the present micromechanics-based models
open new perspectives for modeling composite materials; thatis, these models can be
significantly improved by further development and will yield good results for a range
of technically important new composite materials. In addition, for a micromecha-
nics-based analysis, the use of accurate model parameter values is essential to
realistically predict the damage evolution behavior in composite materials. There-
fore, itis important to point out that experimental studies for verification of the model
parameters and further assessment of the model are also needed.
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Preparation and Manufacturing Techniques for Macro- and
Microcomposites

Tibor Czigany and Tamas Deak

4.1
Introduction

The manufacturing of polymer composites is a rather difficult task, since there are
several requirements regarding the technology, design, function, and cost-effective-
ness. The applicable manufacturing technique is determined by the balance of these
requirements and strongly influenced by the chosen matrix material, reinforcement,
fiber content, fiber length, architecture, and so on.

Matrix materials can be different thermoplastic and thermosetting polymers,
which usually contain further modifying additives. The viscosity of resins varies in
a very broad range. Reinforcements with different type, geometry (continuous or
discontinuous), and structure (random or oriented) require different composite
processing technologies. Reinforcements can be arranged to one-dimensional
(roving, yarn), two-dimensional (mat, woven and knitted fabric), or three-dimen-
sional (braid, fabric) systems. Geometry, holes, inserts, undercuts, and surface
quality mean further constraints, similar to curing time, pressure, and temperature
demands of the matrix.

The aim of this chapter is to give an overview of the characterization and
categorization of manufacturing techniques of thermoplastic and thermosetting
composites, including the applicable materials, tools, and applications.

4.2
Thermoplastic Polymer Composites

Nowadays the amount of thermoplastic matrix composites produced approaches to
that of composites with thermosetting matrix. The most important character of
thermoplastic composites — and their most important difference from thermosetting
ones - is the fact that no chemical reaction occurs during processing. The thermo-
plastic matrix is heated over its softening or melting temperature, thus enabling
the forming; subsequently, the part is cooled. This implies both advantages and
disadvantages compared to thermosettings. Thermoplastics offer smaller health

Polymer Composites: Volume 1, First Edition. Edited by Sabu Thomas, Kuruvilla Joseph,
Sant Kumar Malhotra, Koichi Goda, and Meyyarappallil Sadasivan Sreekala
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Table 4.1 Feasible series lengths of thermoplastic composite manufacturing techniques.

Prototype |  Small Medium Large series

series series

Injection molding

Extrusion

Compression molding
Thermoplastic prepreg lay-up
Thermoplastic tape winding
Thermoplastic pultrusion

1000 | 10 000 | 100 000 [ 1 000 000

Diaphragm forming

Number of pieces

hazard, cleaner (and more environment-friendly) technologies, and short cycle times
and techniques capable of producing large series with constant quality. On the other
hand, the higher viscosity of thermoplastic melts impedes the impregnation,
compaction, and consolidation of composites in many cases. The main goal of
reinforcing thermoplastics with fibers — besides enhancing mechanical properties —
is the increasing of heat deflection temperature, stiffness, creep resistance, wear
resistance, and toughness, tailoring the electric properties and decreasing the
thermal expansion coefficient. Thermoplastic matrix composites are mainly rein-
forced with glass, carbon, basalt, ceramic, and natural fibers. Table 4.1 shows the
typical product series of thermoplastic composite manufacturing techniques to be
introduced in this chapter. Injection molding, extrusion, and compression molding
are typical technologies that can produce large quantities of thermoplastic composite
parts with good dimensional accuracy and complex geometry. This explains the
success of these techniques in the automotive industry; particularly, the compression
molding has gained much development in the last few years.

4.2.1
Injection Molding

One of the most important processing technologies of thermoplastic matrix compo-
sites is injection molding, which is capable of producing products in large quantities
with good dimensional accuracy and complex geometry. Injection molding applies a
complex —atleast two-sided — tempered mold, which is rapidly filled with the polymer
melt with the aid of high pressures, often reaching 100 MPa [1]. This necessitates the
closing of the mold with considerable force. The cycle times are very short, mostly
around 1min or less. The most common reinforcement in thermoplastic matrix
composites is the glass fiber. One of the most significant problems of injection-
molded composites is the fiber fragmentation. Mainly in the compounding extruder
and in the feed zone of the injection molding screw, the shearing stresses reduce the
length of fibers to the order of magnitude of a few tenths of millimeters, regardless of
their original size [2]. Fibers fragment during compounding and plastification in the
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injection molding machine. During injection, further fragmentation occurs in the
nozzle and the mold, meanwhile the average length decreases generally to 0.2—
0.4 mm [3, 4]. The attainable fiber length depends on the geometry of the productand
the injection molding speed. For example, in a product with 1.5 mm wall thickness,
the attainable average fiber length is approximately 30% smaller than that in a
product with 4 mm wall thickness [3]. The residual length is often under the critical
fiber length; hence, short-fiber reinforcement is unable to utilize the full possibil-
ities of fiber reinforcement. Since the enlargement of residual fiber length in the
composite products can significantly enhance the mechanical and physical prop-
erties of injection-molded composites, numerous technologies have been developed
in the industry for producing parts in which the residual fiber length exceeds the
usual values of a few tenths of millimeters [5-7]. The manufacturing technologies
of long-fiber-reinforced injection-molded thermoplastics can be divided into two
groups: they are compounded on in-line blending units directly before molding
(direct processing long-fiber-reinforced thermoplastics: D-LFT) or supplied as
ready-to-use pellets (pelletized long-fiber-reinforced thermoplastics: P-LFT). P-LFT
compounds, which can be processed by conventional injection molding machines,
can be made by a variety of manufacturing processes, the principal difference
between them being whether the fibers are cable coated (here specially treated glass
fibers are enclosed within a plastic coat and not impregnated until processed) or
fully impregnated (here the fibers are impregnated with the plastic matrix in the
compounding process). The roving impregnated or coated with the matrix is cut
into pieces with a length between 10 and 55mm. If special cautious injection
molding parameters are employed, the fragmentation of fibers can be decreased
and fiber length can thus be largely retained during injection molding. D-LFT
technologies employ complex machine lines that incorporate compounding and
molding in one unit. The fiber orientation and formation of skin—core structure are
basic attributes of fiber-reinforced injection-molded composites. During filling the
mold, the melt forms a thin layer on the mold wall that has a thickness of 5-7% of
the entire wall thickness of the product. The orientation of fibers is random in this
thin layer. Inside this layer the growing shear stress creates a so-called skin layer
where fibers strongly orientate to the direction of melt flow. In the core that
composes the middle layer of the product, the fiber orientation is random or more
or less perpendicular to the flow direction (Figure 4.1).

The average fiber orientation is determined by the proportion of the thickness of
the skin and core layers. Generally, growing injection rate, melt temperature, and
mold temperature decrease the thickness of the skin layer; therefore, the average fiber
orientation will be smaller [8-11]. Fiber orientation is determined by the proportion
of the skin and core layers inside the part. Larger injection speed, that is, larger resin
flow rate, results in thinner skin layer and smaller average orientation (Figure 4.2).

The augmentation of the fiber content of the composite causes increased fiber
fragmentation. The effect of average residual fiber length on the impact strength and
modulus of elasticity is shown in Figure 4.3 [2, 12].

The wall thickness of the product also has considerable effect: larger thickness
results in relatively thinner skin layer and smaller fiber orientation. This decreases
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Figure 4.1 Distribution of shear stress (7) along the cross section and formation of skin—core
structure in a thin-wall injection-molded product.

Figure4.2 The thickness of the skin layer as the function of injection speed. (a) In case of high melt
or mold temperature or high injection speed. (b) In case of low melt or mold temperature or low
injection speed.

Figure 4.3 The effect of average fiber length on the impact strength and modulus of elasticity of
injection-molded thermoplastic matrix composites and the effect of fiber content on average fiber
length in injection-molded composites.
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Table4.2 The effect of different reinforcements and fillers on the basic properties of thermoplastic
matrix composites (Timprove, |deteriorate).

Additive Maximal Modulus of Elongation at Toughness Warpage  Fire
content elasticity break proneness resistance
(wt%)
Glass fiber 60 11 1l l ! T
Aramid fibers 20 1 ! ! ! T
Carbon fibers 60 11 1 1 ! T
Basalt fibers 60 17 1 l ! T
Natural fibers 60 1 1 ! 1 1
Antistatic agents 5 ! 1 i - —
Elastomers 15 ! il m — 1
Mineral fillers 40 T ] ! 17 1
Wood fiber 80 T N T i i

the modulus of elasticity and the tensile strength. Table 4.2 shows the most common
reinforcements and fillers used in injection-molded composites and their effect on
product properties.

4.2.2
Extrusion

Extruders play a dual role in composite technologies: first, they are used for making
fiber-reinforced compounds that are further processed by injection molding or
compression molding; second, typical extruded products (e.g., plates, pipes, and bars)
are also manufactured with fiber reinforcement. The simplest method of adding fibers
to the resin is dosing chopped fibers to the matrix granulate at the feeding hopper, but
thisleadstoincreased fiber fragmentation. Adding chopped fibers to the already melted
resin stream in an ulterior segment of the extruder (side feeding) prevents major
fragmentation, this solution is popular in extrusion—compression molding. Extruders
are also capable of impregnating rovings by employing a method that is somewhat
similar to pultrusion, this is how the pellets incorporating long strands (ready-to-use
pellets, P-LFT) are made for injection molding and compression molding.
Reinforced extruded products involve glass and carbon fiber-reinforced semifin-
ished products, which are often produced with large (up to 500 mm) diameters for
making machine elements and parts by machining. The other major field is the
production of natural fiber (mainly wood)-reinforced profiles and slats used in the
building industry. The fiber content of these materials can reach 80 wt% [13, 14].

423
Compression Molding

Compression molding techniques are classified by whether there is notable resin
flow during filling the mold or not. If there is a notable resin flow, we speak about
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Figure 4.4 Scheme of automated extruder compression molding (a) and GMT compression
molding (b) line.

glass mat-reinforced thermoplastics (GMT) or extrusion—compression molding. If
there is little resin flow, the method is named hot stamping. For large-scale
manufacturing of GMT compression molding, the cut to size raw material is
conveyed through an oven (usually infrared or hot air) on a conveyor belt and then
a robot places the completely melted material in the mold, which is rapidly closed.
The material flows to fill the tempered mold, gets solidified, and then is ejected
(Figure 4.4b). Extrusion—compression molding is used to produce reinforced parts
principally for the automotive industry as lightweight parts for semistructural
applications such as front ends, bumper beams, and underbody shields. Extru-
sion—compression molding uses an extruder to solidify the raw material for hot bulk
molding compound. The low shear screw of the extruder melts the matrix material of
the P-LFT with heat action and shear force of the screw without degrading the
reinforcing fiber, therefore maintaining fiber length. The melted P-LFT is discharged
from the extruder in the form of a slug. The melted charge is quickly transferred to a
press where it is immediately molded, while still hot (Figure 4.4a). The part is
removed after sufficient cooling. This process is generally referred to as LFT
processing (this denomination is also used for describing injection-molded compo-
sites). In D-LFT processing, the fiber strands are introduced into the extruder in the
form of rovings or chopped strands. The D-LFT process means that a wide variety of
polymers, additives, and reinforcing fibers can be selected, enabling development of
tailored material formulations for each application. It is also possible to use pellets
incorporating long strands (P-LFT).

In case of continuous and aligned reinforcement, the material flow is largely
restricted within the mold. This problem can be overcome by applying hot stamping.
It means the employment of already consolidated prepregs that cover the entire mold
surface and the final component thickness is the direct function of the thickness of
the raw material at any given location. In this case, there is no considerable material
flow during forming, only the shape of the prepreg is modified, similar to metal sheet
stamping. The most common matrix material in compression molding is polypro-
pylene (PP), although polybutylene terephthalate (PBT), polyamide (PA), and other
resins are also available. The most common reinforcement is glass fiber. The molds
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are made of steel and are tempered, that is, can be cooled and also heated. The typical
pressure within the mold during consolidation is 10—20 MPa, although in some cases
it can be higher. Cycle times are usually between 20 and 60 s. The material flow is
completed usually in 3s, the remaining time is needed for the cooling. These
methods enable the manufacturing of parts with large dimensions and up to 100 mm
residual fiber length [15-19].

4.2.4
Thermoplastic Prepreg Lay-up

The most practical and prevalent method of laminating composites from thermo-
plastic prepreg is cutting and laying up by hand. At the same time, several automatic
methods have been developed, based on technologies applied for thermosetting
matrix composites. The instruments that are used for automatic lay up of thermo-
plastic matrix prepreg tapes are conceptually similar to the instruments used for
thermosetting matrix prepreg tapes. The surface of the tape is melted and joined by
means of pressure (Figure 4.5). Heat sources can be infrared beam, gas torch, laser
beam, and the like.

In this case, if both surfaces (the previously laid layer and the tape) are completely
melted, the component theoretically could be used without any postprocessing.
However, residual stresses due to the inhomogeneous and localized heating make
postprocessing necessary. Hence, usually full consolidation is not achieved during
lay-up — permitting of the removal of the component from the mold without
warpage — and a separate processing (autoclave curing) step is applied for full
consolidation.

Thermoplastic prepreg lay-up is a costly technique, and as such mainly high-cost
carbon fiber-reinforced composites are processed by this technique (glass fiber-
reinforced composites can be processed as well, but it is not common.) The molds are

Figure 4.5 Scheme of automatic thermoplastic tape lay-up.

17
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basically identical to those used in the corresponding thermosetting process,
although heat tolerance usually must be higher in case of thermoplastics. Mold
heating can be used for reducing residual stresses and increasing lay-up rate.
Thermoplastic prepreg stacks can be consolidated by compression molding or
diaphragm forming, which otherwise can be regarded as separate processing
techniques. However, the autoclave consolidation is the most technically proven
method, originating from the use of thermosetting prepregs in the aerospace
industry. Vacuum bagging is theoretically feasible, but high processing temperatures
make it nearly impossible [1, 19, 20].

4.2.5
Thermoplastic Tape Winding

The general scheme of thermoplastic tape winding instruments is shown in
Figure 4.6. The prepreg tape is unwound from a spool and travels through a
preheater. At the contact point, the already wound layer is heated and the incoming
tape also gets a thermal boost. Heat sources can be infrared beam, gas torch, laser
beam, and the like. The layers are pressed together by back tension; however, better
compaction can be achieved by employing pressure rollers.

The raw material of tape winding must be in continuous tape form. Fully melt-
impregnated prepregs are the most practical because the matrix is melted only for a
very short time during lay-up. The consolidation is strongly influenced by the
winding speed. Winding speed can be as low as 1 mm/s in case of small experimental
devices or as high as 1m/s in case of more sophisticated facilities. Better consol-
idation can be achieved with lower winding speeds. In case of helix winding, it is
almostimpossible to avoid the formation of voids at the crossing of prepregs, because
(unlike thermosetting matrix composites) the matrix does not become entirely liquid.
The void content can be decreased successfully by reconsolidation in an autoclave

Figure 4.6 Scheme of thermoplastic tape winding.
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Prepreg supply Heated die Cooled die E §
-

Pulling mechanism

Figure 4.7 Scheme of thermoplastic pultrusion.

with vacuum bagging, although this process is definitely disadvantageous from
economic point of view [1, 19].

4.2.6
Thermoplastic Pultrusion

Figure 4.7 shows the basic arrangement of thermoplastic pultrusion facilities. The
raw material (prepreg) is unwound from a creel and pulled into a preheater that heats
the prepreg to a temperature near to or over the melting point of the matrix. The
material enters a heated die, where the final cross section of the product is gradually
formed. The consolidation is taking place in a cooled die, which is followed by a
pulling mechanism.

The process combines conventional glass fiber roving, aramid, or carbon fiber tows
with thermoplastics, most commonly polyethylene terephthalate (PET) and polyam-
ide. Other plastics that can be used include polyphenylene sulfide (PPS), styrene
maleic anhydride (SMA), high-density polyethylene (HDPE), and polypropylene.
Unlike thermosetting pultruded profiles, thermoplastic profiles can be postformed
and reshaped. Higher continuous use temperatures are possible with some ther-
moplastic matrices, and line speeds are faster with raw materials usually costing less
compared to thermosetting pultrusion. Outside coatings of most thermoplastics can
be applied in-line while pultruding by using an extruder. Pultrusion process allows
using recycled thermoplastics as well as virgin materials. Potential applications
include round and flat profiles for tension cables and straps for transporting heavy
construction materials. Production of towpreg, prepreg rods and ribbons, reinforce-
ment bars for concrete, tool handles, and high-fiber-weight long-fiber pellets (P-LFT)
is also possible [1, 19, 20].

4.2.7
Diaphragm Forming

The only technology that has been developed solely for thermoplastic composite
manufacturing is diaphragm forming, which may be seen as a refined form of
vacuum bag consolidation in an autoclave. Diaphragm forming permits the pro-
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Figure 4.8 Scheme of diaphragm forming process.

duction of deeply drawn and geometrically complex components. The flat composite
material to be formed is placed between two flexible diaphragms. The diaphragms
(but not the composite) are clamped around in a clamping frame and the air is
evacuated between the diaphragms. There are two basic versions of diaphragm
forming: in the first case, the diaphragm-composite stack is placed in an oven
and heated over the softening temperature of the matrix. The stack is rapidly placed
on a female mold and vacuum is formed between the lower diaphragm and the mold,
while pressure is applied over the stack. The mold is unheated, thus the composite
solidifies as it comes in contact with the mold (Figure 4.8). In the other method, the
stack is placed on the mold and the entire assembly is placed in an autoclave. After
the evacuation of the air between the diaphragms, the internal atmosphere of the
autoclave is heated over the softening temperature of the matrix. The air is evacuated
under the lower diaphragm and this — combined with the pressure in the autoclave —
shapes the material conforming the mold. When forming is completed, the heated
gas surrounding the mold is replaced with cool air to solidify the product. Diaphragm
forming is usually used for processing high-performance materials, for example,
carbon fiber-reinforced polyether ether ketone (PEEK). The diaphragm can be made
from superplastic aluminum, sheet rubber, or polymer film (mainly polyimide (PI)).
Rubber diaphragms can be reused a few times, while the other types can be used only
once because they suffer permanent deformation.

4.2.8
Classification of Thermoplastic Composite Manufacturing Techniques

The above-mentioned technologies can be categorized according to certain view-
points. While in some cases (e.g., if we want to produce long slats with constant
cross section) only one technology is available for preparing the required part, in
most cases the manufacturer can choose from several different techniques. The
deciding factors include capital investment, required series length, dimensional
accuracy, part size, mechanical properties, raw material cost, and so on. Tables 4.3
and 4.4 summarize the techniques according to technological and economical
features.
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4.3
Thermosetting Polymer Composites

The matrix materials of thermosetting composites are available as monomers or
oligomers and they are polymerized/cross-linked during processing, that is, in the
course of the formation of the product. This means that a chemical reaction occurs
during processing. These techniques can be divided into two groups: in direct
technologies, the components of the resin are mixed directly prior to or during
processing. In this case, the components can be stored at room temperature for very
long time. Indirect techniques employ mixed — usually oligomer — resins (e.g.,
prepregs, sheet molding compound, and bulk molding compound), where cross-
linking is initiated by heat. These raw materials must be stored at low temperatures in
order to avoid premature cross-linking and in most cases they have a limited shelflife.
The duration of cross-linking can be as short as a few seconds (e.g., in reactive
injection molding, sheet molding compound) or several hours (e.g., resin transfer
molding (RTM) or hand lamination of very large components). Some thermosetting
polymers can cross-link sufficiently at room temperature, while others require
heating or autoclave treatment in order to reach full curing.

When we want to prepare a certain composite component with thermosetting
matrix, there are several techniques to choose from. This is truer in case of
thermosetting composites than in thermoplastics. Table 4.5 shows the typical series
lengths of thermosetting composite manufacturing techniques to be introduced in
this chapter.

Table 4.5 Feasible series lengths of thermosetting composite manufacturing techniques.

Small Medium series Large series
series

Hand lamination
Spray-up

Centrifugal casting
Prepreg lay-up

RTM and VARTM

BMC and SMC

RIM and SRIM
Thermosetting injection
molding

Filament winding
Pultrusion

Number of pieces 100 000 | 1 000 000

RTM: resin transfer molding, VARTM: vacuum-assisted resin transfer molding, BMC: bulk molding
compound, SMC: sheet molding compound, RIM: reaction injection molding, SRIM: structural
reaction injection molding.
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4.3.1
Hand Lamination

Hand lamination is the simplest and most versatile thermosetting matrix composite
preparing technique. Despite the continuous development of composite technolo-
gies, hand lamination is still popular because it requires small capital investment.
Furthermore, it is highly economical for short production series and prototypes.
Hand lamination requires a one-sided mold. At first this mold is treated with a mold
release agent and then a gelcoat layer is sprayed on the surface. This layer determines
the appearance, environmental resistance, and surface quality of the final product.
The resin and the layers of reinforcing materials (usually mats and fabrics) are
applied, impregnated, and compacted by brushes and handheld roller. The further
layers are laid by repeating these steps. The impregnation and rolling must be carried
out with great care because — due to the lack of postprocessing — its quality entirely
determines the fiber content, void fraction, and thickness of the product. Hand
lamination is usually applied with glass fibers and unsaturated polyester, although in
some cases aramid, carbon fibers, epoxies, and vinylesters are also used. Molds do not
have to endure high temperatures or pressure, thus they can be made from almost
any material, for example, wood, but most often they are made from composites.
Cross-linking usually takes place at room temperature, if necessary it can be
accelerated with heating [1, 18, 21].

432
Spray-Up

In spray-up, a dedicated spray gun is used to disperse a mixture of chopped fibers and
matrix onto the mold. Continuous rovings are fed into the gun, where they are
chopped to a predetermined length. Resin components are mixed in the pistol by
means of a static mixer or they are sprayed separately and mixing takes place on the
way to the mold. In-gun mixing provides more thorough mixing, but it necessitates
the cleaning of the gun. The gun can be handheld or placed on a robot, in the previous
case the laminate quality greatly depends on the worker’s skill. Laminate compaction
is achieved by handheld rollers. Raw materials type and molds are similar to hand
lamination. The rovings are chopped to lengths between 10 and 40 mm. Using
thermoformed thermoplastic polymer films instead of gelcoat is more common in
case of spray-up than for hand lamination. The removal of the product from the mold
is facilitated by the inward shrinkage of the resin. Cross-linking usually takes place at
room temperature [1, 19, 21].

433
Centrifugal Casting

Centrifugal casting is fundamentally similar to hand lamination and spray-up, the
main difference is that the mold is rotating and the composite is built up on the inner
wall of the mold. There are two options for achieving this goal: in the first case, the
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reinforcement is placed on the inner wall of the mold and resin is added during
rotation; in the second case, an axially moving spray gun deposits the mixture of
chopped fibers and the resin is in the mold. Cross-linking is initiated by heating the
mold or injecting hot air into the mold. Large diameter tanks and pipes can be made
by this method. External surfaces may be improved with gelcoat and resin-rich inner
surface can be produced easily [19, 21].

434
Prepreg Lay-Up

Prepreg lay-up in some respects is similar to hand lamination. Using prepregs
instead of impregnating the reinforcement during lay-up enables the production of
higher performance components and reduces health hazards. Today most high-
performance composites — particularly in the aerospace industry — are made with
prepreg lay-up. The process can be enhanced by various degrees of automation in
prepreg cutting and lay-up.

Atfirst the prepreg is removed from the cold storage and allowed to thaw. Then, the
prepreg is cut. For larger series, this can be automated, using ultrasonically vibrating
knives, waterjet, or laser. Prepregs are mostly used for relatively short series, and are
hence laid up by hand. After the removal of the backing paper, the plies are carefully
placed on the one-sided mold treated with mold release agent. Automatic lay-up
machines are large and costly instruments, which can handle only a limited mold
complexity. However, there are applications (e.g., aircraft wing skins) where large
components with relatively simple geometry must be manufactured precisely, and
here the automatic lay-up machines can be used practically. Similar to hand
lamination, molds for prepreg lay-up can be simple, although the high-tech compo-
nents-made prepreg lay-up requires strict dimensional accuracy, making the molds
more expensive. Laid-up prepregs must be consolidated using a vacuum bag, usually
in an autoclave. A typical autoclave cure cycle is shown in Figure 4.9.

Figure 4.9 Typical autoclave consolidation cycle.
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The vacuum bag and the internal pressure and temperature of the autoclave
cooperate in consolidating the composite during cross-linking. The most common
prepreg material combination is carbon fiber—epoxy, although glass, aramid
and unsaturated polyester, and phenolic and bismaleimide resins are also avail-
able [1, 16, 18].

435
Resin Transfer Molding and Vacuum-Assisted Resin Transfer Molding

Resin transfer molding is the most popular composite manufacturing technique
capable of producing structurally loadable components. Low mold costs and capital
investments are further advantages of this method. Reinforcements (usually
fabrics) are laid up as a dry stack of materials. These fabrics are sometimes
prepressed to the mold shape and held together by a binder. These preforms are
then laid into the lower half of the mold. It is possible to accommodate inserts,
fasteners, and foam sandwich cores into the mold. Gelcoats may also be used. The
mold is closed and resin is injected into the cavity. The mold can be kept closed with
hydraulic or pneumatic presses or simply clamped together. Vacuum can also be
applied at the vents of the mold cavity to assist resin in being drawn into the
reinforcement. In this case, the seal between the mold halves must be very tight.
This is known as vacuum-assisted resin transfer molding (VARTM) (see
Figure 4.10).

Once all the reinforcement is impregnated, the resin inlets are closed and the
laminate is allowed to cross-link. Both injection and cure can take place at either
ambient or elevated temperatures. Resin injection is achieved with a pressure pot
containing the liquid resin. This pot is connected to a pressurized air system. The
pressures applied for RTM are usually between 0.1 and 1 MPa. Most RTM applica-

Figure 410 Scheme of RTM/VARTM process.
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tions employ glass fibers and unsaturated polyester; more demanding products
involve carbon fiber and epoxies, mainly in the aerospace industry. After filling the
mold, the vents are closed and backpressure is applied until cross-linking in order to
avoid bleeding out of the resin. High-temperature epoxy resins may require post-
curing at elevated temperatures after removal from the mold. Vacuum infusion is a
version of VARTM, where there is no pressure, the only driving force used to
impregnate the reinforcement is vacuum. This process is feasible not only with
closed mold (where the vacuum helps to keep together the mold halves) but also with
a one-sided mold, covered by a vacuum bag [1, 15, 19, 20].

4.3.6
Bulk Molding Compound and Sheet Molding Compound

Bulk molding compound (BMC) and sheet molding compound (SMC)) are jointly
named compression molding. This method is particularly popular for long
production series. Vehicle body panels are the most prevalent products. BMC
and SMC utilize two-sided molds. For series production, the molds are metal
(mainly steel) dies. The stack of SMC sheets or bulk material (BMC) is placed on
the lower mold half, and the mold is immediately closed with great force (usually
hydraulic press is applied). The mold is heated, the heat at first decreases the
viscosity of the resin making it possible for the resin to fill the mold. Subse-
quently, the cross-linking is initiated by the heat, and thus the component
solidifies. Mold heating is usually carried out by hot oil or steam circulating
with temperatures around 120 °C. The applied pressure usually varies between 3
and 20 MPa.

SMC semifinished products are manufactured the following way: a measured
amount of specified resin is dispersed on a carrier polymer film. This carrier film
passes underneath a chopper that cuts the glass rovings onto the surface. Once
these have drifted through the depth of resin, another sheet is added on top that
sandwiches the glass. The sheets are compacted and then enter onto a take-up roll,
which is used to store the product while it matures. Prior to processing, the carrier
film is removed and the material is cut into charges. Depending on what shape is
required determines the shape of the charge and steel die to which it is then
added [1, 20, 21].

4.3.7
Reaction Injection Molding and Structural Reaction Injection Molding

Reaction injection molding (RIM) and structural reaction injection molding (SRIM)
are similar to resin transfer molding in that liquid resin (the mixture of two
components) is injected into a closed mold where it cures spontaneously at ambient
temperature. This process is an excellent choice for larger plastic parts produced in
short run or low volume production quantities. The main difference is that RIM
employs resins that harden very quickly (mostly within a few seconds after mixing),

127



128

4 Preparation and Manufacturing Techniques for Macro- and Microcomposites

this is possible because RIM is a fast process and the liquid resin fills the mold very
quickly. The most typical raw material of RIM is polyurethane. RIM is capable of
producing relatively large parts (e.g., automotive bumpers and fenders) because — in
spite of injection molding — the force required for closing the mold is not too large. It
is also possible to produce foamed parts. Considerable design freedom is possible,
including wall sections with large thickness differences that are not suitable for
conventional injection molding, due to the uniform shrink characteristics. Foamed
polyurethanes are natural thermal and acoustic insulators. Excellent flowability
allows the encapsulation of a variety of inserts. Reaction injection molding is used
in many industries for many types of parts. While bumpers for vehicles are produced
in this process, most applications are for large, complex parts produced in quantities
less than 5000 units. Examples include panels for electrical equipment, enclosures
for medical devices, and housings for computer and telecommunications
equipment. If fiber reinforcement is placed in the mold before injection (similar
to RTM), we speak about SRIM. The equipment and mold for SRIM are much more
expensive than that for RTM, but the SRIM enables the production of much longer
series. Due to the high reactivity of the resins used for SRIM, the components cannot
be as large as in case of RTM. The resins used for SRIM must have very low viscosity
in order to impregnate the reinforcement with acceptably low void content and high
fiber fractions [1, 19].

4338
Thermosetting Injection Molding

Thermosetting injection molding is very similar to its thermoplastic counterpart
in its machinery and tooling: the reciprocating screw, the steel mold, high
pressures (up to 100 MPa), and high clamping forces are similar in the two
processes. The thermosetting injection molding involves pelletized or powdered
resin or BMC, which is liquefied in the screw due to friction and heat and then
after injection it is cross-linked in the heated mold. It is possible to employ
chopped fiber reinforcement, in this case significant fragmentation occurs in the
screw, similar to thermoplastic injection molding. Unsaturated polyesters and
phenolics are the most common raw materials. The cross-linking takes place
within a few minutes after mold filling. Thermosetting injection molding is ideal
for producing long series of parts made of thermosetting polymers or their
composites [1, 20, 21].

4.3.9
Filament Winding

In this processing technique, continuous strands of fiber are used to achieve the
maximum mechanical strength. Rovings of the reinforcing fiber are fed through a
resin bath and wound on to a rotating mandrel. The resin must have low viscosity to
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Figure 4.11 Scheme of filament winding process.

impregnate the fiber bundle easily. Preimpregnated rovings can also be used in the
process. Some tension must be applied to the fiber to minimize voids and to have
compact winding. When an external force is applied to a cured product, it is more or
less equally shared by each strand wound under constant tension. This naturally
imparts a superior strength to filament-wound products. Fibers can be arranged to
traverse the mandrel at different angles with different winding frequencies in a
programmed manner accomplished by automatic control or computer-aided control.
Cylindrical objects can be easily manufactured by this process, as shown in
Figure 4.11. However, items that have some degree of symmetry about a central
axis such as conical shapes, isotensoids, cups, multisided boxlike structures, and
even spheres can be produced by this technique. The shrinkage of the resin produces
large compressive stresses between the composite and the core. In case of cores that
remain inside the product (e.g., tanks with inside metal liners), this is an advantage;
but in case of removable cores, the demolding must be facilitated by conical or
disassemblable cores [18-20].

4.3.10
Pultrusion

Pultrusion is a process to produce composite materials in the form of continuous,
constant cross-sectional profiles. Rovings are drawn through an impregnation tank
and then through a die of desired geometry, as shown in Figure 4.12. The shaped
rovings then pass through a tunnel oven for curing, and then pultruded composite
is cut to proper lengths. The resin must have low viscosity for adequate impreg-
nation of the rovings. Typical line speeds range from 15 to 40 mm/min. Among the
thermosetting composites, this technique provides the highest attainable fiber
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Figure 4.12 Scheme of pultrusion process.

percentage, up to 80 vol%. Capital costs are high, butlabor costs can be minimal for
long production runs. Very thin and quite thick profiles of varying geometries can
be manufactured by this technique. More than 90% of all pultruded products are
fiberglass-reinforced unsaturated polyesters. The products find applications in
industry, transport, building materials, including roofing, awnings, canopies,
domes, and sheeting, and also in electrical and sporting goods fields. Its ability
to produce constant cross section of profiles with little waste materials makes
pultrusion one of the most cost-effective processes. For equivalent strength,
pultruded finished products can be 50% lighter than aluminum and 80% lighter
than steel [9, 18, 19].

4.3.11
Classification of Thermosetting Composite Manufacturing Techniques

Thermosetting composite manufacturing techniques have some notable disadvan-
tages compared to thermoplastics: higher health and environmental hazards and
sensitivity to technological conditions (time, temperature, mixing ratio etc.). At the
same time, most technologies capable of making components with very large
dimensions, excellent mechanical properties, or heat resistance belong to thermo-
setting matrix composites. In many fields, composites gradually replace metals,
including automotive and aerospace industry. Parts with large dimensions and
complex geometry offer a further advantage, namely, the decrease of number of
parts: it is possible to produce composite structures from one piece, while the
construction of the same component from metal requires the welding, bolting, or
riveting of several smaller, separate elements. Tables 4.6 and 4.7 summarize the
techniques according to technological and economical features.
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4.4
Future Trends

A major breakthrough can be observed in the aircraft industry (both in the civilian
and military sectors), where main structural parts are made from composite
materials, although only less critical auxiliary parts were manufactured from
composite materials in the last few decades. The most known examples are the
Airbus 350 XWB, the Airbus 380, and the Boeing 787. Among others, the used
techniques involve prepreg lay-up, resin transfer molding, and pultrusion. In the
automotive industry, composites also approach new areas. Several components
that were earlier made from metals are replaced by polymers and mostly by
composites. A prominent example of this is the oil sump of truck engines that is
now made from injection-molded glass fiber-reinforced PA. This trend is in line
with the spreading of thermoplastic matrix composites. In the forthcoming years,
the further growth of the usage of natural fibers can be expected, mainly in the
automotive industry.

New reinforcements and matrix materials are constantly being developed, thanks
to the new applications like the structurally load bearing cryogenic fuel tanks of space
rockets, which must resist the diffusion of gases. A great success of self-reinforced
composites can be expected, because they offer the advantage of reusability apart
from also being lightweight and durable. Self-healing composites are intensively
researched, their practical utilization can be expected mainly in areas where safety is
critical (e.g., aircrafts). Another intensively researched area is the production of nano/
macroscale reinforced hybrid composites.
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Carbon Fiber-Reinforced Polymer Composites: Preparation,
Properties, and Applications

Soo-Jin Park and Min-Kang Seo

5.1
Introduction

Carbon fibers have become one of the most important reinforcing materials in recent
years, characterized by extremely high strength and modulus along with high-
temperature resistance. A great deal of scientific effort has been directed toward
improving and analyzing their performance in particular composite systems [1-5].
Despite these advantages and efforts, it is also well known that the interfacial
adhesion between carbon fibers and matrix in a composite system is too poor to
ensure good mechanical performance [6, 7].

In a composite system, the degree of adhesion at the interface between fiber and
matrix plays an important role in improving the resulting mechanical behavior due
to the existence of the physical or secondary interaction, that is, van der Waals
attraction and hydrogen force at the interface. Furthermore, the degree of adhesion
at interfaces is vital to the strength and durability of the composites formed from
these materials [8, 9].

Polymeric composites such as carbon fibers/epoxy resins and carbon fibers/PEEK
systems are now being used in numerous aerospace, marine, and recreational
applications. The particular composites chosen depend on the application. Epoxy
resins have proved to be the most versatile in this respect as the resin itself can be
cross-linked with a number of different amines, anhydrides, and acids. They can also
react with many other polymer substances [10-12].

The properties of these composites, however, are governed not only by the
properties of individual components but also by the interface between the fibers
and the matrix resins. Successful reinforcement of composite materials is achieved
by only obtaining sufficient stress transfer between the fibers and the matrix resins.
This can be realized by physical and chemical adhesion between the two. Epoxy resins
do not bond strongly to untreated carbon fibers. To overcome this, pretreatments,
usually oxidative in nature, of fiber surfaces have been developed that greatly improve
the fiber/matrix adhesion.

This chapter focuses on the state of the art of the surface modification of
polyacrylonitrile (PAN)-based carbon fibers using different methods such as

Polymer Composites: Volume 1, First Edition. Edited by Sabu Thomas, Kuruvilla Joseph,
Sant Kumar Malhotra, Koichi Goda, and Meyyarappallil Sadasivan Sreekala
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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electrochemical and plasma techniques, so as to control the increase in surface
roughness in order to improve the fiber/matrix interface in carbon fiber-reinforced
polymer composites (CFRCs).

5.2
Backgrounds

5.2.1
Manufacturing Processes

There are many manufacturing techniques in producing composite structural
products, with many variations and patented processes such as lay-up, molding,
winding, pultrusion, and so on. Among them, we address four basic manufacturing
techniques: (1) the lay-up process engages a hand or machine buildup of mats of
fibers that are held together permanently by a resin system. This method enables
numerous layers of different fiber orientations to be built up to a desired sheet
thickness and product shape. (2) Molding is a strip of material with various cross
sections used to cover transitions between surfaces or for decoration. Molding is one
of the most common methods of shaping plastic resins. (3) The filament winding
process can be automated to wrap resin-wetted fibers around a mandrel to produce
circular or polygonal shapes. (4) The pultrusion process involves a continuous pulling
of the fiber rovings and mats through a resin bath and then into a heated die. The
elevated temperature inside the die cures the composite matrix into a constant cross-
sectional structural shape.

5.2.2
Surface Treatment

In the late 1960s and early 1970s, several different types of surface treatment were
used:

a) Wetmethods: Immersion of fibers in oxidizing agents such as nitric and chromic
acid and electrochemical oxidation. Electrochemical oxidation is the most widely
used industrial method for treating carbon fibers [13-16], but the details of such
processes are mostly proprietary

b) Dry methods: Oxidation in air or oxygen. Plasma treatment is one of the
convenient and effective methods to produce functional group on carbon fiber
surfaces.

The physical and chemical properties of carbon fibers are usually modified to
achieve good adhesion between the reinforcement and the matrix materials.
To enlarge the surface polarity of nonpolar carbon fibers, various surface treatment
techniques are applied, such as oxidation in acid solutions [17, 18], dry oxidation in
oxygen, anodic oxidation, plasma treatments, mild fluorination [19-23], and metallic
coating [24-26). Interfacial adhesion between the fibers and the matrices cannot be
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achieved without intimate contact, that is, unless the fiber surface contacts the resin
on an intermolecular equilibrium distance level [27-30].

A large interfacial area of intimate contact by the matrix resin is a prerequisite
whenever the interfacial bond is primarily due to van der Waals physical adsorption
force. In addition, complete wetting of the fibers by the liquid polymeric matrix is
advantageous when the surface free energy of the fibers is well above that of the liquid
polymer in view of the London dispersive—specific polar components of surface free
energy.

Untreated commercial carbon fibers have a surface tension close to 40 mJ/m?* and
an extremely hydrophobic nature due to the extremely high temperature of the
manufacturing process leading to carbonization (£700-1500°C) or graphitization
(2500 °C). On the other hand, most polymeric matrix resins, such as phenolic resin,
are slightly hydrophilic with a surface tension in the range of 35-45 mJ/m? [27-30].

5.2.2.1 Surface Treatment of Carbon Fibers
Itis known that surface treatments improve fiber-resin bonding, but the mechanism
by which the adhesion is improved is still controversial. There appear to be three
major mechanisms contributing to the strength of the fiber/resin bond: (a) The
adsorption (either physical or chemical) of the resin molecules onto surface com-
plexes; acidic complexes have usually been considered to be of most importance. (b)
Removal of contaminants providing a superior surface for adhesion. (c) A mechanical
keying effect when the resin penetrates pits and channels on the roughened surface
brought about by oxidation.

Figure 5.1 shows the functional groups that are thought to be present on oxidized
carbon surfaces. It was hoped that by introducing one or more of these functional
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Figure 5.1 The possible functional groups presented on oxidized carbon surfaces.
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Table 5.1 Description of carbon fibers.

Product name Manufacturer Precursor type Properties

Thornel-25 Union carbide Rayon High strength
HMG-50 Hitco Rayon High modulus
AG Le Carbone Lerraine PAN High modulus
AC Le Carbone Lerraine PAN High strength
Type 1 Not reported PAN High modulus
Type 11 Not reported PAN High strength
HMU Hercules Inc. PAN High modulus
HMS Hercules Inc. PAN High modulus
T300 Amoco PAN High strength
P100 Amoco Pitch High modulus

groups, they would chemically interact with the epoxy resin, promoting bonding
between fiber and resin. In most cases, an increase in the surface functionality is
accompanied by an increase in surface area, and so the relative importance of these
two factors is difficult to assess. Herrick [31] in 1968 reported that the treatment of
Thornel-25 fibers in nitric acid increases their surface area and also the number of
surface oxygen complexes. Similar results have been reported by Donner [32], Fitzer
and Weis [33], and Rand and Robinson [34]. The interfacial shear strength (IFSS) of
composites made from these treated fibers also increased.

Some fibers, after nitric acid treatment, were heated in hydrogen to reduce the
surface oxygen complexes. The IFSS of the corresponding composites decreased
significantly suggesting that the surface functionality was of most importance in
enhancing fiber/resin bonding. Scola and Brooks [35], on the other hand, found no
decrease in IFSS for composites produced from treated Hitco HMG-50 fibers (see
Table 5.1) that had been heated in hydrogen prior to incorporation into the
composite.

It has been found by many workers [36] that heating the fibers removes acidic
surface oxidation almost completely. The treatment of AG (see Table 5.1) carbon
fibers in Hummers reagent [32] produces a graphitic oxide layer. This lamellar
graphitic oxide can be destroyed by heating. The formation of this lamellar coat
greatly improves the IFSS of composites, but the IFSS made from treated fibers that
had been heated decreased to a similar value of that of the untreated fiber/resin
composites. For AC (see Table 5.1) fibers, heating did not produce such a marked
effect. Although heating caused a decrease in the IFSS, the original value for the
untreated fiber/resin composites was not regained.

Fitzer and Weis [33] studied the effect of electrochemically treating fibers in nitric
acid on the shear strength of these composites. They used titration methods to
determine the surface oxide concentration and blocking reagents such as diazo-
methane. Overoxidation of fibers was found to influence composite fracture behavior
strongly, causing brittle fracture in the short-beam shear test (not a good indicator of
the IFSS). With this in mind, only short oxidation times were used. They concluded
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that the amount of fiber—resin bonding solely depend upon the amount of acidic
surface functionality. Surprisingly, Fitzer and Weis found that composites made from
type I and II fibers (see Table 5.1) gave the same interfacial shear strength values, but
type I had a surface oxide concentration one order of magnitude less than type II
fibers. This surely indicates that surface treatments promote bonding via some other
mechanism as well as the one they suggested.

Brelant [37] has a completely different view on the subject, suggesting the size
and distribution of voids at the fiber-resin interface. The limiting strength is said to
be the stress acquired to propagate cracks through the voids along the fiber/matrix
boundary. Brelant proposed that the increase in shear strength noted in the
experiments by Fitzer et al. [38] for the short treatment times could be attributed
to the removal of contaminants or the reduction of protuberances that facilitate void
formation. He suggested that fiber—resin bonding is primarily physical in nature.

This was later confirmed by Drzal and coworkers [39] who published evidence to
show that the effect of commercial treatments was to remove weakly bound crystal-
lites from the untreated fiber surface and hence provide a superior surface to which
the resin could adhere. Kozlowski and Sherwood [40] found that these crystallites
were removed by different mechanisms depending on the pH of the electrolyte used.
In basic solutions, small fragments of fiber were detected in the working electrode
solution; whereas in acidic solutions, they were oxidized to carbon dioxide. They then
went on to study the effect of electrochemical oxidations on the IFSS of the resulting
composites using treatment levels that were comparable to those of the industrially
treated fibers.

5.2.3
Characterization of Polymeric Composites

The mechanical properties of composites depend on many variables such as fiber
types, orientations, and architecture. The fiber architecture refers to the preformed
textile configurations by braiding, knitting, or weaving. Polymer composites are
anisotropic materials with their strength being different in any direction. Their
stress—strain curves are linearly elastic to the point of failure by rupture. The
polymeric resin in a composite material, which consists of viscous fluid and elastic
solids, responds viscoelastically to applied loads. Although the viscoelastic materials
will creep and relax under a sustained load, it can be designed to perform satisfac-
torily. Polymer composites have many excellent structural qualities such as high
strength, material toughness, fatigue endurance, and lightweight. Other highly
desirable qualities are high resistance to elevated temperature, abrasion, corrosion,
and chemical attack.

5.2.4
Fiber Reinforcements

The fibers are an important constituent in polymer composites. A great deal of
research and development has been done with the fibers on the effects in the types,
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volume fraction, architecture, and orientations. The fiber generally occupies 30-70%
of the matrix volume in the composites. The fibers can be chopped, woven, stitched,
and braided. They are usually treated with sizing such as starch, gelatin, oil, or wax to
improve the bond as well as binders to improve the handling. The most common
types of fibers used in advanced composites for structural applications are the fiber,
glass, aramid, and carbon. Among them, carbon fibers are very expensive but they
possess the highest specific physicochemical properties [41-44].

Carbon fiber-reinforced polymer (CFRP) composites are polymer matrix composite
materials reinforced by carbon fibers. The reinforcing dispersed phase may be in the
form of continuous or discontinuous carbon fibers of diameter about 7 um commonly
woven into a cloth. Carbon fibers are very expensive, but they possess the highest
specific (divided by weight) mechanical properties such as elastic modulus and
strength. Therefore, carbon fibers are used for reinforcing polymer matrix due to
their following properties: (1) very high elasticmodulus exceeding that of steel, (2) high
tensile strength, which may reach 7 GPa, (3) low density of 1800kg/m>, (4) high
chemical inertness, (5) good thermal stability in the absence of O,, (6) high thermal
conductivity, assisting good fatigue properties, and (7) excellent creep resistance.
However, the main disadvantage of carbon fibersis their brittle mode of failure [45-50].

The graphites or carbon fibers are made from three types of polymer precursors
such as PAN fibers, rayon fibers, and pitch. PAN-based carbon fibers are produced by
conversion of PAN precursor through the following stages: (1) Stretching filaments
from PAN precursor and their thermal oxidation at 400 °F (200 °C). The filaments are
held in tension. (2) Carbonization is performed in nitrogen atmosphere at a
temperature about 1200 °C for several hours. During this stage, noncarbon elements
(O, N, and H) volatilize resulting in enrichment of the fibers with carbon. Graph-
itization is followed at about 2500 °C. Pitch-based carbon fibers are manufactured
from pitch through the following stages: (1) Filaments are spun from coal tar or
petroleum asphalt (pitch). (2) The fibers are cured at 315 °C. (3) Then, carbonization
is performed in nitrogen atmosphere at a temperature about 1200 °C.

The tensile stress—strain curve is linear to the point of rupture. Although there are
many carbon fibers available on the open market, they can be arbitrarily divided into
three grades, as shown in Table 5.2. They have lower thermal expansion coefficients
than both the glass and aramid fibers. The carbon fibers are anisotropic materials,
and their transverse moduli are an order of magnitude less than its longitudinal
modulus. The materials have a very high fatigue and creep resistance. Since its tensile

Table 5.2 Typical properties of three grades of carbon fibers.

Typical properties High Intermediate High Ultrahigh
strength modulus modulus modulus
Density (g/cm’) 1.8 1.8 1.9 2.0-2.1
Young’s modulus (GPa) 230 290 370 520-620
Tensile strength (GPa) 35 5.5 2.2 3.4

Tensile elongation (%) 1.5 1.9 0.7 0.8
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strength decreases with increasing modulus, its strain at rupture will be much lower.
Because of the material brittleness at higher modulus, it becomes critical in joint and
connection details, which can have high stress concentrations. As a result of this
phenomenon, carbon composite laminates are more effective with adhesive bonding
that eliminates mechanical fasteners.

5.3
Experimental Part

5.3.1
Materials

The carbon fibers used in this study were untreated and unsized PAN-based high-
strength fibers, TZ-307 (12 K monofilaments), manufactured by Taekwang Company
of Korea. The average diameter of these carbon fibers was approximately 7 um, and
typical tensile modulus and strength were about 245 and 3.5 GPa, respectively.

The epoxy resin used in this study was diglycidylether of bisphenol-A (DGEBA)
YD-128 supplied by Kukdo Chemical Company of Korea). The epoxide equivalent
weight was 185-190 g/equiv, and the density and viscosity were 1.16 g cm? and 5000
cPs, respectively, at + 25 °C. Diaminodiphenylmethane (DDM) supplied by Aldrich
Chemical Company was selected as a hardener for curing and methyl ethyl ketone
(MEK) was used to reduce the high viscosity of DGEBA. Resol-type phenolic resin
(CB-8057, supplied from Kangnam Chemical Company of Korea) was also used as
the polymeric matrix.

53.2
Surface Treatment of Carbon Fibers

5.3.2.1 Electrochemical Oxidation

Electrochemical treatment of carbon fibers was conducted using the laboratory pilot-
scale apparatus that we described earlier to introduce the functional groups and to
improve the degree of adhesion at interfaces between fibers and matrix resins [51].
The electrolyte used was 10 wt% phosphoric acid solutions with a constant oxidation
rate (1 m/min). The electric current densities used in this work were 0, 0.2, 0.4, 0.8,
and 1.6 A/m?. After anodic oxidation, the anodized carbon fibers were washed with
freshly distilled water and then rinsed with acetone in a Soxhlet extractor for 2h to
remove surface impurities or residual oxides. The laboratory pilot plant is schemat-
ically illustrated in Figure 5.2.

5.3.2.2 Electroplating

Electroplating has been used to produce metal matrix composites reinforced with
carbon fibers [52, 53]. Carbon fiber surfaces are metallized by electrolysis in molten
salt solutions [54]. An electroplating device was constructed that can continuously
plate nickel onto the fiber surfaces. The speed of carbon fibers was controlled by a
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Figure 5.2 Schematic diagram of continuous electrolytic surface anodization process.

gearbox and the speed was normally about 0.72 m/min. Nickel sulfate was the main
salt used in the electroplating solution, and electrolytic nickel plate was used as the
anode. Carbon fibers are conductive, so they were used directly as the cathode to be
plated. The compositions and operating conditions of the plating bath are given in
Table 5.3. Before being plated, the carbon fibers were activated in nitric acid for
30 min in order to enhance the interfacial adhesion between the nickel coating and
the carbon fibers. Prior to using fiber surface analysis or preparation of the
composites, the residual chemicals were also removed by Soxhlet extraction with
acetone at £70 °C for 2 h. Finally, the carbon fibers were washed several times with
distilled water and dried in a vacuum oven at 60 °C for 12 h.

5.3.2.3 Oxyfluorination

For carbon fibers, the oxygen-containing fluorination treatment offers several
advantages over other treatments. One primary advantage is that the mechanical
properties of the fibers are not significantly degraded if optimum conditions are
operated. Other important advantages are related to concerns about the development
of more environment-friendly processes [55]. The carbon fibers were subjected to
oxyfluorination under different conditions. An oxyfluorination reaction was per-
formed in a batch reactor made of nickel with an outer electric furnace, as shown in
Figure 5.3. After evacuation, the fluorine and oxygen mixtures (F,/O, gases) were
introduced to the reactor at room temperature, and then the reactor was heated to the
treatment temperature. After the reaction, the specimens were cooled to room
temperature, and then the reactive gases were purged from the reactor with nitrogen.
In case of room temperature reaction, the reactor was cooled and evacuated in a
cooling bath prior to charging of the fluorine. The reactor was removed from the
cooling bath after the fluorine was purged with nitrogen. The total gas pressure was
0.2 MPa and the nominal reaction time was 10 min at the treatment temperature.
Table 5.4 lists the experimental conditions of the carbon fibers studied.

Table 5.3 Composition and operating conditions of Ni-plating bath.

Compositions NiSO,4-6H,0 280 g/L
NiCl,-6H,0 40 g/L
H;BO; 30 g/L

Conditions pH 4.5-5.0
Temperature (°C) 45+ 1

Current density (A/m?) 0-60
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Figure5.3 Schematicdiagram of oxyfluorination reactor: (1) F, gas cylinder, (2) N, gas cylinder, (3)
O, gas cylinder, (4) buffer tank, (5) HF absorber (NaF pellet), (6) reactor, (7) pressure gauge, (8) F,
absorber (Al,03), (9) glass cock, (10) liquid nitrogen, and (11) rotary vacuum pump.
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5.3.2.4 Plasma Modification

One of the most practical surface modifications for commercial production of carbon
fibers is plasma treatment. The carbon fibers were exposed to atmosphere argon
plasma under the following conditions: 13.56 MHz radio frequency (RF), 150 W
power, 10 mbar pressure at 50 sccm/min using the atmospheric pressure plasma
devices equipped with mass flow controller (MFC) hardware, as shown in Figure 5.4.

Table 5.4 Experimental oxyfluorinated conditions of PAN-based carbon fibers used.

Specimens F,/O, mixtures (%) Oxyfluorination
temperature (°C)

No treatment — _

CF-RT 100/0 25
CFO-RT 50/50 25
CFO-100 100
CFO-300 300

CFO-400 400
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Figure 5.4 Schematic diagram of atmospheric pressure plasma apparatus.

The time of exposure was varied from 0 to 180 min and we designate them as CFs-0,
(b) CFs-10, (c) CFs-20, (d) CFs-30, and (e) CFs-180, respectively.

5.3.3
Preparation of Carbon Fiber-Reinforced Polymer Composites

Unidirectional composite laminates were prepared by continuous impregnation of
the fibers using a drum winding technique for manufacturing prepregs with subse-
quenthot pressing [56]. The laminates made with 32 plies of prepregs were fabricated
in a hot press at 7.4 MPa at 150 °C for 150 min with a vacuum bagging method in a
conventional composite processing [57]. To obtain an average fiber volume fraction V¢
of the composites, a small-size rectangular specimen was cut from the laminate and
the side section of the specimen was polished. The number N of fibers was counted
using video images of the small area S of 1 mm (thickness direction) x 0.2 mm (width
direction) and average diameter (dy) of the fiber was measured at the cross section.
Average fiber volume fraction V¢ was then calculated from Eq. (5.1):

_ N-d&-=n

The average fiber volume fraction of bulk specimens was about 52% (40.2%) for all
composites.

534
Characterization of Carbon Fibers

In order to study the effect of surface treatment of carbon fibers, it is necessarily
beneficial to determine the effect of surface treatments on the chemistry of the fiber
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surfaces. The X-ray photoelectron spectroscopy (XPS) measurement of fiber surfaces
was performed using a VG Scientific ESCA LAB MK-II spectrometer equipped with
Mg-Ka X-ray source. The base pressure in the sample chamber was controlled in the
range of 10 -107? torr. In the survey spectrum (0-1100 €V), the XPS program
package fixed the C1s peak at 284.6 eV considering the neutralization. For the high-
resolution C1s spectra, the exact position of the C1s peak was not fixed. Quantifi-
cation was carried out by applying a standard procedure, that is, linear background
subtraction, fitting the measured lines by means of a set of Gaussian curves (except
for the graphite line) and converting the intensities into atomic concentrations by
using relative sensitivity factors.

However, carbon fibers are very difficult to work with as they do not lend
themselves readily to the more common spectroscopic techniques owing to their
color, size, and handling difficulties. Even with XPS, analysis of data has proved to be
difficult owing to the extremely small concentration of chemical species present on
fiber surfaces. Therefore, we performed contact angle method to examine the surface
conditions of the fibers.

5.3.5
Theoretical Considerations of Dynamic Contact Angles

A precise contact angle measurement of fibrous materials is a difficult and complex
process, although several methods have been proposed to measure their wettabil-
ity [28, 58, 59]. In the early 1970s, Chwastiak [59] introduced the procedure for
wicking rate measurements by enclosing the carbon fiber bundle in a glass tube so
that the porosity is fixed for a given strand of carbon fibers. This measurement that
was used successfully to evaluate the wettability of carbon fiber by water, glycol,
heptane, and epoxy resins has been described. The wettability of carbon fibers is
determined by measuring the wicking rates by the mass pickup technique or by the
surface velocity method. The contact angle used in this investigation was then
calculated using the Washburn’s equation [59] defining the flow of a liquid through a
capillary.

h::ryrcose (5.2)
t 2n
where h is the rise height in a capillary of radius r, ¢ is the flow time, 6 is the contact
angle of the liquid with the surface, and y; and # are the liquid surface tension and
viscosity, respectively.

The fibers that have been packed in a column can be ascribed as a bundle of
capillaries with mean radius 7. A modified Washburn’s equation can be used for this
system:

h* 7.y -cos0

t 7 (5.3)
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If the effects of gravity may be neglected, the height increase of the liquid is replaced
with mass gain due to wicking of the liquid, and then the expression for the contact
angle can be rewritten as

m? c-Q® -y -cos0

t ) (5.4)

where m is the weight of the penetrating liquid, ¢ is the density of the measuring
liquid, and c is the packing factor.

The packing factor cis an empirical constant that depends on the size and degree
of packing. In order to measure the packing factor for particular fibers, a liquid with
low surface free energy is chosen. Hexane (y; = 18.4 mJ/m?) is generally the test
liquid of choice, which wets completely. In this case, the contact angle against the
fibers was assumed to be 0° and cos 0 = 1. Therefore, the packing constant can be
calculated by detecting the increase in weight per unit time and by using a modified
Washburn’s equation (5.4) with the viscosity, density, and surface free energy of
hexane.

Also, the contactangle (6) on carbon fibers can experimentally be determined in the
same manner as the packing factor derived from n-hexane wetting method, after
the values of packing factor ¢ and liquid characteristics g, #, y, of the testing liquids
are known. The slope (dm”/dt) was determined in the linear range for the measure-
ments of ¢ and cos 0. This is done by differentiating Eq (5.4) according to time and
determining the value dm?/dt. For use on a variety of fibrous materials, at least two
unidentical liquids having known London dispersive and specific components of
surface free energy are needed.

In this work, contact angle measurements of the carbon fibers were performed
using the Kriiss Processor Tensiometer K12 with fiber apparatus. The experimental
setup is schematically illustrated in Figure 5.5. About 2 g of carbon fibers was packed
into an apparatus, which was then mounted indirectly to the measuring arm of the
microbalance. The packing factor of the fibers was measured for each continuous
filament by measuring the increase in weight per unit time at zero depth of
immersion of a test liquid (in this study, n-hexane), as shown schematically in
Figure 5.6.The test liquids used for contact angle measurements were n-hexane,
deionized water, diiodomethane, and ethylene glycol [60]. The surface free energy
(or surface tension) and their London dispersive and specific (or polar) components
for the test liquids are listed in Table 5.5.

5.3.6
Characterization of Carbon Fiber-Reinforced Polymer Composites

5.3.6.1 Interlaminar Shear Strength

Interlaminar shear strength (ILSS) was measured to estimate the interfacial adhesion
strength of the composites. The test was conducted by three-point short-beam
bending testmethod using an Instron model Lloyd LR-5K mechanical tester according
to the ASTM D 2344. For a rectangular cross section of the composites, the ILSS
determined from three-point bending tests is calculated as [61]
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Figure 5.5 Schematic diagram of principles of the capillary rise method.

3p
ILSS = — 5.5
55 4bd (5:5)
where Pis the load at the moment of break, b is the width of the specimen, and d is the
thickness of the specimen.
The accuracy and range of the load cell used were 0.5% grade and 5 kN, respec-
tively. The composites were machined along the fiber direction into 30 mmx 6 mm

Figure 5.6 Typical wicking rate data in weight m” as a function of time t.
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Table 5.5 The characteristics of wetting liquids used in this work [28].

Wetting liquids 7t (mifm?’) P [m)/m’]  y (m)/m’) 5 (MPas) o (g/cm’)
n-Hexane 18.4 0 18.4 0.33 0.661
Water 21.8 51 72.8 1 0.998
Diiodo-methane 50.42 0.38 50.8 2.76 3.325
Ethylene glycol 31.0 16.7 47.7 17.3 1.100

yt: London dispersive component of surface free energy, y:’: specific component of surface free
energy, v, : total surface free energy, #: viscosity, o: density.

short-beam shear specimens with 5 mm thickness. The distance between supports
divided by the thickness of specimens L/d =5, and the crosshead speed was fixed at
2.0 mm/min.

5.3.6.2 Critical Stress Intensity Factor (K;c)

The critical stress intensity factor (Kc), which is one of the fracture toughness
parameters, was described by the state of stress in the vicinity of the tip of a crack asa
function of the specimen geometry, the crack geometry, and the applied load on the
basis of linear elastic fracture mechanics [62]. The analytical expression for K¢ (K¢ in
mode I fracture) was characterized using a single-edge notched (SEN) beam fracture
toughness test in 90° three-point bending flexure, as shown schematically in
Figure 5.7. Notches were cut using a slow-speed diamond wire saw, approximately
halfthe depth of the specimen. The SEN beam fracture toughness test was conducted
using an Instron Model 1125 mechanical tester according to the ASTM E 399. A span-
to-depth ratio of 4: 1 and crosshead speed of 1 mm/min were used. For the SEN beam
fracture toughness test, the value of Kic is calculated using Eq (5.6).

3PLal/?

Kie =5 (56)

where Pis the critical load for crack propagation (N), Lis the length of the span (mm),
a is the precrack length (mm), b is the specimen width (mm), d is the specimen
thickness (mm), and Y is the geometrical factor given by Eq. (5.7):

Y = 1.98—3.07(a/b) 4 14.53(a/b)*—25.11(a/b)’ + 25.80(a/b)* (5.7)

P
/ y FJFM direction
|

l Noreh re'rm[ Hon

Figure 5.7 Schematic diagram of single-edge notched (SEN) beam fracture toughness test.
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Figure 5.8 Schematic diagrams of double cantilever beam (DCB) specimen.

5.3.6.3 Mode | Interlaminar Fracture Toughness Factor

Mode I interlaminar fracture toughness (G;c) was determined according to ASTM D
5528-94 using the double cantilever beam (DCB) test, as shown in Figure 5.8.
Specimens were cut to size using a diamond saw with the fiber direction parallel
to thelength of the sample, 20 mm in width, 3 mm in thickness, and 160 mm in length
with a 30 mm crack starter film. Aluminum tabs were attached to the end of the
specimens containing the insert using a high-strength epoxy adhesive and allowed to
dry for 48 h. An Instron 1125 Universal Testing Machine was used to perform the tests
using a crosshead speed of 1 mm/min and a load versus displacement curve was
produced for each test. From these data, mode I critical strain energy release rate (Gic)
was calculated using corrected beam theory according to Eq. (5.8):

3P-¢6

Ge=z——
© 7 2w(a+A])

(5.8)

where P is the load, 0 is the displacement, W is the specimen width, a is the crack
length, and |A| is the crack length correction factor that is determined to be the x-axis
intercept of the plot of the cube root of the compliance (C=/P) versus the crack
length a. Values of Gjc were plotted as a function of crack length a to produce a
resistance R curve.

5.3.6.4 Fracture Behaviors

Ahearn and Rand [63] show the three general classes of fracture behavior result,
depending on the relative magnitudes of the interfacial bond fracture energy: the
fiber structural energy, the elastic mismatch between fiber and matrix, and the sliding
resistance between fiber and debonded matrix. The general shapes of the load—
deflection curves generated from these three types of behavior are shown in
Figure 5.9.
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Figure 5.9 Load-extension curves generated by three main classes of fracture behaviors.

It is noted that debonding occurs leading to class I-type behavior especially in case
of ductile matrix composites. Class I is a classical multiple fracture mode of failure,
leading to the ultimate strength being largely controlled by the fiber properties, and
arises when the interfacial sliding stress is low enough to allow relative motion of the
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Table 5.6 Variation of surface chemical compositions of the carbon fibers with current density
observed by XPS measurement (at%).

Current density (A/m?) XPS

Cls Ols le Ols/Cls
0 91.8 6.9 1.3 7.5
0.2 80.7 12.2 7.1 15.1
0.4 79.2 13.1 7.7 16.5
0.8 76.9 14.0 9.1 18.2
1.6 78.0 14.2 7.8 18.2

fibers. Conversely, class I1I-type behavior occurs with typical brittle matrix compo-
sites. Debonding takes place and the composite fails catastrophically.

5.4
Results and Discussion

5.4.1
Effect of Electrochemical Oxidation

5.4.1.1 Surface Characteristics

It is well known that XPS is a very useful apparatus in the determination of chemical
compositionand functional groups of the fiber surfaces [64-67]. As shown in Table 5.6,
the amounts of both surface oxygen and nitrogen groups increased with an increase in
the current density in electrolytic solution. The large variation of the oxygen group is
due to the varying acidity of the surface functional groups. The O1s/Cls ratios as a
function of the applied electric potential are also indicated in Table 5.6, and the ratios
increase with the increasing electric current density up to about 0.4 A/m* When the
045/Cys ratio is considered, it is clear that during electrochemical oxidation, the
hydroxyl (—COOH) and carbonyl (C=0) groups increased on the fiber surfaces, as
seen in Table 5.7.

Table 5.7 Variation of surface functional groups of the carbon fibers with current density observed
from XPS measurement (at%).

Current density (A/m?) Functional groups
—C-—C- —C—-OH-— —C=0— —OH-C=0-
(284.7 eV) (286.1 eV) (287.8 eV) (289.2 eV)

0 63.3 25.4 4.2 2.7

0.2 54.1 28.2 9.0 6.7

0.4 53.0 28.3 9.1 6.8

0.8 50.1 28.9 10.0 9.6

1.6 51.2 29.1 10.2 6.6
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Table 5.8 Contact angle determinations (in degrees) on the carbon fibers as a function of current
density.

Wetting liquids 0 (A/m?) 0.2 (A/m?) 0.4 (A/m?) 0.8 (A/m?) 1.6 (A/m?)
Water 85 69 61 70 74
Diiodomethane 36 29 26 25 29

In this work, it is noted that the double bonds in the carbonyl and carboxyl
functional groups on the fiber surfaces can largely enhance the physical attraction at
interfaces between fibers and epoxy resins, and simultaneously the amide-type
functional groups. Therefore, the increasing amounts of oxygen-containing func-
tional groups on the fibers play an important role in improving the degree of adhesion
atinterfaces (hereby, Keesom’s attraction of van der Waals force, hydrogen bonding,
and the other small polar effects) between fibers and matrix. As seen in Tables 5.6
and 5.7, it is also noted that larger increases of oxygen than nitrogen groups of the
fibers treated are related to enhancing the bulk degree of physical attraction as acidic
functionality.

5.4.1.2 Contact Angle and Surface Free Energy

Table 5.8 shows contact angle data of carbon fibers with and without electro-
chemical oxidation. As a result, the angle of water largely decreases with the
increasing current density up to 0.2-0.4 A/m?. This suggests that electrochemical
oxidation leads to a change in fiber surface nature, such as hydrophobic-hydro-
philic properties. To obtain more detailed information about the surface energetic
of the carbon fibers before and after electrochemical oxidation, an analysis of the
surface free energy is evaluated in the surface energetic studies divided by two
components: a London dispersive component of nonpolar interaction and a
specific component describing all other types of interactions (Debye, Keesom,
hydrogen bond, and other small polar effect). The London dispersive and specific
(or polar) components of surface free energy of carbon fibers are determined by
measuring the contact angles of a variety of testing liquids with known London
dispersive and specific components and analyzing the results in accordance with
the method proposed by Owens and Wendt [68] and Kaelble [69], using the
geometric mean method.

i (1 +cos0) = 2( V§YE o/ VngfP> (5.9)

where the subscripts Land S represent the liquid and solid states and y"and y°" are
the London dispersive (superscript L) and specific (SP, Debye, Keesom of van der
Waals, H-bonding, 7z-bonding, and other small polar effects) components of the
surface free energy of the constitutive elements.
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Using two wetting liquids (subscripts L; and L,) with known y} and y$? for
equilibrium contact angle (abbreviated # here) measurements, one can easily
determine y% and y5F and solve the following two equations [6, 70]:

y11(1+cos 0;) = 2( Y§VD1 T+ \ ?’EPVE{)> (5.10)
712(1+cos 0;) = 2( V§Via \ VEPV%)) (5.11)

In Table 5.9, the results of the surface free energy and its London dispersive and
specific components of the carbon fibers are summarized. As a result, it can be seen
that the specific component of the surface free energy, y5¥, increases with the
increasing electric current density up to 0.4 A/m? then, a marginal decrease in the
specific component is observed for the strongest current density used in this work.
The London dispersive component y5 remains almost constant as the current density
increases. This result indicates that the moderate electrochemical oxidation of the
carbon fibers leads to an increase in the surface free energy S, which is mainly
influenced by its specific component. In previous studies [71], we have found that the
electrochemical oxidation of the carbon fibers gives an increase in surface function-
ality, resulting in improved ILSS of the composites. Therefore, the present result
seems to be partially due to the increase of surface oxygen functional groups created
by surface oxidation on carbon fibers.

From a surface energetic point of view, it is expected that an increase in the specific
component of the surface free energy of fibers will play an important role in
improving the degree of adhesion at interfaces between the anodized fibers and
the epoxy resin matrix containing oxide functional groups.

5.4.1.3 Mechanical Interfacial Properties

Fracture toughness is a critical property needed to resist crack propagation loaded
from matrix to fiber, which ought to be considered in the evaluation of a composite
material for a real application [72]. For a rectangular cross section of the composites,
the fracture toughness of the composites can be measured by the three-point bending
test for the critical stress intensity factor (Kic).

Table 5.9 Results of surface free energy and their components of the carbon fibers as a function of
current density.

Current density (A/m?) 75 [m)/m?] 78 [m)/m?] 7 [m)/m?]
0 40 2 42
0.2 42 7 49
0.4 42 11 53
0.8 44 6 50

1.6 42 5 47
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Figure 5.10 Evolution of Kic as a function of the current density studied.

Figure 5.10 shows the evolution of K;c with flexure of the composites as a function
of electric current density. In the Kic fracture toughness test, the Kic of the
composites continually increases with the increasing current densities of the treat-
ments up to 0.4 A/m” and a maximum strength value is found about 283 MPa . /cm at
the anodic treatment of 0.4 A/m”. Additional energy needed to extend the interfacial
crack under this condition is attributed to increased interfacial adhesion between
fibers and matrix [73]. Also, a good linearity (regression coefficient R=0.974;
SD = 2.18) of the relationship between y5" S of the fibers and Kic of the composites
is shown in Figure 5.11. As mentioned above, this is a consequence of the increase of
the specific component of fiber surface free energy, resulting in enhanced physical
fiber-matrix adhesion of the composites.

5.4.2
Effect of Electroplating

5.4.2.1 Surface Characteristics

XPS spectra of untreated and nickel-plated carbon fibers are shown in Figure 5.12. As
anticipated, the untreated carbon fibers (Figure 5.12a) show a Cls peak and a
substantial Ols peak at 284.6 and 532.8 eV, respectively [74]. The Ols peak is
probably due to the intrinsic surface carbonyl or carboxyl groups. Otherwise, for the
nickel-plated carbon fibers (Figure 5.12b-e), carbon, oxygen, and nickel (BE =857.6
eV) peaks are observed in XPS spectra [75]. The O1ls peak of nickel-plated carbon
fibers is probably due to the NiO, C=0, —OH, and O—C—O groups on the fiber
surfaces.
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Figure 5.11 Dependence of Kc of composites on the specific component of the fiber surface free
energy studied.

Figure 5.13a shows expanded scale O1s XPS spectra for carbon fibers coated with
nickel at 10 A/m? current density. The O1s spectra reveal the presence of three peaks
corresponding to NiO groups (peak 1, BE = 529.6 eV), C=0, or —OH groups (peak 2,
BE=531.6 eV), and O—C—O groups (peak 3, BE=532.6 eV) groups [76-80].

Figure 5.12  XPS spectra of the nontreated and nickel-plated carbon fibers: (a) 0, (b) 5, (c) 10, (d)
30, and (e) 60 A/mZ.
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Figure 5.13 High-resolution Oqs and Niz, XPS  (BE=532.6 eV (b) 1: Ni-metal (BE =852.7 eV),
spectra of nickel-plated carbon fibers (10 A/m*  2: NiO (BE = 854.6 eV), 3: Ni(OH), (BE = 856.4
current density). (a) 1: NiO (BE=529.6 eV), 2:  eV), and 4: Ni-metal (BE =2858.5 eV).

C=0 or —OH (BE=531.6eV), and 3: 0—-C-O

The Niy,, peak is shown on expanded scale in Figure 5.13b for nickel-plated carbon
fibers. In case of nickel-plated carbon fibers in Figure 5.13b, several subpeaks are
seen in addition to the main peak (BE = 858.5 eV). These subpeaks that are separated
computationally in Figure 5.13b indicate that Ni metal (peak 1, BE=2852.7 €V,
and peak 4, BE=858.5 eV), NiO (peak 2, BE=2854.6 €V), and Ni(OH), (peak 3,
BE =856.4 eV) are present as a result of electrolytic nickel plating [81-83]. However,
these peaks are never seen for the untreated carbon fibers. For the untreated and
nickel-plated carbon fibers, elemental composition and Oy4/Cy; ratio are listed in
Table 5.10. The O;4/C;s composition ratios of nickel-plated carbon fibers are
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Table 5.10 Elemental composition and O45/Cy, ratio of untreated and nickel-plated carbon fibers
(at%).

Current density (A/ mz) XPS

c'Is o'Is N1s o'ls/c'ls
0 68.8 25.8 0.8 0.375
5 64.4 25.4 0.8 0.394
10 62.8 28.0 0.8 0.446
30 63.3 26.8 0.8 0.423
60 63.0 23.9 0.8 0.379

increased compared to that of untreated due to the deposition of more active forms,
such as NiO, Ni(OH),, and Ni metal on the inactive carbon. However, nitrogen of
carbon fiber surfaces has no significant changes as the concentration and distribution
are varied.

From the XPS experimental results, it is found that the surface composition of
carbon fibers changed substantially as a result of nickel plating. The carbon content of
nickel-plated fibers decreased when the fibers were plated with metallic nickel,
whereas the oxygen and nickel contents of plated fibers were higher than that for
untreated fibers. The active groups on the carbon fiber surfaces after nickel plating
may help to change the polarity and the functionality of the fiber surfaces.

5.4.2.2 Contact Angle and Surface Free Energy
The wetting of a solid surface by a liquid and the concept of contact angle (¢) was first
formalized by Young [84]:

Vs—VsL = YL cos O (5.12)

where vy, is the surface energy of the liquid, y; is the interfacial energy of solid/liquid
interface, and g is the surface energy of solid.

Fowkes [85] has suggested that the surface free energy of substances consists of two
parts, the London dispersive and specific (or polar) components.

y =yt 4y (5.13)

where the superscript L refers to the contribution due to London dispersive forces
that are common to all substances, and superscript SP relates to the specific polar
contribution.

In the context of surface energetic studies, Owens and Wendt [68] derived the
following equation for the interfacial energy between liquid and solid assuming a
geometric mean combination of the London dispersive and specific components:

YsL = Vs + 712 (\/Vk vs—\/7iF VSP) (5.14)
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Combining Eqs. (5.12) and (5.14) yields a linear equation:

y1(1+cos0) = 2<\/V£ Y§+/7iF 7/2") (5.15)

where y;, yk, and y$F are known for the testing liquids [86, 87] and y, ¥, and y5F can
be calculated by the contact angle measurements.

Based on “harmonic” mean and force addition, Wu [88, 89] proposed the following
equation:

dysri 4t
YsL= Vs + Vi - (5.16)
R O R
Equation (5.16) can be written as follows with the aid of Eq. (5.12):
4ylyl  4ySPSP
y.(1+cos0) = YSVL Vs VL (5.17)

vs+vt v+
Wu [88] claimed that this method applied accurately between polymers and between a
polymer and an ordinary liquid.

The contact angles of nontreated and nickel-plated carbon fibers were measured
for two testing liquids, deionized water and diiodomethane. The y, y%, and y3F of the
carbon fibers studied are given in Figure 5.14. The treatments at the current density
range of 5-60 A/m? lead to a wetting level better than those for the sample without
plating. The polar component y$F of the nickel-plated carbon fibers was significantly
increased, but the dispersive component y5 was barely changed. In this system, the
surface polarity of carbon fibers is also increased compared to the nontreated one.
These results reveal that the electroplating leads to an improvement of interaction
between the polar liquid (deionized water) and the carbon fiber surfaces.

Figure 5.14 Surface free energy of the nontreated and nickel-plated carbon fibers. y: surface free
energy, 757: specific (polar) component, and yt: London dispersive component.
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To improve wettability, the surface energy of the fibers should be made larger than
or equal to the surface energy of the matrix. In case of 10 A/m” current density, the
surface free energy y reaches the highest value of 67 mJ/m”. Thus, it is expected that
the interface between metallized carbon fiber surfaces and matrix resins may be
good, since the metallized carbon fiber surface energy should allow extensive wetting
by the matrix resins (35-45 mJ/m?) [28, 86, 87]. As mentioned above, these results are
attributed to the introduction of van der Waals physical adsorption force and polar
groups, such as —CO, —COO, NiO, Ni(OH),, and nickel metal of carbon fiber
surfaces, resulting from the increasing specific component of the surface free energy,
as already shown in Figure 5.13.

5.4.2.3 Mechanical Interfacial Properties

The effect of surface treatment can be expressed in terms of Kjc values. The critical
stress intensity factor (Kic; Kc in mode I fracture), which is one of the fracture
toughness parameters, is described by the state of stress in the vicinity of the tip of a
crack as a function of the specimen geometry, the crack geometry, and the applied
load on the basis of linear elastic fracture mechanics (LEFM) [90]. Kic can be
characterized by a single-edge notched beam fracture toughness test in the three-
point bending flexure [62].

Figure 5.15 shows Kjc of the Ni-plated carbon fiber-reinforced composites as a
function of current density. The maximum strength is found ata current density of 10
A/m?. Also, it is observed that Kic of the composites for fibers treated at a relatively
high current density (60 A/m?) is not significantly increased compared to that of the
composites made with untreated fibers. Nevertheless, in this system, it appears that
the nickel plating of carbon fiber surfaces affects Kic of the composites, resulting

Figure 5.15 K¢ of Ni-plated carbon fiber-reinforced composites with different current densities.
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Figure 5.16 Dependence of Kc on O4,/Cjs ratio (R: coefficient of regression).

from the presence of both nickelized functional groups and increased oxide func-
tional groups on the carbon fibers.

It is interesting to note that the K¢ results support the reliability of the data, since
the trends in Kic values seem to be very similar to trends in O;4/C; or surface free
energy. In fact, the relationships between Kjc and Oy5/C; and between Kjc and yép
are almost linear for all samples with different current densities, as shown in
Figures 5.16 and 5.17, respectively. Therefore, the O4/Cy; ratio and y§’ may prove
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Figure 5.17 Dependence of Kc on specific polar component 72” of surface free energy
(R: coefficient of regression).
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Figure 5.18 XPS wide scan spectra of the oxyfluorinated carbon fibers.

to be the governing factors in the adhesion between the fibers and the matrix resins in
the present system studied.

543
Effect of Oxyfluorination

5.4.3.1 Surface Characteristics

XPS wide scan spectra of the oxyfluorinated carbon fiber specimens are shown in
Figure 5.18. The intensity scale factor of the oxyfluorinated carbon fibers is higher
than that of the as-received carbon fiber specimen. The XPS spectra show distinct
carbon, oxygen, and fluorine peaks, representing the major constituents of the
carbon fibers investigated. Relatively weak peaks of other major elements such as
nitrogen are also observed. No other major elements are detected from the wide scan
spectra on the surface of the carbon fibers. As expected, the fluorine peak intensity of
the oxyfluorinated carbon fibers is also increased according to the fluorination
temperature and oxygen content.

Figure 5.19a shows high-resolution spectra of the C; region of the oxyfluorinated
carbon fibers. The binding energy (E,) of the Cy5 peak for the as-received carbon
fibers is 285 eV, representing the most graphitic carbons (C—C), which undergoes a
slight shift toward a lower Ej, owing to a lowering of the Fermi level (Eg) and a
subsequent decrease of the energy gap between the C;; core level and Eg. The
difference between the full-width half-maximum (FWHM) values of the as-received
and oxyfluorinated carbon fibers, CFO-RT, is 0.65 eV. A higher FWHM value is found
for the CFO-100 sample presumably due to the surface oxyfluorination. Figure 5.19b
shows narrow scan spectra of the Fy region of the oxyfluorinated carbon fibers. Due
to the surface oxyfluorination, a higher FWHM value and a shoulder at a higher
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Figure 5.19 C;, and Fy5 narrow scan XPS spectra of oxyfluorinated carbon fibers. (a) Cy5 spectra.
(b) Fys spectra.

binding energy range of 686.7~688 £ 0.1 eV are observed for the oxyfluorinated
carbon fiber specimens.

A quantitative peak analysis is also carried out in order to determine the surface
element concentrations that are listed in Table 5.11. Itis found that the surface carbon
concentrations of the as-received and CFO-100 carbon fiber specimens are 88.38 and
67.72 at%, respectively. A lower surface carbon concentration in the CFO-100 carbon
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Table 5.11 Compositions of surface oxyfluorinated carbon fiber samples obtained by XPS
measurement (at%).

Specimens XPS
Cis Fis Oss (Fis + O14)/Cas

No treatment 88.38 — 9.59 0.109
CF-RT 77.81 11.84 9.06 0.269
CFO-RT 74.21 13.56 10.93 0.330
CFO-100 67.72 19.50 9.27 0.425
CFO-300 79.96 10.64 8.06 0.234
CFO-400 76.93 8.91 10.13 0.247

fiber specimen compared to that in the as-received one is attributed to the bonding of
oxygen or fluorine on the carbon fiber surfaces produced by the oxyfluorination. The
surface fluorine concentration ranges for the oxyfluorinated carbon fiber specimens
are 8.91~19.50 at%. The higher fluorine concentration on the CFO-100 specimen
(19.50 at%) surfaces is also attributed to the surface oxyfluorination of the fibers.

Consequently, with increasing amounts of fluorination on the surface, the content
of the graphite-type carbon decreases, whereas with increasing fluorination tem-
peratures and oxygen contents, the relative amounts of C—F, increases, as expected,
probably due to kinetic reasons and possibly also due to the fluorination of the bulk
phase of the fiber.

5.4.3.2 Contact Angle and Surface Free Energy

In our investigation, we next carry out contact angle measurements and combine
them with the XPS results in order to obtain thermodynamic and chemical infor-
mation on the outermost carbon layer. In contrast to the XPS data, the contact angles
are sensitive to solid structure down to only about 1 nm, after which the van der Waals
forces at the surface become negligible [91].

In this study, we are particularly interested in the influence of surface oxyfluor-
ination on physical properties, such as wettability and surface polarity. We find that
contact angle hysteresis, defined as the difference between the advancing 6, and the
receding 0, contact angle, occurred for all the surface oxyfluorinated fibers. The
hysteresis is not caused by swelling of the fibers due to the penetration of the test
liquid, but is rather likely caused by the surface roughness and chemical inhomo-
geneity, resulting from the burn off at the fiber surface under the oxyfluorine
atmosphere. This explanation is in good agreement with the Wenzel approach [7].

In Figure 5.20a, the contact angles of the oxyfluorinated carbon fibers, functions of
oxyfluorination temperature and measured for water, indicate that a low temperature
at the O;4/Cy; ratio of 0.154 (the CFO-100 sample) increases the wettability of such
fibers, resulting in a small decrease of the advancing 6, contact angle. This behavior is
caused by the polarization effect of the carbon fiber surfaces’ F-atoms bonding to the
neighboring C-atoms, which effect makes bonding to air oxygen easier, due to also
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Figure5.20 Dynamic contact angles of oxyfluorinated carbon fibers as functions of oxyfluorination
temperature, measured (a) for water and (b) diiodomethane at 25 °C.

the van der Waals interaction of the slightly hydrophilic C—F bond. At higher
oxyfluorination temperatures, the carbon fibers become, as expected, more hydro-
phobic, that is, 8, increases. Oxyfluorination of fibers leads to a remarkable increase
of the contact angle measured for diiodomethane, as shown in Figure 5.20b. 6, is
enlarged with increasing temperature and fluorine content, due to deteriorated
interaction between the fiber surface and the nonpolar test liquid. In the present
study, however, there are relatively small contact angle error limits owing to both the
very high sensitivity of the Washburn’s method to the measurement conditions and
the impossibility of modifying all the fiber materials equally.

It is generally known that the specific component y? highly depends on the
surface functional groups, which reflect the essential surface characteristics of
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Table 5.12  Surface free energy (ys), London dispersive (y%), and specific (y2) component of
oxyfluorinated carbon fibers as functions of oxyfluorination condition (mJ/m?).

Specimens 74 Ve Vs Xp

As-received 40.35 3.06 43.41 0.07
CFO-RT 30.80 8.61 39.41 0.22
CFO-100 29.70 11.68 41.38 0.28
CFO-300 28.62 9.51 38.13 0.25
CFO-400 28.45 9.10 37.55 0.24

carbon or the partial graphitized carbon framework of the fiber materials, whereas
the dispersive component y¢ largely depends on the total electron density in the
carbon fibers and thus does not vary much from one system to another. The surface
free energies and their oxyfluorinated carbon fiber components are listed in
Table 5.12. A decrease in the surface free energies is observed. The higher the
fluorine content on the carbon fiber surfaces, the weaker the surface free energies.
In other words, the polar component of the surface free energy seemingly increases
at higher degrees of fluorination, and then decreases slightly again for lower
degrees of fluorination and with increasing fluorination temperatures. All the
experimental results listed in Table 5.12 are those usually observed for fluorinated
carbon materials, considering that C—F bonding varies from chemical to physical
bonding with increasing fluorination temperatures (for C—F, prepared at 100 °C or
higher) [92].

Consequently, the nature of C—F bonding is affected mainly by the fluorination
temperature and the fluorine content and therefore fluorination can cause a decrease
in y¢ of the surface free energy. That is, when a certain amount of fluorine is present
on carbon fiber surfaces, the amount of graphite may be decreased, which resultis in
good accordance with those of the present study’s surface analysis of oxyfluorinated
carbon fibers.

5.4.3.3 Mechanical Interfacial Properties
Fluorine directly reacts with graphite at temperatures greater than 300 °C, yielding
physically bonded (C—F), and (C,—F), with sp® hybridization [93]. At temperature
less than 300°C, the reaction rate of fluorine with graphite is drastically reduced.
On the other hand, fluorine has been found to intercalate graphite at low tem-
peratures (below 100 °C) in the presence of traces of fluorides such as hydrogen
fluoride (HF) to form intercalation compounds C,FHy, in which carbon retains its
sp” hybridization. In this work, thus, we are to investigate the effect of direct mild
oxyfluorination on mechanical interfacial properties of oxyfluorinated carbon fiber-
reinforced composites using pure F, and F,/O, gas mixtures at different oxyfluor-
ination temperatures.

It is generally accepted that good mechanical properties and long durability of the
composites largely depend on fiber-matrix interfacial adhesion in case of compo-
sites, since load stress transfers from one matrix to the other via the fiber [94].
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Figure 5.21 ILSS of oxyfluorinated carbon fiber-reinforced composites.

For example, the interlaminar shear strength (ILSS) is improved when the consti-
tutive elements of composites are fabricated in modifications that increase interfacial
surface areas and surface functional groups [61].

Figure 5.21 shows the results of ILSS for the carbon fiber-reinforced composites.
A good relationship between the characters of oxyfluorinated carbon fiber surfaces
and the resulting fiber-matrix adhesions on mechanical interfacial properties of the
composites exists in this experimental condition. That is, ILSS value increases with
the increasing wettability of the fibers for the degree of adhesion at interfaces due to
the oxyfluorination, which can be attributed to the increasing polarity on the fiber
surfaces. Also, the maximum strength value of ILSS is obtained at the oxyfluorinated
carbon fiber sample condition at 100 °C (CFO-100).

Figure 5.22 shows the results of fracture toughness (Kic) of the composites
according to the fluorination conditions. Good relationships are shown between
the fluorine content and the resulting fracture toughness of the composites, as listed
in Table 5.11. That is, the value of K¢ increases with the increasing fluorine content
on carbon fiber surfaces, which corresponds to the work of fracture for the degree of
adhesion at interfaces. The maximum strength value of K¢ is obtained at the O;5/Cy;
ratio of 100 °C (CFO-100). Therefore, we suggest that additional energy is needed to
extend the interfacial crack at this condition, which is attributed to the increasing
interfacial adhesion between fibers and matrix [95]. Also, this is also in good
agreement with the result of ILSS for the composites.

Generally, the fracture toughness (Kjc), elastic modulus (E), and Poisson ratio (v)
can be determined to obtain specific fracture energy of composite materials. Based on
Griffith-Irwin equation [96], the resistance to crack propagation (Gjc) or specific
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Figure 5.22 K¢ of oxyfluorinated carbon fiber-reinforced composites.

fracture energy increases as the fracture toughness and Poisson ratio increase or
elastic modulus decreases, as seen in Eq. (5.18):

Gic = (12%) -(1=1?) (5.18)

where Eand v are the elastic modulus (230 GPa) and the Poisson ratio (0.37) of carbon
fibers, respectively, which are determined from the measurement of the speed of the
longitudinal and transverse waves generated by an ultrasonic oscillator.

The specific fracture energy (Gic) of the composites as a function of fluorine
concentrations is shown in Figure 5.23. The composites made by fluorination at
100 °C show a significant improvement of Gjc studied in any experimental condi-
tions, which probably results from the increase in fracture surface area through more
tortuous path of crack growth or the increase in surface functional groups of the
carbon fibers.

However, the effects of fiber pull-out, fiber bridging, and fiber fracture are not
expected in the present composite system. This fracture mechanism can be due to the
following reason: when bend stress (o) is applied to the specimens with different
loads, a shear () or transverse tensile stress (o1) can be produced in the fiber-matrix
interfaces. When the span length is low, the shear stress is produced in the fiber-
matrix interfaces. Thus, the composites show a transition from fiber-dominant
fracture to fiber-matrix interface-dominated fracture [97].

Figure 5.24 shows the relationship between surface properties of the carbon fibers
and mechanical interfacial properties of the composites. It can be seen that both ILSS
and Kjc are increased with the increasing (F15 + O;5)/Cys ratio. From a good linearity
of the results, it is found that there is strong correlation among the surface polarity,
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Figure 5.23 G of oxyfluorinated carbon fiber-reinforced composites.

acidity, and mechanical interfacial properties of the composites. Consequently, this is
a consequence of improving the surface functionality on fibers, resulting in growing
fiber-matrix physical adhesion of the composites [98-100].

A good agreement on the fracture surface of the oxyfluorinated carbon fiber-
reinforced composites is also shown in Figure 5.24. The morphology of the
oxyfluorinated composites indicates the improvement of fiber impregnation into

Figure 5.24 Dependence of ILSS and Kic on the (Fq5 4+ Oq5)/Cys ratio of oxyfluorinated carbon
fiber-reinforced composites.
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matrix resins, which plays a role in increasing the mechanical properties of the
composites.

Consequently, a good linear relationship between the surface characteristics and
the physical properties, such as morphology, mechanical, and mechanical interfacial
properties of surface oxyfluorinated carbon fiber-reinforced composites, is evaluated
in the present study, which is probably due to the increasing fluorine/oxygen
functional groups on carbon fiber surfaces, resulting in increasing van der Waals
interaction between the fibers and the matrix in a composite system.

5.4.4
Effect of Plasma Treatment

5.4.4.1 Surface Characteristics
The broad scan XPS spectra of plasma-treated carbon fibers are shown in Figure 5.25
where the spectrum of the fibers after 10 min of plasma treatment now shows
additional strong oxygen lines and a weak nitrogen line, resulting from the formation
of oxygen functional groups such as hydroxyl, carbonyl, and carboxyl groups. Accord-
ing to the literature, the as-received PAN-based carbon fibers have about 1.7% N and
3.8% O on the fiber surfaces [101]. Therefore, in this work, original oxygen is found on
the outer surface of carbon fibers after plasma modification and newly oxygen content
is then added to the fiber surfaces due to the generation of oxygen groups.
Quantitative peak analysis is also carried out to determine the surface element
concentrations. The resulting surface element concentrations of plasma-treated
carbon fibers are listed in Table 5.13. It is found that the surface carbon
concentrations of as-received (CFs-0) and CFs-30 specimens are 88.38 and

Figure 5.25 XPS wide scan spectra of the plasma-treated PAN-based carbon fibers. (a) CFs-0. (b)
CFs-10. (c) CFs-20. (d) CFs-30.
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Table 5.13  Atomic concentrations of plasma-treated carbon fibers obtained by XPS measurement
(at%).

Specimens Cis (o8 Nis  O45/Cis

Grap. CHx —-C-OR —-C=0 —COOR
(284.5 (285.0) (286.5” (287.8)" (290.0)"

CFs-0 88.38 1.6 0.4 0.4 0.2 9.59 2.12 0.1085
CFs-10 85.81 1.4 2.5 1.4 1.3 12.06 215 0.1405
CFs-20 82.40 1.3 3.4 1.6 1.4 16.68 2.19 0.2024
CFs-30 76.21 1.4 3.5 1.6 1.3 2093 254 0.2746
CFs-180 86.72 1.5 1.2 0.7 0.6 11.27 246  0.1299

a) Binding energy (eV)

76.21 at%, respectively. A lower surface carbon concentration in the CFs-30
specimen compared to that in the as-received one can be attributed to the bonding
of oxygen on the carbon fiber surfaces produced by the plasma modification.

Generally, itis also known that the Cy; lines are fitted by five or six component lines
with different binding energies corresponding to different functional groups. The
atomic concentration of these groups is given in Table 5.13 for the samples before and
after plasma treatment. Now regarding the plasma-treated fibers for 30 min, the
sample generates functional groups like the hydroxyl or ether group (C-OR), the
carbonyl group (C=0), and the carboxyl group (COOR) [102]. The total oxygen
concentration amounts to 20.93 at%, further plasma treatment does not enlarge this
amount significantly and the concentration of superficial hydrocarbon (CH,) is
nearly fixed. Consequently, a plasma treatment time of 30 min is sufficient and longer
times do not change the total oxygen concentration essentially.

5.4.4.2 Contact Angle and Surface Free Energy

Figure 5.26 shows contact angle data of carbon fibers as a function of plasma
modification time. As a result, the angle of water is largely decreased with the
increasing treatment time. As mentioned above, this suggests that a plasma
modification leads to a change in nature of fiber surface from hydrophobic to
hydrophilic properties.

It is generally known that the specific component y5¥ highly depends on surface
functional groups, which reflect the surface characteristics of carbon or the partial
graphitized carbon framework of the fiber materials, while the dispersive component
yLlargely depends on the total electron density in the carbon fibers and do not vary too
much from one system to another.

In Table 5.14, the results of the surface free energy and its London dispersive and
specific components of the carbon fibers are summarized. As a result, it can be seen
that the specific component of surface free energy y5* increases with the increase in
the plasma time at 30 min and then marginal decrease in its value, while the London
dispersive component y§ remains almost constant. This result indicates that the
moderate plasma modification of carbon fibers leads to an increase in the surface free
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Figure 5.26 Water contact angle data of the carbon fibers as a function of plasma modification
time.

energy (ys) thatis mainly due to the increase in its specific component. Consequently,
itis assumed that increase in the specific component of the surface free energy of the
fibers plays an important role in improving the degree of adhesion at interfaces
between the plasma-treated fibers and the epoxy matrix resin containing oxide
functional groups.

5.4.4.3 Mechanical Interfacial Properties

The mode I interlaminar fracture toughness is characterized by the critical strain
energy release rate (per unit area) Gyc. A variety of analytical approaches concerning
the DCB test have been developed allowing the determination of G;c from the
experimental data. Typical load—displacement curves of the interlaminar fracture
tests of plasma-treated carbon fiber-reinforced epoxy matrix composites are shown in
Figure 5.27. In the load—displacement curves of the composites without plasma
treatment, the load drops sharply at several points after the peak load, corresponding

Table 5.14 Surface free energy (ys), London dispersive (%), and specific (y&F) components of
plasma-treated carbon fibers (m)/m?).

L SP

Specimens Ys ye Vs

CFs-0 40.35 3.06 4341
CFs-10 40.80 8.61 49.41
CFs-20 39.90 11.68 55.38
CFs-30 39.92 9.51 58.13

CFs-180 38.45 9.10 47.55
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Figure 5.27 Typical load—displacement curves of mode | interlaminar fracture tests for plasma-
treated carbon fiber-reinforced epoxy matrix composites: CFs-0 and CFs-30.

to unstable or fast crack propagation. The crack propagates in the main delamination
plane without any side cracking and branching. Fiber bridging and breaking behind
the crack tip are not observed macroscopically in crack propagation during the test,
due to a relatively thick matrix interlaminar layer. The peak load is much higher for
plasma-treated composites than for plasma-untreated ones, and the load—displace-
ment curve shows typical stick-slip crack growth behaviors. The curve consists of
repetitive drastic load drops followed by a gradual increase of the load. Most of time,
delamination propagates unstably and quickly for a short distance, and then it is
arrested. After sufficient continued loading, the crack reinitiates. Therefore, the crack
propagates in a series of jumps accompanying the sharp load drop.

Figure 5.28a shows the typical relation for unidirectional mode I interlaminar
fracture tests (DCB) specimen between load and crack opening displacement (COD)
at the loading point. When the crack is propagated, the load is decreased abruptly, as
shown in Figure 5.28a. Using the load—COD diagrams, the fracture toughness can be
evaluated by compliance method [103]. Therefore, the maximum load was used as the
critical load to determine critical energy release rate and fracture toughness. The
results of fracture toughness and critical energy release rate by compliance method
are shown in Figure 5.28b.

Figure 5.29 shows the relationship between surface properties of the carbon fibers
and fracture toughness (Kic) and critical energy release rate (Gc) in mode I of
the composites. It can be seen that both Kjc and Gic are increased with the increasing
0O15/Cy; ratio. From a good linearity of the results, it is found that there is strong
correlation among the surface characteristics and fracture toughness behaviors of the
composites. Consequently, this is a consequence of improving the surface function-
ality on fibers, resulting in growing fiber—matrix physical adhesion and chemical
reaction of the composites [104].
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Figure5.28 Typical load—displacement DCB curves (a), and fracture toughness and critical energy
release rate in mode | (b) interlaminar fracture tests for carbon fiber-reinforced epoxy matrix
composites in the fiber direction.

Carbon fibers are generally surface treated to maximize the degree of intimate
molecular contact that is attained between the adhesive and the substrate during the
bonding operation. Furthermore, some degree of surface roughening may often
assist in attaining good interfacial contact. Therefore, the fibers are usually given a
series of surface treatments to increase their surface reactivity and surface energy and
to reduce the number of flaws by gaining new properties that are not found in pure
carbon fiber materials. This study also shows that under reasonably surface treatment
conditions, significant amounts of surface activity exist at the carbon fiber surfaces,
which can activate the fiber surfaces.
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Figure5.29 Dependence of Kic and G;c on O4/Cy, ratio of plasma-treated carbon fiber-reinforced
epoxy matrix composites.

5.5
Applications

After World War II, US manufacturers began producing fiberglass and polyester
resin composite boat hulls and radomes (radar cover). The automotive industry first
introduced composites into vehicle bodies in the early 1950s. Because of the highly
desirable lightweight, corrosion resistance, and high strength characteristics in
composites, research emphasis went into improving the material science and
manufacturing process. Such efforts led to the development of two new manufactur-
ing techniques known as filament winding and pultrusion, which helped advance the
composite technology into new markets. There was a great demand by the recreation
industry for composite fishing rods, tennis rackets, ski equipment, and golf clubs.
The aerospace industry began to use composites in pressure vessels, containers, and
nonstructural aircraft components. The consumers also began installing composite
bathtubs, covers, railings, ladders, and electrical equipment. The first civil application
in composites was a dome structure built in Benghazi in 1968, and other structures
followed slowly.

Carbon fibers are enabling materials for improved performance in many applica-
tions; however, it is too expensive for widespread utilization in most high-volume
applications. In addition, the methods for manufacturing carbon fiber-reinforced
composite structures tend to be slow, labor-intensive, and inconsistent in resulting
product quality. As part of the US Department of Energy’s (DOE’s) FreedomCAR and
Fuel Partnership, significant research is being conducted to develop lower cost, high-
volume technologies for producing carbon fiber and composite materials containing



5.5 Applications

carbon fiber, with specific emphasis on automotive applications that will reduce
vehicle weight and thus fuel demand.

Through DOE sponsorship, Oak Ridge National Laboratory (ORNL) and its
partners have been working with the Automotive Composites Consortium to develop
technologies that would enable the production of commercial-grade carbon fiber at
$5/1b—$7/1b. Achievement of this cost goal would allow the introduction of carbon
fiber-based composites into a greater number of applications for future vehicles and
accelerate its implantation in other energy-related applications. The goal of lower cost
carbon fiber-reinforced composites has necessitated the development of alternative
precursors and more efficient production methods, as well as new composites
manufacturing approaches.

One of the ways in which transportation fuel efficiency can be improved is by
reducing the weight of vehicles. In turn, this can be achieved by the use of lighter
weight alloys (e.g., aluminum or magnesium) or polymer matrix composites in place
of the more traditional steel. Carbon fiber-reinforced composites offer the greatest
potential weight savings of all “nonexotic” materials. There are a number of other
energy-related applications for carbon fibers.

5.5.1
Automotives

Carbon fiber-reinforced polymer is used extensively in high-end automobile
racing. The high cost of carbon fibers is mitigated by the material’s unsurpassed
strength-to-weight ratio, and low weight is essential for high-performance auto-
mobile racing. Race car manufacturers have also developed methods to give
carbon fiber pieces strength in a certain direction, making it strong in a load-
bearing direction, but weak in directions where little or no load would be placed on
the member. Conversely, manufacturers developed omnidirectional carbon fiber
weaves that apply strength in all directions. This type of carbon fiber assembly is
most widely used in the “safety cell” monocoque chassis assembly of high-
performance race cars.

Many supercars over the past few decades have incorporated CFRP extensively in
their manufacture, using it for their monocoque chassis as well as other components.
Until recently, the materials had limited use in mass-produced cars because of the
expense involved in terms of materials, equipment, and the relatively limited pool of
individuals with expertise in working with it. Recently, several mainstream vehicle
manufacturers have started to use CFRP in everyday road cars.

5.5.2
Wind Energy

Judicious use of carbon fibers reduces the weight of blades used in large utility
scale wind turbines. Larger blades increase energy capture and decrease the cost
of electricity. Thus, turbines have been growing larger in the push to reduce the
cost of energy generated from the renewable wind resources to make the cost of
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wind-generated energy competitive with the cost of energy generated from
conventional power sources.

5.5.3
Deepwater Offshore Oil and Gas Production

The cost of floating platforms can be significantly reduced by reducing their size.
Reducing the weight of many components — especially riser strings, umbilicals, and
other structures suspended from these platforms — can be accomplished using
carbon fibers, thus enabling platform shrinkage and reducing the cost of deepwater
oil and gas production.

554
Electricity Transmission

Carbon fiber composite cored transmission conductors can double the current-carrying
capacity of transmission and distribution power cables. Carbon fiber’s low thermal
expansion also virtually eliminates the high-temperature line sag (the root cause of the
northeastern US blackout in August 2003), thus increasing system reliability.

5.5.5
Commercial Aircraft

Carbon fiber composites have long been used in aircraft and aerospace applications,
but the extensive use of carbon fibers in next generation commercial aircraft is
reported to reduce fuel demand by about 20% as well as offer advantages that
ultimately deliver improved passenger comfort. Much of the fuselage of the new
Boeing 787 Dreamliner and Airbus A350 XWB will be composed of CFRP, making
the aircraft lighter than a comparable aluminum fuselage, with the added benefit of
less maintenance, thanks to CFRP’s superior fatigue resistance. Due to its high ratio
of strength to weight, CFRP is widely used in microair vehicles (MAVs). In
MAVSTAR project, the CFRP structures reduce the weight of MAV significantly.
In addition, the high stiffness of the CFRP blades overcomes the problem of collision
between blades under strong wind.

5.5.6
Civil Infrastructure

Although composites have been extensively developed and used in the aerospace and
marine industries, these technologies do not meet the specific needs of civil
applications. Therefore, the composites are increasingly gaining acceptance in the
construction and rehabilitation of civil infrastructure that were characterized by large
scale and rapid construction. Compared to aircraft and marine component manu-
facture, civil applications deal in tons of product per project and thousands of projects
per year, and are rapidly emplaced in composite bridge structures, thus reducing fuel
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waste incurred in construction-related traffic delays. Composites are also used for
upgrading bridge columns to satisfy seismic standards, as well as patching cracks in
concrete and masonry structures.

5.5.7
Other Applications

CFRP has found a lot of use in high-end sports equipment such as racing bicycles.
With the same strength, a carbon fiber frame weighs less than a bicycle tubing of
aluminum or steel. The choice of weave can be carefully selected to maximize
stiffness. The variety of shapes it can be built into has further increased stiffness and
also allowed aerodynamic considerations into tube profiles. Carbon fiber-reinforced
polymer frames, forks, handlebars, seatposts, and crank arms are becoming more
common on medium and higher priced bicycles. Carbon fiber-reinforced polymer
forks are used on most new racing bicycles. Other sporting goods applications
include rackets, fishing rods, longboards, and rowing shells.

CFRP has also found application in the construction of high-end audio compo-
nents such as turntables and loudspeakers, again due to its stiffness. It is used for
parts in a variety of musical instruments, including violin bows, guitar pickguards,
and a durable ebony replacement for bagpipe chanters. It is also used to create entire
musical instruments such as Blackbird Guitars carbon fiber rider models, Luis and
Clark carbon fiber cellos, and Mix carbon fiber mandolins.

In firearms, it can substitute for metal, wood, and fiberglass in many areas of a
firearm in order to reduce overall weight. However, while it is possible to make the
receiver out of synthetic material such as carbon fiber, many of the internal parts are
still limited to metal alloys as current synthetic materials are unable to function as
replacements.

Shoes manufacturers may use carbon fiber as a shank plate in their basketball
sneakers to keep the foot stable. It usually runs the length of the sneaker justabove the
sole and is left exposed in some areas, usually in the arch of the foot.

5.6
Conclusions

Carbon fiber-reinforced polymer composites are a type of fiber composite material in
which carbon fibers constitute the fiber phase. Carbon fibers are a group of fibrous
materials comprising essentially elemental carbon. This is prepared by pyrolysis of
organic fibers. The main impetus for the development of carbon fibers has come
from the aerospace industry with its need for a material with combination of high
strength, high stiffness, and low weight. Recently, civil engineers and construction
industry have begun to realize that carbon fibers have potential to provide remedies
for many problems associated with the deterioration and strengthening of infra-
structure. Effective use of CFRC could significantly increase the life of structures,
minimizing the maintenance requirements.
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There are different methods of manufacturing CFRC: continuous reinforcement
process (filament winding, pultrusion, and hand lay-up), molding processes
(matched die molding, autoclave molding, and vacuum bagging), and resin injection
processes (resin transfer molding and reaction injection molding).

CFRCs are alkali resistant and resistant to corrosion; hence, they are used for
corrosion control and rehabilitation of reinforced concrete structures. They also have
low thermal conductivity, high strength to weight ratio eliminating requirements of
heavy construction equipment, supporting structures, and a short curing time for
taking application time shorter that reduces the project duration and down time of the
structure to a great extent. CFRCs possess high ultimate strain; therefore, they offer
ductility to the structure and they are suitable for earthquake-resistant applications.
CFRCs have high fatigue resistance. So they do not degrade, which easily alleviates
the requirement of frequent maintenance. Due to the lightweight of prefabricated
components in CFRC, they can be easily transported. This thus encourages pre-
fabricated construction and reduces site erection, labor cost, and capital investment
requirements. In recent years, it has been found that the chemistry and manufactur-
ing techniques for thermosetting plastics like epoxy are often poorly suited to mass
production. One potentially cost-saving and performance-enhancing measure
involves replacing the epoxy matrix with thermoplastic materials such as nylon or
polyketone. Boeing’s entry in the Joint Strike Fighter competition included a delta-
shaped carbon fiber-reinforced thermoplastic wing, but difficulties in fabrication of
this part contributed to Lockheed Martin winning the competition. Other materials
can also be used as the matrix for carbon fibers. Due to the formation of metal
carbides and corrosion considerations, carbon has seen limited success in metal
matrix composite applications. However, the usage of composite materials like CFRC
is still not widely recognized. The lack of knowledge of technology using CFRC and
the simplicity of it will make some people hesitant to use it.

In conclusion, this chapter is focused on the state of the art of the surface
modification of carbon fibers using different methods to improve the fiber/matrix
interfacial adhesion of CFRC. The surface treatment proved efficient method, since it
is easier to control the variables (time, concentration of the electrolytes, temperature,
pressure, etc.) than by any other technique that can improve mechanical and
mechanical interfacial properties of the polymer composites reinforced with sur-
face-treated carbon fibers using many application fields.
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6
Glass Fiber-Reinforced Polymer Composites

Sebastian Heimbs and Bjérn Van Den Broucke

6.1
Introduction

The successful history of fiber-reinforced composites as lightweight materials in
various engineering structures in the last decades was basically initiated by the mass
production of glass fibers and glass fiber-reinforced plastics (GFRP). Besides the
existence of other reinforcement fibers made from carbon or aramid, the vast
majority of all fiber-reinforced composites today are still made from glass fibers.
One of the reasons for this situation lies clearly in the relatively low price of glass
fibers compared to other fibers. However, many other specific characteristics like the
high tensile strength, high chemical resistance, or electrical insulation make glass
fibers the ideal reinforcement for many applications, which are highlighted in
this chapter. Although having been in use for more than 70 years, glass fiber
composites are far away from going into retirement, especially as today’s need for
energy savings pushes the use of lightweight materials in all transportation indus-
tries and in particular in automotive manufacturing.

Although it is assumed that glass fibers are the first man-made reinforcement
fibers that have already been produced in Egyptian and Roman times, the industrial
mass production dates back to the 1930s. In 1938, two pioneering American
companies combined and formed the Owens-Corning Fiberglas Corporation that
for the first time continuously produced glass filaments. The breakthrough as a
reinforcement fiber for composite materials then took place in the early 1940s in
World War II resulting from electronic needs. Radomes of military aircraft were
produced from GFRP, which is the first important application of this material. In
general, most historical developments in the field of glass fibers and glass fiber
composites go back to aeronautic and military applications. Since the start of the fiber-
reinforced plastics industry in these days, GFRP found its way into numerous
applications and markets, for example, in aerospace, automotive, marine, wind
energy, construction, and leisure products [1].This chapter gives an overview on the
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fundamentals and recent advances of glass fiber-reinforced polymers in terms of their
chemical composition and different types, fabrication, properties, and applications.

6.2
Chemical Composition and Types

6.2.1
Chemical Structure of Glass

Various glass fiber types are available for technical applications, each having a
different chemical composition leading to unique properties for special purposes.
All of those types have in common that they are based on silica, SiO,, which exists in
its pure form as a polymer, (SiO,),. Silica has no true melting point, but at high
temperatures around 2000 °C it softens and the molecules can move freely. If it is
cooled very quickly from such temperatures, the molecules are unable to form a
crystalline structure as in quartz (crystalline form of silica). Although a three-
dimensional network is developed, the structure of glass is amorphous (noncrys-
talline) without orientation and with globally isotropic properties (Figure 6.1).
The high working temperature of silica is a big disadvantage. Therefore, different
other molecules, mostly oxides, are introduced into the glass in order to modify the
network structure and to lower its working temperature and to provide other
characteristics for special applications. Resulting from this choice of additional
constituents, various different types of glass fibers have been developed during the
last decades, which differ in the percentage of these additional molecules and the
resulting global properties. These types, which are typically abbreviated with an
individual letter, are shortly introduced as follows.

O o

® Si

Figure 6.1 lllustration of chemical network of glassy silica.
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6.2.2
Glass Fiber Types

A-glass (A = alkali): The first variant for the production of glass fibers was alkali-lime
glass or A-glass, which is also found in windows or bottles. This glass is very cheap
but shows poor resistance to alkali. Today it is typically not used for glass fibers
anymore.

E-glass (E = electrical): E-glass was developed as a second form of glass fibers, named
after its electrical insulation properties and radio-signal transparency. For these
reasons, this aluminoborosilicate glass was the excellent fiber for the first applica-
tions in aircraft radomes, where this transparency of electromagnetic signals is of
greatest importance. This type was the first to be produced in filaments and today still
forms more than 90% of all produced glass fibers worldwide for glass fiber-reinforced
composites [2].

C-glass (C = chemical): C-glass with high boron oxide content provides an increased
corrosion resistance to acids compared to E-glass, which would be destroyed early in
such an environment. Therefore, it is mostly used for chemical applications.
D-glass (D = dielectric): D-glass is a borosilicate glass that has a very low dielectric
constant and was especially developed for modern aircraft radomes and covers of
radar antennas.

L-glass (L =low-loss): L-glass is a recently introduced glass fiber by AGY showing a
very low dielectric constant and low dissipation factor ideally suited for printed wiring
board applications and designs requiring increased signal speeds and better signal
integrity than with traditional E-glass.

M-glass (M = modulus): M-glass or YM-31A is a high modulus glass fiber, showing
higher mechanical stiffness properties than E-glass. It was originally developed
under an Air Force contract in the 1960s in order to increase the mechanical
performance of glass fiber composites [3]. It is not produced anymore due to the
toxicity of BeO.

R-glass (R =resistance), S-glass (S = strength): R-glass and S-glass are both alumi-
nosilicate glass fibers with higher tensile strength, elastic modulus, impact resis-
tance, and fatigue properties than E-glass with R-glass being the European version
and S-glass the American version. These fibers are also more heat resistant as their
strength reduces at 250 °C and not already at 200 °C. The development dates back to
the 1960s for military applications like aircraft components and missile casings.
These fibers have the highest tensile strength of all common reinforcement fibers,
even higher than carbon and aramid fibers. The difference in chemical composition
and higher manufacturing cost make them more expensive than conventional E-
glass fibers. Therefore, a low-cost version of S-glass, so-called S2-glass, was devel-
oped. The main difference is that it is produced with less-stringent nonmilitary
specifications. However, the tensile strength and elastic modulus are typically similar
to S-glass [4].

T-glass (T = thermal): T-glass has the lowest thermal expansion coefficient of all glass
fibers. It is a high performance fiber introduced by Nittobo Boseki Co Ltd and a
comparable Japanese variant of the European R-glass and American S-glass [5].
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Besides a 40% lower coefficient of thermal expansion (CTE) than E-glass, ithas a 36%
higher tensile strength and 16% higher modulus [6].

Z-glass (Z =zirconia): Z-glass has a high resistance to alkaline environments,
comparable to the acid resistance of C-glass, both being developed for chemical
applications [7].

An overview on the chemical composition of the different glass fiber types is given
in Table 6.1, based on data published in Refs [2-4, 6-8]. These values typically differ
slightly in percentage, but must be within a specific range.

6.3
Fabrication of Glass Fibers

6.3.1
Fiber Production

Glass fibers are produced by a viscous drawing process as illustrated in Figure 6.2.
A furnace, which is continuously loaded with raw materials, produces molten glass
at a temperature of 1400-1700°C. The glass melt is constantly monitored and
refined to ensure a proper composition. At a viscosity level between approx. 60 and
100 Pa s the glass flows into an electrically heated platinum-rhodium alloy bushing
containing a large number of holes (200-400) in its base. Recent use of alloys
containing traces of zirconia, yttria, or thoria enable the manufacturing of bushing
plates with up to 6000 holes [9].

Table 6.1 Chemical composition in weight percent of different glass fiber types.

Chemical A C E D M R S Y4
component

Si0, 72 64 54 74 53.7 60 65 68
Al,O3 1.5 4 14 0.2 25 25 0.7
CaO 9.5 14.5 19 0.5 129 9

MgO 2.3 3 3 0.1 9 6 10

Na,O 13.5 9 0.4 1 11.8
K,0 0.5 0.5 0.5 1 0.5
B,0; 0.2 5 8.5 23

TiO, 0.2 0.1 7.9 1.5
Fe,03 0.2 0.2 0.5

SO, 0.3 0.1

Li,O 3 1
710, 2 16.5
BeO 8

C602 3
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Figure 6.2 Schematic of the glass fiber production process.

The glass drops emerging from each hole are drawn into exactly one filament by
pulling at speeds up to 50m/s. The diameter of the resulting filament, typically
around 5-20 um, depends on the size of the bushing holes, the viscosity of the glass
melt (i.e., the temperature) and the pulling speed of the filament [10].

Due to a significant reduction of diameter between the bushing hole and the
filament a rapid cooling rate is achieved (>10 000 °C/s). This rapid cooling is required
to freeze the internal molecular structure between 200 and 300 °C, which resultsin a
significantly higher modulus and chemical resistance compared to bulk glass [10].
The filaments are then further cooled by sprayed water.

6.3.2
Sizing Application

The next step in the production of glass fibers is the coating of the filament with a
sizing. The sizing agent is applied as an aqueous dispersion or emulsion in
combination with a rubber roller. The size is a crucial component for glass fibers
and consists of several components. The simplest component is a lubricant, often a
mineral oil, which serves as protection agent against the highly abrasive nature
between the individual filaments and aids in further processing steps such as
filament winding or weaving [10]. A binder component is included in the sizing
to bond or hold the filaments together into a glass fiber strand. Typical polymeric
binders are polyvinylacetate, polyacrylate, or polystyrene. The third major component
in a sizing is the coupling agent that works as an adhesion promoter between the
filaments and the resin in the later composite. Common materials used as coupling
agents are silane, polyvinylacetate, or polymers based on epoxy, polyester, or
polyurethane [9].
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After the application of the sizing agent, a bundle of filaments are gathered into a
strand that typically contains 52, 102, or 204 fibers, depending on the number of holes
in the bushing [10]. Finally, the glass fiber strands are collected on a spool and are next
conveyed to a drying oven, where moisture is removed and the components of the
sizing are cured.

6.4
Forms of Glass Fibers

6.4.1
Commercially Available Forms of Glass Fibers

Glass fibers are commercially available in different forms, necessary for the indi-
vidual manufacturing processes of GFRP composite parts. Different terms are used
for the several forms, which are standardized and, for example, defined in Ref. [11].
The basis are the individual filaments that are combined to strands during the
manufacturing process with untwisted, parallel orientation. A group of untwisted,
parallel strands — often 30-60 — can be combined to form a roving, which is typically
wound on a cylindrical spool [9] (Figure 6.3a). Such rovings are used for pultrusion or
filament winding manufacturing processes of composite parts. Furthermore, they
are used for woven fabrics and prepreg manufacturing by impregnating the fibers
with a polymeric matrix. In contrast to the untwisted roving, one or several strands
can be twisted to form a yarn, with typically 28-40 twists/m [6, 12]. By this method,
both integrity and workability are increased for later processing to textile fabrics.
Woven fabrics with their bidirectional properties are perhaps the most versatile form
that can be used from hand lay-up to autoclave processing [13] (Figure 6.3b). The
properties depend on the weave pattern (e.g., plain weave, twill weave, satin weave,
etc.), yarn type and yarn density in yarns per unit length. In addition to two-
dimensional woven fabrics, braided textile preforms are increasingly used in
engineering applications due to the high flexibility in complex geometries, possible
reinforcement angles and changes in the cross-section shape and in the wall
thickness [14-16]. Figure 6.3c shows a glass fiber tubular braid as a preform for a
composite tube.

Another form of glass fibers are chopped strands, which are produced by cutting
rovings or strands into short lengths, typically 1.5, 3, 6, 12, 25, or 50 mm [6, 9]. The
shorter lengths are used for injection-molding operations, the longer strands are
used to form chopped strand mats (CSM) [4]. Such nonwoven mats are produced by
compacting the chopped strands with random orientation on a flat surface using a
chemical binder, leading to nearly equal in-plane properties in all directions
(Figure 6.3d). Their typical application are hand lay-up moldings. Continuous strand
mats are also available, made from unchopped strands that are mechanically
interlocked and require less chemical binder, resulting in better draping qualities
suitable for matched-die molding [6, 12]. Short glass fiber or continuous glass fiber
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Figure6.3 (a—d) Photographs of different forms of glass fibers: (a) roving on coil, (b) woven fabric,
(c) braided fabric, (d) chopped strand mat.

mats are additionally used for glass mat thermoplastic (GMT) composites, for example,
for the industrial production of thermoplastic automobile parts [17].

Chopped strands in combination with thermoplastic or thermosetting resins
are as well utilized for molding compounds. Typical examples based on a thermoset
matrix are sheet molding compound (SMC) or bulk molding compound (BMC) that is,
for example, used for high-volume low-cost automotive parts. One further type
are milled fibers with a typical length of 0.08-6 mm, which are made by hammer-
milling chopped strands or continuous strands [4, 6, 12]. The shorter the fibers,
the lower the reinforcing effect, so that very short milled fibers mostly act as a
filler material.

6.4.2
Shaped Glass Fibers

In addition to regular circular glass fibers described so far, extensive research on
shaped glass fibers was conducted that are characterized by a cross-sectional shape
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other than a solid cylinder. Such studies resulted from early needs for composite
materials with higher stiffness-to-weight ratios. Also many natural fibers have
shapes other than regular cylinders. Theoretically, glass fibers can be drawn in a
variety of different shapes by selecting an appropriate nozzle geometry in the
manufacturing process.

One common form of shaped glass fibers are hollow fibers with a circular cross
section, which may offer a 30% lower density with 1.8 g/cm® compared to conven-
tional glass fibers with 2.5 g/cm”. It is important that the hollow inside of the fiber is
not filled with resin, otherwise the weight benefit would be lost. Their main potential
is the increased weight-specific bending stiffness and buckling strength under
compression loads due to the increase in moment of inertia compared to a solid
circular fiber of the same mass per unit length [18]. The resistance of the fibers to
microbuckling or kink band formation increases, which is the dominating failure
initiation mode under compressive loads on the microscale [19]. An alternative to
hollow round fibers are hollow hexagonal fibers.

Furthermore, rod-shaped fibers with triangular, square, or hexagonal cross sec-
tions have been investigated [20]. Properly shaped fibers can be packed together more
efficiently resulting in composite materials with higher fiber volume fraction and
therefore higher weight-specific stiffness and strength properties. A comparison of
the single fiber tensile strength with circular and triangular geometry of similar cross-
sectional area showed a 25% higher strength for the triangular shape, the compres-
sive strength is even 60% higher [21]. This trend was also validated for the respective
composite materials with similar fiber volume content, where the tensile strength
was 20% higher and the compressive strength 40% higher with triangular fibers.
This was attributed to a better fiber alignment within the composite and an increase
in the moment of inertia [21]. Circular, peanut-shaped and oval glass fibers in
composite laminates were compared in Refs [22, 23] with respect to their tensile,
flexure, interlaminar shear, and impact behavior. The large contact area of the
specially shaped fibers enabled longitudinal crack propagation and therefore reduced
the delamination resistance, which was concluded to result in a better energy-
absorbing capacity compared to conventional circular fibers.

All in all, although the weight-specific increase in mechanical properties often
cannot compete with carbon fibers and there is very little commercial use of shaped
glass fibers, a certain potential of such fibers is still seen today and current research is
going on.

6.5
Glass Fiber Properties

6.5.1
General Properties

The density of glass is mainly depending on the composition of the glass, hence for

different types of glass, a slightly different density is found. The density of the fiber is
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in general slightly lower than the value for the bulk material (e.g., 2.54-2.58 g/cm? for
E-glass, 2.49-2.52g/cm’ for S-glass). The refraction index, which is in general
determined for light with a wavelength of 550 nm, is directly proportional to the
density of the glass and hence also varies depending on the glass composition. For all
glass types used for fiber production a refraction index between 1.45 and 1.65 is
measured [3].

According to Case et al. [24], E-glass fibers are approximately 50 times cheaper than
HT carbon fibers, 250 times cheaper than HM carbon fibers, and 15 times cheaper
than aramid fibers. They also indicate that S-glass is about eight times more
expensive than E-glass.

6.5.2
Elastic Properties

The characterization of Young’s modulus for glass fibers is not straightforward due to
the difficulty in measuring the elastic properties of small fibers. Several experimental
investigations have proven that there is little or no elastic anisotropy in glass fibers,
which significantly reduces the experimental effort to determine their elastic
properties. Young’s modulus parallel to the fiber is determined either by mechanical
or acoustic tests. Mechanical test methods are often tensile or bending tests, which
require an accurate fiber diameter as input, but also allow for the simultaneous
measurement of strength and elongation at failure. The acoustic method determines
the velocity of an elastic wave traveling inside the fiber. The acoustic method can also
be applied easily at elevated temperatures. The fiber’s shear modulus and Poisson’s
ratio are determined by an additional torsion-resonance experiment, where a torsion
pendulum is suspended on the fiber itself [3]. Typical values for glass fiber Young’s
modulus are between 70 and 75 GPa for A-, C- and E-glass whereas higher values are
obtained for high strength (S- and R-) and high modulus (M-) glass fibers, 85 and
115 GPa, respectively (Table 6.2). The given values are valid at room temperature and
in general slightly decrease at elevated temperatures. This difference is more
pronounced for S-, R- and M-glasses as for E-glass. These stiffness values are
significantly lower in comparison to other reinforcing fibers like carbon or aramid.
Due to this difference, glass fibers and their composites are not well suited for
ultralightweight structures.

6.5.3
Strength and Elongation Properties

The physical and mechanical properties of glass fibers and bulk glass are often very
similar except for the strength. The significantly higher cooling rate during the
production process of the glass fiber compared to bulk glass is the source of this
difference. The strength of virgin glass fibers (i.e., fibers directly drawn from the
bushing) is significantly higher than the strength of fibers tested at the end of the
production process. This difference is caused by the subsequent steps since a glass
fiber is very sensitive to any further mechanical contact as for instance during sizing
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Table 6.2 Properties of commercial glass fibers.

Property Unit Glass fiber type

A C D E M R S

General properties

Filament diameter um 5-20 8-14
Refraction index — 1.512 1541 147 1.548  1.635 1.523
Density g/em® 247 249 216 254 289 249 249
Elastic properties

Tensile modulus GPa 73 74 55 71 115 86 85
Shear modulus GPa 29.6 36
Poisson’s ratio — 0.20 0.22
Tensile strength GPa 3.1 3.1 2.5 3.4 34 44 458

(virgin filament)
Tensile strength (roving) GPa 276 235 2.41 2.4 24 31 391

Stain at failure % 3.6 3.5 2-4 42 54
Chemical resistance

Weight loss after 1h % 11.1  0.13 1.7

in boiling water

Weight loss after 1h % 6.2 0.10 48.2

in boiling H,S0, (1.0 N)

Weight loss after 1h % 12-15 2.28 9.7

in boiling NaOH (0.1 N)
Thermal properties

Thermal conductivity W/(Km) 1.1

Specific heat capacity J/ (kg K) 836 732 800 735
CTE 107K 9 7-8 2-3 4.9-6 4 2.9-5.6
Maximum use temperature °C 300 350

Electrical properties

Relative dielectric constant — 6.9 6.2-6.3 3.5-3.8 5.9-6.6 6.2 4.5-5.6
Loss tangent at 10° Hz 10°° 500 3900 1500 7200
Volume resistivity Qm 108 10"

application or in the winding process. Typical final strength values between 2.3 and
2.8 GPa can be found for A-, C-, E-, and M-glass, whereas high strength (R- and S-)
glass fibers have a tensile strength between 3.1 and 3.9 GPa (Table 6.2). These high
strength values are definitely one of the outstanding properties of glass fibers,
exceeding other reinforcing fibers like HM carbon and aramid. Only HT carbon
fibers can show comparable strength values.

The tensile strength of glass fibers is influenced by a number of environmental
effects. A first effect is found in the conditioning of the glass melt during the
manufacturing process. The conditioning temperature (i.e., temperature before
drawing) significantly influences the final strength and its coefficient of variation;
hence for each glass fiber type optimal processing conditions must be kept at all
times. Glass fibers also suffer from corrosion when keptinside humid environments.
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Often the glass fiber sizing agent will act as a protection layer and in this way try to
avoid the corrosion process.

Another importantissue is the strain rate dependency of the mechanical properties
of glass fibers, which are especially important for applications or studies, where high
loading rates are involved, for example, impact loads. Static and dynamic tests in the
strain rate domain of 10 * to 1100s™ " were conducted in Ref. [25] on pure E-glass
fiber bundles and a rate dependency with an increase of strength and failure strain of
almost 300% for the highest loading rates was reported. Also in Ref. [26], a
considerable strain rate effect was obtained for pure E-glass fiber bundles.

The conditioning of glass fibers at high temperatures and for longer times has a
reducing influence on the strength of glass fibers. The strength of glass fibers is also
lower when tested at elevated temperatures due to the decomposition of the sizing
where the resulting chemicals weaken the fiber. The strength of glass fibers is
extremely sensitive to handling and care must be taken to prevent any contact of the
fiber to any other solid at the test gage. Also the fiber diameter must be determined
with care as it has a pronounced influence on the measurement result. The
measurement of strengths at temperatures higher than regular room conditions
may be performed only by local heating of the fiber inside the gage length.

The elongation of glass fibers has a relatively high value between 3 and 5%, which is
significantly higher than for carbon or aramid fibers. Due to this property, a
composite manufactured with glass fibers can be used for specific applications,
where a large elastic deformability is required (e.g., leaf springs).

6.5.4
Corrosion Properties

As previously mentioned, the corrosion resistance of glass fibers is in general fully
controlled by the fiber sizing. Noncoated fibers would significantly corrode in alkali
or acid environments or even water would deteriorate the properties of the fiber.
Specially developed glass compositions in C-glass and Z-glass have a higher corrosion
resistance compared to E-glass in acidic and alkaline environments, respectively.
The corrosion resistance of fibers is determined by the measurement of glass fiber
weight loss when boiling in alkali or acid liquids or distilled water for 1h [3].

6.5.5
Thermal Properties

The specific heat capacity of glass fibers is slightly lower compared to the value of its
bulk glass equivalent, and mainly depends on the glass composition. A value between
700 and 800 J/(kg K) is found in literature [2]. The thermal conductivity of E-glass
fibers is around 1.1 W/(m K). The coefficient of thermal expansion varies for the
different glass compositions and is found between 2 x 10 ¢ and 9 x 10 ¢ K *
(Table 6.2).

Glass fibers have a very high thermal and electrical resistance and are hence often
used in electronic and electrical components. D- and L-glass, which were especially
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developed for high signal transparency, have a significantly lower dielectric constant
compared to other glass types.

A summary of the physical properties of different glass fiber types is given in
Table 6.2. The values in this table are compiled from data published in Refs [3, 6, 8, 10].

6.6
Glass Fibers in Polymer Composites

6.6.1
Polymers for Glass Fiber-Reinforced Composites

Glass fibers are used as reinforcement material in combination with both
thermoplastic and thermoset resins. The manufacturing processes used for thermo-
plastics are based on melting the polymer by introducing heat and solidifying
the polymer—fiber blend after forming. Due to the high viscosity of the
thermoplastic polymer, this matrix material is often premixed with the glass fiber
reinforcement. For long glass fibers this is achieved in form of commingled yarns
or as polymer-fabric layered preform whereas for short fiber-reinforced plastics,
for example, for injection molding the fibers are premixed in the polymer
pellets. Especially in case of short fiber-reinforced material, the local orientation of
the fiber is strongly dependent on the polymer flow during the manufacturing
process, which can significantly influence the physical properties of the composite
material. Examples of thermoplastic materials that are commonly used for glass
fiber-reinforced composites are polyamide (PA), polyethylene (PE), polypropylene
(PP), polycarbonate (PC), polystyrene (PS), acrylonitrile butadiene styrene (ABS),
polyoxymethylene (POM), polybutylene terephthalate (PBT), and polyether ether
ketone (PEEK) [13].

Thermosetting resins are combined with long glass fibers within either
infiltration processes (e.g., resin transfer molding or vacuum-assisted process) or
are available as preimpregnated material. Spray-up, BMC, and SMC processes are
commonly applied in combination with short fibers. After forming, the vitrification
of the thermoset is started at higher temperatures of one-component resin systems
or by mixing the components of resin system using two or more components.
Polyester (UP), polyimide (PI), vinylester (VE), polyurethane (PUR), phenolic (PF)
and epoxy (EP) resins are examples of thermosets that are reinforced with glass
fibers [13].

The interfacial interaction between fibers and polymer matrix is a very important
factor for composite materials, hence also for GFRP. Therefore, a coupling agent that
works as an adhesion promoter between the filaments and the matrix is applied in
form of a sizing during the production process of the fibers (see Section 6.3). The
chemical composition of coupling agents can be varied for an optimum compatibility
with different polymeric matrix materials. A detailed overview of different adhesion
promoters is given in Ref. [9].
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6.6.2
Determination of Properties

As in all composite materials, the physical properties of the resulting material are
dependent on the physical behavior, the form and the concentration of all consti-
tuents as well as their compatibility. Exactly for this compatibility reason, several
coupling agents in the fiber sizing are used to enhance the adhesion between resin
and glass fiber, and hence improving the properties of the composite. The different
forms of glass fibers as described earlier are mainly selected based on their
performance and workability but also cost may be a selection criterion.

To determine the properties of the resulting composite both experimental and
analytical methods can be used. For experimental investigations several testing
standards are available and should be used to improve the quality and reproducibility
of the obtained results. However, these standards are often only valid for a certain type
of reinforcement and care should be taken when testing other reinforcement
configurations. For instance the interlacing pattern of a woven glass reinforcement
may result in local variations of the mechanical properties, and hence a wider test
specimen is required than in case of a unidirectionally (UD) reinforced composite.

When it comes to the analytical determination of the physical properties, a variety
of models are available in literature, which all can be grouped into three categories.
The first category is the so-called micromechanical formulation, which determines
the physical property as a simple function of the base constituent properties and the
fiber volume fraction of the composite material. This method is very easy in use, but
only provides limited detail and is often only accurate for a limited range of fiber
volume fractions. Micromechanical formulations for different physical properties
can for instance be found in Ref. [27]. The second category is based on mean-field
Eshelby-based homogenization techniques as for instance shown in Ref. [28]. This
technique is time inexpensive, easy to use as it is implemented in different software
tools but only provides information on the averaged behavior and does not provide
detail about the field variation (e.g., stress, strain, and temperature) inside the
composite structure. The third category is based on multilevel modeling techniques
and uses homogenization techniques to determine the average properties of the
reinforced polymer [29]. This method does not only provide the average property of
the composite but also provides detailed information on the internal physical
phenomena that occur when loaded. The multilevel modeling approach is very
computationally expensive but, especially for complex textile-reinforced composites,
it can be the only possible approach.

6.6.3
Manufacturing Processes and Related Composite Properties

Short fiber-reinforced thermoplastic polymers are commonly used to manufacture
injection molded parts due to the increased mechanical performance, improved
toughness and creep resistance compared to unreinforced parts. The flow history
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during injection significantly influences the fiber orientation and tends to form a
layer at the surface of the part, where the fiber orientation significantly deviates for the
rest of the part, causing anisotropic properties. Temperature and rate dependency as
well as moisture absorption and chemical resistance are mainly controlled by the
thermoplastic matrix material.

Short fiber-reinforced composites based on chopped strands produced either by
hand or spray lay-up are probably the most widespread reinforcement form of glass
fibers due to the low cost of the tooling and process itself. Typically composites with
fiber volume content between 10 and 25% are manufactured. Higher volume
fractions are difficult to achieve due to the internal structure of the reinforcement [13].
The main disadvantage of chopped strand composite materials is the large variation
in quality. As a direct consequence, the mechanical performance is strongly depend-
ing on this quality. When correctly designed, chopped strand composites can have
good impact performance.

Another form of glass fiber-reinforced polymers is found in BMC and SMC
materials. These materials contain next to glass fibers and the polymer matrix a large
amount of filler material, often chalk, to obtain low shrinkage characteristics. The
random nature of the reinforcement fiber results in relatively low physical properties
often with high coefficient of variation [13].

Pultruded glass fiber profiles are manufactured in a variety of cross sections but
always have a high amount of fibers oriented along the profile direction, hence having
a highly anisotropic behavior. The parts manufactured with the pultrusion process
are mainly intended to withstand axial tensile loads due to its high modulus and
strength in this direction. Often these parts will not fail because of mechanical
material failure but due to buckling of the flange or Web of the profile resulting from
the thin-walled structural design.

The filament winding technique, which is regularly used for the production of
parts in glass fiber-reinforced thermosetting polymers, provides high quality parts
with high mechanical properties due to the good and controlled alignment of the
fibers. A common problem during the filament winding process is the forming of
voids, which can influence the performance of the material significantly. Typical
applications for glass fiber filament winding are pipes, vessels, or torque tubes.

Glass fibers are also used as reinforcements in prepreg tapes, which are manu-
factured by preimpregnating the fibers with a thermosetting resin. In this config-
uration, the fibers are arranged in a unidirectional flat way and combined with the
resin. Such prepregs require storage at low temperatures (typically —18 °C) before
use in order to prevent cross-linking of the resin. For the manufacturing of a
composite part, the individual prepreg plies are stacked together in a so-called
laminate until the required thickness is achieved and cured at elevated temperature
and pressure. The highest anisotropic material behavior is achieved when all layers
are stacked in the same direction. Laminates of unidirectional tapes have high in-
plane stiffness and strength but lower performance in out-of-plane direction and
under impact loads. Preimpregnated tapes must be stored at well-controlled condi-
tions, resulting in additional expenses. Typical fiber volume fractions found for
preimpregnated tapes are between 50 and 65%.
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Woven and braided glass fibers are increasingly being used as a reinforcement
material as the flexible and well-known textile production processes enable the
tailoring of physical properties to a specific application. Woven glass reinforcements
are also provided as preimpregnated tapes. The interlacing pattern makes the
reinforcement architecture mechanically stable and hence these fabrics can easily
be handled during the production process. As they are often combined with resin
infusion techniques, they can be stored separately from the matrix material, hence
reducing storage costs. The mechanical performance of woven glass fiber-reinforced
composites depends on the interlacing pattern as well as the ratio between warp and
weft yarns. For braided reinforcements also the braiding angle and an optional
interlacing yarn will further influence the resulting physical properties. The fiber
volume fraction for woven and braided reinforced polymers is found in the range of
25-60% [13].

More information on manufacturing processes and the resulting properties can be
found for instance in Refs [3, 9, 13].

6.6.4
Strength and Fatigue Properties

The strength of glass fiber composites strongly depends on the form of the
reinforcement and the quality of the adhesion between resin and fiber. The highest
tensile strength is obtained for unidirectionally reinforced resin tested in reinforce-
ment direction as the main fraction of the load is carried by the glass fiber. For all
other reinforcement types or off-axis loading, the measured tensile strength will be
lower. Due to the fact that GFRP parts have in general limited dimensions in
thickness direction, the compressive strengths are often difficult to measure as
these parts easily buckle under the applied load. Also the shear strength is not
straightforward to determine even though several experimental methods are avail-
able. For composites with a high anisotropic nature, that is, for unidirectionally
reinforced materials, a significant difference between tensile and compression
strengths is found. This difference is less pronounced for materials having
reinforcements in multiple directions, for example, woven or braided fabrics, SMC,
BMC, or CSM.

GFRP have excellent fatigue resistance. For a unidirectional glass fiber-reinforced
composite, the resulting decreased strength after cycling loading can be written
according to

0 = oy(l—klog(N))

where oy is the ultimate tensile strength, N the number of load cycles, and k the
fractional loss factor. Typical k values for GFRP at room temperature are between
0.08 and 0.1. At higher temperatures higher k values are found, that is, the material
will have a lower fatigue resistance. High strength fibers (i.e., S- and R-glass fibers)
do not only have a higher static strength but also higher fatigue strength compared to
E-glass fibers [13].
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An overview of the mechanical properties of GFRP can be found in Table 6.3. This
table is compiled based on data published in Refs [2, 13].

6.6.5
Strain Rate Effect in Glass Fiber-Reinforced Composites

Characteristical for glass fiber composites is their strain rate effect, which is mainly
attributed to the rate-dependent stiffness and strength behavior of the pure glass
fibers, as mentioned earlier. Under high loading rates in a very short period of time,
stiffness, strength, and failure strain of the composite can significantly increase, as
reported in Refs [30, 31] for E-glass fiber/epoxy composites, in Ref. [32] for E-glass
fiber/polyester composites, and in Ref. [33] for E-glass fiber/phenolic composites.
Failure stress and failure strain can be two or three times higher for very high loading
rates, which should be taken into account for applications or load cases involving high
strain rates. This effect is much more significant for glass fiber composites than for
carbon or aramid fiber composites, where such effects only become significant at
much higher strain rates and despite some increase in strength, the failure strain
rather tends to be unaffected or even decreases, respectively.

6.6.6
Environmental Influences

The properties of glass fiber-reinforced composites are influenced by moisture,
temperature, chemical environment, and ultraviolet radiation. GFRP typically
absorbs 0.3-1.5% of water, depending on the resin material, the temperature, the
exposure time, and loading conditions (tensile loads will increase the absorption
rate). The absorption of water will decrease the mechanical performance of the
composite, may influence the dimensions of the part and can also result in chemical
deterioration of the glass fibers. Temperature variations affect the physical properties
thatare highly dependent on the resin material like transverse and shear stiffness and
strength. At higher temperatures the polymer matrix will start to degrade due to
chemical decomposition. Typically the material will have a maximum operation
temperature ranging from 90 °C for GMT up to 200 °C for continuously reinforced
epoxy resin [13]. The chemical resistance against alkali or acid fluids is in general
higher for GFRP than for metals, but strongly depends on the resistance of the resin
polymer and to a smaller extent of the fiber. Ultraviolet light can also significantly
damage the resin material, which is in general prevented by a gel-coating or protective
paint.

6.6.7
Other Physical Properties of Glass Fiber-Reinforced Composites

The coefficient of thermal expansion of glass fiber-reinforced resins is, similar to the
mechanical properties, depending on the thermoelastic properties of the base
materials, the fiber volume fraction and the form of the reinforcement. For
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unidirectionally reinforced resins, there is a large difference between longitudinal
and transverse CTEs, hence they are greatly anisotropic. This commonly introduces
part deformations in manufacturing processes due to the difference between curing
and room temperature. For GFRP with random-oriented fibers similar CTE values
can be found as for metals like aluminum or steel. The low thermal conductivity of
both polymeric matrix materials and glass fibers results in a low thermal conductivity
of their composite. This property can be a problem during machining or high strain
rate testing, where the generated heat is only slowly dissipated. The specific heat
capacity of GFRP is very similar to the value for the unreinforced polymer and is
found in a range of 10-13 k]J/(kg K). The specific heat capacity is dependent on the
temperature and is higher at elevated temperatures [13].

Glass fiber-reinforced polymers have very good insulating properties and are hence
often used in electronic and heavy electrical industry. Typical values for the electrical
resistivity of GFRP are in the range between 10'° and 10" Q@ m, whereas their
dielectric strengths are found between 6 and 22 MV/m [13].

Glass fibers and most polymers used as matrix material have a similar refraction
index. As a result, the investigation of a GFRP with optical methods can be difficult
and low contrast may be a problem. Therefore, methods like electron microscopy or
computer tomography are better suited due to the difference in fiber and matrix
density (Figure 6.4).

6.7
Applications

Today, in the majority of all fiber-reinforced composites the reinforcement fiber is
made of glass. Therefore, the variety of technical applications is manifold. A
breakdown of today’s GFRP production into different industrial sectors shows that
the construction sector is leading, followed by the transportation industry, sport and
leisure products, electronic products and others [34]. A short overview of typical
applications is given here, showing the potential of modern glass fiber composites.

Construction/civil infrastructure: Various examples of applications of GFRP in the
construction sector exist, for example, panels, corrugated panels, light domes,
lightwells, roof gutters, dormers, door surrounds, window canopies, chimneys,

Figure 6.4 (a-b) Cross sections of a GFRP specimen: (a) optical microscopy (low contrast) and
(b) computer tomography (high contrast).
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coping systems, and so on. Such components not only fulfill durability requirements
in corrosive media but also provide advantages in faster installation and handling due
to the reduced weight. Presently, bridge decks and platforms have also received much
attention because of their lightweight, high strength-to-weight ratio, and corrosion
resistance [35].

Aeronautics: The development of GFRP started in the aeronautics industry and there
are still numerous applications today. Although carbon fibers more and more find
their way into primary structures of commercial airliners, there are classical
applications for glass fibers mostly in sandwich structures like in the whole cabin
interior (overhead bins, sidewall and ceiling panels, lavatories, etc.) [36]. Exterior
applications can be found in the radar-signal-transparent radome of the aircraft and
in fairing surfaces of the wings and empennage [37]. Applications in primary
airframe structures are limited due to the relatively low stiffness of GFRP. Only
in small aircraft and sailplanes the whole fuselage and wings are often made from
GFRP [38]. Nevertheless, glass fibers are also found in the upper fuselage shells of the
largest commercial aircraft, the Airbus A380. These shells are made from GLARE
(glass-reinforced fiber metal laminate), which is a layered structure of GFRP and
aluminum sheets with outstanding damage tolerance, fatigue, corrosion, and fire
resistance properties [16]. Helicopter blades are also typically made from GFRP with
some foam or honeycomb core. An overview on the use of GFRP in current
aeronautic structures is given in Figure 6.5.

Marine: After the development of GFRP for military aircraft, the manufacturing of
boats (rowing boats, sailing boats, motorboats, and lifeboats) was the first civilian
application, which quickly gained acceptance since the 1950s. This was an ideal field
for both hand lay-up and spray lay-up techniques for the manufacturing of complex

Figure 6.5 Use of composite materials in current aeronautic structures: Eurofighter jet, EC-135
helicopter, and Airbus A380 airliner.
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shapes. Not only components but also large hulls and decks could be manufactured
this way, revolutionizing the boat building. Today an ever-increasing number of boats
and yachts are made from GFRP, both in the civil and military sector. One issue of
recent studies is the impact performance of such structures to water slamming and
projectile impact loads [39-41].

Automotive: GFRP was first used in the serial production of panels and fairings for
commercial vehicles (wind deflectors, engine hood, etc.). Since the 1970s car
bumpers were made from GFRP. After the introduction of SMC, further parts like
trim panels, door components, trunk lids, hoods were made from such composite
materials. Nonvisible parts for under-bonnet applications such as the front
bulkhead supporting the radiator, cooling fan and front lights, are made from GMT
due to the lower surface quality. The body of some small series sports cars is also
made from GFRP. The use of composite materials in the automobile industry is
significantly increasing in recent days following the trend of lighter cars for reduced
energy consumption and glass fibers are a good candidate due to their price
advantage.

Consumer and sporting goods: Many articles in the leisure and sporting industry are
made from lightweight and cheap glass fiber composites like tent poles, pole vault
poles, arrows, bows and crossbows, hockey sticks, surfboards, bowling balls, fishing
rods, microwave cookware, and so on.

Tanks and pipes: Storage tanks, for example, for chemical storage are often made
from GFRP with capacities up to 300 ton. While small and simple tanks are
made from CSM, high-performance tanks and pressure vessels are typically made
by filament winding. GFRP pipe systems are used for several different applications
with liquid (e.g., drinking and waste water) or gaseous media of different
temperatures.

Wind energy. Wind turbine blades are classical examples of large GFRP structures.
The material has proven to be best suited for the aerodynamic and mechanical
requirements of such lightweight components like stiffness, strength, durability, and
shock resistance. It is also used for the nacelle, that is, the turbine housing.

6.8
Summary

Glass fibers are still the most common of all reinforcing fibers in polymer composites
today, which is due to good reasons. This is mainly attributed to the lowest costamong
all commercially available reinforcing fibers, which allow them to be used in
numerous applications. In terms of mechanical properties, the high tensile strength
is characteristic for glass fibers. Furthermore, a wide range of different glass fiber
types with individual advantages make them favorable when, for example, high
chemical resistance or electrical insulation qualities are required. On the other hand,
disadvantages are the relatively low elastic modulus, poor abrasion resistance, and
high density compared to other commercial reinforcing fibers, which ban them from
use in ultralightweight structures. The glass fiber polymer composite market is
dominated by E-glass fibers, which are available in various forms, for example,
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rovings, mats, fabrics, and so on. Combined with a wide choice of manufacturing
technologies, for example, hand lay-up, filament winding, or resin infusion processes
there are a number of different behaviors and properties that can be obtained with
glass fiber-reinforced composites. Consequently, GFRP composites are used today in
a product range from small electrical circuit boards to large ships. The status of glass
fiber composites as an exotic material has long been replaced with the status of a
generally accepted standard construction material. The range of applications in
different industries is still increasing and academic research on glass fibers and glass
fiber composites for improved properties and new applications is continuously
conducted.
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Kevlar Fiber-Reinforced Polymer Composites
Chapal K. Das, Ganesh C. Nayak, and Rathanasamy Rajasekar

7.1
Introduction

Thermoplastic-based composites are becoming more essential in several application
fields due to the combination of toughness of thermoplastic polymers along with
stiffness and strength of reinforcing fibers. Organic textile fibers can be used to
prepare polymeric composites. Due to their low stiffness, organic textile fibers are
used as reinforcing agent in polymer matrices for both rubbers and thermoplastics.
Itis well known that the behavior of the polymeric material strongly dependent on its
structure, morphology, and relaxation processes. Furthermore, the properties of
composite materials are determined by the characteristics of the polymer matrices
themselves, together with reinforcements, and the adhesion of fiber/matrix inter-
face, which mainly depends on the voids and the bonding strength at the interface.

In general, the Kevlar fibers are highly crystalline, their surface are chemically inert
and smooth, thus its adhesion with matrix is very much poor. Therefore, surface
modification of Kevlar fiber is essential to enhance its reinforcing efficiency.
Direct fluorination is an effective approach for the surface modification of Kevlar
fibers. This process does not need any initiation or catalyst. Elemental gases are used
to modify the surface of the fibers. The fluorination can be carried out at room
temperature. Surface modification of Kevlar fibers by fluorination and incorporation
in the polymer matrix resulted in better mechanical stability, thermostability, and
membrane properties.

The works carried out on the preparation of composites using both unmodified
and modified Kevlar fibers, in various thermoplastics matrices are discussed in this
chapter. In addition, the works carried out on thermosetting polymers containing
Kevlar fibers were also presented. The various methods used for preparation of
polymer composites and the effects of Kevlar fiber on their crystalline, thermal,
dynamic mechanical, and morphological properties of polymer composites are
focused. In addition the reports based on the effect of compatibilizers on the
reinforcement of unmodified, fluorinated, and oxyfluorinated short Kevlar fibers
incorporated in the polymer matrix had been surveyed.

Polymer Composites: Volume 1, First Edition. Edited by Sabu Thomas, Kuruvilla Joseph,
Sant Kumar Malhotra, Koichi Goda, and Meyyarappallil Sadasivan Sreekala
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The simulation reports analyzing the fiber orientation using mold flow technique
under varying injection molding parameters of the Kevlar fiber-reinforced polymer
composites were also centered in this chapter.

7.2
Fiber-Reinforced Polymer Composites

Fiber-reinforced composites comprise of fibers of high strength and modulus,
embedded in a polymer matrix with distinct interfaces between them. In this
composite both fiber and the polymer retains their physical and chemical identities.
In general fibers act as main load bearing constituent, in turn surrounding
matrix keeps them intact in their positions and desired orientations [1]. Fibrous
composites are classified into two broad areas namely short fiber-reinforced compo-
sites and long fiber-reinforced composites, which in turn can be categorized into two
segments:

o Fiber-reinforced thermoset plastics (polyester, epoxy, phenol, etc.)
o Fiber-reinforced thermoplastic (PPS, PEEK, PEI, etc.).

Other types of composites includes sandwich structures, fiber metal laminates,
metal matrix composites, glass matrix composites, ceramic matrix composites,
carbon carbon composites, and so on.

7.3
Constituents of Polymer Composites

The chief elements of composites include reinforcements and polymer matrix. Other
additives such as catalysts, coupling agents, pigments and adhesives are also added to
improve the properties of the composites. Reinforcements render stiffness, strength,
dimensional stability, and thermal stability of the composite materials. They promote
effective stress transfer and modify the failure mechanism in composite system.
Various factors governing the properties of the composite material includes size,
shape, distribution, concentration, and orientation of the reinforcing filler in the
polymer matrix. Reinforcements are mainly categorized as fibrous particulate. Kevlar
fibers come under the category of synthetic fibers.

7.3.1
Synthetic Fibers

Synthetic fibers are made entirely from chemicals. Synthetic fibers are usually
stronger than either natural or regenerated fibers. Synthetic fibers and the regen-
erated acetate fibers are thermoplastic and can be softened by heat. Therefore
manufacturers can shape these fibers at high temperatures, adding such features
as pleats and creases. The most widely used synthetic fibers are mentioned as follows:
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¢ Nylon fibers
e Glass fibers
o Kevlar fibers
e Metallic fibers

Among these synthetic reinforcing fibers, Kevlar had been discussed elaborately,
which are as follows.

7.4
Kevlar Fiber

Kevlar is the DuPont trade name of poly(p-phenylene terephthalamide) (PPTA) and
was first created in DuPont’s labs in 1965 by Stephanie Kwolek and Herbert Blades [2].
It is an organic fiber in the aromatic polyamide family. It possesses unique
combination of high strength, high modulus, toughness, and thermal stability.
It can be spun into ropes or sheets of fabric that can be used in the construction
of composite components. Kevlar is used in wide range of applications starting from
bicycles to body armor, due to its high strength-to-weight ratio, and it is five times
stronger than steel on an equal weight basis [2]. Itis a member of the Aramid family of
synthetic fibers and a competitor of Twaron manufactured by Teijin.

7.4.1
Development and Molecular Structure of Kevlar

In 1965, scientists at DuPont discovered a new method of producing perfect polymer
chain extension. The polymer poly-p-benzamide was found to form liquid crystalline
solutions due to the simple repetitiveness of its molecular backbone. The key
structural requirement for the backbone is the para orientation on the benzene ring,
which allows the formation of rodlike molecular structures. These developmentsled to
the current formulation of Kevlar. DuPont developed the fiber of poly(p-phenylene
terepthalamide), which was introduced as high strength Kevlar aramid fiber in 1971.

In aramid fiber, the fiber-forming substance is a long-chain synthetic polyamide in
which at least 85% of the amide linkages are attached directly to two aromatic rings
Thus, in an aramid, most of the amide groups are directly connected to two aromatic
rings, with nothing else intervening [3].

(0]
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Structure of kevlar

The properties of the Kevlar fibers can be explained on the basis of its physical and
chemical microstructures. During the spinning process, the polymer chains were
oriented in the draw direction producing chain crystallites having a very high aspect
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ratio. The chains inside the crystallites were interconnected by hydrogen bonding
that makes these fibers extremely strong. The only way to break these fibers by
tension is to break all the hydrogen bonds at once, which is very difficult to achieve
because of their huge numbers.
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7.4.2
Properties of Kevlar Fibers

¢ Due to their highly aromatic and ordered structure, aramids have very high
thermal stability.

o These fibers are flame resistant but they can be ignited.

o Kevlar fiber possesses chemical inertness and low electrical conductivity in
comparison to carbon dispersed glass fibers.

¢ Kevlar fiber composites have highest specific strengths among all composite materi-
als. Although composites from newer fibers have taken over that position, aramids
still offer outstanding combinations of properties, such as high specific strength,
toughness, creep resistance, and moderate cost, for specific applications (Table 7.1).

7.5
Interface

The structure and properties of the fiber/matrix interface offers significant role in
governing the mechanical and physical properties of the fiber-reinforced composites.



7.5 Interface

Table 7.1  Unique properties of Kevlar fiber over other fibers [4].

Properties Nylon 66 Kevlar 29 Kevlar 49 E-Glass Steel
Specific gravity 1.14 1.44 1.45 2.55 7.86
Tensile strength (MPa) 1000 2750 2760 1700 1960
Tensile modulus (GPa) 5.52 82.7 131 68.9 200
Elongation at break (%) 18 5.2 2.4 3.0 2.4

In fiber-reinforced thermoplastics, surface of the fiber side, surface of the matrix, and
the phase between fiber and matrix are collectively called as interface [5]. The large
difference between the properties of the fibers and the matrix are communicated
through the interface or in other words the stress acting on the matrix polymer is
being transferred to the fibers (the main load bearing constituents) through the
interface. These interface effects are ascertained as a type of adhesion phenomenon
and are often interpreted in terms of the surface structure of the bonded materials,
that is, surface factors such as wettability, surface free energy, the presence of the
polar groups on the surface, and surface roughness of the material to be bonded.
A number of assumptions have to be made about the properties of the interface for
the theoretical analysis of stress transfer from fiber to the matrix as given below:

o The matrix and the fibers behave as classic materials.

o The interfacial bond is infinitesimally tenuous.

¢ The bond between the fiber and the matrix is perfect.

e The fibers are arranged in a regular or repeating array.

o The materials close to the fiber has the same properties as material in bulk form.

Some mathematical models are necessary to correlate these assumptions in
polymeric materials. Figure 7.1 shows the fracture surfaces of fiber-reinforced
composite with different mode of interface.
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Figure7.1 Diagrams oftypical fracture surface of unidirectional composite loaded in tension along
the fiber direction (a) composite with strong interfacial bond, (b) composite with intermediate
interfacial bond, and (c) composite with poor interfacial bond [6].
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7.6
Factors Influencing the Composite Properties

7.6.1
Strength, Modulus, and Chemical Stability of the Fiber and the Polymer Matrix

The mechanical properties of fiber-reinforced composites are widely regulated by the
strength and modulus of the reinforcements [7]. As itis mentioned earlier thatin fiber-
reinforced composites fibers are the main load bearing constituents while the matrix
keeps those fiber in their desired positions and orientations. Matrix should be chosen
as per the requirements of the end product. There are many other factors such as cost,
ease of fabrication and environmental conditions (e.g., temperature, humidity) in
which the end product is going to be used should also be considered. The weathering
and chemical resistance of the matrix, design stresses, and the required durability of
the end product are also deserve supreme importance in regulating the composite
properties. The main role of the matrix in a fiber-reinforced composite will alter
depending on how the composite is stressed [11]. In case of compressing loading, the
matrix must prevent the fibers from buckling, and thus offers a very critical part of the
composite. If this fact is ignored then the reinforcing fibers could not carry any load.
Onthe other hand, abundle of continuous fibers could sustain high tensileloads in the
direction of filaments without a matrix. The matrixalso provides a transfer medium so
that even if a single fiber breaks, it does not lose its load carrying capacity.

7.6.2
Influence of Fiber Orientation and Volume Fraction

Fiber orientation and volume fraction have significant role on the mechanical as well
as other properties of the fiber-reinforced polymer composites [1]. With respect to
fiber orientation, two extreme cases are possible-parallel alignment of the longitu-
dinal axis of the fibers in a single direction and totally random orientation. These two
extremes are depicted in Figure 7.2a and b, respectively. Normally continuous fibers
are aligned and discontinuous ones are randomly oriented. Longitudinally aligned
fiber-reinforced composites exhibit inherent anisotropic thermal, mechanical, and
dynamic properties, where the maximum strength and reinforcements are achieved
along the direction of fiber orientation [1]. On the other hand, transversely oriented
fiber reinforcements are virtually nonexistent, fracture usually occurs at very low
tensile stress, which may be even less that the pure matrix. In randomly oriented
fibrous composites, strength lies between these two extremes. Hence, the prediction
of fiber orientation in the fiber-reinforced composites is very much important in
order to derive the properties of the same.

7.6.2.1 Fiber Orientation in Injection Molded Fiber-Reinforced Composites
In injection molding the fibers are considered to be suspended in the matrix and
thereby orient themselves in response to the kinematics of the flow, mold cavity, and
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Figure 7.2 Schematic representation of (a) continuous and aligned, and (b) discontinuous and
randomly oriented fiber-reinforced composites [6].

other neighboring fibers. However, fiber suspensions often demonstrate an aniso-
tropic behavior due to a flow-induced fiber alignment in the flow direction. The
properties of short fiber-reinforced thermoplastic composites, however, suffers from
a problem associated with fiber orientation, which in turn depends on the processing
conditions and the geometrical shape of the mold such as gating, inserts, and section
thickness [8-14]. During the filling of an injection molding die, three flow regions
normally exist.
These regions are

¢ a three-dimensional region near the gate,

¢ alubrication region where no significant velocities out of the main flow plane exist
and where the majority of the flow is contained,

o a fountain flow region at the flow front.

The effect of flow behavior on fiber orientation is complex but two rules of thumb
have been demonstrated:

e Shearing flows tend to align fibers in the direction of flow.

o Stretching flows tend to align fibers in the direction of stretching. For a center
gated disk, the stretching axis is perpendicular to the radial flow direction as can be
seen from Figure 7.3.

The orientation of fibers in an injection molded parts consists of three
different layers:
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Figure 7.3 Flow regions during the injection molding process [6].

e A core created by in-plane fiber motion during mold filling.

o Shell layers on either side of the core, with a flow aligned orientation caused by
gapwise shearing.

o Skin layers at the mold surface.

This difference in fiber orientation in different region affects the mechanical and
thermal properties of the molded fiber-reinforced composite parts [15]. Hence it is of
worth interest to predict the fiber orientation under different processing conditions.
There are many reports available that demonstrates the numerical /analytical [16, 17] as
well as computer aided simulation approach [18] to evaluate the fiber orientation in
injection molded shortfiber-reinforced composites under differentmolding conditions.
Zhou and Lin [19] reported the behavior of fiber orientation probability distribution
function in the planar flows. In their research work they have reported about the effect of
fiber orientation on the planar flow behavior of the short fiber-reinforced composites.
Chung et al. [20, 21] reported the polymer melt flow and weld line strength of injection
moldings made by using the coinjection molding technique. A comprehensive study on
the effect of processing variables on microstructure of injection molded short fiber-
reinforced polypropylene composites have been reported by Singh and Kamal [11].

Imihezri et al. [22] investigated mold flow and component design analysis of
polymeric-based composite automotive clutch pedals. Patcharaphun and Mennig[23]
have reported the properties enhancement of short glass fiber-reinforced thermo-
plastics via sandwich injection molding. Although many research works have been
reported leading to the theoretical or numerical approach for the prediction of fiber
orientation, there are still a large scope remains for the computer aided simulation of
the fiber orientation.

7.6.3
Volume Fraction

Fiber volume fraction plays a major role in predicting the properties of the fiber-
reinforced composites, especially hybrid composites. Fiber volume fraction is
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represented in equation given below:
Vi = V¢/ V. (for normal composites) (7.1)
Vi = Vg/Vc  (for hybrid composites) (7.2)

where V¢ is the volume fraction of fiber, V, is the total volume of composites,
Ve= Vg + Vp. Vi is the total volume fraction of two types of fibers. Matrix volume
fraction is given by the following equation:

Vin = Vin/ Ve (7.3)

where V,, is the volume fraction of the matrix.

For a fiber-reinforced composite an optimum spacing must be maintained to
achieve the maximum properties, which is the minimum allowable spacing between
the fibers, below which the structure will start to disintegrate under loading before the
tensile failure. This minimum spacing is defined as the maximum volume fraction
allowable for a composite.

7.6.4
Influence of Fiber Length

The strength of fiber-reinforced composites not only depends on the tensile strength
but also on the extent to which an applied stress is transmitted to the fibers from
matrix[1, 4]. The extent of this load transmittance is a function of fiber length and the
strength of fiber-matrix interfacial bonds. Under an applied stress, this fiber—matrix
bond ceases at the fiber ends resulting a matrix deformation. There is no stress
transfer from the matrix at the fiber extremity. Hence a critical fiber length giving rise
to critical aspect ratio, length to diameter ratio (L/ D) should be maintained to effective
stress transfer between the fiber and matrix at the interface.

7.6.5
Influence of Voids

During the incorporation of fibers into the matrix or during the manufacture of
laminates, air or other volatiles are trapped in the material [7, 24]. The trapped air or
volatiles exists in the cure laminate as microvoids, which may significantly affect
some of its mechanical properties. Paul and Thompson [25] and Bascom [26] have
investigated the origin of voids and described the various types of voids encountered
in the composite and the means to reduce the void content. The most common
cause of voids is the incapability of matrix to displace all the air that is entrained with
in the roving or yarn as it passes through the resin impregnator. The rate at which the
reinforcements pass through the matrix, the viscosity of the resin, the wettability or
contact angle between the matrix and the fiber surface and the mechanical working of
the fibers, and so on, will affect the removal of the entrapped air. A high void content
(over 20%) usually leads to lower fatigue resistance, greater susceptibility to water
diffusion, and increased variation (scatter) in mechanical properties.
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7.6.6
Influence of Coupling Agents

Incorporation of coupling agents into the fiber-reinforced composites offers optimum
physical properties of the same and retains these properties of the composites after
environmental exposure. Good bonding at the interface can be achieved by modifying
the interface with various coupling agents. An important technique for improving
compatibility and dispersibility between the filler and the matrix is to develop a
hydrophobic coating of a compatible polymer on the surface of the filler prior to mixing
with the polymer matrix. Generally, coupling agents facilitate better adhesion between
the filler and the matrix. The selection of coupling agents that can provide both
strength and toughness to a considerable degree is important for a composite material.

7.7
Surface Modification

Surface modification of both matrix/or fiber is a key area of research at present to
achieve optimum fiber/matrix properties.

7.7.1
Surface Modification of Fibers

Reinforcing fibers can be modified by physical as well as chemical methods.

i) Physical methods of modification: Physical treatments alter the structural and
surface properties of the fibers thereby influence the mechanical bonding in
matrix—fiber interface. These physical treatments include electric discharge
method using corona or cold plasma. In the case of cold plasma treatment,
depending on the type and nature of the gas used, a variety of surface
modifications like cross-link could be introduced. In this process, surface
free energy could be increased or decreased and reactive free radicals onto
the fiber surface could be produced [27]. For Kevlar fiber where moisture
absorption is known to have deteriorating effects, the plasma process is
inherently an effective drying process providing further benefits [28]. Corona
treatment is one of the most interesting techniques for surface oxidation
activation. This process changes the surface free energy of the fibers [29].

ii) Chemical methods of modification: Chemical methods offer more convenient
techniques to modify the fiber surface [30-32]. Chemical methods bring about
the compatibility between the two polymeric materials either crating some
functional groups on the fiber surface by means of chemical reactions or
introducing a third material into the composites that has properties in
between those other two.

Park et al. reported the chemical treatment of Kevlar surface by Phosphoric acid
significantly affected the degree of adhesion at interfaces between Kevlar fibers and
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epoxy resin matrix [32]. Yue and Padmanabhan [33] improved the interfacial shear
strength of Kevlar fiber/epoxy composites significantly, through chemical treatment
of the fiber with organic solvents. Wu et al. [34] have proposed acid treatments as the
modification tool for PBO, Kevlar, and carbon fiber. They have noticed a remarkable
change in the surface free energy of those modified fibers. Mavrich et al. [35] have
demonstrated the infrared mapping of epoxy reacted Kevlar/epoxy system. Different
types of coupling agents are used to modify the fiber surface in order to enhance the
fiber surface functionalities. Silanes have been the most frequently used coupling
agents [36]. Silanes provide dual functionalities in one molecule, so that one part of
the molecule forms a bond to the fiber surface while other part forms a bridge with
the matrix molecule. Ai et al. [37] have used alkoxysilane as an effective coupling agent
for Kevlar fiber in Kevlar/epoxy system. They have reported that with surface
modification the adhesion between the fiber and the matrix increases resulting to
the enhancement of interlaminar shear strength. Andreopoulos [38] has used acetic
acid anhydride, sulfuric acid-acrylamide, and methacryloyl chloride as coupling
agents to introduce the polar functional groups onto the Kevlar surface and among
them methacryloyl chloride appeared to be the most effective coupling agents for
Kevlar fiber. Menon et al. [39] have reported the effectiveness of the titanate coupling
agents in Kevlar/phenolic composites. They have demonstrated an improved mois-
ture resistant and flexural strength for modified systems. Copolymers can also be
used as effective coupling agents for fibrous systems. MA-g-PP and MA-g-PE provide
covalent bonds across the interface polypropylene—cellulose systems.

7.7.2
Surface Modification of Matrix Polymers

The wettability of the matrix polymer on the fiber surface depends on the viscosity of
the matrix and the surface tension of both materials. For better wetting of the matrix
on the fiber surface, surface tension of the matrix should be as low as possible; it
should be at least lower than the reinforcing fiber materials. Hence the modification
of matrix in a fiber-reinforced composites consist of the following methods:

a) Chemical treatments: The polymer surface can be modified by introducing polar
groups onto the matrix surface. When a polymer is treated with highly oxidative
chemicals such as chromic anhydride/tetracholoroethane, chromic acid/acetic acid,
chromic acid/sulfuric acid under suitable conditions, polar groups are introduced on
the polymer surface and the surface characteristics are improved [40, 41].

b) Physical methods: Physical method includes UV irradiation, corona discharge
treatment, and plasma treatment.

7.7.3
Fluorination and Oxyfluorination as Polymer Surface Modification Tool

Direct fluorination and oxyfluorination plays a tremendous role as a surface
modification technique for polymeric materials as it possess various advantages as
given below:

219



220

7 Kevlar Fiber-Reinforced Polymer Composites

¢ The elemental gas is used to modify polymeric materials. Due to very high energy
release during the main elemental stages, the fluorination occurs at room
temperature or below [42—44]. The process does not need any initiation or catalyst.

e Gaseous mixtures of fluorine, oxygen, nitrogen, helium, chlorine, and chlorine
monofluoride may be used for direct fluorination.

¢ The reaction proceeds by the diffusion limited process.

¢ The fluorine-treated plastics consists of totally fluorinated, untreated virgin
layer separated by a thin transition layer.

o The thickness of the modified layer polymer can be put under control over ~0.01-
10 um range.

¢ This technology is so called “dry” one (only gases are used) and polymeric.

¢ Article of any shape can be modified.

¢ One of the main advantages of direct fluorination and oxyfluorination is that
the only thin surface layer of polymer is modified and hence the bulk properties of
the polymer are not practically changed.

Fluorination and oxyfluorination offers improved properties in comparison to the
unmodified polymeric materials as listed below.

7.8
Synthetic Fiber-Reinforced Composites

Fiber-reinforced plastics (FRP) have been widely accepted as materials for structural
and nonstructural applications in recent years. The main reasons for the increased
interest in FRP for structural applications, are high specific modulus, high strength
of the reinforcing fibers. Various synthetic and natural fibers are being used as the
reinforcing agents in FRP. Among natural fibers jute [45], sisal [46], henequen [47]
fibers are used as successful reinforcements. Although natural fibers are inexpen-
sive, easily available, biodegradable, they are not environmentally stable, chemically
inert along with hydrophilic in nature, and of low strength.

Synthetic fibers are high-performance fibers possessing very high levels of at
least one of the following properties: tensile strength, operating temperature, heat
resistance, flame retardancy, and chemical resistance [48]. The resistance to heat
and flame is one of the main properties of interest for determining the working
conditions of the fibers [49].

Short fiber-reinforced thermoplastic-based polymer composites have drawn the
attention of many engineering applications [50, 51] in recent years, particularly
automobile and mechanical engineering industry have great interest for short fiber
reinforcement in various polymer matrices for better mechanical, dynamic, and
thermal properties of the concerned composites. Short fiber reinforcement is also
favored over the continuous fiber reinforcement because of the combination of easier
processability with low manufacturing cost. A large number of reports is available
to analyze the short fiber reinforcement on the mechanical properties of the short
fiber-reinforced composites [52, 53]. Broutman [54] had reported about the fibers
made of phenol formaldehyde and also discussed about the properties of molded
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polypropylene thermoplastics as a function of phenolic fiber weight percent and
surface treatment. Sudarisman et al. [55] have demonstrated the compressive
failure of unidirectional hybrid fiber-reinforced epoxy composites containing carbon
and silicon carbide fibers. Arikan et al. [56] have reported the fracture behavior of steel
fiber-reinforced polymer composites. Fu and Mai [57] demonstrated the thermal
conductivity of misaligned short fiber-reinforced polymer composites. They have
used carbon fibers as reinforcements. Wang [58] had analyzed the toughness
characteristics of synthetic fiber-reinforced cementitious composites. Kevlar, poly
(p-phenylene terephthalamide), is an organic synthetic fiber with a distinct chemical
composition of wholly aromatic polyamides (aramids). This fiber possesses a unique
combination of high tensile strength and modulus, toughness, and thermal stabil-
ity [59]. In air, PPTA demonstrates seven times the tensile strength of steel on an
equal weight basis. In seawater, this advantage in tension increases by a factor of
20 [60]. Besides, Kevlar fiber possesses high thermal resistance and chemical
inertness and low electrical conductivity with compared to metallic or carbon
glass fibers. These superior properties of Kevlar fiber lead to the increasing applica-
tions of Kevlar fiber-reinforced composites in aircraft, missile, and space applications
such as rocket motor casings and nozzles. Kevlar fiber composites are also used in
conjunction with aluminum to give rise to superior hybrid composites. The fiber
failure in the longitudinal splitting mode has led to the unique ballistic resistance
of Kevlar when used with suitable combination of matrices. Thus, the development of
Kevlar composites with high strength as well as stiffness, apart from their proven
toughness, is highly relevant and significant in the current scenario where the
thrust is on good damage tolerance, high strength and stiffness, good hot-wet
properties, high fatigue life, and low density. The main drawback of the Kevlar fiber
reinforcement is poor interfacial adhesion due to its chemical inertness and low
surface energy, which affects the chemical and physical properties of the composites.
In order to increase the surface adhesion of the fiber resulting good interaction with
the matrix various physical and chemical surface modification techniques are being
followed in present days.

Maalej [61] demonstrated the tensile properties of short fiber composites with fiber
strength distribution. They have analyzed the influence of fiber rupture, fiber pull-out
and fiber tensile strength distribution on the postcracking behavior of short randomly
distributed fiber-reinforced brittle-matrix composites has been analyzed using an
approach based on the Weibull weakest-link statistics. Yu et al. [62] have predicted the
mechanical properties of short Kevlar fiber-nylon-6,6 composites. Sun et al. [63] have
reported shear-induced interfacial structure of isotactic polypropylene (iPP) in iPP/
Fiber composites, where they have studied the shear-induced interfacial structure of
iPP in pulled iPP/fiber composites optical microscopy. Shaker et al. [64] have
compared the low- and high-velocity impact response of Kevlar fiber-reinforced
epoxy composites. Kutty and Nando [65] have reported the mechanical and dynamic
properties of the short Kevlar fiber-thermoplastic polyurethane composites.

Murat icten et al. [66] have studied the failure analysis of woven Kevlar fiber-
reinforced epoxy composites pinned joints. Kim et al. [67] studied the graft
copolymerization of the e-caprolactam onto Kevlar-49 fiber surface and properties
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of grafted Kevlar-reinforced composite. Al-Bastaki [68] have designed the Kevlar fiber-
reinforced epoxy tubes subjected to high strain rates using finite element analysis.
Kodama and Karino [69] demonstrated the polar—polar interaction between
the reinforcement and matrix for Kevlar fiber-reinforced composite using the blend
of polar polymers as matrix. They have used poly(hydroxy ether of bisphenol A) (I),
with which poly(ethylene oxide) (II) or poly(ethylene adipate) (III) was blended as a
part of matrix in Kevlar fiber-reinforced composites. It was shown by analyzing
the storage modulus and loss modulus versus temperature curves that the
reinforcement-matrix interaction is increased relatively to the primary transition
temperature of matrix by blending II or III with I, and IT is more efficient for increase
of the interaction than III. Mahmoud [70] had discussed the tensile, impact, and
fracture toughness behavior of unidirectional, chopped, and bidirectional fiber-
reinforced glass and Kevlar/polyester composite in terms of fiber volume fraction
and fiber arrangement. Wu and Cheng [71] demonstrated the interfacial studies on
the surface-modified aramid fiber-reinforced epoxy composites. They have used
solutions of rare earth modifier (RES) and epoxy chloropropane (ECP) grafting
modification method were used for the surface treatment of aramid fiber. Kitagawa
et al. [72] have evaluated the interfacial property in aramid fiber-reinforced epoxy
composites. Haque et al. [73] have reported the moisture and temperature-induced
degradation in tensile properties of Kevlar—graphite/epoxy hybrid composites.

7.9
Effect of Fluorinated and Oxyfluorinated Short Kevlar Fiber on the Properties of
Ethylene Propylene Matrix Composites

Das et al. reported the surface modification of Kevlar fibers and their effect on the
properties of ethylene propylene (EP) copolymer.

7.9.1
Preparation of Composites

Kevlar was fluorinated using a mixture of F, and He (5% : 95%) at 0.4 bar total pressure
and 17 °Cfor 1 h. Oxyfluorination was carried out by 5% F,, 5% air, 90% He (5% F», 1%
0,,90% He, and 4% N,) under 0.8 bar pressure at 17 °C for 1 h in a reaction chamber.

The unmodified, fluorinated, and oxyfluorinated Kevlar fibers were incorporated
in ethylene propylene copolymer. The mixing operation was performed in Brabender
mixer and the obtained composites were then compression molded into slabs.
Table 7.2 shows the formulations of the composites.

7.9.2
FTIR Study

Figure 7.4 shows the FTIR spectra of the composite materials along with the pure EP.
The peak associated with primary amine backbone appeared in the cases of
unmodified, fluorinated, and oxyfluorinated Kevlar fiber-reinforced EP at
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Table 7.2 Compounding formulations.

Sample Code Ethylene propylene Kevlar (wt%)
copolymer (wt%)

EP 100 0

B 100 1.43 (original)

E 100 1.43 (fluorinated)

H 100 1.43 (oxyfluorinated)

3340 cm ™! [74] (absent in case of pure EP), which may be due to the incorporation of
Kevlar fiber into the polymer matrix.

The peakat 1760 cm ™', corresponding to the characteristics peak of C=0 of Kevlar
fiber, was observed for all the composites. The FTIR plot of fluorinated and
oxyfluorinated Kevlar fiber composites showed a peak at 1200 cm ™', which may be
the characteristic peak of monofluorinate aliphatic groups (C—F bond), formed due
to the fluorination and oxyfluorination. Oxyfluorinated Kevlar fiber-reinforced EP
showed an additional peak at 3400 cm ™' indicating the formation of OH group
during the oxyfluorination process.

793
X-Ray Study

Figure 7.5 and Table 7.3 show the X-ray diffraction (XRD) diagram of various samples
and their respective parameters. From Figure 7.5 it was revealed that the percent

Figure 7.4 FTIR spectra of pure EP (EP), EP/unmodified Kevlar (B), EP/fluorinated Kevlar (E), and
EP/oxyfluorinated (H) composites.
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Figure 7.5 XRD pattern of Kevlar (Kev), pure EP (EP), EP/unmodified Kevlar (B), EP/fluorinated
Kevlar (E), and EP/oxyfluorinated (H) composites.

crystallinity is highest for pure EP and the lowest for Kevlar fiber. The pure EP and
Kevlar showed 76 and 30% crystallinity, respectively. The percentage of crystallinity
significantly changes with the addition of Kevlar fiber into the EP matrix. The Kevlar
fiber hinders the migration and diffusion of EP molecular chains to the surface of the

Table 7.3 X-ray parameters of EP and EP/Kevlar composites.

Sample code Kevlar EP B E H

% Crystallinity 30.00 74.00 52.00 58.00 60.00

Peak angle (26) (°) 0, — 14.20 14.20 14.20 14.10
0, — 16.95 17.0 17.05 16.90
05 — 18.70 18.70 18.68 18.66
04 20.58 21.30 21.32 21.34 21.20
05 22.80 21.90 21.88 21.95 21.88

Interplanar spacing (A) d — 6.26 6.26 6.26 6.31
d, — 5.25 5.23 5.22 5.23
ds — 4.76 4.76 4.77 4.80
dy 4.45 4.12 4.18 4.18 4.02
ds 391 4.18 4.06 4.06 4.08

Crystallite size (A) P1 — 116.60 144.70 144.70 155.80
P2 — 164.60 156.40 145.20 156.40
D3 — 165.30 145.60 146.70 145.50
Pa 46.40 137.80 102.30 120.30 113.60

ps 39.50 137.90 102.40 120.40 114.10
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growing polymer crystal in the composites, resulting in a decrease in the percent
crystallinity.

In the case of composite E and H, the percent crystallinity of the composites
increases with fluorination and oxyfluorination of Kevlar, compared to the composite
B. This suggested that there are more interactions between the surface-modified
Kevlar fiber and EP matrix. This may be due to the generation of more functional
groups on the surface of Kevlar fiber during fluorination and oxyfluorination. It is
also important to point out that the crystallite size of composites E and H, corre-
sponding to all peak angles (26), are higher than composite B, which suggested that
the nucleation and growth are also favored in case of E and H compared to B. The pure
EP showed the reflection at 26 of 21.6° and 24.0°, whereas Kevlar fiber showed the
reflection at 20.6°, 22.8°, and 28.7°. In composites, the peak of EP at 24.0° and Kevlar
at 28.7° were not visible, but in addition three broad peaks appeared. As the
functional groups increased, the intensity and sharpness of the peaks also increased
in the case of modified Kevlar fiber-reinforced composites. However, significant
changes in the EP crystalline structure were observed in the presence of Kevlar fiber.

7.9.4
Thermal Properties

Figure 7.6a and b shows the differential scanning calorimetric (DSC) and thermo-
gravimetric analysis (TGA) of pure polymer and the composites. The respective
parameters are given in Table 7.4. Heat of fusion is proportional to the amount of
crystallinity in the sample, that is, higher heat of fusion will correspond to higher
crystallinity. It was observed from Table 7.4 that heat of fusion is highest for pure EP
and then it decreases gradually in case of fiber-reinforced composites. This result
supports the trend of crystallinity of the composites obtained from the XRD
study. Pure EP shows a melting endotherm, T, at about 165°C and the
composites showed the values close to the T, of EP (B=162.3°C, E=162.4°C,

Figure 7.6 DSC (a) and TGA (b) study of pure EP (EP), EP/unmodified Kevlar (B), EP/fluorinated
Kevlar (E), and EP/oxyfluorinated (H) composites.
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Table 7.4 Thermal parameters of EP, EP/Kevlar composites.

Sample  First Loss of Second Loss of wt% T, (°C)  Hr(l/g)
code decomposition ~ wt% for decomposition.  for second
temperature first step  temperature step
<) Q)
EP 233.0 69.2 387 30.8 165.0 73.0
B 245.0 32 352 68 162.3 69.2
E 254.4 39 352 61 162.4 68.5
H 269.0 54 391 38 164.1 70.0

and H=164.1°C). The melting point of EP marginally decreases in case of
composites. The depression of melting temperature of the composites may be due
to the dilution effect. In case of pure EP and EP/Kevlar composites, degradation
occurs in two steps. The initial degradation of pure EP starts at 233 °C and continues
up to 387 °C at a faster rate accompanied by 69% weight loss. The second degradation
step starts at 387 °C and proceed at a slower rate. For EP/Kevlar composite (sample B)
degradation starts at 245 °C and continues up to 352 °C at a slowest rate and about
32% of weight loss occurred in this step. However, in case of EP/Kevlar (fluorinated)
and EP/Kevlar (oxyfluorinated) composites, the initial degradation starts at a higher
temperature (around 254.4 and 269°C, respectively) compared to B. This first
degradation process is slower than pure EP and associated with 39 and 54% sample
degradation, respectively.

From the TGA study it proved that the incorporation of modified Kevlar fiber
enhances the thermal stability of the composites. The presence of functional groups
on oxyfluorinated Kevlar fiber may form a better interaction with the matrix
polymer that may be responsible for higher thermal stability of the oxyfluorinated
Kevlar fiber-reinforced (H) composite. Oxyfluorination generates controlled amount
of long-living RO," radical [75]. These radicals further may be responsible for graft
polymerizations leading to higher thermal stability.

7.9.5
Dynamic Mechanical Thermal Analysis (DMTA)

Figure 7.7 represents the storage modulus E/, for the EP, modified and unmodified
Kevlar fiber containing EP composites. Kevlar-filled EP composites show higher
storage modulus than pure EP due to the reinforcement imparted by Kevlar fibers
that permits stress transfer from the EP matrix to Kevlar fiber.

The storage modulus increases especially in the glassy region of oxyfluorinated
Kevlar fiber-reinforced EP composites. The increase in functional groups on Kevlar
fiber resulted in improved interfacial adhesion between the fibers and matrix that
restricts the molecular mobility of EP. The storage modulus graphs show a sharp
decrease in the temperature range 0-10 °C, which correlates with the glass transition
temperature.
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Figure7.7 Storage modulus versus temperature curve of pure EP (EP), EP/unmodified Kevlar (B),
EP/fluorinated Kevlar (E), and EP/oxyfluorinated (H) composites.

Figure 7.8 represents the tan J versus temperature curve. It was that one relaxation
peak appears around 10 °C that corresponds to the o-transition of EP polymer [76].
The o-transition shifted to higher temperatures for the composites due to the
presence of Kevlar fiber in the EP matrix, which tends to decrease the mobility of
the matrix chains. The loss peaks were indicative of the efficiency of the material to
dissipate energy. The magnitude of the loss peak was lower in case of sample H. The
lower magnitude of loss peak indicated lower mechanical energy dissipation capacity.
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Figure 7.8 tan 0 versus temperature curve of pure EP (EP), EP/unmodified Kevlar (B), EP/
fluorinated Kevlar (E), and EP/oxyfluorinated (H) composites.
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Hence, the molecular mobility of the composites decreases and the mechanical loss
gets reduced after incorporation of oxyfluorinated Kevlar fibers in EP matrix. This can
be also pointed out that the transition peak progressively broadens. The broadening
of loss peak in the presence of fiber can be ascribed to matrix-fiber interaction. The
matrix polymer in the adjacent portion of the fiber can be considered to be in different
state, in comparison to the bulk matrix, which can disturb the relaxation of the matrix
resulting in a broad tan J peak.

7.9.6
Mechanical Properties

Table 7.5 shows the mechanical properties of the pure and composites. The matrix
shows higher tensile strength and high elongation at break compared to EP/Kevlar
composite. This arises from the very basic ordered structure of EP, which was also
evident from % crystallinity value obtained from XRD study. The mechanical
properties like modulus and tensile strength of polymeric materials strongly depend
on their microstructure and crystallinity. So, crystallinity enhances the tensile
properties of pure EP. The tensile strength decreases sharply on addition of Kevlar
fibers (sample B) into the polymer matrix whereas it increases gradually in case of
fluorinated Kevlar fiber/EP (sample E) and oxyfluorinated Kevlar fiber/EP compo-
sites (H). The resulted strength in the presence of fiber may be because of two
opposing effects: dilution of the matrix and the reinforcement of the matrix by fibers.
In case of sample B the matrix is not properly restrained by fibers because of poor
adhesion between the fiber and matrix and concentration of the localized strains on
the matrix, causing the pulling out of fibers and leaving the matrix diluted by
nonreinforcing, debonded fibers. But in the case of E and H, where the matrix is
sufficiently restrained and the stress is more evenly distributed that enhanced the
mechanical properties. This can be ascribed to the surface characteristics of modified
fibers, which increases the adhesion between the fiber and matrix.

7.9.7
SEM Study

Figure 7.9 shows the SEM images of the cross-sectional tensile fracture surface of EP
and EP/Kevlar composites. In case of B, the fibers are randomly oriented and pulled

Table 7.5 Mechanical properties of EP, EP/Kevlar composites.

Sample code Tensile strength Elongation Tensile modulus
(MPa) at break (%) (GPa)

Pure EP 27 125 0.36 £0.03

B 20 6.85 0.40+0.02

E 30 5.13 0.56 +0.02

H 33 4.02 0.68 £0.01
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Figure 7.9 SEM photograph of (a) unmodified Kevlar/EP (B), (b) fluorinated Kevlar/EP (E), and
(c) oxyfluorinated Kevlar/EP (H) composites.

out from the matrix indicating poor adhesion between the fiber and polymer matrix
resulting in lower tensile strength as compared to pure EP. In case of E (Figure 7.9b),
fibers are broken rather than pulled out due to the strong interfacial bonding between
the fibers and the polymer matrix. However in case of sample H, fibers and the matrix
forms network giving rise to the best mechanical and thermal properties as a result of
good adhesion between fiber and the matrix.

7.9.8
AFM Study

Figure 7.10a—-f represents the two-dimensional and three-dimensional AFM
images of EP/Kevlar (B), EP/fluorinated Kevlar (E) and EP/oxyfluorinated Kevlar
(H) composites. Comparison of the AFM topographies of composites with the
surface roughness data suggested that the orientation of the Kevlar fiber during
the preparation of composite samples might play more active roles in determining
the surface morphology. The maximum surface roughness of B, E, and H composites
were measured as 4, 17, and 26 nm, respectively.

The interface roughness is one of the most important parameter of interface
adhesion strength as reported earlier [77]. So, the roughness data strongly suggested
that the adhesion strength of oxyfluorinated Kevlar fiber/EP interface is considerably
much higher than that of EP/fluorinated Kevlar and EP/Kevlar composites.

7.9.9
Conclusion

EP matrix containing modified Kevlar fibers show better crystalline, dynamic
mechanical and thermal properties than the composites containing unmodified
Kevlar fiber loading. This effect was more pronounced in case of oxyfluorinated
Kevlar/EP composites. The polar functional groups on the Kevlar fibers surface
played an important role in enhancing the dispersion and interfacial adhesion of the
Kevlar fibers in the matrix polymer.
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Figure7.10 2D and 3D AFM image of (a) and (b) EP/unmodified Kevlar, (c) and (d) EP/fluorinated
Kevlar, (e) and (f) EP/oxyfluorinated Kevlar composite.

7.10
Compatibilizing Effect of MA-g-PP on the Properties of Fluorinated and
Oxyfluorinated Kevlar Fiber-Reinforced Ethylene Polypropylene Composites

Das et al. analyzed effect of compatibilizer on the properties of unmodified and
modified Kevlar/EP composites. MA-g-PP was used as a compatibilizer for the
composite preparation.

7.10.1
Preparation of the Composites

Ethylene polypropylene composites were prepared by them using both unmodified
and modified Kevlar fiber in absence and presence of MA-g-PP (as compatibilizer) by
melt blending technique. Table 7.6 shows the compounding formulation.

7.10.2
Thermal Properties

The thermal properties of the untreated, fluorinated, and oxyfluorinated Kevlar/EP
composites were analyzed through TGA and DSC studies (Figure 7.11a—c and
Table 7.7).

From Table 7.7 and Figure 7.11, it proves that in presence of compatibilizer, the
variation in the magnitude of heat of fusion for the untreated, fluorinated and
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Table 7.6 Compounding formulation.

Sample code EP (wt%) Kevlar (wt%) Compatibilizer
(wt%)

EP 100 0 —

B 100 1.43 (original) 0

B1 100 1.43 (original) 2

B2 100 1.43 (original) 5

E 100 1.43 (fluorinated) 0

E1 100 1.43 (fluorinated) 2

E2 100 1.43 (fluorinated) 5

H 100 1.43 (oxyfluorinated) 0

H1 100 1.43 (oxyfluorinated) 2

H2 100 1.43 (oxyfluorinated) 5

EP: ethylene propylene copolymer.

oxyfluorinated Kevlar fiber-reinforced EP composites were very small. Heat of fusion
for the oxyfluorinated Kevlar/EP composites with compatibilizer was higher com-
pared to other composites. This may be due to the better interaction between the
oxyfluorinated Kevlar fibers and matrix as well as between MA-g-PP and EP at
interfacial region, which results in a better adhesion. However, the melting point (T;,,)
of the composites shifts marginally toward lower value due to the imperfect or
incomplete crystallization.

Figure 7.11b, d, f and Table 7.7 depict the TGA curves and the respective
parameters of the composites. It was reported in their earlier work [78] that surface
modification of the fibers by oxyfluorination leads to the enhanced thermal stability of
EP/Kevlar composites.

It is evident from the TGA plots that degradation of all the composites along with
pure EP follows two-step degradation process. As we have mentioned in our earlier

Table 7.7 Thermal parameters of EP, EP/Kevlar composites.

Sample code First degradation 50% degradation Tm (°C) Hs ()/g)
temperature (°C) temperature (°C)
EP 233.0 338.1 165.0 73.0
B 245.0 349.5 162.3 69.2
B1 260.5 365.3 162.9 70.2
B2 263.0 370.9 163.1 71.1
E 254.4 331.8 162.4 68.5
E1 266.6 346.2 163.1 69.8
E2 272.9 383.3 163.9 70.5
H 269.0 349.4 164.1 70.0
H1 292.0 374.0 164.8 723

H2 295.6 400.0 164.5 72.8
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Figure7.11 DSC and TGA study of (a) and (b) Kevlar/EP, (c) and (d) fluorinated Kevlar/EP, (e) and
(f) oxyfluorinated Kevlar/EP composites with and without compatibilizer.

work that degradation of pure EP starts at 233 °C[78] and it gradually increases in case
of all EP/Kevlar composites especially for modified Kevlar fiber-reinforced EP
composites (B=245°C, E=254.4°C, and H =269 °C).

In presence of compatibilizer, the thermal stability of aforementioned composites
increases appreciably. From Table 7.7 it was evident that unmodified Kevlar/EP/MA-
g-PP composites containing 2% (B1) and 5% (B2) of compatibilizer shows onset
degradation temperature at about 260.5 and 263°C, respectively. It was also
observed that fluorinated Kevlar/EP and oxyfluorinated Kevlar/EP composites con-
taining 2 and 5% of MA-g-PP show onset degradation temperature at about 266.6 and
272.9°C, and 292.0 and 295.6°C, respectively. The thermal stability of the
composites increases in case of compatibilized systems in comparison to the
uncompatibilized one. This may be due to the incorporation of the compatibilizer,
which resulting better adhesion between the fiber and the matrix that increases
the compatibility between them giving rise to enhanced thermal stability of the
compatibilized systems. The enhancement of thermal stability is more distinct in
case of MA-g-PP compatibilized oxyfluorinated Kevlar/EP composites (H1, H2)
that can be ascribed to the better interaction between the fiber and the matrix
polymer at the interface. This may be due to the generation of reactive
functional group (peroxy radical) [75] on the Kevlar surface and as well as due to
the presence of compatibilizer. At higher MA-g-PP contents thermal stability of the
both unmodified, fluorinated, and oxyfluorinated Kevlar/EP composites increases
very marginally.
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Figure7.12 XRD pattern of (a) Kevlar/EP composite, (b) fluorinated Kevlar/EP composite, and (c)
oxyfluorinated Kevlar/EP composite with and without compatibilizer.

7.10.3
X-Ray Study

Figure 7.12a—c and Table 7.8 show the XRD patterns and the respective parameters of
uncompatibilized and compatibilized composites. From Table 7.8 it is evident that
presence of compatibilizer appreciably affects the crystalline properties of Kevlar/EP
composites.

This may be due to the better interaction between the fiber and matrix surface
resulting improved adhesion between them at the interface, which in turn favors the
crystal growth mechanism. In all cases the percent crystallinity of the composites
arelower than that of the pure EP, which may be due to the hindrance offered by Kevlar
fiber to the migration and diffusion of matrix polymer chains to surface of the growing
polymer crystal in the composites. The increase in crystallinity is more prominent in
case of MA-g-PP compatibilized oxyfluorinated Kevlar/EP composites (H1, H2). This
canbeascribed to the effect of graft copolymerization, at the fiber/matrixinterface, due
to the generation of the peroxy radical (RO;") on the Kevlar surface and the reactive
group on that of the matrix resulting better adhesion between the fiber and the matrix.

However, MA-g-PP content does not affect the crystallinity of the composites
appreciably. It is also noteworthy that interplanar spacing corresponding to every
peak position decreases in case of compatibilized unmodified and modified Kevlar/
EP composites that supports the nucleating ability of MA-g-PP on Kevlar/EP systems
and the results obtained from DSC study.

7.10.4
Dynamic Mechanical Thermal Analysis

Figure 7.13a—c shows the variation of storage modulus as a function of temperature
of all composites. It is evident from the figure that incorporation of both untreated,
fluorinated and oxyfluorinated Kevlar fiber leads to the increase in storage modulus
of Kevlar/EP composites. Further enhancement of storage modulus is observed in
case of compatibilized unmodified Kevlar/EP fluorinated and oxyfluorinated Kevlar/
EP composites. In presence of MA-g-PP, the stiffness conferred upon the polymeric
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Figure7.13  Storage modulus versus temperature curve of (a) Kevlar/EP composite, (b) fluorinated
Kevlar/EP composite, and (c) oxyfluorinated Kevlar/EP composite with and without compatibilizer.

matrix by the fibers is more pronounced due to the efficient interfacial fiber matrix

adhesion that increases the storage modulus of the composites.

The enhancement of the magnitude of storage modulus pronounced in case of
oxyfluorinated Kevlar/EP composite (H1, H2) (Figure 7.13c) is due to the generation
of reactive groups (RO,’) on the oxyfluorinated Kevlar fiber surface and on the matrix
surface (due to the incorporation of MA-g-PP) resulting stronger interfacial bonding

between the fiber and the matrix. Storage moduli of the composites increase
marginally with an increase in MA-g-PP content, indicating enhanced stiffness in
case of composites with higher percentage of compatibilizer.

Figure 7.14a—c depicts the tan 0 of the base polymer and their composites as a
function of temperature. The loss peaks are indicative of the efficiency of a material to

dissipate the mechanical energy. Form these figures it was clear that tan 6 curve

shows a distinct relaxation peak at around 10 °C, which corresponds to the a-tran-
sition of EP polymer. The magnitude of the loss peak is lower in case of all composites
in comparison to the neat polymer. Addition of MA-g-PP further lowers the
magnitude of loss peak indicating lower energy dissipation capacity as a result of

decreased molecular mobility of the concerned composites giving rise to reduced
mechanical loss for both unmodified and fluorinated oxyfluorinated Kevlar/EP
composites. This indicated strong interfacial adhesion between fiber and the matrix

in presence MA-g-PP.
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7.10.5
Flow Behavior

Rheological parameters of the composites were studied with the help of a Dynamic
analyzer RDA-II (Rheometrics Inc., USA) equipped with a parallel plate. All mea-
surements were carried out at a temperature of 200°C and a shear rate range of
1-100s~ " using Bagley correction method.

Figure 7.15a—c shows the effect of MA-g-PP on the flow behavior of Kevlar/EP
composites. Viscosity of the EP composites increases with the addition of Kevlar
fiber due to the restriction to flow of the matrix imposed by the fibers. Viscosity of the
treated Kevlar/EP composites increases due to the better fiber/matrix adhesion at
the interface that is more prominent in case of oxyfluorinated Kevlar/EP (H,
Figure 7.15c) composites because of the generation of more functional group on
the fiber surface resulting better adhesion at the fiber-matrix interface.

From Figure 7.15a—c it observes that the addition of MA-g-PP further increases the
viscosity of the composites and this compatibilizing effect was more pronounced in
case of oxyfluorinated Kevlar/EP system (Figure 7.15c). The peroxy radicals (RO;")
generated on the Kevlar surface during oxyfluorination may interact with the
anhydride rings of MA-g-PP, thereby forming linkages at the interface. Furthermore,
the PP moiety of the MA-g-PP adheres to the long hydrophobic chains of the matrix
thus lowering the surface tension of the fibers and forms strong interfacial adhesion
that is absent in case of unmodified and fluorinated Kevlar/EP composites thus the
enhancement of viscosity is not so much for those particular cases. Additionally,
the friction between the fiber and the matrix increases that further contributes to the
enhancement of viscosity for the treated composites although MA-g-PP content
slightly influences the viscosity of the treated composites.

In the high shear rate region, both the treated and untreated Kevlar-reinforced
composites exhibit approximately same viscosities. Reduction in the interaction
between the fibers with extensive alignment along the die entrance results the shear
thinning of the polymer melt thereby leading to the flow curves to overlap at high
shear rates, which in accordance with the results reported in the literature [79]. They

Figure 7.15 Viscosity versus shear rate curve (at 200°C) for (a) Kevlar/EP composite, (b)
fluorinated Kevlar/EP composite, and (c) oxyfluorinated Kevlar/EP composite with and without
compatibilizer.
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have reported a marginal difference in the viscosity of the treated sisal-glass fiber
hybrid LLDPE composites at high shear rates.

7.10.6
SEM Study

Figure 7.16a—f shows the SEM images of the cross-sectional tensile fracture surface
of MA-g-PP compatibilized unmodified, fluorinated, and oxyfluorinated Kevlar/EP
composites. The micrographs clearly indicate a significant difference in the inter-
facial characteristics of the composites. It was noticed in our previous work [78] that
for untreated composites the fibers appeared to be pulled out from the matrix and for
surface-treated fiber-reinforced Kevlar/EP composites it was evident that fibers were
broken down. However, the addition of MA-g-PP-treated composites displayed better
dispersion of the fibers over the continuous EP matrix. The SEM micrographs
confirm that coupling agent facilitates the adhesion between the fibers and the matrix
to a greater extent than the uncompatibilized systems.

There is a significant reduction in fiber pull-outs and barely any gaps between the
fibers and the matrix is noticed (Figure 7.16e and f) that corresponds to a good
adhesion between the fiber and matrix. This effect is much more pronounced in
case of MA-g-PP compatibilized oxyfluorinated Kevlar/EP composites resulting
best thermal, dynamic mechanical, crystalline, and rheological properties of that
particular system among all the composites.

Figure 7.16 SEM photograph of (a) (d) fluorinated Kevlar/EP/5% MA-g-PP (E2),
unmodified Kevlar/EP/2% MA-g-PP (B1), (e) oxyfluorinated Kevlar/EP/2% MA-g-PP
(b) unmodified Kevlar/EP/5% MA-g-PP (B2), (H1), and (f) oxyfluorinated Kevlar/EP/5%
(c) fluorinated Kevlar/EP/2% MA-g-PP (E), MA-g-PP (H2).
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7.10.7
Conclusion

The Kevlar fiber incorporated EP composites in presence of compatibilizer showed
better improvement in thermal, dynamic mechanical, crystalline, and rheological
properties. The utilization of compatibilizer forms a better adhesion between the fiber
and matrix polymer. Among the compatibilized Kevlar fiber-reinforced EP compo-
sites, the system containing oxyfluorinated Kevlar fiber exhibited superior properties.
The generation of the peroxy radical on to the Kevlar surface and the reactive groups
on the EP matrix (due to MA-g-PP) resulted better interaction at interface.

7.1
Properties of Syndiotactic Polystyrene Composites with Surface-Modified Short
Kevlar Fiber

In order to study the effect of surface modification of Kevlar fiber on the properties of
syndiotactic polystyrene (s-PS)/Kevlar composites, Das et al. had prepared s-PS/
Kevlar composites with and without surface modification of Kevlar fiber. The
formulations of the composites are given in Table 7.9.

7.11.1
Preparation of s-PS/Kevlar Composites

Unmodified and modified Kevlar fibers were mixed with s-PS separately in a twin-
screw extruder at 300 °C. Then the mixtures were injection molded in an injection
molding machine (model no BOY22D equipped with a screw of L/ D ratio of 17.5) at
290°C, with a mold temperature of 60°C and at a flow rate of 20 cm?/s.

7.11.2
FTIR Study of the Composites

Figure 7.17 shows the FTIR spectrum of the composites along with pure s-PS.
The peak associated with primary amine backbone appeared in the case of P, Q,and R
at 3340 cm ™ is due to the incorporation of the Kevlar fiber into the matrix. The peak
at1760 cm™ ' in case of P, Q, R is the characteristic peak of C=0 stretching frequency
of Kevlar fiber. The FTIR spectrum of Q and R show the peak at 1200 cm ™" that is due

Table 7.9 Compounding formulation.

Sample code s-PS (wt%) Kevlar (wt%)

B 100 0)

P 100 0.60 (original)

Q 100 0.60 (fluorinated)

R 100 0.60 (oxyfluorinated)
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Figure 7.17 FTIR Study of pure s-PS (B), s-PS/Kevlar (P), s-PS/fluorinated Kevlar (Q), and
s-PS/oxyfluorinated Kevlar (R) composites.

to the monofluorinate aliphatic groups (C—F bond) formed during fluorination.
Sample R also shows a peak at 3400 cm ™' that corresponds to the —OH group that
may be due to the carboxylic acid groups generated at the surface of the Kevlar fiber
after oxyfluorination.

7.11.3
Differential Scanning Calorimetric Study

Figure 7.18 and Table 7.10 show the DSC plot and the corresponding parameters of
the composites. All the composites are heated up to 300°C to give the same
thermal history. Figure 7.18 shows the glass transition temperature of pure s-PS
at 100.8 °C. Incorporation of modified and unmodified Kevlar fibers slightly affects
the T, of s-PS phase. This shift of T, to higher temperature may probably be due to the
fiber/matrix interaction, which restricts the movement of the polymer chains in the

Table 7.10 Thermal parameters of s-PS/Kevlar composites.

Sample code Tg (°C) T. (°C) Tm (°C) AHe ()/g) X (%)

By DSC By DMTA

B 100.8 109.9 140.7 274.4 19.9 38.1
P 102.7 111.5 148.4 275.3 22.4 42.9
Q 103.8 112.3 148.9 275.8 234 44.2
R 104.1 113.8 146.5 274.8 21.0 40.3
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Figure 7.18 DSC study of pure s-PS (B), s-PS/Kevlar (P), s-PS/fluorinated Kevlar (Q), and s-PS/
oxyfluorinated Kevlar (R) composites.

vicinity of the fiber and increases the Tg. The enhancement of T, is more pronounced
in case of oxyfluorinated Kevlar fibers composite. This may be due to the graft
copolymers obtained from the free radicals generated in case of oxyfluorinated
derivative. Formation of such products at the interface may enhance the miscibility of
fiber and matrix (of the composite R) there by affecting the glass transition
temperature of the respective component, which exceeds the effect of crystallization.

Upon increasing the temperature, the heating curve of s-PS shows an exothermic
peak at 148.7 °C, which is the crystallization peak of s-PS [80]. Crystallization peaks
shift to higher temperature in case of all Kevlar/s-PS composites. This may be due to
the nucleating effect of the fibers on the s-PS matrix that supports the increasing
crystallization trends in case of all s-PS/Kevlar composites obtained by both DSC and
XRD studies. In case of oxyfluorinated Kevlar fiber-reinforced s-PS (composite R), T,
shifts to the low temperature, which may be due to the graft copolymerization taken
place at the interface of the fiber and matrix leading to the cross-linking of the
polymers resulting in lower percent crystallinity for this composite.

In this study, the percent of crystallinity of the s-PS/Kevlar composites, normalized
for fractional content, increases with addition of Kevlar fiber into the s-PS matrix.
This indicates that Kevlar fibers and its modification enhance the nucleation
and formation of s-PS crystals. The percentage crystallinity is higher in case of
fluorinated Kevlar fiber-reinforced s-PS, followed by unmodified Kevlar fiber/s-PS
and oxyfluorinated/s-PS composites. This is due to the nucleating ability of the Kevlar
fiber. But in case of oxyfluorinated derivative percent crystallinity decreases appre-
ciably because of the graft polymerization, which leads to the increase in the degree of
polymerization resulting to the cross-linking and branching at the interface for this
composite. With increase in temperature the heating curve of s-PS shows an
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endotherm at about 274.36 °C, which is the melting endotherm of the neat s-PS.
However, the melting temperatures of all s-PS/Kevlar composites does not vary
appreciably in comparison to the pure component.

7.11.4
Thermal Properties

Figure 7.19 and Table 7.11 summarize the TG curves and their respective parameters
of the composites obtained at a heating rate 10 °C/min in air. In order to avoid any
ambiguity, the onset degradation temperature has been defined as the temperature at
which polymer lost 1% of its weight. From the thermogram it is observed that
degradation starts at higher temperature for all Kevlar/s-PS composites than neat
s-PS. This enhancement in onset degradation temperature is more pronounced in
case of modified Kevlar/s-PS composites.

The improvement in thermal stability of the modified Kevlar/s-PS composites may
be due to the incorporation of functional groups on to the Kevlar surface that brings
better compatibility between the two polymeric species. Moreover, it is known
that crystalline polymer is thermally more stable than its amorphous counter
part due to higher amount of energy required for overcoming both intermolecular
and intramolecular forces. Oxy fluorination of Kevlar fiber produces more functional
groups as compared to oxy fluorination that improves the fiber matrix interaction and
hence enhanced the thermal stability of oxyfluorinated Kevlar/s-PS composite.

Oxyfluorination generates controlled amount of long-living (RO,’) radicals that
may be responsible for graft polymerizations and cross-linkings leading to the higher
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Figure 7.19 TG study of pure s-PS (B), s-PS/Kevlar (P), s-PS/fluorinated Kevlar (Q), and s-PS/
oxyfluorinated Kevlar (R) composites.
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Table 7.11  Thermal parameters of s-PS/Kevlar composites.

Sample Onset degradation 5% degradation 10% degradation 50% degradation

temperature (°C) temperature (°C) temperature (°C) temperature (°C)
B 223.8 272.1 280.9 314.2
P 228.0 288.3 314.5 372.4
Q 241.4 289.7 303.4 351.4
R 249.9 292.4 304.8 350.4

thermal stability of R among all the composites resulting due to good adhesion
between fiber and the matrix, which exceeds the crystallization effect.

7.11.5
X-Ray Study

Figure 7.20 shows the X-ray diffractograms of s-PS/Kevlar composites along with
pure s-PS and the respective parameters are given in Table 7.12. From Figure 7.20, it
is clear that pure s-PS shows only one broad peak at the 26 value 20.05° and two small
peaks at 11.75° and 13.35°. Upon addition of the unmodified and modified Kevlar
fibers into s-PS matrix, the intensity of the peaks at 26 value 11.75° and 13.35°
increases. This may be due to the reinforcing ability of the Kevlar fiber into the s-PS
matrix. The increasing intensity of these peaks is more pronounced in case of
fluorinated Kevlar fiber-reinforced s-PS (Q).

Intensity (arb unit)
w O ﬁ

T T T T T T T
10 20 30 40 50

Diffraction angle (26)

Figure 7.20 XRD pattern of pure s-PS (B), s-PS/Kevlar (P), s-PS/fluorinated Kevlar (Q), and s-PS/
oxyfluorinated Kevlar (R) composites.
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Table 7.12  XRD parameters of s-PS/Kevlar composites.

Sample Peak angle (6) Interplanar spacing (A) Crystallite size (A)
code

th 0, 03 dy d, ds P P2 p3
B 11.75 13.35 20.05 7.56 6.66 4.44 — — 27.95
P 11.75 13.55 20.45 7.56 6.56 4.36 206.09 196.22 52.57
Q 11.7 13.5 20.4 7.59 6.58  4.37 186.75 146.34  48.59
R 12.05 13.65 20.6 7.37 6.51 4.33 116.47 146.65 44.85

It is also important to point out that the crystallite sizes of all the Kevlar/s-PS
composites corresponding to all peak angles (26) are higher than pure s-PS, which
suggests that the nucleation and growth of crystals is also favored in case of modified
as well as unmodified s-PS/Kevlar composites.

7.11.6
Dynamic Mechanical Thermal Analysis

Figure 7.21 presents the storage modulus as a function of temperature of s-PS/Kevlar
composites. The incorporation of modified and unmodified fibers gives rise to a
considerable increase of s-PS stiffness. This may be due to the reinforcing nature of
the Kevlar fiber. The storage modulus of the composites decreases with increasing
temperature due to increase of segmental mobility of the s-PS. The storage modulus
values increases especially in the glassy region for all Kevlar/s-PS composites. This
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Figure 7.21 Storage modulus versus temperature curve of pure s-PS (B), s-PS/Kevlar (P), s-PS/
fluorinated Kevlar (Q), and s-PS/oxyfluorinated Kevlar (R) composites.



244

7 Kevlar Fiber-Reinforced Polymer Composites

effect is more pronounced in case of oxyfluorinated Kevlar fiber-reinforced s-PS
composites due to more functional groups generated onto the Kevlar surface after the
oxyfluorination which resulting in improved adhesion between the fiber and the
matrix, and in turn reduces the mobility of the s-PS. The storage modulus graphs
show a sharp decrease in the temperature range of 90-100 °C, which correlates the
glass transition temperature of s-PS.

Figure 7.22 displays the tan J as a function of temperature of the composites. The
damping properties of the materials give the balance between the elastic phase and
viscous phase in a polymeric structure. The damping peak in the treated fiber
composites shows a decreased magnitude of tan J in comparison to the virgin s-PS
and untreated Kevlar fiber/s-PS composite. This is because of the fibers that carry a
greater extent of stress and allows only a small part of it to strain the interface. Hence,
energy dissipation will occur in the polymer matrix and at the interface, with a
stronger interface characterized by less energy dissipation. Further, in comparison to
neat s-PS, the tan ¢ peak of untreated fiber composite exhibit lower magnitude but
higher than the treated Kevlar fiber/s-PS composites. This envisages that incorpo-
ration of the modified Kevlar fiber into the s-PS matrix leads to the better adhesion
between the fiber and matrix at the interface.

The temperature corresponding to the tan 0 peak is normally associated with the
glass transition temperature (Tg) of a polymer. From Figure 7.22 and Table 7.10, it is
observed that the a-peak of the composites are around 110-115 °C, corresponding to
that of s-PS. The o-relaxation shifted toward the higher temperature in case of all the
composites because of increasing crystallinity. But in case of oxyfluorinated Kevlar
fiber-reinforced s-PS (R), the crystallization effect was over shadowed by the grafting
mechanism leading to cross-linking, resulting the better fiber/matrix interaction
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Figure 7.22  tan O versus temperature curve of pure s-PS (B), s-PS/Kevlar (P), s-PS/fluorinated
Kevlar (Q), and s-PS/oxyfluorinated Kevlar (R) composites.
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among all the composite materials. The T, values obtained from the two techniques
(DSC and DMTA) are different because of the sensitivity difference between the two
methods toward the glass transition temperature and also reported in literature [81].
In addition to the a-relaxation peak, all the composites show another peak at around
122-130 °C, which can be assigned as o-relaxation peak, which is highly pronounced
in case of composite Q. This type of relaxation generally occurs in case of highly
crystalline polymers between T and T, (melting temperature), therefore it can be
assigned to a-relaxation of s-PS. Sahoo et al. [82] has observed such type of relaxation
in the PP/LCP system. This type of relaxation is attributed to the molecular motion of
the polymeric materials within the crystalline phase.

7.11.7
SEM Study

Figure 7.23a—d shows SEM images of the fractured surfaces of pure s-PS and the
composites. Figure 7.23a shows the fracture surface of the neats-PS. Figure 7.23b is the
micrograph of the Kevlar fiber-reinforced composite (P) where the fibers are randomly
oriented and pulled out from the matrixindicating poor adhesion between the fiber and
matrix resulting poor thermal as well dynamic mechanical stability of the composite.
In case of functionalized Kevlar fiber-reinforced composite (Q, Figure 7.23c), fibers are
broken rather pulled out which is the indication of good adhesion between the fiber and
the matrix. The fractogram of oxyfluorinated Kevlar fiber-reinforced s-PS composite (R)
(Figure 7.23d) shows that the fiber and the matrix form network, that s, fibers are well
dispersed in the matrix phase giving rise to the best thermodynamical and thermal
properties as a result of good adhesion between fiber and the matrix.

7.11.8
AFM Study

Figure 7.24a-h shows the two-dimensional and three-dimensional AFM images of
neat s-PS (B), s-PS/Kevlar (P), s-PS/fluorinated Kevlar (Q), and s-PS/oxyfluorinated
Kevlar (R) composites. Comparison of the AFM topographies of composites with the
surface roughness data, however, suggest that the orientation of the Kevlar fiber
during the preparation of composite samples might play more active roles in
determining the surface morphology.

The maximum surface roughness of B, P, Q, and R composites were measured as
30, 46, 98, and 133 nm, respectively. Chen et al. [83] showed that the interface

Figure 7.23 SEM picture of (a) pure s-PS (B), (b) unmodified Kevlar/s-PS (P), (c) fluorinated
Kevlar/s-PS (Q), and (d) oxyfluorinated Kevlar/s-PS (R) composites.
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Figure 7.24 Two- and three-dimensional AFM image of (a) and (b) s-PS (B), (c) and
(d) s-PS/Kevlar (P), (e) and (f) s-PS/fluorinated-Kevlar (Q), (g) and (h) s-PS/oxyfluorinated
Kevlar (R) composites.

roughness could be considered as the index of interface adhesion strength. So, the
roughness data of our samples strongly suggested that the adhesion strength of s-PS/
oxyfluorinated Kevlar fiber interface is considerably much higher than of s-PS/
fluorinated Kevlar and s-PS/Kevlar composites. This is due to the generation of more
functional groups onto the surface of Kevlar fiber during oxyfluorination, which
improved adhesion strength of concerned composite.

7.11.9
Conclusion

The incorporation of the short Kevlar fiber enhances the crystallization of the PS
matrix due to heterogeneous nucleation. The nucleation effect was more evident for
the system in presence of fluorinated short Kevlar fibers. The morphological studies
showed homogenous dispersion and strong interfacial interaction for the s-PS
composites containing oxyfluorinated Kevlar fibers. The same system showed
superior enhancement in storage modulus and thermal stability. The presence of
functional groups on the Kevlar fiber surface plays an important role in increasing its
reinforcing efficiency in the matrix polymer

7.12
Study on the Mechanical, Rheological, and Morphological Properties of Short Kevlar
Fiber/s-PS Composites Effect of Oxyfluorination of Kevlar

Das et al. had prepared s-PS composites with and without surface modification of
Kevlar fiber and studied their rheological and mechanical properties. The formula-
tions of the composites were given in Table 7.13.
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Table 7.13  Compounding formulation.

Sample code s-PS matrix (%) Kevlar fiber (%)

S 100 0

KS 100 0.6 (untreated)
KSO 100 0.6 (oxyfluorinated)
7.12.1

Rheological Properties

Rheological parameters of the composites were studied with the help of a Dynamic
analyzer RDA-II (Rheometrics Inc., USA) equipped with a parallel plate. All mea-
surements were carried out at a temperature of 320°C.

Figure 7.25 represents the variation of steady-state viscosity () as a function of
shear rate (y). From the figure it is evident that viscosity of the virgin polymer, s-PS
(S), increases with the addition of Kevlar fiber in the composites (KS). In the case of
fiber-filled systems, the fibers perturb the normal flow of the polymer and hinder the
mobility of the chain segments in the direction of the flow [83]. The effect of
oxyfluorinated Kevlar fiber on the viscosity of the s-PS/Kevlar composite (KSO) is
also enumerated in Figure 7.25. It is observed from the figure that viscosity of KSO
increases in comparison to the unmodified Kevlar/s-PS (KS) composite. Introduction
of reactive functional groups on the surface of the Kevlar fiber increases the
surface polarity of the fibers resulting in the formation of interfacial bonds between
the fiber and matrix through the ester linkages, which in turn lowers the surface

Figure7.25 Viscosity versus shear rate curve of pure s-PS (S), s-PS/unmodified Kevlar (KS), and s-
PS/oxyfluorinated Kevlar (KSO) composites.
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tension of the fibers. Additionally, the friction between the fiber and the matrix is also
increased, which leads to the further enhancement of the viscosity of the treated
composites (KSO).

Itis interesting to point out that composites as well as the virgin polymer, shows the
typical pseudo plastic nature, showing a decrease in viscosity with shear rates. At low
shear rates the fibers displayed larger reinforcing capabilities, which is attributed to
the fiber-fiber interactions arising from weak structures made up by agglomerates of
nonaligned fibers [84]. In the high range of shear rates, shear-thinning behavior of the
composite melt persisted and all the composites show nearly the same viscosity. This
can be attributed to the alignment of the fibers at high shear rates along the major axis
thereby decreasing the fiber—fiber collision. However, the enhancement of viscosity at
this temperature is attributed to the fine dispersion of the fibers into the matrix
resulting from the oxyfluorination of the Kevlar fiber.

7.12.2
Mechanical Properties

Table 7.14 summarizes the tensile properties of the composites. Incorporation of
unmodified Kevlar fiber in the s-PS matrix decrease the elastic modulus, tensile
strength, and elongation at break as compared to pure s-PS. It may be due to the weak
fiber-matrix interface derived from the divergent behavior in polarity between the
hydrophilic Kevlar fibers and the hydrophobic s-PS matrix. This detrimental effect of
Kevlar fibers on the mechanical properties of the resulting composite is a demarca-
tion with the results reported in literature, for Kevlar fiber-reinforced polymers. Raj
et al. [85] also reported the same observation in the high impact polystyrene and sisal
fiber system. Surface treatment of Kevlar fiber by oxyfluorination improves the
mechanical properties of the treated composite (KSO) appreciably due to the better
fiber-matrix interaction.

From Table 7.14 it is clear that tensile strength of treated composite (KSO)
increases about 12% compared to the untreated one (KS). Similarly, the magnitude
of elongation at break (19%) and elastic modulus also increases in case of treated
composite. This probably due to the improved bond strength between the fiber and
matrix at interface arising from the oxyfluorination of Kevlar fiber that contributes to
the efficient stress transfer from the matrix to the fiber. Impact strength of the
composite KS decreases, with the addition of the fiber, indicating the immobilization
of the matrix molecular chain by the fibers. This leads to the increased stress

Table 7.14 Mechanical properties of s-PS/Kevlar composites.

Sample code Tensile strength Elastic modulus Elongation Impact strength
(MPa) (MPa) at break (%) (k)/m?)

S 48.08 3473 1.4 6.6

KS 46.87 3310 1.26 6.25

KSO 52.23 3559 1.51 7.45
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concentration by limiting the composite’s ability to adapt the deformation, which
makes the concerned composite more brittle. This can be attributed as the weak fiber/
matrix interaction at the interface. Oxyfluorinated Kevlar/s-PS composite (KSO)
exhibits an appreciable enhanced magnitude of impact strength (at about 19.25%) in
comparison to the untreated composite confirming the better fiber/matrix interac-
tion at the interface.

7.12.3
Scanning Electron Microscopy Study

Figure 7.26a and b depicts the SEM micrographs of the tensile fractured surfaces of
untreated and treated composites. The micrograph clearly indicates a significant
difference in the interfacial characteristics of the composites.

In case of untreated fiber-reinforced composite (Figure 7.26a), the fibers appears to
be free from the matrix material and a large number of fiber pull-outs are noticed.
This indicates poor interfacial adhesion between the fibers and the matrix in case of
untreated composite. Superior mechanical properties of treated Kevlar fiber-rein-
forced composites is due to the increasing functional groups on Kevlar fiber surfaces,
resulting in the Van der Waals interaction [86] between the fiber and matrix at the
interface-giving rise to effective stress transfer between the fiber and matrix resulting
better mechanical property.

7.12.4
Conclusion

Untreated Kevlar fiber reinforcement in the s-PS matrix improves the dynamic
mechanical and rheological properties of the composites but at the same time showed
a drop in mechanical properties. Incorporation of oxyfluorinated Kevlar fiber in s-PS
matrix significantly affects the surface morphology of that particular composite
resulting better dynamic, mechanical, and rheological properties. This can be
attributed to the improved interfacial adhesion between the fiber and the matrix,
which may be due to the presence of functional group on to the Kevlar surface.

Figure 7.26 SEM picture of (a) unmodified Kevlar/s-PS (KS) and (b) oxyfluorinated Kevlar/s-PS
(KSO).
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7.13
Effect of Fluorinated and Oxyfluorinated Short Kevlar Fiber Reinforcement on the
Properties of PC/LCP Blends

To evaluate the effect of fluorinated and oxyfluorinated short Kevlar fiber reinforce-
ment on the properties of polycarbonate (PC)/LCP hybrid composites Das et al. had
prepared PC/LCP/Kevlar composites with and without surface modification.
Table 7.15 depicts the compounding formulations.

7.13.1
Preparation of Composites

The 0.5 wt% of original, fluorinated, and oxyfluorinated Kevlar fiber was mixed with a
blend of PC/LCP using a twin-screw extruder at 320 °C, having screw of L/D ratio 17,
at 20 rpm. Then the mixtures were injection molded in an injection molding machine
(model no BOY22D equipped with a screw of L/ D ratio of 17.5) at 320 °C, with a mold
temperature of 40°C and at a flow rate of 48 cm’/s.

7.13.2
Differential Scanning Calorimetric Study

Figure 7.27 depicts the DSC heating profile of PC/LCP with unmodified and
modified Kevlar composites along with pure PC. Table 7.16 shows the magnitude
of glass transition temperature of the concerned composites. Figure 7.27 shows only
one transition in the range of 150°C for pure PC, which correlates with its glass
transition temperature [87]. As can be seen in DSC curves with the addition of LCP
the T, of PC shifted to the lower temperature along with an additional peak near about
135°C [88], which corresponds to the glass transition temperature of LCP. The
double humped peak arises due to the partial miscibility of the PC with LCP phase,
that is, the synergistic effect PC and LCP in the resulting blend. The shifting of
the glass transition temperature of PC phase toward the lower temperature side may
be due to three factors:

1) Partial miscibility of LCP with the PC matrix, thatis, amorphous part of the LCP is
miscible with amorphous PC phase.

Table 7.15 Compounding formulations.

Sample code PC (wt%) LCP (wt%) Kevlar (wt%)

PC 100 0 0

H 100 20.8

I 100 20.8 0.5 (original)

] 100 20.8 0.5 (fluorinated)

K 100 20.8 0.5 (oxyfluorinated)
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Figure 7.27 DSC profile of pure PC (PC), PC/LCP (H), PC/LCP/unmodified Kevlar (1), PC/LCP/
fluorinated Kevlar (J), and PC/LCP/oxyfluorinated Kevlar (K).

2) Plasticization effect of low molecular weight fraction of the LCP.

3) Surface effect, that is, addition of LCP into PC increases the surface area (per unit
volume) of the polycarbonate as polycarbonate molecules at the interface region
have higher mobility than those in the bulk due to less constraint, in turn
increased surface area should decrease the T, of polycarbonate [87].

With addition of unmodified Kevlar fiber the DSC profile again exhibits a single T,
indicating the improved miscibility of PC/LCP in presence of Kevlar but it is lower
than the pure PC that may be due to the poor fiber/matrix adhesion at the interface.
Fluorination and oxyfluorination of Kevlar fiber further shift the T, of the afore-
mentioned blends to the higher temperature due to the better fiber/matrix adhesion
at the interface, owing to the presence of reactive functional groups on the Kevlar

Table 7.16 Thermal properties of PC/LCP/Kevlar blends.

Sample Degradation Mass Residue Glass transition
code temperature change at 649 °C temperature (T;) (°C)
(Ta) °C) (%) (%6)
By DSC By DMTA

PC 427.7 71.1 25.4 149.3 168.0

H 4343 69.4 26.0 141.3 156.6

I 442.4 68.1 26.5 138.9 153.6

] 446.6 67.8 27.5 144.5 161.0

K 450.5 67.0 27.9 148.3 171.2
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surface. The improvement of T, is more prominent in case of oxyfluorinated Kevlar
fiber-reinforced composites.

7.13.3
Thermal Properties

Figure 7.28 and Table 7.16 show the TGA curves of the composites and the respective
parameters. In order to avoid any ambiguity, the onset degradation temperature has
been defined as the temperature at which polymer lost 1% of its weight. From the
thermogram it is observed that degradation starts at higher temperature for all
Kevlar/PC/LCP blends as compared to neat PC and pure PC/LCP blend. This
enhancement in onset degradation temperature is more pronounced in case of
modified Kevlar/PC/LCP composites.

Incorporation of LCP improves the thermal stability of PC/LCP blend as
compared to pure PC thatis ascribed to the better thermally stability of LCP. Addition
of Kevlar fiber improves the thermal stability of the hybrid composites due to the
introduction of aromatic content, of high thermal stability. Incorporation of surface-
modified Kevlar fiber further increases the thermal stability of PC/LCP blends (], K)
that is due to the functional groups generated during the surface modification of
Kevlar fiber, resulting in better fiber matrix compatibility and hence the higher
thermal stability.
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Figure 7.28 TG plot of pure PC (PC), PC/LCP (H), PC/LCP/unmodified Kevlar (I), PC/LCP/
fluorinated Kevlar (J), and PC/LCP/oxyfluorinated Kevlar (K) composites.
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Figure 7.29 X-ray diffraction pattern of Pure PC (PC), PC/LCP blend (H), PC/LCP/unmodified
Kevlar (1), PC/LCP/fluorinated Kevlar (J), and PC/LCP/oxyfluorinated Kevlar (K) composites.

7.13.4
X-Ray Study

Figure 7.29 shows the XRD curves of the blend systems. PC shows a broad spectrum
near about 260 = 16.5° due to its amorphous nature. Addition of LCP generates a very
minute change in the X-ray pattern near about 260 =19.5°, may be due to the
incorporation of LCP (20 ~20°C). From this we can infer that LCP is partially
miscible with the amorphous PC matrix. The intensity of that small peak increases
with the introduction of Kevlar fiber into the PC/LCP blend matrix that can be
ascribed as the nucleating effect of Kevlar in the PC/LCP matrix inducing very little
crystallinity into PC. Surface modification of Kevlar further increases the intensity
and shifts the peak to higher 26 value for this small peak (26 = 19.75°) revealing better
fiber matrix adhesion at the interface. This effect is more pronounced in case of
oxyfluorinated derivative.

7.13.5
Dynamic Mechanical Analysis (DMA)

Figures 7.30 and 7.31 display the dynamic mechanical profile (storage modulus
F/and tan 0) as a function of temperature for PC/LCP/Kevlar composites. The storage
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Figure 7.30 Storage modulus versus temperature curve of pure PC (PC), PC/LCP blend (H), PC/
LCP/unmodified Kevlar (1), PC/LCP/fluorinated Kevlar (J), and PC/LCP/oxyfluorinated Kevlar (K)
composites.
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Figure7.31 tan O versus temperature curve of (i) pure PC (PC), (ii) PC/LCP blend (H), (iii) PC/LCP/
unmodified Kevlar (1), (iv) PC/LCP/fluorinated Kevlar (J) and (v) PC/LCP/oxyfluorinated Kevlar (K)
composites.
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modulus is closely related to the capacity of a material to absorb or return energy
that attributed to its elastic behavior [88]. From Figure 7.30 it is evident that
addition of LCP leads to the appreciable enhancement of the magnitude of storage
modulus. This is due to the high intrinsic modulus of LCP phase consisting
rigid rodlike structure. Sahoo et al. [82] has reported the same observation in the
PP/LCP blends.

Figure 7.30 shows a sharp drop in storage modulus of composite along with neat
polymer that corresponds to the glass transition temperature (T,). This modulus drop
can be imputed to an energy dissipation phenomenon involving cooperative motions
of the polymer chain. With the addition of Kevlar fiber into the PC/LCP blend further
increases the storage modulus of the concerned blend, which may be due to the
reinforcing nature of the Kevlar fiber. Surface modification leads to the further
enhancement of the magnitude of storage modulus of the fluorinated and oxyfluori-
nated Kevlar fiber-reinforced PC/LCP blend due to the incorporation of the reactive
functional groups onto the Kevlar surface leading to better fiber matrix adhesion
resulting the improved stiffness of the modified composites. This phenomenon is
also supported by the results obtained from the XRD study where surface modifi-
cation induces some crystallinity into the PC/LCP blend.

The damping properties of the materials give the balance between the elastic phase
and the viscous phase in a polymeric structure. The loss tangent (tan o) of base
polymer and their composites as a function of temperature is represented in
Figure 7.31.

The T, is selected as the peak position of the tand curve when plotted
against temperature. From Figure 7.31 it is evident that all the composites along
with the pure polymer show a single peak near about 168°C, which is the glass
transition temperature of PC. In case of PC/LCP/Kevlar composites the loss peak
broadens, which may be due to the overlapping peak of PC and LCP, which
suggests the partial miscibility of the LCP with PC matrix. The broadening of loss
peak in the presence of fiber can also be ascribed to matrix—fiber (filler) interaction.
The matrix polymer (PC/LCP) in the adjacent portion of the fiber can be considered
to be in different state in comparison to the bulk matrix, which can disturb the
relaxation of the matrix resulting in a broad tan é peak T; value shifted to the lower
temperature in case of PC/LCP (H) in comparison to the pure matrix (PC) due to
the partial miscibility of PC with LCP. In case of PC/LCP/unmodified Kevlar (I), the
magnitude of T, further decreases due to the poor fiber/matrix adhesion at the
interface. Fluorination and oxyfluorination of Kevlar fiber enhances the glass
transition temperature appreciably in case of the concerned composites (J, K). This
can be ascribed to the better fiber/matrix adhesion at the interface due to
the incorporation of reactive functional groups on the fiber surface. The relative
decrease in the height of tan 0 peak related to the increase in the extent of crystalline
properties imposed by LCP and Kevlar fiber (since the transition behavior is
associated with the local mobility of polymer chains in the amorphous region of
the polymer), which is also reflected in the increase of storage modulus of the
composites.
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Figure7.32 SEM picture of (a) PC/LCP blend (H), (b) PC/LCP/unmodified Kevlar (1), (c) PC/LCP/
fluorinated Kevlar (J), and (d) PC/LCP/oxyfluorinated Kevlar (K).

7.13.6
SEM Study

From the micrograph (Figure 7.32a—d) of PC/LCP and PC/LCP/Kevlar blends, it is
apparent that fibrillation of LCP occurs in the PC matrix (Figure 7.32a). Incorporation
of Kevlar induces the fibrillation of the LCP in the PC phase resulting enhanced
properties of the PC/LCP/Kevlar composites although the Kevlar fibers are covered by
the matrix (Figure 7.32b).

In case fluorinated Kevlar-reinforced composites (], Figure 7.32c), the LCP fibrils
are more prominent and distributed throughout the matrix phase but appeared
as bundle form. On the other hand oxyfluorinated derivative (K, Figure 7.32d)
exhibits fine microfibrils and are homogeneously dispersed all over the PC matrix
giving rises to best properties among all composites.

7.13.7
Conclusion

LCP enhances the thermal stability of the PC/LCP blend system. Incorporation of Kevlar
fiber in the PC/LCP blend system showed higher thermal stability, which may be due to
the presence aromatic content in the Kevlar fiber. Surface fluorination and oxyfluor-
ination of Kevlar fibers further enhances the thermal stability of the PC/LCP blend
systems due to the incorporation of functional groups on to the Kevlar fiber surface.
Incorporation of LCP into the amorphous PC matrix induces some crystallinity of the
matrix phase and the crystalline property was further enhanced by the incorporation of
unmodified and modified Kevlar fiber in the blend system. DSC heating scan exhibits
the double humped curve (glass transition temperature) in case of PC/LCP blend
system, which indicates the partial miscibility of the blend partners. Incorporation of
Kevlar fiber into the PC/LCP system shifted the glass transition temperature toward the
lower temperature side, which may be due to the poor fiber/matrix adhesion at the
interface. Surface modification (fluorination and oxyfluorination) increases the glass
transition temperature in comparison to the blend system, which may be due to the
better fiber/matrix bonding at the interface. The incorporation of functional groups
onto the Kevlar surface may be responsible for the better interaction. Storage modulus of
the PC/LCP system increases in comparison to the pure matrix. Further enhancement
was achieved for the Kevlar fiber-reinforced systems and the superior properties were
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achieved for the blend system containing fluorinated and oxyfluorinated Kevlar fibers.
Scanning electron microscopy reveals the fine fibrillation of the LCP phase in the PC
matrix in presence of oxyfluorinated Kevlar fiber.

7.14
Simulation of Fiber Orientation by Mold Flow Technique

7.14.1
Theoretical basis for Fiber Orientation Prediction

Motion of a single rigid ellipsoidal particle immersed in a viscous Newtonian liquid
was considered by Jeffery [89]. Evolution equation for a single rigid ellipsoidal particle
was developed, and it is the base of almost all the fiber orientation constitutive
modeling. Fiber suspensions are characterized in terms of the number of fibers per
unitvolume n, fiber length Land diameter D as dilute (nL* < 1), semidilute (nL* > 1,
nl’D < 1) and concentrated (nL* > 1, nL*D > 1) regime. nL’> means the number of
interacting fibers in a volume swept by a single fiber and nL”D means an excluded
volume of interacting fibers due to a line approximation of a fiber. Currently, many
researchers have developed many numerical simulation programs with different
methods for the description of fiber orientation including multiple fiber-fiber
interaction. However, some of those simulation programs using direct calculation
of fiber motion [90-93] require incredible computation time, which is the reason why
such a numerical simulation method cannot be accommodated.

Calculation of fiber orientation state using the probability distribution function
(DFC) is one of them. Instead, a tensor representation of orientation state [94], which
is a preaveraging concept of DFC, is widely used for its efficiency, compactness and
above all, manageable computation time. However, it is necessary to introduce a
closure approximation to express the higher order tensor in terms of lower order
tensors for a closed set of equation since the evolution equation for orientation
tensor involves the next higher even order tensor. The second order orientation
tensor a;; provides an efficient description of fiber orientation in injection moldings.
The predicted fiber orientation, which is a probability distribution in 3D space, can be
represented by the Eq. (7.4 ), and graphically as the ellipsoid in Figure 7.33.

a1 012 013 A 0 0

agj=|axn an apn|—| 0 A 0 [;(eees)
431 63 433 0 0 43 (7.4)
Second order Eigen values Eigen vector

orientation tensor

Thus, the tensor has nine components, with the suffixes for the tensor terms being
(1) in the flow direction, (2) transverse to the flow direction, and (3) in the thickness
direction.
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Figure 7.33 Orientation ellipsoid defined by general second-order orientation tensor [6].

The X-Y (or 1-2) axes are applied to flow plane and the Z-axis in the thickness
direction, that is, out of the 1-2 flow plane. Due to tensor symmetry a;; = a;;, and a
normalization condition (@11 + a2, + 433) =1, the original nine components reduce
to five independent components. These three major orientation components have
been included in the orientation considerations: a,; represents the fiber orientation
in the flow direction, varying from 0 to 1.0, a,, represents the fiber orientation
transverse to the flow, varying from 1 to 1.0, and a5 is the tilt of the fiber orientation in
the 1-3 plane, varying from —0.5 to 0.5. However, the flow direction orientation (a1)
term possesses most of the quantitative information about microstructure and is
most sensitive to flow, processing, and material changes. In modern concept the
tensor components in synergy are named with a “T” rather than an “a”, and show the
specific axis names, x, y, and z, rather than the generic axis names 1, 2, and 3. For
semiconcentrated suspension, Dinh and Armstrong proposed a model for prediction
of fiber orientation [95]. In their proposed model, the fiber orientation follows the
bulk deformation of the fluid with the exception that the particle cannot stretch.
Whereas for concentrated suspensions a term, called “the interaction coefficient”
(or Cj), has been incorporated in Folgar and Tucker [96] model of fiber orientation,
where interactions among fibers tend to randomize the orientation and the term
takes the same form as a diffusion term and since interactions only occur when
the suspension is deforming, the effective diffusivity is proportional to the strain rate
finally the dimensionless C; term determines the strength of the diffusion term.
The model is represented as given below:

Guiv 1 1 . . .
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where a = 3 for 3D and 2 for 2D (planar) orientation, vy is the velocity component, w;;
is the velocity tensor, y;;is the deformation tensor, 4 is the constant depending on the
geometry of the particle, ;; is the unit tensor, and C; is the interaction coefficient.
As mentioned earlier that introduction of closure approximation is very much
necessary to express the tensor in terms of lower order tensors for a closed set of
equation because of the evolution equation for orientation tensor involves the next
higher even order tensor. But closure approximation is too much challenging as it
produces error in prediction of fiber orientation. In order to minimize these effects
some proposal has been proposed in the Advani Tucker fiber orientation model —
introduction of more accurate closure, introduction of a new orientation model that
considers the closure error. The effect of the closure approximation is to predict too
much out-of-plane orientation. This result has been addressed by the fiber orientation
model form proposed by Mold flow.

7.14.2
Mold Flow’s Fiber Orientation Model

In mold flow technique, the simulation of the orientation of fibers can be done using
Jeffery’s model [89] in conjunction with Tucker—Folgar term [96]. Mold flow model
considers two assumptions:

o The Tucker-Folgar model gives acceptable accuracy for the prediction of fiber
orientation in concentrated suspensions.
¢ Hybrid closure is used as its form is simple and has good dynamic behavior.

Into mold flow orientation model an extra term called “thickness moment of
interaction coefficient (Dz)” has been introduced.

In mold flow model while putting C; = 0.0, the model takes the form of Jeffery’s
model, the magnitude of D regulates the significance of the randomizing effectin the
out-of-plane direction due to the fiber interaction, and when D = 1.0, then this model
gives the Folgar-Tucker orientation model. However, for injection molding situation,
the flow hydrodynamics cause the fibers lie mainly in the flow plane. Their ability to
flow out of plane is severely less. This mechanism predicts that the randomizing
effect of fiber orientation is much smaller out of plane than in the in-plane directions,
hence a small D value. Thus, decreasing D parameter out-of-plane orientation
can be diminished and on the other hand thickness of the core layer can be increased.
The simulation treats this problem as being symmetric about the mid plane.

7.14.3
Simulation of Fiber Orientation by Mold Flow Technique on s-PS/Kevlar Composites

Das et al. reported the fiber orientation of s-PS composites containing unmodified
and modified Kevlar fibers using mold flow technique. The compounding formula-
tions of s-PS matrix containing unmodified and modified Kevlar fibers are given
in Table 7.17 and the variation in processing parameters of the composites are
shown in Table 7.18.
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Table 7.17 Compounding formulation.

Sample code s-PS matrix (g) Kevlar fiber (g)
Series I 600 0

Series II 600 3.5 (untreated)
Series III 600 3.5 (fluorinated)
Series IV 600 3.5 (oxyfluorinated)

Table 7.18  Processing parameters for injection molding.

Sample code Tm (°C) Tmotd (°C) Flow rate (cm’/s)
Series I1A/IIA/IIIA/IVA 290 60 20
Series IB/IIB/IIIB/IVB 290 60 48
Series IC/IIC/IIIC/IVC 320 40 20
Series ID/IID/IIID/IVD 320 60 20

The variation of orientation tensor (T,,) with normalized thickness for the
unmodified and modified s-PS/Kevlar composites under varying processing
conditions are displayed in Figure 7.34a—c. From Figure 7.34a—c it was clear that
processing parameters has a significant effect on the orientation of fibers in the pure
matrix, along the flow direction. Moreover, the fiber orientation seems to be different
in skin and core region in different composites. Fiber orientation at the skin and
core region for every composites under varying processing parameters are depicted
in Figures 7.35-7.46.

In case of both unmodified and modified fiber-reinforced composites (Series IIA,
ITIA, and IVA), at lower flow rate the fibers are more oriented in the core region than
in the skin as evidenced from Figure 7.34a—c, 7.35, 7.40, and 7.45. But in case of
higher flow rate the reverse trend had been observed, that is, the magnitude of the
fiber orientation tensor (T,) was greater in the skin region than that of core region for
all composites (Series IIB, IIIB, and IVB) (Figures 7.34a—c, 7.36, 7.40, and 7.44),
which is in line with the observation of Bright et al. [88].

Figure 7.34  Fiber orientation tensor versus normalized thickness: (a) unmodified Kevlar/s-PS, (b)
fluorinated Kevlar/s-PS, and (c) oxyfluorinated Kevlar/s-PS under different processing parameters.
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Figure 7.35 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.965709), (ii) core region (normalized thickness =0, T, =0.968493), (iii) top surface
(normalized thickness =1, T,,=0.965709) of unmodified Kevlar/s-PS composites (Series IIA).

Figure 7.36  Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.972762), (ii) core region (normalized thickness =0, T,,=0.957614), (iii) top surface
(normalized thickness =1, T,,=0.972762) of fluorinated Kevlar/s-PS composites (Series IIB).

In the core region molding shearing flow is predominant and at higher flow
rate the fibers flow almost without shearing thus orienting the fibers in the transverse
to the flow direction in the concerned region. But in case of skin region the shear
rate aligns more fibers in the flow direction resulting in the higher orientation
tensor value.

Figure 7.37 Fiber orientation at the (i) bottom surface (normalized thickness =—1,
T =0.972678), (ii) core region (normalized thickness =0, T,,=0.956036), (iii) top surface
(normalized thickness =1, T,, = 0.972678) of fluorinated Kevlar/s-PS composites (Series 11C).
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Figure 7.38 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.96074), (ii) core region (normalized thickness =0, T,,=0.966417), (iii) top surface
(normalized thickness = 1, T,, = 0.96074) of fluorinated Kevlar/s-PS composites (Series |ID).

Figure 7.39  Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T = 0.952928), (ii) core region (normalized thickness =0, T, =0.966434), (iii) top surface
(normalized thickness =1, T,,=0.952928) of fluorinated Kevlar/s-PS composites (Series I11A).

An interesting trend of fiber orientation had been observed in case of varying mold
temperature (Series IIC, IID, Figures 7.34a, 7.37, 7.38; I1IC, IIID, Figures 7.34b,
7.41, 7.42; and IVC, IVD, Figures 7.34c, 7.45, 7.46). At higher mold temperature
more fibers are oriented in core region than that of the skin (greater orientation
tensor value) and in case of lower mold temperature an opposite trend had been
observed.

Figure 7.40 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.963298), (ii) core region (normalized thickness =0, T,,=0.956258), (iii) top surface
(normalized thickness = 1, T,, = 0.963298) of fluorinated Kevlar/s-PS composites (Series I11B).
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Figure 7.41 Fiber orientation at the (i) bottom surface (normalized thickness =—1,
T =0.964488), (ii) core region (normalized thickness =0, T,,=0.956879), (iii) top surface
(normalized thickness = 1, T,, = 0.964488) of fluorinated Kevlar/s-PS composites (Series I11C).

Figure 7.42 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.952551), (i) core region (normalized thickness =0, T,,=0.965979), (iii) top surface
(normalized thickness =1, T,,=0.952551) of fluorinated Kevlar/s-PS composites (Series I1ID).

For high mold temperature, the temperature difference between the molten fluid
and mold temperature leads to the thinner solidified skin leading to the lower flow
field at the solid—melt interface and lower shear rates in the solid—-melt interface, thus
orienting lesser fiber in the flow direction in this concerned region.

However, melt temperature has also a pronounced effect on the fiber orientation as
evidenced from Figures 7.34a—d, 7.35, 7.38, 7.39, 7.42, 7.43, and 7.46. Although the

Figure 7.43 Fiber orientation at the (i) bottom surface (normalized thickness =—1,
T =0.966716), (ii) core region (normalized thickness =0, T,,=0.968575), (iii) top surface
(normalized thickness = 1, T,, = 0.966716) of oxyfluorinated Kevlar/s-PS composites (Series IVA).
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Figure 7.44 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.96284), (ii) core region (normalized thickness =0, T,,=0.960886), (iii) top surface
(normalized thickness = 1, T,, = 0.96284) of oxyfluorinated Kevlar/s-PS composites (Series IVB).

Figure 7.45 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.967202), (ii) core region (normalized thickness =0, T,,=0.966912), (iii) top surface
(normalized thickness = 1, T, = 0.96284) of oxyfluorinated Kevlar/s-PS composites (Series IVC).

T shows the similar trend in the core as well as in skin region at both higher and
lower melt temperature (Series IIA, 7.34a, 7.35, IID, 7.34a; I1IA, I1ID; and IVA, IVD).
The fibers are more oriented in the core region (higher magnitude of orientation
tensor) than that of the skin. However, higher melt temperature possess somewhat
less fiber orientation tensor than that of the lower variable.

Figure 7.46 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.965483), (ii) core region (normalized thickness =0, T,,=0.96677), (iii) top surface
(normalized thickness = 1, T,, = 0.965483) of oxyfluorinated Kevlar/s-PS composites (Series IVD).
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However, mold flow does not consider the adhesion between fiber and the matrix.
As mentioned earlier that it uses the Folgar—Tucker model, which is a modification of
the Jeffery model by adding a diffusive term to consider the fiber—fiber interaction.
In the Jeffery model, inertia and Brownian motion of the fibers are neglected.

The fibers in the Jeffery model are considered rigid particles moving in a
Newtonian fluid, which however do not disturb the motion of the fluid. Hence in
the mold flow technique, the adhesion between the fiber and matrix does not play any
significant role.

The orientation tensor value is the maximum in case of Series IIB and IIIB, both in
the skin as well as in the core region manifesting the most fiber orientation in the
flow direction, which is the optimum condition for the crystalline and thermal
properties of the composites corroborating the results obtained from DSC and XRD
(Figures 7.18 and 7.20).

Hence it proved that the fiber orientation was different in core and skin region.
Moreover, processing parameters significantly affect the fiber orientation pattern in
the skin and core region.

7.14.4
Simulation of Fiber Orientation by Mold Flow Technique for PC/LCP/Kevlar
Composites

Simulation of fiber orientation of Kevlar fibers in PC/LCP blends by mold flow
technique was also analyzed by Das et al. The compounding formulation and the
variation in processing parameters of PC/LCP blends containing unmodified and
modified Kevlar fibers are shown in Tables 7.19 and 7.20.

Table 7.19 Compounding formulations.

Sample code PC (%) LCP (%) Kevlar (%)

I 100 20.8 0.5 (original)

] 100 20.8 0.5 (fluorinated)

K 100 20.8 0.5 (oxyfluorinated)

Table 7.20 Processing parameters for injection molding.

Sample code Tm (°C) Trmold (°C) Flow rate
(em’/s)
Series I1/Series J1/Series K1 300 60 20
Series 12/Series J2/Series K2 320 40 48
Series 13/Series J3/Series K3 320 40 20

Series 14/Series J4/Series K4 320 60 20
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In order to understand the fiber orientation in PC/LCP/unmodified, fluorinated,
and oxyfluorinated Kevlar under different processing parameters, mold flow sim-
ulation technique had been used. The variation of orientation tensor with different
normalized thickness under different processing parameters had been displayed in
Figure 7.47a—c and corresponding orientation pattern under different normalized
thickness have been depicted in Figures — (from Figures 7.47a—c, 7.48, 7.51, 7.52,
7.55, 7.56, and 7.59).

It is evident that melt temperature has pronounced effect on the fiber orientation of
PC/LCP/Kevlar composites in both the skin and core region. Although the fiber
orientation exhibited similar trend in the core as well as in skin region at both higher
and lower melt temperature. The fibers are more oriented in the core region (higher
magnitude of orientation tensor) than that of the skin. However, higher melt tem-
perature possess somewhat less fiber orientation tensor than that of the lower variable.

Figures 7.47a—c,7.48,7.49,7.52,7.53,7.56, and 7.57 exhibit the fiber orientation in
the PC/LCP/Kevlar composites under varying flow rate. From those figures it was
evident that flow rate has significant effect on the fiber orientation of the composites.
Atlower flow rate (Series I3, 3, K3), more fibers are oriented in the skin region in flow

Figure 7.47 Fiber orientation tensor versus normalized thickness of (a) PC/LCP/unmodified
Kevlar (1), (b) PC/LCP/fluorinated Kevlar (J), and (c) PC/LCP/oxyfluorinated Kevlar (K) under
different processing parameters.

Figure 7.48 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.834123), (i) core region (normalized thickness =0, T,,=0.891039), (iii) top surface
(normalized thickness = 1, T, =0.834123) of unmodified Kevlar/PC/LCP composites (Series 11).
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Figure 7.49 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T = 0.689984), (ii) core region (normalized thickness =0, T,,=0.759418), (iii) top surface
(normalized thickness = 1, T,, = 0.689984) of unmodified Kevlar/PC/LCP composites (Series 12).

Figure 7.50 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T = 0.632284), (i) core region (normalized thickness =0, T,, = 0.575498), (iii) top surface
(normalized thickness = 1, T,, = 0.632284) of unmodified Kevlar/PC/LCP composites (Series 13).

direction (evidenced from orientation tensor value), than that of higher counterpart
(Series 12, 2, K2).

This can be ascribed as an increase in the mold wall-polymer contact time at lower
flow rate leading to a thick solidified layer, that is, the skin structure. This solidified
skin layer produce high shear flow field at the solid-melt interface. Such a shear flow
orients the fibers in flow direction.

Figure 7.51 Fiber orientation at the (i) bottom surface (normalized thickness =—1,
T =0.724652), (i) core region (normalized thickness =0, T,,=0.76954), (iii) top surface
(normalized thickness = 1, T,, = 0.724652) of unmodified Kevlar/PC/LCP composites (Series 14).
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Figure 7.52  Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.904304), (ii) core region (normalized thickness =0, T,,=0.927326), (iii) top surface
(normalized thickness = 1, T,, =0.904304) of fluorinated Kevlar/PC/LCP composites (Series |1).

Figure 7.53 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T = 0.820934), (ii) core region (normalized thickness =0, T,,=0.830934), (iii) top surface
(normalized thickness =1, T,, = 0.820934) of fluorinated Kevlar/PC/LCP composites (Series J2).

Orientation in the flow direction increases with increasing shear rate. On the other
hand, the long contact time provided by the low injection speed results in the thicker
skin structure and in preservation of the fiber orientation patterns in the concerned
zone (i.e., skin region).

Figure 7.54 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.884709), (ii) core region (normalized thickness =0, T,,=0.840919), (iii) top surface
(normalized thickness = 1, T,, = 0.884709) of fluorinated Kevlar/PC/LCP composites (Series }3).
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Figure 7.55 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T = 0.884479), (ii) core region (normalized thickness =0, T, =0.890948), (iii) top surface
(normalized thickness =1, T,, = 0.884479) of fluorinated Kevlar/PC/LCP composites (Series J4).

An interesting trend of fiber orientation had been observed in case of varying mold
temperature (I3, J3, K3 and 14, J4, K4) (Figures 7.47a—c, 7.50, 7.51, 7.54, 7.55, 7.58,
and 7.59. At higher mold temperature more fibers are oriented in core region than
that of the skin (greater orientation tensor value) and in case of lower mold
temperature the opposite trend had been observed.

For high mold temperature, the temperature difference between the molten fluid
and mold temperature leads to the thinner solidified skin leading to the lower flow
field at the solid-melt interface and lower shear rates in the solid-melt interface thus
orienting lesser fiber in the flow direction of the skin region.

However, mold flow does not consider fiber/matrix adhesion in this program. As
mentioned earlier that it uses the Folgar-Tucker model, which is a modification of the
Jeftery model by adding a diffusive term to consider the fiber—fiber interaction. In the
Jeffery model, inertia and Brownian motion of the fibers are neglected. In the Jeffery
model the fibers considers are rigid particles moving in a Newtonian fluid, which
however do not disturb the motion of the fluid. So it is not important whether the
fiber/matrix adhesion is good or not in mold flow technique.

Figure 7.56 Fiber orientation at the (iii) top surface (normalized
(i) bottom surface (normalized thickness=—1,  thickness =1, T,, = 0.880099) of
T =0.880099), (ii) core region oxyfluorinated Kevlar/PC/LCP

(normalized thickness =0, T,,=0.923133), composites (Series K1).
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Figure 7.57 Fiber orientation at the (i) bottom surface (normalized thickness = —1,
T =0.630386), (ii) core region (normalized thickness =0, T,,=0.702878), (iii) top surface
(normalized thickness = 1, T, = 0.630386 of oxyfluorinated Kevlar/PC/LCP composites (Series K2).

From the above observation, it proved that the fiber orientation was different in
core and skin region. In particular, the processing parameters mainly influence the
fiber orientation pattern in the skin and core region.

7.15
Kevlar-Reinforced Thermosetting Composites

Guo et al. studied the effect of plasma treatment of Kevlar fiber, on the tribological
behavior of Kevlar fabric/phenolic resin composites [97]. The Kevlar fibers were
exposed to cold air plasma that alters the surface characteristics without changing
the bulk properties. Under the plasma environment the polymer chains at the surface
were broken, which generates free radicals. These free radicals then combine with
the other free radicals from the environment and forms the functional groups like
—OH, —COOH, —NHj, on the fabric surface (in air atmosphere). These functional
groups strengthen the adhesion between the fabric and resin, which improves its
wear resistance. Presence of the functional groups on the fabric, after plasma

Figure 7.58 Fiber orientation at the (i) bottom (i) top surface (normalized
surface (normalized thickness = —1, thickness = 1, T,, = 0.740444) of
T =0.740444), (ii) core region oxyfluorinated Kevlar/PC/LCP
(normalized thickness =0, T,,=0.641091), composites (Series K3).
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Figure 7.59 Fiber orientation at the (iii) top surface (normalized

(i) bottom surface (normalized thickness=—1,  thickness =1, T,,=0.639416) of
T =0.639416), (ii) core region oxyfluorinated Kevlar/PC/LCP
(normalized thickness =0, T,,=0.699416), composites (Series K4).

treatment, was confirmed by XPS and FTIR. The surface roughness of the treated
fibers was found to be much more than the untreated ones. Due to the better adhesion
between the fibers and matrix, the antiwear characteristics of the treated fiber/
phenolic composites were found to be much better than that of the untreated fiber
composites.

Guo et al. reported the tribological characteristics of spun Kevlar fabric composites
filled with polyfluo wax (PFW) and lanthanum fluoride (LaF;) under various load and
rotating speed, in a pin-on-disc friction and wear tester [98]. The composites were
prepared by mixing PFW and LaF; with phenolic resin and then used to impregnate
the spun Kevlar fabric. For the wear test they fixed this fabric on the AISI-1045 steel
(surface roughness R, = 0.45 mm) with the phenolic resin and then cured at 180 °C
for 2h under pressure. They had found that the tribological characteristics of spun
Kevlar fabric with 15wt% of PFW and 5wt% of LaF; were best among all the
compositions studied. They suggested that, due to the low melting temperature and
self-lubrication of the PFW filler, composite filled with 15wt% PFW is compact,
uniform, and smooth, corresponding to the best friction and wear abilities of the
composite. PFW added composites shows better wear resistance compared to LaF;
containing composites in different conditions. The increase of wear was found after
the 15 and 5 wt% loading for PFW and LaF; (respectively) The reason may be that,
excessive filler is prone to conglomerate and leads to the less uniformity of the system
and thus the interfacial adhesion becomes poorer, which may lead to drawing out of
the filler from the resin matrix during the friction process. Thus, abrasive wear
occurred and the friction coefficient and wear rate increased.

Yue and Padmanabhan studied the alternation in interfacial properties of epoxy
Kevlar composites by chemically modifying the Kevlar surface with different organic
solvents [33]. In a typical experiment, they had prepared three sets of Kevlar fiber
among which the first set was treated with acetic anhydride for 1 min followed by
washing with distilled water. The second and third sets were prepared by treating the
fibers with acetic anhydride for 1 min followed by washing with methanol for 3 and
10 min, respectively. Then all the samples were dried at 100 °C for 5 h under vacuum.
To analyze the effect of surface treatment on the fiber matrix interfacial adhesion, the
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fiber pull-out test was carried out on Kevlar/epoxy samples (cured at 120 °C for 12 h)
using an INSTRON universal testing machine. They found that interfacial shear
strength of the sample, treated with methanol for 3 min, was highest followed by
samples only treated with acetic anhydride. This improvement in the interfacial shear
strength could be explained by the presence of an oxygen rich fiber surface whose
blistered, striated, and undulated morphology adds to the mechanical interlocking of
the adhering matrix. It was found that fiber samples treated with only acetic
anhydride exhibited pimples and blisters on the skin. However, samples washed
with methanol for 3 min showed striations and undulations along the fiber direction.
Excessive methanol washing (10 min) was found to be detrimental to the skin layer
thickness of the fiber by exposing the core in places as a result of excessively striated
and undulated morphology.
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8
Polyester Fiber-Reinforced Polymer Composites

Dionysis E. Mouzakis

8.1
Introduction

The Federal Trade Commission (FTC) provides the following definition for the
polyester fiber: “A manufactured fiber in which the fiber forming substance is any
long-chain synthetic polymer composed of at least 85% by weight of an ester of a
substituted aromatic carboxylic acid, including but not restricted to substituted
terephthalic units, p(-R-O-CO-CsH,4-CO-O-)x and parasubstituted hydroxy-benzoate
units, p(-R-O-CO-CgH4-O-)x.” The most common polyester fibers are based on two
polymers, namely poly(ethylene terephthalate) (PET) and poly(ethylene naphthalate)
(PEN), respectively.

In 1996, 24.1 million metric tons of industrial fibers were produced worldwide. The
main volume gain took place in production of PET fibers (PET filament 9% and PET
staple 4%) [1]. Impetus for this growth was provided by the demand for fiber and
container (e.g., beverages and water bottles) resin. Seventy-five percent of the entire
PET production is usually directed toward fiber manufacturing. Hoechst, Dupont,
and Eastman are the three world’s largest polyester producers. Other polyester fiber
producers especially in the United States are Acordis Industrial Fibers, Inc.; Allied-
Signal Inc.; Cookson Fibers, Inc.; KoSa; Intercontinental Polymers, Inc.; Martin Color-
Fi. Nan Ya Plastics Corp.; Wellman, Inc. [2]. Polyester fibers are hydrophobic, which is
desirable for lightweight-facing fabrics used in the disposable industry. They provide a
perceptible dry feel on the surface, even when the inner absorbent media is saturated.
As new methods of processing and bonding of PET are developed, rayon is being
replaced by polyester in the market. According to Harrison [3], 49% of the total
nonwovens market share in the United States is dominated by polyester staple (291
million pounds backin 1996), and ranks number one amongall kinds of fiber supplies.

Production of poly(ethylene terephthalate) fiber in the world is increasing every
year and reached an amount of about 20 million tons a year in 2001. Dramatic growth
in PET fiber production was foreseen in Asia about one decade ago [4]. The cost of
polyester, with the combination of its superior strength and resilience, is lower than
that of rayon, providing a success story.

Polymer Composites: Volume 1, First Edition. Edited by Sabu Thomas, Kuruvilla Joseph,
Sant Kumar Malhotra, Koichi Goda, and Meyyarappallil Sadasivan Sreekala
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Every 2 years the global leading plastic resin producers are gathered at the “K”
plastic show held in Dusseldorf, Germany to present their product range and new
developments. The 2007 event showed the topical stand and the market trends for
thermoplastic resins and the basic raw material for the synthetic fiber production.
According to Koslowski [5], world production of plastics in 2006 has reached
245 million tons and 15% of them went into the production of synthetic fibers.
According to the same author, the global production of PET capacity has reached
more than 45 million tons annually and polypropylene (PP) has gained increased
importance with 6.6 million tons global production in 2007, while the global market
for PA resins has been estimated with 6.6 million tons in 2006.

Developed PET market growth between 2002 and 2008 and after is shown in
Table 8.1 [6].

The usual commercial names of PET products are Dacron®, Diolen®, Tergal®,
Terylene®, and Trevira® fibers; Cleartuf®, Eastman®, and Polyclear® bottle resins;
Hostaphan®, Melinex®, and Mylar® films; and Arnite®, Ertalyte®, Impet®, Rynite®,
and Valox® injection-molding resins. The polyester industry makes up about 18% of
world polymer production and is currently third only after polyethylene (PE) and
polypropylene.

Currently a well-established industry’s branch produces PET fibers from recycled
products [7]. In the production of PET fiber, the wastes occur in the amount of about
3-5% of total production. The PET does not degrade in nature for a long time. Since
PET is a derivative of petroleum, the wastes of PET are valuable and must be recycled
due to economic reasons and ecological demands.

Recycling poly(ethylene terephthalate) involves two different technologies:

a) Chemical recycling, thatis, back to the initial raw materials, for example, purified
terephthalic acid (PTA) or dimethyl terephthalate (DMT) and ethylene glycol
(EG) where the polymer structure is entirely destroyed (depolymerization), or in
process intermediates, that is, bis-f-hydroxyterephthalate.

b) Mechanical recycling where many of the original polymer properties are being
maintained (not molecular weight) or reconstituted. PET is converted to flakes by
mechanical shredding. About 70% of the main portion, PET bottle flake, is
converted to fibers and filaments by remelting. Various properties of the PET
wastes are improved using the remelting method by employing an extruder.
Degradation during remelting decreases the properties of the final product.

Table 8.1 PET market size per year.

Product type 2002 (million tons 2008 (million tons
per annum) per annum)

Textile — PET 20 39

Resin, bottle/A — PET 9 16

Film — PET 1.2 1.5

Special polyester 1 2.5

Total 31.2 49




8.2 Synthesis and Basic Properties of Polyester Fibers

The results show that the properties of recycled PET wastes can be monitored by
adjusting and carefully designing the parameters of the extruder. Thus, further
degradation of the material can be prevented and recycling costs are minimized.

PET fibers can be incorporated into polymer matrices resulting in microscale
polymer composites, or can be directly incorporated into the melt of bi- or triphasic
(hybrid) melts leading to the formation of in situ-reinforced polymer composites,
respectively.

Lately, many workers focus on the incorporation of nanofillers such as single- or
multiwall nanotubes in PET resin during the melt and finally producing nanophase-
reinforced PET fibers with interesting physical and mechanical properties [8]. The
effort is directed into exploiting the superb mechanical properties of carbon nano-
tubes combined with the resilience and impact toughness of PET for the production
of high modulus-high strength-high toughness fibers for further use as reinforce-
ments in polymer composites or polymer composites with the aforementioned
inherent properties. Another application regime of PET nanocomposites includes
those applications where final material needs to possess electrical conductivity [9].

Some other advanced applications of PET fibers, due to their inherent biocom-
patibility, include manufacturing of prostheses for the human body, which are used
in cardiovascular [10] and orthopedic surgical operations [11]. PET fibers have also
been proposed for construction material applications, acting as Portland cement
reinforcements with encouraging results [12]. It has been shown that the addition of
synthetic fibers up to 2 wt% can improve the toughness of mortars and cements [13].

This work aspires to provide an insight into the latest advances in the technology of
polyester fiber composites based on polymer matrices mentioned above and their
spectrum of advanced applications.

8.2
Synthesis and Basic Properties of Polyester Fibers

PET is a typical linear polyester (see Figure 8.1), polymerized either by ester
interchange between the dimethyl terephthalate and ethylene glycol monomers [14]
or direct esterification reaction between terephthalic acid and ethylene glycol. Both
ester interchange and direct esterification processes are combined with polycon-
densation steps either batch-wise or continuously. Batch-wise systems need two
reactors, one for esterification or ester interchange and the other for polymerization.

Continuous systems need atleast three reactors — the first for esterification or shear
interchange, the second for reducing excess glycols, and the third for polymerization.
An alternate way to produce PET is solid-phase polycondensation where a melt
polycondensation is continued until the prepolymer has an intrinsic viscosity of
1.0-1.4dl/g. At that specific point the polymer is cast into a solid firm. A precrys-
tallization procedure is carried out by heating (above 200°C) until the target
molecular weight is obtained. Later the particulate polymer is melted for spinning
(see Figure 8.2). This process is not extensively used for textile PET fibers but is used
for some industrial fibers.
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0
C—0—CH,—CH,—0

Figure 8.1 Chemical structure of PET.

n

8.2.1
Fiber Manufacturing

The degree of polymerization of PET is controlled, as a function of its final uses. PET
for industrial fibers has a higher degree of polymerization, higher molecular weight,
and higher viscosity. The normal molecular weight ranges between 15 000 and
20 000 g/mol. Under normal extrusion temperature (280-290 °C), it has a low shear

Figure 8.2 Polymer fiber melt spinning production process. http://www.fibersource.com.
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viscosity of about 1000-3000 poise. Low molecular weight PET is spun at 265 °C,
whereas ultrahigh molecular weight PET is spun at 300 °C or above. The degree of
orientation is generally analog to the windup speeds in the spinning process as it
controls the draw ratio [15]. A maximum orientation along with increase in produc-
tivity can be theoretically obtained at a wind-up speed of 10 000 m/min. However,
under realistic production condition effects such as voided fiber skin may appear at
wind-up speeds above 7000 m/min [16]. To produce uniform PET fiber surfaces, the
drawing process should be performed at temperature above the usual unoriented
polymer glass transition temperature (80-90°C). Due to the fact that the drawing
process induces additional orientation to products, the draw ratios (3:1-6: 1) vary
according to the final end uses. For higher tenacities, higher draw ratios must be
applied. In addition to orientation, as expected, crystallinity can be developed during
the drawing at the temperature range of 140-220°C [17].

822
Basic Properties of Polyester Fibers

The wide commercial spectrum of uses and success of PET in the market is due to its
following properties in the fiber form:

e Strong

e Resistant to stretching and shrinking
» Resistant to most chemicals

¢ Quick drying

o Crisp and resilient when wet or dry
e Wrinkle resistant

e Mildew resistant

e Abrasion resistant

¢ Retains heat-set pleats and crease

¢ Easily washed

8.23
Mechanical Response

Mechanical properties such as tensile strength and initial Young’s modulus usually
increase as a positive function of the degree of fiber stretch due to yielding higher
crystallinity and molecular orientation [15]. Ultimate extensibility, that is, elongation
at break is usually reduced. An increase of molecular weight further increases the
tensile properties, modulus, and elongation. Typical physical and mechanical prop-
erties of PET fibers are shown in Table 8.2 and fiber-mechanical response in
Figure 8.3. It can be seen that high tenacity filament and staple (curves A and B)
exhibit very high breaking strengths and moduli, but relatively low elongations at
break. The filament represented by curve C has a much higher initial modulus than
the regular tenacity staple shown in curve D [16]. On the other hand, the latter exhibits
a greater tenacity and elongation. Partially oriented yarn (POY) and spun filament
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Table 8.2 Physical properties of polyester fibers [16].

Filament yarn Staple and tow

Property Regular High Regular High

tenacity® tenacity® tenacity® tenacity?
Breaking tenacity, N/tex® 0.35-0.5 0.62-0.85 0.35-0.47 0.48-0.61
Breaking elongation 24-50 10-20 35-60 17-40
Elastic recovery at 5% 88-93 90 75-85 75-85
elongation, %
Initial modulus, N/tex 6.6-8.8 10.2-10.6 2.2-35 4.0-4.9
Specific gravity 1.38 1.39 1.38 1.38
Moisture regain®, % 0.4 0.4 0.4 0.4
Melting temperature, °C 258-263 258-263 258-263 258-263

a) Textile filament yarns for woven and knit fabrics.
b) Tire cord and high strength, high modulus industrial yarns.

c) Regular staple for 100% polyester fabrics, carpet yarn, fiberfill, and blends with cellulosic blends

or wool.

d) High strength, high modulus staple for industrial applications, sewing thread, and cellulosic blends.

e) Standard measurements are conducted in air at 65% RH and 22 °C.
f) To convert N/tex to ge/den (multiply by 11.33).
g) The equilibrium moisture content of the fibers at 21°C and 65% RH.

Figure 8.3 Tensile properties of PET fibers [16]. A — high tenacity filament, B — high tenacity

staple, C — regular tenacity filament, D — regular tenacity staple, E — POY filament.
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yarns, exhibit low strength but very high elongation (curve E). Fatigue testing, that s,
exposing PET fiber to repeated compression (e.g., repeated bending), so-called kink
bands start forming, and finally resulting in breakage of the kink band into a
crack [16]. Slip (shear) bands during tensile testing have also been verified to appear
in oriented PET [18]. It has been proven in that the compressive stability of PET is
superior to that of nylons [19].

8.2.4
Fiber Viscoelastic Properties

Quite a few researchers have realized the high potential of polyester fibers for
applications where high vibrational damping and damage tolerance is highly
required. The capacity of such fibers to absorb and damp vibrations or shock loads
(impact) due to their polymer nature in comparison to the much stiffer glass and
carbon fiber systems has lead to studies regarding such loading cases. Of course
usage of a polymer fiber is not bereft of problems regarding their viscoelastic
nature; sensitivity to creep and stress relaxation hinters applications of polyester
fibers where possible temperatures near to glass transition, high and long-term
constant stress loading or constant strains for long periods of time, are likely to
occur.

The damping capacities and dynamic moduli of polyester fiber-reinforced polymer
composite (PFRPC) systems in naval applications were studied and modeled by House
and Grant [20]. They showed that such systems could be incorporated in marine
structures; however, their low stiffness must be taken into serious consideration.
Davies et al. [21] have studied the creep and relaxation behavior of polyester fiber
mooring lines and proposed a system for in-service strain measurements. The same
author further proposed a nonlinear viscoelastic—viscoplastic model accurately
describing the creep behavior of cables made from Diolen polyester [22]. The role
of manufacturing conditions on the crystallinity and viscoelastic properties of
different PET fibers has also been studied [23] and it was found that high fiber
drawing rates lead to higher fiber crystallinity as confirmed by X-ray diffraction and
dynamic mechanical analysis and fibers must be constrained during cooling to
maintain high dynamic modulus data. Sewing polyester fiber properties have also
been extensively studied with respect to their viscoelastic (stress and inverse relax-
ation) behavior [24]. These findings are important since polyester fibers are
nowadays often used for stitching multiple-layers of noncrimp fabrics for polymer
composites[25]. Ithas been shown, however, thatappropriate mathematical modeling
can be applied for the prediction of creep and relaxation responses of polyester
fibers [26]. Even hybrid fiber systems (biological-organic) have been studied with
terms of their dynamic viscoelastic response [27] and an important damping role was
verified for the polyester constituent.

Finally, the viscoelastic response of polyester fibers in biomedical applications is
analyzed by some workers. Their time-dependent behavior is very important due to
the nature of their application field; that is, the human organism. Sutures for plastic
surgery, for example, for repair of the flexor tendon made from braided Ticron”
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polyester fibers exhibited a superior resistance against creep and stress relaxation
compared to their usual polypropylene and nylon adversaries [28]. Woven and
braided fabrics of high tenacity PET fibers are currently in focus as potential
grafts to substitute the anterior cruciate ligament (ACL) in the human knee. Primary
results show that the response of PET prostheses matches that of the natural ACL
ligament [29], however, as the authors indicate, in vivo and in vitro long-term and
fatigue studies are needed to justify the application.

8.2.5
PEN Fibers

Poly(ethylene 2,6-naphthalate) has excellent thermal and mechanical barrier and
chemical resistance properties [30-32], but it possesses a severe problem; its
viscosity is very high for melt processing such as fiber spinning, injection molding,
and so on [33-35]. It has been proposed [36] that the processability in terms of
viscosity can be improved by the addition of other polymers such as thermotropic
liquid crystal polymers into polymer matrix. Also, blends of PETand PEN have been
attracting increasing interest because they combine the superior properties of PEN
with the low price of PET. Mixtures of these polyesters form random copolymers
due to transesterification during melt processing. As a result, the glass transition
temperature of PET/PEN increases linearly with volume fraction of PEN [37]. Itis,
therefore, possible to control properties connected with T, by including PEN to PET.
The addition of PEN improves gas-barrier properties as well [38]. On the other
hand, due to the higher stiffness of PEN [38] low durability in repeated bending can
be foreseen.

Lately, nanofibers of PEN have also been prepared by electrospinning tech-
nique [39] delivering very good results with respect to achieved fiber structure and
diameter (1-2um). The smallest PEN nanofiber diameter (about 0.259 um) ever
reported was recently achieved by the exotic technique of CO, laser beam supersonic
jet drawing carried under vacuum [40].

8.3
Polyester Fiber-Reinforced Polymer Composites

8.3.1
Elastomer Composites

In the past two decades considerable effort has been invested in reinforcing various
types of elastomers with short polyester fibers (mainly PET). The rationale behind
this is that PET fibers, yarns, and cords have been widely used as reinforcements for
vehicle tires [41], especially the high tenacity—high modulus ones. Of course, their
usage is plagued by PET degradation mechanisms such as hydrolysis [42] and
aminolysis [43], which can lead to premature failure, sometimes due to fatigue
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initiation mechanisms. On the other hand, the application of short or longer
polyester fibers for elastomer reinforcement would simplify things. This is because
short fibers are easier to incorporate (impregnate) in the elastomer resin and
resulting composites are amenable to the standard rubber processing steps: extru-
sion, calendering, and the various types of molding operations (compression,
injection, and transfer) [44]. This way high-volume outputs become more cost-
efficient, thus, feasible. This is in contrast and is much more economical than the
slower processes required for incorporating and placing continuous fibers in the
form of yarns or cords. The handicap is a sacrifice in reinforcing strength with
discontinuous polymer fibers, although they considerably outperform simple par-
ticulate fillers such as carbon black [45]. Early studies showed that PET short fibers are
prone to orient well with flow direction during rolling procedure, and provide good
mechanical and viscoelastic responses in more than one different elastomer matri-
ces [46]. The short polyester fibers are less effective in reinforcing low modulus
materials than rigid ones, but when used properly, a positively sufficient level of
reinforcement can be achieved by short fibers. Proper utilization comprises the
following inelastic parameters: preservation of high aspectratio in the fiber, control of
fiber directionality, generation of a strong interface through physicochemical bond-
ing, and establishment of a very good dispersion inside the matrix [44]. The effect of
several bonding agents with interesting results has also been investigated both for
styrene [47] and polyurethane rubber matrices [48, 49]. Natural rubber (NR) compo-
sites are also extensively studied; NR is an interesting matrix to reinforce with
short polyester fibers [50-52]. It was found that electron-beam irradiation can
effectively assist chemical graft polymerization to silica particles in the natural
rubber matrix, resulting in superior tensile modulus and strength for silanes [50]
and allyl methacrylate [51] coupling agents, respectively. Furthermore, it has been
effectively proven that PET short fibers can provide superior price-to-mechanical
performance characteristics as potential NR reinforcements to that of chopped
aramide (Twaron®) and aramide fiber pulp [52].

8.3.2
Microfibrillar-Reinforced (MFR) PET Composites

Blending polyolefins with engineering plastics can prove as an useful solution to
improve the mechanical properties of polymeric materials based on them. The
constituents in many polymer blends are thermodynamically immiscible and
incompatible with respect to processing. As a result, during processing a large
variety of shapes of the dispersed phase can be formed, for example, spheres or
ellipsoids, fibrils or plates [53]. It is well known that shape and size of the dispersed
phase influences the properties of the final polymer blend [53, 54]. An incompatible
pair of polymers can be processed in such a way that the dispersed phase forms in situ
fibers. By this technique better mechanical properties can be achieved. Some
researchers have proposed blending thermotropic liquid crystalline polymers (LCPs)
into thermoplastics with substantial success [36, 55]. However, the LCPs are not cost-
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effective for many engineering applications. On the other hand, nowadays, there are
considerable quantities of engineering plastics (e.g., PET from bottles and contain-
ers) in the form of recycled products such as flakes and pellets, which are an economic
source of primary materials for the preparation of polymer blends.

A major issue when using common thermoplastics, contrary to LCPs, is that their
molecular chains tend to relax during melt processing; therefore, a high molecular
orientation is inevitable. In order to tackle this problem, a new type of processing
methodology, the so-called microfibrillar-reinforced composite (MFC) concept was
proposed in the early 1990s by the research group of Fakirov et al. [56-58]. According
to them preparation of MFC includes the following three basic steps [59]:

i) melt blending with extrusion of two immiscible polymers having different
melting temperatures T, (mixing step);
ii) cold drawing of the extrudate with good orientation of the two phases
(fibrillization step) (see Figure 8.4);
iii) thermal treatment at temperature between the T;,,’s of the two blend partners
(isotropization step).

The above-mentioned research group has successfully applied the MFC concept in
many thermoplastic polymer systems involving PET, PP, LCPs, poly(phenylene
ether) (PPE), and studied their structure—property relationships [60]. Most of the
MEC systems studied involve PP and PE matrices generally. Li et al. found that the
viscosity ratio between PET and PE should remain less than 1, to obtain micro-
fibrillation of PET in the PE matrix during slit-die extrusion [61]. The same research
group [62] employed the essential work of fracture toughness approach [63] in order
to validate the hot stretch ratio in PET/PE MFCs and found an optimum relationship
between them. Of course, compatibilization of the polymer blend constituents also
plays akey role in the microfibrillar morphology build-up. Itis reported that by adding
7 wt% of ethylene/methacrylic acid copolymer in extruded 50/50 PET/HDPE
blends, results in improved ductility and fracture toughness due to crack bridging
by PET microfibers [64]. Pultrusion technique is lately reported also to work with

Figure 8.4 Surfaces of compression-molded PET/PP/E-GMA blends with an MFC structure in
different ratios (by wt%). (a) 40/60/0 and (b) 40/54/6. PP was selectively dissolved leaving PET fibrils
visible. After Friedrich et al. [59].
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50/50 PET/LDPE blends inducing a composite structure of oriented bristles [65]
with a mechanical performance compared to the compression molded (CM)
corresponding microfibrillar blends.

Polypropylene/recycled PET MFCs have also been proved to exhibit fibrillation and
reinforcement effects when compatibilized with ethylene-glycidyl methacrylate
during extrusion and subsequently compression molded after an orientation-draw-
ing procedure [61]. This study reported that CM procedure has resulted in specimens
with mechanical performance better than injection-molded ones due to higher
orientation degree of the PET fibrils.

Further studies have shown that tensile properties of the PET/PP MFC extrudates
show a great improvement compared with the neat polymers when the processing
window and weight ratio are carefully chosen. This is attributed to the reinforcement
effect of the PET fibrils formed during extrusion [66]. Both tensile stiffness and
strength increased with increasing content of the PET fibrils, as shown in Figure 8.5.

833
Composites

As already mentioned in Section 8.2.4, the superior performance of polyester fibers
in polymer composites with respect to energy absorption especially under dynamic
loading, that is, impact was early recognized. Effort was invested to incorporate these
characteristics into high performance graphite fiber/epoxy matrix composites.
Sometimes these composites are interleaved with one or more intermediate layers
of PET fabrics [67] a technique called “hybridization” leading to improved impact
resistance. Yuan et al. [68] reported that PET fiber mat when used as an interleaf
material can improve the crash performance of carbon fiber epoxy tubes. Even PET
films can be used as interleaves in order to produce the same toughening effect for

Figure 8.5 Tensile properties of PET/PP microfibrillar composites. After Li et al. [66].
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high performance carbon epoxy composites [69]. Short PET fiber-reinforced epoxy
composites (1 wt% fiber content) also exhibit high fracture toughness provided that
the PET fibers are treated with NaOH solution to enhance adhesion [70]. In that case
an almost 80% improvement was achieved in K;c determination done by quasi-static
three-point bending tests.

Thermoplastic matrices are also widely investigated with respect to polyester fiber
reinforcements; the latter being added as fillers prior to compounding. Lopez-
Manchado et al. [71] (cf. Figure 8.6) compared the effects of addition of nylon 66
and PET short fibers, both in sized and unsized states, on the thermal and dynamic
properties of PP. They found that 20 wt% fiber content alters significantly the storage
modulus F, and the PP matrix crystallization kinetics [71]. The latter effect on
crystallinity was verified by Saujanya and Radhakrishnan [72] who also found that the
addition of short PET fibers in a PP matrix can improve Young’s modulus and Izod
impact strength, having little impact on the tensile strength. Santos and Pezzin [73]
also confirmed small effect of short-recycled PET fiber content on the tensile strength
of PP matrix accompanied by a monotonous increase in Izod impact strength for
contents up to 7 wt%. Finally, short PET fibers were even used to prepare hybrid
composites of a poly(methylvinylsiloxane) matrix reinforced with wollastonite whis-
kers [74]. Positive results were obtained for the tensile strength and rupture energy
for wollastonite volume fractions above 30% and short PET fibers volume fractions
between 5 and 12% in that case.

8.3.4
PET Nanocomposites

The rise in nanotechnology as mentioned in the introduction has given impetus for
exploiting the excellent properties of PET for a potential matrix for nanocomposites.
The commercial availability of carbon nanofibers (CNFs) in the past decade led
researchers to investigate the properties of systems of various polymers reinforced
with CNFs. This is quite a challenging operation due to the inherent low dispersibility
of the CNFs into the polymer matrix. Sophisticated compounding methods such as

Figure 8.6 A polyester fiber pulled out from PP matrix showing characteristic kink bands [71].
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ball-milling, high shear mixing in the melt, and extrusion using twin-screw extruders
and melt spinning are nowadays common techniques to prepare nanocomposites
with polymer matrices. PET has also been employed as a matrix for various types
of CNFs. In a work published in 2003, PET/CNF nanocomposite fibers were
studied [8]. It was stated that though tensile strength and modulus did not increase
significantly by the addition of nanofibers, but compressive strength and torsional
moduli of PET/CNF nanocomposite fibers were considerably higher than that for the
control PET fiber. Conductive multilayer PET/4 wt% CNF nanocomposite fibers
were manufactured by extruding and composite spinning, producing a textile cloth
with excellent antistatic properties [75]. Poly(ethylene terephthalate) nanocomposites
with single-walled carbon nanotubes (SWNTs) have been prepared by melt com-
pounding. With increasing concentration (0-3 wt%) of SWNTs, mechanical (Young’s
modulus and tensile strength) and dynamic storage modulus (E') improved [76].
Electrical conductivity measurements on the PET/SWNT films showed that the melt-
compounded SWNTs can result in electrical percolation albeit at concentrations
exceeding 2 wt% [76]. Finally, multiwall carbon nanotubes (MWCNTs) PET/MWCNT
nanocomposites that were prepared through melt compounding in a twin-screw
extruder showed that the presence of MWCNT can act as nucleating agent and
consequently enhances the crystallization of PET through heterogeneous nucle-
ation [77]. The incorporation of a small quantity of MWCNTs (2 wt% at max)
significantly improved the mechanical properties of the PET/MWCNT nanocompo-
sites. A significant dependence of the rheological behavior of the PET/MWCNT
nanocomposites as a function of the MWCNT content was also confirmed. The
dynamic storage modulus and loss modulus of the PET/MWCNT nanocomposites
increased with increasing frequency, and this increment effect was mostly pro-
nounced at lower test frequencies.

8.4
Conclusions

A wide spectrum of applications is already verified for polyester fibers and
composites ranging from vehicle tires and construction applications, to naval
composites, and biomedical grafts and sutures. The field of biomaterials
appears to be very friendly to this type of polymers. Microfibrillar in situ-reinforced
polyester composites appear to have opened a window to a new category of composite
materials with controllable properties. Nanotechnology applications such as PET/
CNT conductive fibers and EMI shielding composites and films are also being
investigated and there are still plenty of unexplored sides of polyester nanocomposite
applications.

Moreover, recycled PET can be easily regained and further processed for useful
purposes. In all, polyester materials are very practical, mostly cost-efficient, recyclable
thermoplastics, and for the moment their applications are still increasing. It can
be foreseen that in the near future also the expensive ones such as PEN shall become
more economical or similar economic types shall evolve.
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9
Nylon Fiber-Reinforced Polymer Composites

Valerio Causin

9.1
Introduction

Composites may be generally defined as combinations of two or more materials
deriving from the incorporation of some basic structural material into a second
substance, that is, the matrix [1, 2]. On the basis of the concept of composite, there is
the scope of exploiting the desirable properties of each component, obtaining a
material with an increased performance with respect to the isolated constituents.

The incorporated material can appear in different morphologies, for example,
particles, fibers, whiskers, or lamellae, but has always the same task, that is, to impart
its own advantageous mechanical characteristics to the matrix material. The chemical
nature and the morphology of the reinforcing agent are key additional variables that
yield a competitive advantage to composites over homogeneous materials. A wise
choice and optimization of these features, in fact, provides the opportunity to control
physically uncorrelated parameters such as strength, density, electrical properties,
and cost. Among the possible shapes of the reinforcement particles, fibers are
particularly attractive for their high aspect ratio and very anisotropic nature [3]. This
allows, if desired, to impart anisotropic physical properties to the whole composite. In
this chapter, only fiber-reinforced composites will be discussed.

About the relative roles of the components in a composite material, three main
instances may be encountered [1].

a) In the first one, the reinforcement has high strength and stiffness, whereas the
matrix should transfer the stress from one reinforcement fiber to the other. This
is the case of high performance composites, in which high strength reinforce-
ment fibers are used in high volume fractions, calibrating their orientation, and
dispersion for optimum physical mechanical property improvement.

b) In some other cases, the matrix already has desirable intrinsic physical, chem-
ical, and processing properties, and addition of the reinforcement is intended to
improve other important technological properties such as tensile strength,
creep, or tear resistance. Preparation of this category of materials is driven by
the necessity of improving the engineering properties of a matrix in order to

Polymer Composites: Volume 1, First Edition. Edited by Sabu Thomas, Kuruvilla Joseph,
Sant Kumar Malhotra, Koichi Goda, and Meyyarappallil Sadasivan Sreekala
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Table 9.1 Representative properties of different reinforcement fibers.

Material Modulus (GPa) Strength (GPa) Specific gravity ~ Typical
diameter (um)

E-glass 70 3 2.6 10
S-glass 90 5 2.5 10
PAN-based carbon ~ 200-500 2-3 1.7-2 7-10
Aramid 100-150 3 1.44 12-15
Polyolefin 1-5 2 0.97 5-500
Nylon 6 1 1.1 3-500
Rayon 7 1 1.5 3-500
Alumina 400-500 1-3 3.34 3-20
Silicon carbide 300-400 2-6 3.2 10-100

enlarge its range of applications. Moderate concentration of fibers, usually as
discontinuous random fibers or flake are used for these composites.

¢) Inthe third case, the matrix may be a high-performance material, albeit with a high
cost, low processability, or insufficient aesthetical appeal. In this instance, addition
of the fibers is aimed at maintaining adequate performance, while correcting the
flaws of the matrix material, especially under a cost-effectiveness perspective.

The characteristics requested for a good reinforcing filler are that it is stiff, strong,
and light, and it possibly modifies the failure mechanism in an advantageous way.
Table 9.1 compares the strength, stiffness, and specific gravity of several different
reinforcement fibers.

Nylon performs well among polymeric reinforcement fibers, and although its
performance is inferior to that of inorganic and carbon fibers, but it shows extremely
attractive cost-advantage balance.

9.2
Nylon Fibers Used as Reinforcements

The generic class of nylon comprises all linear polyamide polymers derived from
aliphatic monomers. Linear, aliphatic polyamides can be subdivided into two groups:
those synthesized from aminocarboxylic acids (either w-aminocarboxylic acids or
lactams, by ring-opening polymerization) and those made from the polycondensa-
tion reaction of diamines and dicarboxylic acids. The common nomenclature of
nylon uses numbers for indicating the quantity of carbon atoms in the monomeric
building blocks. For instance, nylon 6 is the polymer of caprolactone [H,N
(CH,)sCOOH]. Nylon 6,10 is the polycondensate of hexamethylenediamine [H,N
(CH,)6NH,] and sebacic acid [HOOC(CH,)sCOOH].

The first nylons were developed in the 1930s and their commercialization started
in 1939, taking particular advantage from the request of raw materials for military use
during the Second World War. Since then, nylon fibers have provided a very versatile
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material for a large number of applications, because of their remarkable properties,
primarily due to the extensive hydrogen bonding between the polymer chains. Nylon
fibers are very attractive because of their high tenacity and elongation, abrasion
resistance, and durability. The highly polar nature of the amide groups favors
absorption of moisture by nylon fibers, which therefore suffer poor dimensional
stability when exposed to water. Strict attention should be posed during processing of
nylon to prevent it coming into contact with water. Purity is also an issue because
reactive impurities could start uncontrolled chain growth, reducing the quality of the
product, and causing yellowing. Nylon is prone to oxidation at high temperatures, so
oxygen must be removed during polymerization and fiber spinning. Additives can be
added to control the reactivity and sensitivity of nylon to certain conditions. Aging and
light protection can be conferred by manganese (II) compounds or titanium dioxide.
Heat aging resistance, for applications such as tire cords, is attained with antiox-
idants, such as substituted aromatic diamines.

A polyamide suitable for spinning contains mainly methylene groups between the
amide groups. Cyclic segments in an aliphatic polyamide chain stiffen it and increase
its melting point. Side carbon—carbon chains introduced in the polymer bring abouta
reduction of the melting temperature and an increase in the solubility in organic
solvents. In low molecular mass nylon, melting point increases with increasing
average molecular weight. This effect, though, fades and can be ignored in the case of
high molecular weight polymers. An increase in molecular mass also brings about an
increase in the strength of the fibers. A superior limit in the molecular mass that can
be used is posed by the viscosity of the melt, which increases with increasing
molecular weight, without allowing melt spinning.

Another factor that influences the physical, mechanical, and processing charac-
teristics of nylon materials is the number of methylene groups in the chain. The
melting point of nylon decreases as the ratio of methylene to carbonamide groups
increases. An even—odd effect is observed in the trend of melting point as a function
of methylene groups in the chain because the geometry of the even-numbered
configuration allows a tighter packing of the chains, with a stronger hydrogen
bonding, compared to odd-numbered configurations.

Nylons of the aminocarboxylic type suitable for fiber production are nylon 6, nylon
7,nylon 11, and nylon 12. Nylon 6 accounts for about half of the global production of
nylon fibers, because its monomer, caprolactam, is easily obtainable by cheap
petrochemicals. Nylon 6 is, though, not the ideal material for fiber production
because of its quite high water absorption and the difficulty to convert the monomer
into a continuously spinnable polymeric melt. Nylon 7 would be more suited, due to
the high yield of its synthesis, easy polymerization—spinning process, very good
tensile properties, and low water absorption. The high cost of monomer, though, does
not allow an economical industrial production of nylon 7. Nylon 11 and nylon 12,
although suitable for fiber production, are quite expensive and their use is restricted
to a few peculiar applications such as ropes, transmission belts, or luggage.

Surely the most commonly employed nylons coming from the polycondensation
of diamines and dicarboxylic acids are nylon 6,6 and nylon 6,10. Nylon 6,6 together
with nylon 6 accounts for almost the total consumption of nylon for fiber
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manufacturing, due to its attractive cost and competitive performance. Due to its
low water absorption and high elasticity, nylon 6,10 would be especially fit for usage
in fiber preparation, but its higher cost with respect to nylon 6,6 prevented a wide
commercial exploitation.

All nylon fibers of commercial interest are melt spun at temperatures up to about
300°C, through spinnerets with holes 200-400 m in diameter. The process can be
carried out continuously from the monomer to the spun fiber, or it can be divided in
different subsequent steps. Filaments are then combined into yarns. Obviously
processing parameters such as draw ratio or spinning temperature are key in
determining the structure attained by the polyamide molecules, and therefore, the
physical and mechanical properties [4, 5]. Spinneret dimensions and draw ratio
determine the final diameter of the fibers. About 1-20 dtex filaments are suitable for
reinforcement purposes. High strength applications, such as tire cords, require quite
coarse denier yarns, ranging from 400 to more than 35 000 dtex. The typical diameter
of anylon fiber used as reinforcement ranges from 3 to 500 um and depends much on
the application.

Also the length of fibers is important. Including short fibers in a polymeric matrix
is easier and cheaper than to manufacture continuous fibers-containing composites.
However, short fibers usually yield materials with lower strength, stiffness, and
fracture toughness than continuous fibers.

The choice between long and short fibers can therefore only come from a trade-off
between costs, advantages, and drawbacks on a case-by-case basis. Anyway, short
fibers are more versatile materials than continuous fibers, and this is reflected by the
fact that most of the scientific literature focuses on how to take the most advantage of
short fibers. Long fibers, except some occasional works on tire cords, which are,
however, already a mature and established product, are much less covered by recent
scientific research.

A current trend in the research on fibers is the application of a nanotechnological
approach for improving the physical and mechanical performance of the fibers. For
example, nanosized fillers are added to the polymer matrix before the spinning
process. An example of preparation of such fibrous composites is given by Mahfuz
et al., who enhanced the strength and stiffness of nylon 6 filaments by dispersing
carbon nanotubes in a polyamide matrix by an extrusion process [6]. Carbon
nanotubes are long and thin cylinders of covalently bonded carbon atoms with
outstanding electronic, electrical, thermal, and mechanical properties which, since
their discovery almost 20 years ago [7], have attracted large efforts of academic and
industrial research. In this case, carbon nanotubes were included into nylon 6 by dry
mixing and subsequent extruding in the form of continuous filaments by a single-
screw extrusion method. Tensile tests on single filaments demonstrated that their
Young’s modulus and strength were increased by 220 and 164%, respectively, with
the addition of only 1 wt% of carbon nanotubes. The authors also speculated, on the
basis of SEM studies and micromechanics-based calculations, that the alignment of
nanotubes in the filaments, and the high interfacial shear strength between the
matrix and the nanotube reinforcement, were responsible for such a dramatic
improvement in properties.
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A further development of this idea was reported by Saeed et al. [8]. They prepared
carbon nanotube/nylon 6 nanocomposites by in situ polymerization, obtaining a
very good dispersion of the filler in the polyamide matrix. They subsequently
electrospun these nanocomposites into nanofibers in which the carbon nanotubes
were embedded and oriented along the nanofiber axis. Electrospinning is a spinning
method capable of producing fibers of submicrometric diameter, and it will be
further detailed in Section 9.3 of this chapter. Similarly to Mahfuz et al.’s work [6],
the specific strength and modulus of the nanotube-reinforced nanofibers increased
as compared to those of the pristine nylon 6 nanofibers. An interesting feature that
was noted by the authors of this work was that the crystal structure of the nylon 6 in
the composite fibers was mostly y-phase, whereas that of the composite films
prepared through compression molding of the mixture of the components was
mostly a-phase. The difference in the polymorphism of such materials is due to the
shear force exerted in the electrospinning process. The reinforcing effect of a filler is
not only due to its presence but also to the modifications that it brings about in the
structure and morphology of the matrix. Each time that a composite is prepared, it
should be necessary to study the structure and morphology of the matrix in detail
and on different length scales (especially that of polymer lamellae), in order to
be able to identify structure—property relationships useful for a rational design of
the materials.

Another example of preparation of nanocomposite nylon fibers is offered by the
work of Francis et al. [9]. This paper offers an example of the possibilities offered by
nanotechnology for creating functional materials. Silver nanoparticles (diameter
3 nm) were synthesized using silver nitrate as the starting precursor, ethylene glycol
as solvent, and poly(N-vinylpyrrolidone) as a capping agent. These nano-Ag particles
were then introduced in a nylon matrix by electrospinning of the nylon 6/Ag solution.
Silver nanoparticles not only tripled the strength of the nylon fibers but they are also
known to have an antibacterial activity, thereby conferring to the fibrous material
novel properties which pristine nylon does not show.

Fibers can be “upgraded” also by coating them with a material that adds new
properties to the whole fibrous material. If accurately designed, coating can moreover
influence the surface properties of the fibers, which are crucial for a good reinforce-
ment, because an optimal interfacial adhesion between the matrix and the filler is
necessary for a proper transfer of stress from the former to the latter. Interfacial
bonding must be strong enough for an efficient transfer of the applied load, but not
excessive, since it could also promote crack propagation across the fibers and reduce
the toughness of the composites [10]. On the opposite, a poor interfacial adhesion is
not desirable because the weak interface would serve as preferential direction of crack
propagation. In this case, a deformable interface that allows for fiber debonding and
pull out can positively influence the toughness, although at the expense of the
strength of the composite [10].

An example of fiber coating has been reported by Zhou et al. [11]. These authors
coated nylon 66 fibers with a layer of carbon by physical vapor deposition in a vacuum
chamber. By inclusion of these fibers in a concrete matrix, it was possible to obtain a
smart material, which was not only mechanically reinforced by the fibrous material
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but that was also able to sense elastic and inelastic deformation, and fracture. The
carbon coating, in fact, provided a conduction path for electrical signals, which was
altered as a consequence of cracks or deformation. Changes in the resistance of the
material could therefore be exploited for the early detection of failures or damage.

Conductivity was conferred to a nylon 6,6 fabric by covering it with a silver
nanocrystalline thin film (from 220 to 2800 nm) by the radio-frequency sputtering
technique, as recently reported by Wang et al. [12].

A further example that highlights the importance of surface interactions between
polymer and filler is offered by Rangari et al. [13]. They were able to align silicon
nitride nanorods in a nylon 6 matrix by a melt-extrusion process. Also in this case,
they recorded better tensile properties, that is, increases in the strength and modulus
by 273 and 610%, respectively, although at the expenses of elongation at break. The
effect of the shape of the inorganic filler was evident, because substituting the silicon
nitride nanorods with spherical nanoparticles it was possible to increase strength and
modulus, with no decrease in elongation at break with respect to the matrix. This
paper is particularly interesting because it shows how a positive interaction between
polymer and filler is crucial for the functioning of the reinforcement mechanism.
Figure 9.1 shows that nylon 6 polymer chains are entangled on the rod-shaped filler
particle. This effectis similar to the formation of a transcrystalline layer, at the basis of
the reinforcement of nylon by aramid fibers [14, 15]. When the matrix is able to
crystallize, or otherwise cover with a layer, the filler particles, the reinforcement effect
of such particles is exploited to its fullest extent [16, 17].

A quite original approach for controlling the mechanism of deformation of the
material by adding a fibrous reinforcement was proposed by Lu et al. [10].
These researchers fabricated chain-shaped nylon 6 fibers (Figure 9.2) by compression
molding, and they subsequently included them into a polypropylene/poly(propylene-

Figure 9.1 Rod-shaped Si;N, particle entangled with a nylon 6 matrix. Reprinted from Ref. [13]
with permission from Elsevier, Copyright 2009.
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Figure 9.2 Optical micrograph of a chain-shaped fiber. Reprinted from Ref. [10] with permission
from Elsevier, Copyright 2006.

co-octene) blend. The composites containing such chain-shaped short fibers dis-
played both higher strength and toughness than the materials prepared with straight
short fibers of the corresponding chemical nature.

Single fiber pull-out tests for different embedded depths were carried out, and they
showed a very relevant influence of the chain-shape geometry on the properties of the
composites. The pulling-out load versus displacement curves of the chain-shaped-
fiber-containing composites showed multiple peaks, which were not present in the
material containing normal straight short fibers (Figure 9.3).

The number of peaks in the curve corresponded to the number of enlarged
segments of the fiber, which were embedded in the matrix. When tension was
applied, these enlarged sections were anchored in the matrix, and they required a
plastic deformation of the matrix to be pulled out. The chain-shaped fibers therefore
allowed an effective load transfer from matrix to fiber, regardless of the weakness of
the interface between them.

9.3
Matrices and Applications

As can be seen in Table 9.1, the physical and mechanical properties of nylon are
remarkable but not exceptional, compared, for example, to inorganic, carbon, or
aramid fibers. Nylon is therefore most suited for the reinforcement of thermoplastic
polymers and of elastomers.

Recent literature reports showed the potential in property improvement of nylon
fibers especially in polymethylmethacrylate (PMMA) [18, 19], polyethylene tere-
phthalate (PET) [20], polycarbonate (PC) [21], and rubber [22-25].

Nylon fibers are particularly attractive for the rubber industry. Reinforcement can
be attained by thick and long fibers, such as tire cords [26-29], and also the use of
short fibers has been extensively investigated. Reinforcement of rubber with short
fibers combines the elasticity of rubber with the strength and stiffness of the fiber.

299



300

9 Nylon Fiber-Reinforced Polymer Composites

Figure 9.3 Pull-out load versus displacement curves: (a) straight fibers and (b) chain-shaped
fibers. Reprinted from Ref. [10] with permission from Elsevier, Copyright 2006.

The additional benefit is that the fibers are incorporated into the compound as one of
the ingredients of the recipe, and hence, they are amenable to the standard rubber-
processing steps of extrusion, calendering, and various types of molding. Short fibers
are also used to improve or modify certain thermodynamic properties of the matrix
for specific applications or to reduce the cost of fabricated articles. The properties and
performance of short fiber-reinforced rubber composites depend on several factors
such as nature and concentration of the fiber, its aspect ratio, orientation, and the
degree of adhesion of the fiber to the rubber matrix.

Among the many possible examples of investigations on the effect of short fibers
on a rubber matrix, the work of Rajesh et al. can be cited [23]. These authors prepared
acrylonitrile butadiene rubber (NBR)-based composites by incorporating short nylon
fibers of different lengths (2, 6, or 10 mm) and concentration into the matrix using a
two-roll mixing mill according to a base formulation. They studied the curing
characteristics of the samples, and observed the influence of fiber length, loading,
and rubber cross-linking systems on the properties of the composites. Addition
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of nylon fibers to NBR offered good reinforcement, causing improvement in
mechanical properties. A fiber length of 6 mm was found to be optimal for the best
balance of properties. At this critical fiber length, the load transmittance from
the matrix to the fiber was maximum. If the critical fiber length was greater than
the length of the fiber, the stressed fiber would debond from the matrix and the
composite would fail at low load. If the critical fiber length was less than the length of
the fiber, the stressed composites would lead to breaking of the fiber. Moreover, the
elongation at break reduced with increase in fiber length because long fibers decrease
the possibility and probability for rearrangement and deformation of the matrix
under an applied load.

Since the presence of fibers causes an increase in viscosity and torque of the
mixture, their quantity must be accurately chosen because, if excessive, it can lead to
brittleness. The authors observed that, with an increase in fiber loading, the stiffness
and brittleness of the composite increased gradually, with an associated decrease in
elongation at break.

Interestingly, the presence of fibers in a rubber matrix not only modifies the
mechanical properties but it also influences the response of the material to curing
[23, 25]. The design of a process involving fiber-reinforced rubber should thus focus
also on the optimization of the curing step.

In their study on short nylon fiber-reinforced NBR composites, Seema and Kutty
explored the use of an epoxy-based bonding agent intended to improve the interfacial
adhesion between fiber and matrix [25]. As said before, the fiber—matrix interfacial
bond has a decisive effect on the mechanical properties of composites, so many
attempts have been reported in the literature to improve it, mainly by addition of
compatibilizing agents, either of polymeric, oligomeric, or of low-molecular-weight
nature. The introduction of Seema and Kutty’s work [25] contains several examples of
such investigations, to which the reader is referred.

Other matrices that lend themselves to the use of nylon fibers as reinforcement are
denture resins [30-33]. Conventionally, dental resins are reinforced with large
quantities of inorganic fillers, as high as 75%, mostly consisting of ceramic (such
as silica/glass) particles. Compared to dental amalgams, though, the strength and
durability of resins is quite low (the strength of the dental composites reinforced by
inorganic fillers is usually in the range from 80 to 120 MPa, and the average lifetime is
5 years or less, whereas dental amalgams have strength over 400 MPa and have a
lifetime of more than 15 years [33]). Ironically, the inorganic fillers that are added for
the purpose of strengthening the dental composites are actually responsible, at least
in part, for their failures. Since the inorganic filler particles are much harder than the
dental resin matrices, the stresses are transmitted through the filler to the resin.
Sharp corners or edges of the filler particles may provoke stress concentration and
thus generate cracks in the resin. So, interest has been posed in the use of fibers as
reinforcement. The incorporation of various fibers, such as nylon, carbon, aramid,
ultrahigh molecular weight polyethylene and glass fibers, into dental resins has
provided substantial improvements on impact and flexural strength, and fatigue
resistance. Several studies verified that inclusion of nylon fibers can substantially
improve the mechanical properties, most notably the flexural properties and the work
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of fracture, while retaining good aesthetical characteristics, such as a brilliant white
color [30, 32].

In this field, the work of Fong and coworkers [31, 33] is particularly innovative,
since it makes use of electrospun nanofibers for the reinforcement. As said before,
the diameter of fibrous fillers can exceed the tens of micrometers, therefore
producing microcomposites, when dispersed in a polymeric matrix. The recent
trend in the research and development of composites is that of going toward the
preparation of nanocomposites. In such materials, the size of the dispersed filler is
decreased to the nanometer length scale, thereby attaining a large increase in
interfacial area, and thus largely changing the macroscopic properties of the material.
As a consequence, it is of interest to be able to decrease the diameter of fibrous
reinforcements, in order to further improve their effectiveness. One method of
obtaining fibers of small size is by using electrospinning. The apparatus used for
electrospinning basically consists of a high-voltage electric source, a syringe pump
connected to a capillary spinnerette, and a conductive collector that in most of the
cases is simply aluminum foil. The polymer, either in solution or in the melt, is
carried by a syringe pump to the tip of the capillary, where it forms a pendant drop.
The application of high-voltage potential (some tens of kilovolts) induces the
formation of ions into the polymer solution, which move in the electric field toward
the electrode of opposite polarity, thereby transferring tensile forces to the polymer
liquid. A further effect of the application of the electrical field is that at the tip of the
capillary, the pendant hemispherical polymer drop is deformed into a conelike
projection and, after a threshold potential has been reached, necessary to overcome
the surface tension of the liquid, a jet is ejected from the cone tip [34]. Exploitation of
electrostatic forces for spinning fibers is not a new approach, since it has been known
for more than 100 years. The recent interest in nanotechnology has brought to a
rediscovery of the electrospinning technique, due to its capability of yielding fibers in
the submicron range [34, 35] (Figure 9.4).

Mainly because of this reason, electrospun nanofibers attracted a huge interest in
the research community, as testified by the ever-increasing scientific literature on the
subject. Most of these reports are focused on the use of nanofibers in fields such as
nanocatalysis, tissue scaffolds, protective clothing, filtration, and optical electronics.
Surprisingly, very few reports exist on the use of electrospun nanofibers in the
preparation of composites. Electrospinning is, though, a very attractive and versatile
method for fabricating fillers for composite materials. The strength of this approach
is that the filler properties can be tailored acting on its physical appearance (diameter,
pore density of the mat, etc.) and chemical nature (type of polymer chosen for
spinning). Recently, a fabrication approach was presented that allows to prepare
composites based on polycaprolactone (PCL) filled with nylon 6 nanofibers by
compression molding [36]. At very low filler contents (3%), the obtained composites
exhibited remarkably improved stiffness with a simultaneous increase in ductility,
differently from what is usually found in PCL nanocomposites with a variety of fillers,
in which increases in modulus happen at the expense of elongation at break.

Itis especially notable that a marked effect of the diameter of the fiber on the extent
of interfacial adhesion was observed. Figure 9.5a, shows that the fibers with a larger
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Figure 9.4 FESEM micrographs of (a) the cross-section of a nylon 6 electrospun fiber mat and
(b) of a detail of the electrospun fibers Reprinted from Ref. [36] with permission from Elsevier,
Copyright 2010.

diameter displayed a much poorer interfacial adhesion. The fibers oriented perpen-
dicularly to the fracture surface did not undergo pulling out, whereas those oriented
tangentially to the fracture surface were pulled out and hanged loose, especially when
bundles were formed. Along with these large fibers, a number of very fine filaments
were present. These appear firmly embedded in the matrix (Figure 9.5b and c), the
exposed ends of the fibers protrude directly from within the matrix, without the
presence of craters at their base due to debonding. The real advantage of using
electrospinning is therefore the possibility to produce fibers with a very fine diameter,
which are able to very efficiently interact with the matrix in which they are dispersed.

Electrospinning could also help to solve some other practical problems related to
composite preparation. Enhancing the toughness of brittle composite laminates by
introducing a thin thermoplastic layer is an attractive approach to mitigate the
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Figure 9.5 SEM micrographs at different magnification of the cryogenic fracture surface of a
sample of PCL containing nylon 6 electrospun fibers Reprinted from Ref. [36] with permission from
Elsevier, Copyright 2010.
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delamination problem. Primary drawbacks of interleaved composites are increased
laminate thickness (about 20%), decreased in-plane stiffness and strength (15-20%),
and potential lowering of glass transition temperature [37].

Akangah et al. [37] prepared composite laminates of plain and interleaved epoxy
resin, interleaved by electrospun nylon 6,6 nanofabric. Polymer nanofabric inter-
leaving increased the threshold impact force by about 60%, reduced the rate of impact
damage growth rate to one-half with impact height and reduced impact damage
growth rate from 0.115 to 0.105mm?/N with impact force. More interestingly,
polymer nanofabric interleaving marginally increased the laminate thickness, by
about 2.0%.

Although not a polymeric matrix, it is worth noting that quite a vast amount of
research has been carried out on the use of nylon fibers for the reinforcement of
asphalt or concrete [38—42]. The use of fibers to reinforce architectural materials can
be traced back to a 4000-year-old arch in China constructed with a clay earth mixed
with fibers or the Great Wall built 2000 years ago [38]. Fibers known as monofila-
ments and fibrillated (from 13 to 38 mm long) are typically added into the concrete
from 0.6 to 0.9kg/m> [41], although higher quantities can be used for special
applications. Fiber characteristics as content or length must be accurately chosen
as a function of the intended application. For example, nylon monofilaments 19 mm
long are more effective for the shrinkage crack reduction in lean mortars and
concrete than in rich-cement mortar [41].

Macrofibers are distinguished by their typical long length (with 38 mm considered
a minimum) and wide fibril cross-sections. They are added at higher dosage rates to
the concrete, typically from 3 to 9kg/m? [41], to limit the damaging effects of a
seismic event or concussive energy. Moreover, the fibers are not affected by the
alkaline environment and they demonstrate their long-term durability in the con-
crete. Properties such as compressive strength and dynamic elasticity modulus are
mostly benefited by this procedure. Martinez-Barrera et al. reported the use of gamma
irradiation to modify the surface of the fibers and thus to improve the interfacial
adhesion between matrix and filler [39-41]. This approach is not limited to applica-
tions in the construction industry, but it is applicable to a number of other possible
applications, since gamma radiation is a versatile tool to calibrate and modify the
chemical structure and the morphology of the surface of the fiber, also by controlling
the recrystallization process of the polymer. The ionizing energy can moreover
promote cross-linking of the polymer, improving both the tensile stress and the
tensile strain of the fibers.

9.4
Manufacturing of Nylon-Reinforced Composites

Nylon lends itself to most of the common procedures for fiber-reinforced composites.
Regardless of the specific technology, the process of manufacture of such composites
requires a first step in which the matrix, while in a fluid state, is forced to surround the
fibers, and a subsequent step in which the matrix is solidified under controlled
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conditions, in order to maintain the dispersion of the fibers attained in the
preceding phase.

In the case of thermoset matrices, the easiest approach consists in percolating a
fluid prepolymer within a fiber mat or textile, followed by curing by application of heat
to confer to the composite the desired shape and structure. “Prepreg” sheets are very
commonly used as starting material. They are usually unidirectional tapes or fabrics
made of fibers bonded by a thin film of partially cured resin. When dealing with
thermoplastic matrices, the same concept is involved, except that the fluid form of the
matrix is attained by melting. Processing temperature and pressure are in these
instances crucial factors, since they must be high enough to afford a reasonable
viscosity to the liquid, without triggering degradative side-reactions.

The basic ideas enumerated above have evolved into more sophisticated techni-
ques where a dry fiber preform is placed into a closed mold after which the precursor
is infused by applying vacuum or pressure, typically less than 10 bar. Following
polymerization or cross-linking, the composite product is demolded. A further
technique, important for its technological implications, is pultrusion, in which
continuous filaments are impregnated drawing them through a matrix bath and
subsequently through a die. The die serves to orient the reinforcement, to impart a
shape to the laminate and to calibrate the quantity of matrix surrounding the fiber. In
the case of a thermoset matrix, the cure can be completed in the die, or it can be
carried out at a second time.

The choice of the most adequate processing method for composite preparation is
very important for achieving the desired performances. Pang and Fancey, for
example, recently reported a technique of sample preparation in which tension was
applied to the reinforcing fibers, that was released just before inclusion of the fibers
into the matrix [5]. During the solidification of the matrix, the compressive stresses
imparted by the viscoelastically strained fibers improve the physical and mechanical
properties. Preparing epoxy/nylon and polyester/nylon composites according to this
procedure, the flexural modulus was increased by 50% with respect to control
samples manufactured without prestressing the fibers [5]. This example shows the
intrinsic potential of processing for obtaining, all the formulation conditions being
equal, significant improvements in the final properties of the composite.

As previously said, if on one hand thermoplastic composites are advantageous
over thermoset ones because of higher toughness, of faster manufacturing and of
their recyclable nature, on the other hand, traditional melt processing limits
thermoplastic composite parts in size and thickness. van Rijswijk and Bersee [43]
recently showed the benefits of an alternative approach: reactive processing of
textile fiber-reinforced thermoplastics. Somewhat in analogy with the thermoset
composites, a low viscosity mono- or oligomeric precursor is used to impregnate
the fibers, followed by in situ polymerization. Figure 9.6 shows a micrograph of a
PMMA sample reinforced by nylon fibers obtained by in situ polymerization
assisted by supercritical CO, [18]. This technique allows for the creation of
kinetically trapped blends of immiscible polymers that are homogeneous down
to the nanometer length scale so, as can be seen in Figure 9.6, the matrix completely
fills the space between the reinforcing fibers.
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Figure 9.6 Optical micrograph of a PMMA/nylon composite prepared by in situ polymerization in
supercritical CO, Reprinted from Ref. [18] with permission from John Wiley & Sons, Inc.

The fluidity of the matrix material in the impregnation step allows taking full
advantage of the most efficient manufacturing processes that make use of injection
molding or vacuum infusion of the mold. Polymerization can be initiated by heat or
UV radiation and might require the addition of a catalyst system, which can be added
to the precursor prior to impregnation. Due to their low molecular weight, precursors
have low melt viscosities and proper fiber impregnation is therefore achieved without
the need for high processing pressures [43]. Low-pressure infusion processes,
therefore, become more accessible to thermoplastic matrices as well, allowing to
obtain larger, thicker, and more integrated products than those currently achievable
with melt processing. The flexibility of in situ polymerization allows moreover to
create chemical bonds between the matrix and the filler, and to include further
reinforcement concurrently with the fiber, such as, for example, nanoparticles.

When dealing with semicrystalline polymers, caution must be posed in choosing
the processing temperature, in order to balance the rates of polymerization (favored
by increasing temperature) and crystallization (slowed down at high temperature).
When the temperature is too low, crystallization will be too fast and reactive chain
ends and monomers can get trapped inside crystals before they can polymerize. On
the other hand, when the temperature is too high, the final degree of crystallinity is
reduced, which reduces the strength, stiffness, and chemical resistance of the
polymer [44].

Caskey et al. showed the positive influence of supercritical CO, in composite
synthesis, because it leads to complex morphologies, exhibiting long-range order,
and orientation on multiple length scales from the nanometer to the centimeter
scale [45]. Itis beyond the scope of this chapter to review in detail such structural and
morphological studies, but the reader will find a complete report of such aspects in
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Caskey’s papers [18, 45]. Suffice here to say that this morphology leads to improved
flexural modulus and increased ultimate strength with only a small decrease in
tensile modulus. These composites also exhibited significant improvements in stress
distribution and load transfer without the use of fiber/matrix compatibilizers. The
only drawback associated to the use of supercritical CO is a drop in glass transition
temperature and a reduction in the stiffness of the materials, in case some residual
CO, remained trapped in the material. It is thus paramount that all CO, be removed
from the samples after processing so as to regain the original unplasticized material
properties.

Although it is clear, by the examples cited, that reactive processing is attractive and
very promising, it has not found significant industrial applications yet, differently
from the case of thermoset composites, in which reactive processing forms the
mainstay of the composite industry worldwide.

Another alternative approach for the preparation of nylon fiber-reinforced com-
posites was described by Hine and Ward [46], who reported a patented procedure,
developed at the University of Leeds. In this process, an assembly of oriented
elements, often in the form of a woven cloth, is held under pressure and taken to
acritical temperature so thata small fraction of the surface of each oriented element is
melted, which on cooling recrystallizes to form the matrix of a single-polymer
composite. Same polymer composites, with a high volume fraction of reinforcement
fibers can be thus prepared by this approach. The successful application of such hot
compaction method to nylon 6,6 was described in Ref. [46]: the composites prepared
in this way showed remarkable improvements in tensile properties.

Aprocedure that combines surface functionalization of the fibers, electrospinning,
and hot compaction was proposed by Chen et al. [47]. They prepared core—shell
composite nanofibers with nylon 6 as core and PMMA as shell by a coaxial
electrospinning method. The fibers were afterwards transformed into a nanofi-
ber-reinforced transparent composite through a hot press treatment at a temperature
capable of melting the PMMA outer layer, which composed the matrix of the final
material, but not high enough to melt the nylon 6 cores. The morphology was
demonstrated by taking SEM pictures of the samples fractured in liquid nitrogen
(Figure 9.7).

The fibers, firmly embedded in the PMMA matrix, can be clearly seen. Some
nanofibers had diameters of about 1000 nm, though most had diameters within
200-500 nm. The embedded nanofibers absorbed energy when the composite was
exposed to external forces, however, larger diameter fibers in the composite increased
light scattering, resulting in a 10% loss of transmittance with respect to the neat
PMMA matrix. The transparency of the composite would have been maintained if the
fiber sizes were controlled to be significantly smaller than the wavelengths of visible
light, which is feasible by a careful control of electrospinning conditions. The
potential for preparing transparent nanocomposites based on PMMA by electro-
spinning is particularly attractive, since the other methods for reinforcing this
polymer, such as the preparation of polymer alloys, the addition of nanoparticles,
or of rubber-particles, or the traditional fiber reinforcement usually yield less
transparent materials due to refractive index mismatches.
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Figure 9.7 Fracture morphology of nylon 6 6 composite, and (f) PMMA/2.5% nylon 6
fiber-reinforced PMMA composites: (a) pure composite (tensile fracture surface) Reprinted
PMMA, (b) PMMA/0.5% nylon 6 composite, (c)  from Ref. [47] with permission from John Wiley
PMMA/1.5% nylon 6 composite, (d) PMMA/ & Sons, Inc.

2.5% nylon 6 composite, (€) PMMA/3.5% nylon

A very intriguing alternative way to produce fibrous reinforcements within a
polymer matrix is by an in situ fibrillation technique [20, 21, 48-50]. The following
three basic steps are required in order to obtain microfibrils within a polymer
mixture [49]: (i) melt blending with extrusion of two immiscible polymers having
different melting temperatures (mixing step); (ii) cold drawing of the extrudate with
good orientation of the two components (fibrillation step); (iii) thermal treatment ata
temperature between the melting points of the two blend partners (isotropization
step) taking place during processing of the drawn blend via injection or compression
molding.

The occurrence of fibrillation depends on parameters, such as interfacial tension,
processing parameters, and the dispersed phase content [51, 52]. Although excep-
tions to the rule exist [52], it is usually accepted that fibers may be produced when the
matrix is more viscous than the dispersed phase. Moreover, a factor that improves the
stability of these morphologies in the molten state is the low interfacial tension
between the components of the system.

Goitisolo et al. [20, 21, 50] recently reported the preparation of nylon nanofibrils
within PET or PC matrices. In the case of PET, for example, they mixed a PET matrix
with up to 40% nylon 6, reinforced with up to 7% of a fully dispersed organoclay.

309



310

9 Nylon Fiber-Reinforced Polymer Composites

Figure 9.8 SEM micrograph of nylon fibrils obtained in situ in a PET matrix Reprinted from
Ref. [20] with permission from Elsevier, Copyright 2010.

Figure 9.8 shows a micrograph of the so obtained nylon fibrils dispersed in the
PET matrix.

Moreover, the authors were able to exploit the ability of nylon to exfoliate clay, and
thus not only reinforce the material by the in situ formation of nanofibrils but also by
preparing at the same time clay-based nanocomposites. The increase obtained in the
elasticity modulus (modulus increases by 38% with respect to the PET matrix, with
only 1.96% MMT in the whole nanocomposite) was higher than any previously
observed PET-based composites containing nanoclay, due to the synergistic effect of
the nanofibrils and of the very good dispersion of the nanoclay.

Very good results, also in this case due to the additive effect of nylon fibrils and of
exfoliated nanoclay, were obtained in the case of the PC matrix, where very long
fibrils, up to some millimeters long were observed [21]. It is noteworthy that in these
samples the increases in modulus and yield stress were coupled to a retained ductility,
since the elongation at break of the composites was similar to that of the neat PC
matrix. This is unusually found in nanocomposites where, on the contrary, itis quite
easy to increase the stiffness, but at the expense of ductility and toughness.

An approach like the one just described is useful when, in order to obtain the
desired properties of the composite, too high fiber loadings are required. Very large
fiber contents bring about brittleness and difficulties in processing and molding.
Therefore, in these occasions, it is very attractive to substitute some of the fibrous
filler with a lower loading of nanofiller. John et al. showed that, by adding just 1%
nanosilica to a polypropylene/nylon-fiber composite, modulus and strength, both
tensile and flexural, were significantly enhanced, obtaining a performance compa-
rable to that of fiber-filled composites containing much higher fiber loadings [32].

In addition, Fakirov et al. [49] demonstrated, although for the case of PET
microfibrils dispersed in a nylon matrix, that the reinforcing nanofibrils can be
isolated as a separate material by means of a solvent extraction and used for a variety
of purposes, such as, for example, gas and liquid nanofilters as nonwoven textiles,
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biomedical applications, as scaffold materials, or as carriers for controlled
drug delivery.

9.5
Conclusions

Although with an inferior mechanical performance with respect to glass, carbon or
aramid fibers, nylon fibers, due to their attractive cost and easy manufacture, pose
themselves as a very convenient reinforcement for polymeric matrices. In this
chapter, focus was posed on the most recent advances and trends in the quest for
more performing fibers. Experimental approaches have been shown in fiber pro-
duction, functionalization, and modification, and in composite manufacturing.
Many of the examples shown have not lead to immediate commercialization, but
the ideas proposed may spur further research and development, so that in the future,
the field of application of nylon fibers can be enlarged and innovative materials can be
brought into the market.
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10
Polyolefin Fiber- and Tape-Reinforced Polymeric Composites

Jozsef Karger-Kocsis and Tamas Barany

10.1
Introduction

Fibers, tapes, and their various textile assemblies (e.g., woven, knitted, braided
fabrics) may act as efficient reinforcements in different thermoplastic, thermoset,
and rubber matrices. This is due to their excellent mechanical characteristics,
namely, high modulus (stiffness) and strength. The latter properties are achieved
by various drawing procedures whereby strong uniaxial (in case of fibers and tapes) or
biaxial (in films and sheets) orientations of macromolecules take place. In case of
semicrystalline polymers, drawing is also associated with the formation of oriented
supermolecular structural units (crystallites and crystalline lamellae). The “drawn”
products are highly anisotropic, that is, their properties differ markedly from one
another when measured in the orientation (machine) direction and transverse to it.
Though the orientation of amorphous thermoplastics is accompanied with an
upgrade in stiffness and strength, this is marginal compared to semicrystalline
ones. It is noteworthy that semicrystalline polymers can be considered as composite
materials themselves. Based on this analogy, the high-modulus and high-strength
crystal units (reinforcing phase) are embedded in an amorphous matrix. The
adhesion between the phases, which is a guarantee for the required stress transfer
from the matrix toward the reinforcement, is given by chain entanglements, tie
molecules, and absorption phenomena.

Although polymeric composites with reinforcing polyolefin films and sheets can
also be produced (this is often the case with multilayer blown films that represent
“composite laminates”), they are beyond the scope of this chapter. Besides polyeth-
ylene (PE) and polypropylene (PP), no further members of the polyolefin family will
however be considered.

10.2
Polyolefin Fibers and Tapes

Polyolefins are flexible high molecular weight polymers that can be converted into
fibers and tapes of excellent mechanical properties through drawing from the melt,
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solid phase (using suitable preforms), and solution. The essential feature of these
techniques is the transformation of coiled, entangled, amorphous or isotropic
semicrystalline structure into a highly oriented and highly crystalline one. Note that
the orientations of both the amorphous and crystalline phases are involved in this
transformation.

In contrast to the modulus (theoretical value calculated for PE lies between 250
and 350 GPa), the tensile strength of the related products is far from the intrinsic
strength of the C—C bond that is estimated to be at about 25 GPa [1]. Other sources
suggest the range between 19 and 36 GPa for PE ([2] and references therein). Apart
from this, the measured strength is at about 1/10 to 1/5 of the theoretical value [2, 3].
The theoretical modulus of linear PE may be at about 300 GPa (just for the sake of
comparison, the value of steel is 200 GPa) [2]. This is attainable up to about 70% by
suitable methods.

Different models were proposed to explain the relationships between the micro-
structure and mechanical performance of oriented polyolefins. Two of them are
mostly favored (schematically depicted in Figure 10.1): (i) composite (crystalline
fibril) model and (ii) intercrystalline bridge model ([4, 5] and references therein). The
composite model is credited to Arridge, Barham and Keller, whereas the intercrys-
talline bridging concept can be traced to the activity of Gibson, Davis, Ward, and
Peterlin [4, 5]. According to the composite model (Figure 10.1a), needlelike crystals
act as reinforcements in the surrounding amorphous matrix. It is postulated that the
mechanical improvement upon increasing draw ratio (DR) is due to an increase in
the aspect ratio of the needlelike crystals. The intercrystalline bridging hypothesis
(Figure 10.1b) assumes that the reinforcing action is given by taut tie molecules that
bridge the adjacent crystal units. Interested reader may find further information on
this topic in Refs [4-8].

Figure 10.1  Structural schemes for ultrahigh modulus PE based on the “composite” (a) and
“intercrystalline bridge” models (b), respectively.
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Table 10.1 Basic properties of selected reinforcing fibers and tapes.

Material Tensile Tensile Elongation  Density Heat
modulus strength at break (%) (g/cm?®) resistance
(9

(cN/dtex) (GPa) (cN/dtex) (GPa)

Steel 290 200 3.5 2.8 1.0 780 —

Aramid (para) <850 <110 <19.0 <2.8 24 1.45 <550
High-strength PE fiber <1300 <120 <35.0 <35 <3.5 097 <140
High-strength PP tape <170 <14  <6.0 0.5 6.0-15.0 <0.8 <170

Basic characteristics of polyolefin fibers and tapes are summarized in Table 10.1.
For the sake of comparison, this table lists similar characteristics of some other
reinforcing materials that are traditionally used to fabricate polymer composites.

10.2.1
Production

To produce (ultra) high-strength polyolefin fibers and tapes, two methods are mostly
used: hot drawing (stretching and orientation drawing) and gel spinning (drawing).

10.2.1.1 Hot Drawing
For the drawing, a suitable preform (strand, strip) is used, which can be produced also
on line (which is usually the case). A conventional drawing, whereby the polymer
preform is extended between two sets of rollers rotating at different speeds, does not
permit a DR substantially higher than 10 [4]. The DR range can, however, be
expanded by using two- or multistage draw processes. During this process, the
drawn polymer is further “thinned” in one or more steps. Between the steps, the
drawing temperature is enhanced. Alternative solution is to make the drawing along a
suitable temperature gradient. In multistage drawing, DR =~ 40 can be easily
reached [4]. With increasing DR, the modulus of the product also increases
monotonously. On the other hand, this tendency does not hold for the strength,
which either levels off at a given value (saturation) or goes through a maximum as a
function of DR. Major reason for this behavior is that above a threshold DR,
cavitations usually start. This can be recognized by bare eyes due to the concomitant
stress whitening phenomenon (the microvoids generated scatter the light causing
the “silverlike” appearance). This phenomenon is the reason why the density of PP
tape is below that of the bulk PP in Table 10.1. Cavitations can be circumvented when
the orientation thinning of the preform is done by rolling under side constraint.
Under this condition, the prevailing compression stress hampers the onset of
cavitations [9].

Drawing takes place usually between the glass transition (T) and the melting
temperature (T,,) of the given semicrystalline polymer. During orientation, the folded
chain crystal lamellae rotate, break up, defold, and finally form aligned chain crystals.
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Fibers with very high DR can be produced in one or more drawing steps. In the
latter case, the isothermal drawing temperature increases in the consecutive drawing
steps. Elyashevich et al. [10, 11] manufactured in one-step orientation PE fibers
having an E modulus and tensile strength of 35 and 1.2 GPa, respectively. Baranov
and Prut [12] produced ultrahigh-modulus PP tapes by a two-step isothermal drawing
process. The isothermal drawing of the parent film was done in a tensile testing
machine equipped with a thermostatic chamber. The first drawing occurred at
163-164 °C, while the second one was at 165 °C. The tensile E modulus and strength
of the tapes were 30-35 and 1.1 GPa, respectively.

Alcock et al. [13] produced highly oriented PP tapes by extrusion and drawing steps.
The tensile deformation was achieved by pulling a tape from one set of rollers at 60 °C
through a hot air oven to a second set of rollers working at the range of 160-190°C.
The results showed that the density was approximately constant with an increasing
draw ratio up to DR & 9, above which it sharply dropped. The decrease in density was
associated with a change in opacity of the tape due to the onset of microvoiding within
the tape. Karger-Kocsis et al. [14] noticed that microvoiding in stretched PP tapes takes
place even at DR ~ 8. This phenomenon, also termed “overdrawing,” was studied in
depth by Schimanski et al. [15]. The PP tapes, produced by Alcock et al. [13], exhibited
tensile modulus and strength of ~15GPa and ~450 MPa (see the related data in
Table 10.1), respectively, at a DR = 17. It is worth noting that tensile strength of PP
tapes and strips, widely used for packaging purposes, are in the range of
220-350 MPa [16].

10.2.1.2 Gel Drawing

Via gel drawing (spinning), films and fibers can be produced from dilute polymer
solutions. The principles of this solution technique were developed by Pennings and
his colleagues Smith, Lemstra, and Kalb [3]. Their work represents the foundation of
the production of ultrahigh molecular weight PE (UHMWPE) fibers under the trade
name Dyneema® at DSM. A solution spinning process for UHMWPE was developed
at Allied Signal by Kavesh and Prevorsek [3]. The gel drawing requires, however, a
polymer with a high mean molecular weight (M,, > 10° Da) and suitable molecular
weight distribution characteristics. If the molecules are less entangled in the gel, this
guarantees drawing to high degrees [17-19]. Oriented synthetic fibers of UHMWPE,
namely, Dyneema (www.dsm.com) and Spectra (www51.honeywell.com), produced
by gel spinning may show tensile strengths as high as 3.5 GPa (cf. Table 10.1). The
cross section of the related PE fibers is different.

10.2.2
Properties and Applications

Asalready mentioned, the basic mechanical properties of fibers and tapes are listed in
Table 10.1. PP tapes, as already noted, are mostly used for packing whereby their easy
weldability is of great practical importance.

UHMWPE fibers are mostly used to produce ballistic vest covers, safety helmets,
cut-resistant gloves, bow strings, climbing ropes, fishing lines, spear lines for spear
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guns, high-performance sails, suspension lines in parachutes, and so on. The favorite
ballistic application of UHMWRPE fibers is linked with the fact that they become
stiffer, stronger, and surprisingly even tougher with increasing deformation rate [3].
This behavior is similar to spider silk [20] that is exploited in protecting armors with
suitable textile architectures of the fibers. The related products are either noncon-
solidated or consolidated. The term “consolidated” refers to a polymer composite in
which the reinforcements are embedded in a given matrix (usually PE or thermo-
plastic rubber). Considerable efforts are devoted to estimate and model the energy
absorption of the fibers and their related composites ([21-25] and references therein).
It was proven that unidirectional (UD) fiber layers when stacked in a cross-ply (CP)
manner are far more resistant to high-speed transverse (out-of-plane) loading than
the woven structures at the same layer number [26].

Recall that polyolefins are viscoelastic materials. This behavior is manifesting in
both high (e.g., partial melting of the fibers under ballistic impact) and low frequency
tests (e.g., creep performance) [27].

If a good adhesion between a polyolefin and another material is required, it is
necessary to carry out some pretreatment of the polyolefin. Adhesion problems with
polyolefins appear in many cases, like adhesive bonding, printing, metallizing, and
heat sealing. The use of polyolefins as reinforcements in other polymers is a highly
problematic issue. Brewis and Briggs [28] in their early paper pinpointed that the
increase of the surface tension (for neat PE and PP between 30 and 33 mN/m),
yielding substantially better wetting, is the key parameter of improved adhesion. The
enhancement of the surface energy, resulting from the introduction of polar groups,
can be achieved by different techniques (UV radiation, chemical etching, flame and
corona treatments, fluorination, etc.). Accordingly, considerable research and devel-
opment works were devoted to improve the interfacial adhesion between polyolefins
(especially UHMWPE fibers) and different polymers covering thermoplastics,
thermosets, and rubbers. The necessity of adhesion improvement was also urged
by another aspect, namely, the unfavorable thermal expansion coefficient data of
high-strength PE [29]. The axial coefficient of thermal expansion (CTE) of UHMWPE
fibers (of about —5 x 10 ®K ") is similar to those of carbon fibers (CFs) (CF ~
—1x 107K ") and aramid fibers (AF ~ —5 x 10~ °K™'), all of them having negative
values. This is due to their strongly oriented crystalline structure prone to shrinkage
upon heating. Note that the CTE of usual epoxy resins (EP) is atabout 7 x 10> K.
As a consequence, cooling from high curing temperature to ambient one is
associated with compressive stresses acting axially on the fiber. As the ultimate
compressive strain of UHMWPE fibers is low (x0.2% — similar to aramid), they
suffer compressive failure via formation of kink bands. Recall that this is caused by
the mismatch of the thermal expansion coefficients of the fiber and EP matrix. The
problem is even more grave in respect to the interfacial adhesion because the radial
CTE of UHMWPE fiber is about two times higher (being at about 1.3 x 107> K™ )
than that of the EP. This will induce a high normal tensile stress rather than a
beneficial compressive one at the interface on cooling from high curing tempera-
ture [29]. The normal tensile stress at the interface is detrimental to composites as
their failure starts by fiber/matrix debonding in area where fibers are oriented
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transverse to the loading direction [30]. Therefore, it is imperative to enhance the
adhesion of polyolefin fibers toward high-temperature curing thermosets. This is still
a straightforward strategy when low-temperature curable resins are selected as
matrices.

Accordingly, the large body of R&D activities addressed the surface modification of
UHMWPE fibers. Chemical etching (chromic acid, potassium permanganate, and
hydrogen peroxide etchants) was especially useful to detect the fibrillar structure
hierarchy in the respective fibers. The etchant removed the outer “skin” layer
consisting of process-related compounds but did not affect the UHMWPE itself
[6, 31]. The modulus of the fiber remained unaffected, whereas the tensile strength
and strain were reduced with duration of the etching. The observed changes also
depend on the etchant type [31]. Bromination [32] and fluorination [33] were also
adapted to modify the surface of UHMWPE fibers, even when the production of self-
reinforced composites was targeted.

PE fibers have been surface modified in a two-stage wet grafting process in which
acrylamide and acrylic acid were grafted onto the surface by redox initiation
technique. Based on single-fiber pull-out test (cf. Figure 10.2), the grafted PE has
shown markedly better adhesion to EP than the untreated PE fiber [34].

Interestingly, the majority of the surface modification works with polyolefins
concentrated on plasma treatments. Biro et al. [35, 36] reported that the interfacial
shear strength between UHMWPE and EP, quantified in microdebond tests (cf.
Figure 10.2), could be doubled when the PE fiber is plasma treated in air. X-ray
photoelectron spectra (XPS) revealed the presence of oxygen-containing groups on
the fiber surface [35, 36]. Treatment in argon plasma caused micropittings at the fiber
surface. This yielded some improvement in the adhesion via mechanical interlock-
ing. The interfacial shear strength, measured by the short-beam shear test on UD
fiber-reinforced vinyl ester composites, could be improved by ~30%. The authors
concluded that both the mechanical interlocking and the chemical modification of

Figure 10.2 Schemes of the testing methods to determine the interfacial shear and transverse
tensile debonding stresses in single-fiber composites.
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the fiber surface should be targeted to improve the interfacial adhesion between high-
strength PE fibers and thermosetting resins [37]. Intrater et al. [38] visualized the
oxygen plasma-induced surface restructuring in PE fibers by means of atomic force
microscopy (AFM). The observed restructuring was traced to preferential etching of
the amorphous phase.

Plasma treatments (plasma activation, plasma-induced polymerization, and plas-
ma-enhanced deposition) were also adapted for PP fibers. It has been concluded that
the hydrophilicity of the PP fiber can be adjusted by using proper plasma treatments
(method and conditions) [39].

10.3
Polyolefin-Reinforced Thermoplastics

The application of polyolefin fibers and tapes in thermoplastic polymer composites is
rather limited by their temperature sensitivity (cf. Table 10.1) than by the problems
with the interfacial adhesion between the composite’s constituents.

10.3.1
Self-Reinforced Version

At present, research activities concentrate on the development of self-reinforced
polymer composites (SRPCs). In these “all the same polymer composites,” both the
reinforcing and matrix phases are given by the same polymer. This material concept
was introduced by Capiati and Porter in 1975 [40]. These composites are also referred
to as single-phase or homocomposites. These materials may compete with traditional
composites in various application fields based on their low density and easy recycling.
Recall that the density of polymers, and especially those of PE and PP (cf. Table 10.1),
is well below those of traditional reinforcements.

A commercial breakthrough with self-reinforced thermoplastic polymer compo-
sites occurred recently. Preforms for self-reinforced PE composites (e.g., FragLight®
nonwoven) and PP composites (all-PP composites; e.g., Curv®) are now available on
the market.

10.3.1.1 Hot Compaction

Ward et al. [41, 42] developed a new method to produce SRPCs that they called “hot
compaction.” The related research started with highly oriented PE fibers and tapes.
When these preforms were put under pressure and the temperature was increased,
their surface and core showed different melting behaviors. This finding was exploited
to melt the outer layer of the fibers and tapes, which after solidification (crystalli-
zation) became the matrix. The residual part of the fibers and tapes (i.e., their core
section) acted as the reinforcement in the resulting all-PE [43, 44] and all-PP
composites [45]. Itis intuitive that the processing window during the hot compaction
of single-component polymeric systems is very narrow. It was also reported that in
order to set optimum mechanical properties, a given amount of fiber should meltand
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work later as the matrix. This was given by about 10% of the cross section (i.e., outer
shell) of the fiber. The stress transfer between the residual fiber (reinforcement) and
the newly formed matrix is guaranteed by a transcrystalline layer formed. The effect
of transcrystallinity is controversially discussed from the point of view of the stress
transfer from the matrix on the fiber. Though the development of the transcrystalline
layer is necessary in all-polyolefin composites, its internal buildup may be of great
relevance, as outlined by Karger-Kocsis [46]. Ratner et al. [47] found that the cross-
linked interphase between the fiber and the matrix is more beneficial than the usual
transcrystalline one, especially when long-term properties like fatigue are
considered.

UHMWPE loses its stiffness and strength and becomes prone toward creep with
increasing temperature. To overcome this problem, the UHMWPE fibers were
exposed to y-irradiation to trigger their cross-linking [48].

Due to the low-temperature resistance of PE, the hot compaction research shifted
to PP. Jordan and coworkers [49-51] studied the effects of hot compaction on the
performance of PE and PP tapes and fabrics. The latter differed in their mean
molecular weights, which influenced the consolidation quality assessed by tear tests.
Hine et al. [52] devoted a study to determine whether the insertion of film layers
between the fabrics to be compacted results in improved consolidation quality, as well
as whether this “interleaving concept” can widen the temperature window of the
processing. This concept yielded the expected results: the consolidation quality was
improved (well reflected in the mechanical property profile), the interlayer tear
strength enhanced, and the processing temperature interval enlarged. This approach
was also followed for PP fibers. Hine et al. [53] incorporated carbon nanofibers (CNF;
up to 20wt%) to improve the reinforcing activity of the PP preform after hot
compaction. Introduction of CNF at 5 vol% increased the Young’s modulus at room
temperature by 60% and reduced the CTE by 35%. Attempts were also made to
improve the bonding between CNF and PP via oxygen plasma treatment and also by
using a maleic anhydride-grafted PP as compatibilizer.

One major goal of the hot compaction technology was to offer lightweight and
easily recyclable thermoplastic composites for transportation. As further application
fields, sporting goods, safety helmets, covers, and shells (also for luggage) were
identified. Hot compacted PP sheets from woven PP fabrics are marketed under the
trade name of Curv (www.curvonline.com).

10.3.1.2 Film Stacking

During film stacking, the reinforcing layers are sandwiched in-between the matrix-
giving film layers before the whole “package” is subjected to hot pressing. Under heat
and pressure, the matrix-giving material, which has a lower melting temperature
than the reinforcement, becomes molten and infiltrates the reinforcing structure
resulting in a “consolidated” composite. The necessary difference in the melting
temperatures between the matrix and the reinforcement can be set by using different
polymer grades (e.g., copolymers for the matrix and homopolymers for the rein-
forcement) or polymorphs (e.g., lower melting modification for the matrix and higher
melting one for the reinforcement). It is of great importance to have a large enough
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difference between the melting temperatures of the composite constituents. In this
way, the temperature-induced degradation in the stiffness and strength of the
reinforcement can be kept on an acceptable level.

Bérdny et al. [54-57] produced different all-PP composites. For reinforcement,
highly oriented fibers in different textile architectures (carded mat, carded and
needle-punched mat, and in-laid fibers in knitted fabrics) were used, whereas for
matrices either PP fibers of lower orientation (the same textile assemblies as
indicated above) or beta-nucleated PP films were selected. The matrix-giving phase
in them was either a discontinuous fiber or a knitted fabric. Their consolidation
occurred by hot pressing as in case of film stacking. It is noteworthy that the melting
temperature of the beta-modification of isotactic PP is >20 °C lower than the usual
alpha-form [58]. The beta-modification can be achieved by incorporating a selective
beta-nucleating agent in the PP through melt compounding. The concept of this
alpha(reinforcement)/beta(matrix) combination should be credited to Karger-
Kocsis [59].

Barany et al. [54, 57] also used PP fabric (woven-type from split yarns) as the
reinforcement and beta-nucleated PP film as matrix-giving material. With increasing
processing (pressing) temperature, the consolidation quality of the corresponding
composites was improved. Parallel to this, the density, the tensile, and the flexural
stiffness and strength increased, whereas the penetration impact resistance
diminished.

Abraham et al. [60] produced all-PP composites with tape reinforcement by
exploiting the difference in the melting behavior of alpha- and beta-polymorphs.
The alpha-PP tapes were arranged in unidirectional (UD) and cross-ply (CP)
manners by winding, putting beta-nucleated PP films in-between the related
reinforcing tape layers. Inspection by polarized light microscopy proved the
presence of transcrystalline layer between the PP reinforcement and PP matrix
(cf. Figure 10.3).

Figure 10.3 Formation of transcrystalline layer between the reinforcing and matrix phases in a
tape-reinforced all-PP model composite.
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10.3.1.3 Wet Impregnation Prior to Hot Consolidation

Cohen et al. [61] demonstrated that solution impregnation of UHMWPE fibers with a
dilute tetralin solution of UHMWPE at T=132 °C is helpful to achieve a good
bonding between the reinforcement and the matrix without additional surface
treatment of the former in hot compaction. This was traced to the appearance of
an interphase with peculiar crystalline morphology. Surface swelling itself may also
be a straightforward strategy to improve the adhesion between the same polymers
acting as reinforcement and matrix, respectively.

10.3.2
Polyolefin Fiber-Reinforced Composites

In this section, those thermoplastic composites are surveyed whose matrix and
reinforcement slightly (belonging to the same family of the corresponding polymer)
or substantially (fully different polymers) differ from one another. Reinforcement/
matrix combinations according to the former terminology cover, for example,
UHMWPE/LDPE, UHMWPE/LLDPE, UHMWPE/HDPE (where LDPE, LLDPE,
and HDPE designate low-density, linear low-density, and high-density PEs, respec-
tively), PP homopolymer /PP copolymer systems. Note that the melting of the matrix-
giving material is always below that of the reinforcement that is the guarantee of
consolidation via hot pressing. The processing techniques of the related preforms
and assemblies — except for the in situ polymerization of the matrix — are practically
identical with those of the self-reinforced versions (cf. Section 10.3.1).

10.3.2.1 Consolidation of Coextruded Tapes

Peijs [62] developed a coextrusion technique for which the melting temperature
difference between the composite constituents reached 20-30 °C. The invention was
to “coat” a PP homopolymer tape from both sides by a copolymer through a
continuous coextrusion process. Note that a copolymer always melts at lower
temperatures than the corresponding homopolymer, owing to its less regular
molecular structure. The coextruded tape was stretched additionally in two steps.
This resulted in high-modulus, high-strength tapes (cf. Table 10.1). The primary
tapes could be assembled in different ways, as in composite laminates (ply-by-ply
structures with different tape orientations), or integrated in various textile structures
(e.g., woven fabrics). The consolidation of these composite preforms occurred by hot
pressing. The advantage of this method is that the reinforcement (core) content of the
tape may be as high as 80%. This, along with the high draw ratio, yielded tapes of
excellent mechanical properties (tensile E modulus >6 GPa, tensile strength >200
MPa; see also data in Table 10.1). Properties of the tape and related composites
[63-68] as a function of the processing conditions have been reported in many
publications. Among the beneficial properties of these all-PP composites, the
resistance to perforation impact has to be additionally mentioned. Ballistic test
results confirmed that the performance of composite sheets from Pure® tape is
comparable to that of the state-of-the-art ballistic materials. Other groups were also
involved in the characterization of this material [69-71]. Moreover, consolidated
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sheets of coextruded tapes in different lay-ups and textile structuring were used for
the face covering of different sandwich structures with cores including honeycomb
structures and foams. Recall that the coextruded PP tapes are known under the trade
names of Pure and Armordon® (www.pure-composites.com; www.armordon.com).

10.3.2.2 Film Stacking

Shalom et al. [72] produced high-strength PE fiber- (Spectra®) reinforced HDPE
composites by winding the fiber in a unidirectional manner and sandwiching the
HDPE films in-between the wound fiber layers. The reinforcing fiber content in the
UD assembly was 80 wt%. Its consolidation occurred by hot pressing (T=137°C,
p=16.5MPa).

Abraham et al. [60] produced high-strength alpha PP homopolymer tapes by a
single-step hot stretching technique and used this as UD or CP reinforcement in
alpha- and beta-phase random PP copolymer matrices. The interphase between the
reinforcement and matrix was composed of a transcrystalline layer that was larger in
the beta-phase than in the alpha-phase random PP copolymer matrix.

Houshyar and Shanks [73] used a mat from PP homopolymer fibers as the
reinforcement and PP copolymer film as the matrix-giving material. The reinforce-
ment content in the corresponding composites was 50 wt%. The difference between
the melting temperatures of the PP homo- and copolymer used was about 16°C
according to DSC results. Consolidation through hot pressing occurred between 155
and 160°C. The surface of the homopolymer PP fiber acted as a heterogeneous
nucleator and initiated transcrystalline growth. Objectives of further studies of the
group of Shanks were to study effects of different textile architectures [74] and matrix
modification [75] on the mechanical properties of the related all-PP composites. The
mechanical results showed that the properties of the woven composites strongly
depend on the woven geometry [74]. Blending of the matrix-giving PP with ethylene—
propylene rubber was very straightforward to improve the energy absorption capa-
bility of the related composites [75]. It is noteworthy that the term “(hot) compaction”
is frequently used in the literature, though this is reserved for those techniques in
which a part of the reinforcing phase becomes molten and thus overtakes the role of
the matrix after cooling. This is not the case in film stacking, where the melting
temperature of the reinforcing fiber or tape is usually not surpassed.

Barany et al. confirms that the best mechanical performance of all-PP composites
by film stacking method can be achieved when the matrix is random copolymer
whereby its beta-nucleation is even more beneficial [54, 56, 57, 76].

Basically we also have to do with “film stacking” when the reinforcing fibers and
tapes are laid in between matrix-giving film layers by filament of tape winding
techniques. Kazanci et al. [77] embedded UHMWPE fiber in between LLDPE films
prior to composite consolidation via hot pressing.

10.3.2.3 Solution Impregnation

UHMWPE fiber bundles were coated with a xylene solution with dissolved LDPE.
The material was dried, arranged in preforms prior to its hot pressing at different
temperatures (T = 120-140 °C). With increasing pressing temperature, the stiffness
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increased, whereas the strength remained practically unaffected. This impregnation
technique has also been adapted for filament winding [78].

10.3.2.4 Powder Impregnation (Wet and Dry)

Impregnation of reinforcing fibers with polymer powders overtaking the role of matrix
after melting was in the focus of preform-oriented research in the 1980s. Later this
technique could not compete with the more economic “fiber commingling” technique.
According to the latter, the reinforcing and matrix-giving fibers are commingled and
the related bundles arranged in different preforms (e.g., woven, braided, and knitted
fabrics) prior to their consolidation via hot pressing. Nevertheless, dry LDPE powder
impregnation of UHMWPE fibers was explored by Chand et al. [79]. A wet powder
coating method was developed by the group of Schulte [80]. In this procedure, HDPE
powder slurry in propanol was used for the coating of UHMWPE fibers. Note that the
final stage of composite production was always hot pressing.

10.3.2.5 In Situ Polymerization of the Matrix

The feasibility of this technique has been shown on the example of a composite
consisting of braided PE fiber reinforcement and polymethyl methacrylate (PMMA)
matrix [81]. The PE fiber was surface modified by chemical etching. Methyl
methacrylate (MMA) was prepolymerized, introduced in the mold whose cavity was
charged with the braided preform and polymerized afterward completely. Surface
modification of the PE fibers improved the stiffness and strength of the composite
but reduced its toughness. This technique is somewhat similar to that of resin
transfer molding (RTM) that is widely used for thermoset matrix-based composites.

10.3.3
Interphase

Asalready mentioned, the interphase in self-reinforced PE and PP is similar to thatin
all-PE and all-PP composites: all of them are transcrystalline type. Note that the above
material grouping makes a difference between “all-the-same-polymer” and “all-the-
same-family polymer” composites. Essential prerequisite of transcrystallization is
the presence of active nuclei on the surface of the reinforcing fiber and tape in high
density. The closely spaced nuclei dictate that spherulitic growth occurs practically in
one direction, namely, transverse to the nucleation surface. The resulting columnar
structure, well resolvable by optical methods (cf. Figure 10.3), is usually considered to
support the stress transfer from the matrix toward the reinforcing phase. Neverthe-
less, the reason and effects of transcrystallization are controversial issues in the
literature [82]. It is, however, obvious that the inherent structure of the transcrystal-
line layer should influence the supposed stress transfer. This is likely the reason for
the many works devoted to this topic ([83—85] and references therein). Effects of
various surface treatments on the formation of the transcrystalline interphase were
also investigated [86].

The interface/interphase characteristics in polyolefin reinforced other matrix
systems (i.e., thermoplastics other than polyolefins, thermosetting resins, and
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rubbers) are far less studied and understood as in polyolefin/polyolefin
combinations.

10.3.4
Hybrid Fiber-Reinforced Composites

The reader may find different definitions for hybrid fiber-reinforced composites. The
term “hybrid reinforcement” usually means that the reinforcing phase is given by two
or more materials. Accordingly, the combination of UHMWPE fibers with glass (GF)
and carbon fiber represents hybrid reinforcement in a given composite. The other
explanation for hybrid systems, more exactly for hybrid effects, is that the combined
use of two (or more) reinforcing materials results in a synergistic effect in respect to
the composite performance. Synergistic means a positive deviation from the linear
rule of mixture (rule of additivity). The yet another and likely the original explanation
is that the hybrid effect is linked with a residual stress (strain) field in the composite
that is developed due to the difference in the CTEs of the reinforcing fibers.
Composites containing both GF and CF (the original “hybrid” combination) exhib-
ited enhanced failure strains compared to the solely GF- and CF-reinforced ones.
Taketa et al. [87] demonstrated a similar effect on the example of hybrid composites
composed of CF- and self-reinforced (Curv) PP plies. The failure strain of the
resulting composite was enhanced via the incorporation of woven CF/PP plies that
suffered compressive stresses due to the difference in the CTEs between the CF fabric
and self-reinforced PP plies. The mechanical properties of hybrid composite lami-
nates composed of self-reinforced PP (Curv), all-PP (Pure), and GF-PP (UD) layers
have also been studied. The authors concluded the best lay-ups for the different tests,
namely, for tensile, flexural, and perforation impact [88].

10.4
Polyolefin Fiber-Reinforced Thermosets

Because many thermosets are cured at ambient temperature or at temperatures well
below the melting point of polyolefins, they may be favored matrices of composites
with PE or PP reinforcements. However, to promote the adhesion of polyolefins to
thermosets, the former have to be surface treated. Recall that this topic has already
been addressed in Section 10.2.2.

10.4.1
Polyolefin Fiber-Reinforced Composites

Andreopoulos et al. [89] used chromosulfate and permanganate solutions as oxidative
agents for the surface modification of UHMWPE fibers and ribbons. Ribbons were
produced by hot calendaring in order to enhance the specific surface. For benchmark-
ing of the chemical etching, corona treatment was adapted. Pull-out test (cf. Figure 10.2)
results indicated that chemical etching is very efficient to improve the adhesion
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bonding; however, this treatment was associated with a drastic reduction of the
strength. Calendered UHMWPE ribbons with corona treatment showed the optimum
property profile. The effects of this treatment have also been studied after hygrothermal
aging [90]. Chaoting et al. [91] used oxygen plasma treatment for UHMWPE fibers and
assessed the changes in their surface energy and strength. With increasing surface
energy, both the wetting and adhesion of the fiber/EP systems were improved. Pull-out
tests indicated 10 times increase in the adhesion strength. Jana et al. [92] developed
another method to improve the adhesion between UHMWPE and EP. They modified
the EP matrix by reactive graphitic nanofibers that enhanced the wetting and adhesion
to UHMWPE. Dutra et al. [93] demonstrated that the impact strength of EP can be
prominently raised by the incorporation of UD aligned modified PP fibers. The PP fiber
contained 5wt% mercapto-modified ethylene/vinyl acetate copolymer. The T, shift
toward higher temperatures in the DMTA spectra reflected that the molecular mobility
was hampered in the interphase being in a prestressed state owing to the mismatch of
the CTEs of the components. It was also reported that the incorporation of short PP
fibers may increase the resistance to thermal degradation of EP [94]. Vinyl ester-based
thermoset composites with UD aligned UHMWPE fibers, produced by hand lay-up or
vacuume-assisted RTM, exhibited excellent resistance to solid particle erosion [95]. The
density-related specific strength of the related composites was the second highest after
a polybisoxazole-type (PBO) fiber-reinforced composites. Ar* ion irradiation of
UHMWRPE fibers in oxygen atmosphere improved the quality of adhesion bonding
to vinyl ester by about 20% [96]. Surface modification of chopped UHMWPE fibers in
fluorine/oxygen reactive gas improved the stiffness and strength of the related
thermoset polyurethane-based composites. Moreover, the toughness of the PU com-
posites with surface-modified UHMWPE fibers was three times higher than that with
unmodified ones at the same fiber content [97]. Surface-treated UHMWPE fibers (via
chemical etching) in UD arrangement acted as efficient reinforcements in respect to
stiffness and strength in phenolics of interpenetrating network (IPN) structure. The
latter was achieved by combining a phenol/formaldehyde resol with vinyl-acetate/2-
ethylhexyl acrylate copolymer [98]. UHMWPE fibers, with and without plasma treat-
ments, were incorporated in PU/EP hybrids with grafted IPN structure [99]. “Grafted”
here means that the continuous phases are linked to each other by chemical reac-
tions [100]. The performance of UHMWPE was compared with the performance of that
achieved by aramid. According to bulletproof tests, the composites UHMWPE/PU
behaved similar to aramid/PU [99].

10.4.2
Hybrid Fiber-Reinforced Composites

PE due to its relative high hydrogen content is a promising shielding material against
galactic cosmic irradiation. Structure integrity and safety requirements may force,
however, the engineers to combine UHMWPE fibers with others, such as GFand CF,
in the related EP-based composites. The feasibility of the strategy has been shown by
Zhong et al. [101]. Park and Jang [102] studied the performance of woven CF and
UHMWPE fiber fabrics in vinyl ester resins. The surface of the reinforcing fabrics
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was treated by low-temperature oxygen plasma followed also by silanization. In
addition, the positioning of the reinforcing layers in the composites was assessed
in flexural test. It was concluded that for optimum flexural loadability, woven
CF-reinforced layers should be on the top and UHMWPE-based ones on the bottom
experiencing compression and tensile loadings, respectively.

10.5
Polyolefin Fibers in Rubbers

Textile fibers (both discontinuous and continuous) and different fabrics are widely
used (tyres, belts, air springs, and technical rubber goods) to reinforce rubbers as they
impart the stiffness and strength without sacrificing the flexibility and resilience.
Polyolefin fibers were already mentioned as potential rubber reinforcements in the
1970s [103]. It is worth mentioning that amorphous polymers, such as rubbers,
usually show better wetting and adhesion toward different substrates than semi-
crystalline polymers [104, 105]. The simplest explanation for this is that no crystal-
lization-induced shrinkage is at work in amorphous systems.

10.5.1
Polyolefin Fiber-Reinforced Composites

Shakar et al. [106] reported that bonding of chopped UHMWPE fiber to ethylene/
propylene/diene rubber (EPDM) matrix could be markedly enhanced when the
rubber was cured by electron beam irradiation. With increasing concentration of the
fiber and increasing irradiation dose, the mechanical properties of the composites
were also improved.

The excellent ballistic properties of UHMWPE fibers are exploited in protecting
clothes (against fragments and debris of explosions and blasts), armors (architectural,
vehicle) and so on. Some “consolidated” preforms with UHMWPE fibers, such as
Spectra Shield” Plus PCR prepregs (www.customarmoring.com/SpectraShieldPlus.pdf),
contain a proprietary matrix material [107]. This is likely a thermoplastic rubber. Earlier
it was disclosed that as matrix a styrenic thermoplastic elastomer was selected [3]. The
latter is usually a triblock copolymer with styrene/butadiene/styrene (SBS) or styrene/
ethylene-butylene/styrene (SEBS) structure that becomes melted above the softening
temperature of the polystyrene (PS) domains. These PS domains are formed by phase
segregation during cooling and act as nodes of the physical network structure in this
type of amorphous thermoplastic rubbers [108]. It was reported that UD reinforced
Dyneema SB grades are thermoplastic elastomer matrix-based systems [109].

10.5.2
Hybrid Fiber-Reinforced Composites

Hybrid reinforcement in case of rubbers usually means the combination of traditional
active fillers (carbon black and silica) and polyolefin fibers (mostly chopped UHMWPE
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fibers). Shakar et al. [106] reported that the tensile strength of carbon black containing
EPDM decreased with increasing concentration of chopped UHMWPE fibers even
though other properties (e.g., stiffness and resistance to swelling) were improved.

10.6
Others

As already mentioned, polyolefin fibers, especially PP fibers, have an important role
in “commingled” composite preforms. Commingled PP/GF rovings and related
textile assemblies (woven fabric) are marketed under the trade name Tivintex® (www.
twintex.com). Their processing structure—property relationships are well studied and
disclosed in the open literature.

Polyolefins may also have some kind of reinforcing action in ceramic matrix-based
composites. Polyolefin staple fibers, for example, are key additives in special con-
cretes in which their role is to suppress microcracking and sedimentation phenom-
ena [110]. UHMWPE fiber containing composites may have application in retro-
fitting of concrete structure, columns whereby their role is to guarantee the lateral
stiffness and strength [111]. Polyolefin fibers with suitable additives may also be used
as phase change materials (thermoregulation fibers) [112].

10.7
Outlook and Future Trends

Self-reinforced polyolefin composites will remain of interest due to their beneficial
properties (very low density and easy recycling via reprocessing in the melt). To
improve the reinforcing action of polyolefin fibers and tapes, they will be most
probably modified by nanofillers. Among the latter, those having high aspect ratios
(carbon nanotubes [113], carbon nanofibers, graphene layers, and layered silicates)
and thus capable of increasing the stiffness, strength, and thermal stability of the
related composites are most promising. Further exploratory work is expected in
respect to electrospinning of polyolefins [114] and their use in composites. A similar
note also holds for auxetic polyolefin fibers [115]. To elucidate the crystalline structure
in ultradrawn polyolefins, high-resolution analytical techniques will be used, such as
microbeam X-ray diffraction. The latter technique (during in situ loading of suitable
specimens) along with laser Raman spectroscopy [116] will also be adapted to study
the way of stress transfer in the interphase region.

Great efforts will be devoted to model the performance of polyolefin fiber-
reinforced composites using finite element analysis. Major target of the modeling
work will definitely be the ballistic behavior.
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Silica Fiber-Reinforced Polymer Composites
Sudip Ray

11.1
Introduction

Fillers are added to polymers for a variety of purposes, of which the most important
are reinforcement, increase in stiffness, reduction in material costs, and improve-
ments in processing. Reinforcement is primarily the enhancement of strength and
strength-related properties. In present days, varieties of fillers have been used to
develop polymer composites, which could be particulate or fibrous in nature. Among
the fibrous fillers glass fiber is the most widely used fiber in reinforced polymers.
Several other fibers are also been commercially used, for example, cotton, sisal, and
jute fiber obtained from natural resources; nylon, polyester, and rayon from synthetic
process, or organic and inorganic high-performance fibers such as aramid, boron,
and carbon/graphite fiber. Compared to other different fibers silica fiber is chemically
very similar to glass fiber. The primary constituent of silica fiber and glass fiber is
silicon dioxide. In contrast to glass fiber, silica fiber possesses very high silica content,
usually more than 95% by weight, whereas a typical glass fiber used for polymer
reinforcement contains only 52-56% by weight silica. Silica fibers can be fabricated
synthetically and also available in nature whereas glass fiber can only be obtained via
synthetic route. The surface chemistry of the silica-based filler plays a leading role
toward processing and the final properties of the silica-filled polymer composites. The
presence of active functional groups on silica fiber can contribute on polymer
reinforcement. However, application of coupling agents can further enhance the
ability of this silica-based fiber on the reinforcement process. A brief review of silica
fibers used in various polymers and the role of silica fiber on determining the final
properties of the composites have been documented in the following chapter.

11.2
Silica Fiber: General Features

The effect of fillers on properties of a composite depends on their concentration and
their particle size and shape, and their interaction with the matrix [1, 2].

Polymer Composites: Volume 1, First Edition. Edited by Sabu Thomas, Kuruvilla Joseph,
Sant Kumar Malhotra, Koichi Goda, and Meyyarappallil Sadasivan Sreekala
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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11.2.1
Types

Silica in its fiber form is available in nature and could be produced synthetically via
chemical route. The synthetic variety of silica is commonly used in polymer
composites, however, in recent years attempts have been made to explore the
potential use of natural form of silica fiber to realize its suitability as reinforcing
filler in polymer composites.

Natural silica fiber could be procured as highly pure as synthetic one. For example,
natural inorganic silica short fiber, known as Silexil or Biogenic silica is obtained by
multicellular animal fossilization derived from the skeleton of sponges (Demos-
pongiae) and related organisms [3]. The mineral called “Spongolite” (or spongillite) is
the source of these fibers. After extraction from land they are purified by conventional
mineral treatment methods. These minerals are usually found in high amounts in
sediments of lake beds together with clay, sand, and organic matter. In Brazil, it
occurs in peat-bog ponds in the southwestern part of Minas Gerais, southern Goia’s,
northeastern Mato Grosso do Sul, Sao Paulo, and Bahia [4, 5].

Synthetic silica with highly elongated forms can be obtained during drying of thin
films of silica sols, by either conversion from fibrous precursors or unidirectional
crazing or cracking [6]. High purity silica fibers are manufactured usually by melt
drawing soda glass through spinnerets of precise dimensions followed by leaching
out the soda by acid, or by multistage drawing of fused silica rods through graphite
bushes. Oxidation of silicon monoxide can also form fibrous silica. Vapor phase
reaction of silica and silicon metal followed by condensation can lead to formation of
hollow tubes and spiral fibers of amorphous silica with high aspect ratio, typically less
than 0.04 um in diameter and many micrometers long [7]. Silica W, an unstable
crystalline silica fiber can be converted to amorphous silica fibers by traces of
moisture [8]. An electrically heated platinum surface exposed to nitrogen-diluted
SiF,, and water vapor at 1100°C can also produce amorphous anhydrous silica

fiber [9].

11.2.2
Characteristics

The chief component of silica fiber is silicon dioxide. Silica fibers from natural
sources or its synthetic variety consist of very high silica content, usually more than
95% by weight. Various other oxides such as oxides of titanium, aluminum, iron,
calcium, magnesium, coppet, potassium, sulfur atlower concentrations (below 1 wt%)
may also be present. Production of this high purity silica fiber synthetically is quite
expensive, but its natural form can be obtained from inexpensive mineral source at
lower processing costs. These natural silica fibers mainly consist of pure amorphous
silica (SiO,) with a hollow cylindrical form and a sharp extremity. Silica consists of
silicon and oxygen, tetrahedrally bound in an imperfect three dimensional structure
and has strong polar surface groups, mostly hydroxyl groups bound to silicon known
as silanol (—Si—O—H). The imperfections in its lattice structure provide free silanol
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Figure11.1 Scanning electron micrographs of  natural amorphous silica fibers as polyurethane
natural amorphous silica fiber (a and c), and reinforcement [13], with permission from
commercial glass fiber (b and d) at John Wiley & Sons, Inc., Copyright 2006 Society
magnification of x75 and x 1500 respectively.  of Plastics Engineers.

Reprinted from Properties of chemically treated

groups on the surface. These functional groups are arbitrarily located on the fiber
surface. Because of the siliceous nature with active functional surface silanol groups
and morphological similarity with glass fiber, silica fiber also possesses potential
reinforcing ability for polymeric composites.

Segatelli et al. examined the X-ray diffraction pattern for natural silica fiber [10]. A
broad peak was obtained at a diffraction angle (260) ~22.5° corresponds to interlayer
distance of 4 A, which is characteristic of amorphous opaline silica [11, 12]. Surface
area of the silica fiber determined by BET technique was found to be 1.14 m?/g [10].

Scanning electron micrographs (Figure 11.1) [13] of the natural amorphous silica
short fiber and a typical commercial glass fiber indicate that both fibers have similar
fiber length and aspect ratio with smooth tubular needlelike shape. On the other
hand, as compared to glass fiber, these natural fibers have lower density, for example,
the density of natural amorphous silica short fiber is 1.64 4 0.41 g/cm® and that of
glass fiber is 2.54 + 0.71 g/cm?® [13]. As a result, natural amorphous silica short fiber
could allow forming lighter weight polymer composites, while they were incorpo-
rated in polymer matrixes. Moreover, these fibers are harder than glass fibers,
resulting in higher equipment wear. Since they are cheaper than glass fiber the
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compound cost can reduce. They are reported to be nontoxic [4, 13], which attracted
further research to be done using this fiber.

In general, silica fiber can offer excellent low thermal conductivity and electrical
insulation properties, high tensile strength and modulus, inert with respect to the
majority of chemical reagents, resistant to organic and mineral acids even at the
elevated temperature (except of hydrofluoric, phosphoric, and hydrochloric acid), and
weak alkalies resists corrosion, have high chemical resistance to water and steam of
high pressure, stable in vacuum and provide adequate flexibility.

11.2.3
Surface Treatment of Silica Fiber

Fibrous materials offer good reinforcement to polymers, depending on the strength,
length, and aspect ratio of the fiber and the effectiveness of the fiber/matrix
interaction. Silanol groups (—SiOH) present in silica fiber surface possess high
affinity in their reactions with amines, alcohols, metal ions, and also water adsorbed
on the fiber surface reduce reactivity of this functional group. Some of the reactions
with silanols can have a significant effect on the processing and composite properties
while used as filler for rubber compounds, especially where the chemical involved is
an important part of the cure system. On the contrary, judicial utilization of these
functional groups by modifying the surface chemistry and thus transformation from
less-reactive filler to a more reactive ingredient for effective combination with
polymer matrix could be possible. This relates to the compatibility of this fibrous
filler with a specific polymer and the ability of the polymer to adhere to the filler
surface. The compounded strength can be further improved if the matrix adheres to
the mineral surface via chemical bonding.

11.2.3.1 Surface Modification: Types and Methods
Surface treatment of silica fiber can be done by both physical and chemical
modification. In the physical modification, the interaction between the adsorbed
surface modifier and the polymer matrix is weak, but interaction between the
adsorbed surface modifier and the fiber surface is sufficient enough to modify the
fiber surface polarity, such that it could match the polarity that of the polymer matrix.
Chemical modification of silica fiber can be performed by the following methods:
(a) grafts of chemical groups on the fiber surface to change the surface characteristics,
that is, the case where interaction between the surface modifier and the fiber surface
is strong but interaction between the adsorbed surface modifier and the polymer
matrix is weak and (b) grafts that may react with fiber and polymer, that is, the case
where both the interactions are strong. The former is referred to as monofunctional
coupling agent where no chemical reaction with the polymer takes place with these
grafts. The latter are called bifunctional coupling agents as they provide chemical
linkages between the fiber surface and the polymer molecules.

In common practice, silane coupling agents are being employed to modify the
silica fiber surface. Depending on the silane type and processing steps involved, an
appropriate methodology is required to carry out the surface treatment of the silica
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fiber with the coupling agent. This could be either in situ method, that is, direct
mixing of silane with silica filler during the compounding process or pretreatment
method, that is, interaction of silane coupling agent with silica fiber prior to the
compounding process. Both the processes have merits and demerits. Pretreatment
of silica fiber with silanes require additional steps to modify it, whereas in situ
process could affect efficiency of the silanization process and safety of the working
atmosphere due to elimination of hazardous volatiles. Hence, selection of the silane
treatment of the silica fiber primarily depends on the silane type, compounding
formulation, processing type and conditions. Usually, pretreatment method
involves interaction of silica fiber with silane coupling at elevated temperature to
facilitate the coupling reaction between the surface functional groups at silica fiber
and the coupling agent. Wang et al. [14, 15] investigated the effect of various silane
treatment, namely <y-aminopropyl-triethoxysilane (y-APS), y-glycidoxypropyl-
trimethoxysilane (y-GPS), y-methacryloxypropyl-trimethoxysilane (y-MPS), and
trimethylchlorosilane (TMCS), on silica fiber applying pretreatment method. Prior
to the surface treatment, the silane coupling agents were hydrolyzed in aqueous
ethanol (95%) for 1h followed by dipping the desized silica fabrics in the silane
solution (0.5%) for 30 min and dried in an oven at 110°C for 30 min. However,
there are few reports where silanization reaction was performed at room temper-
ature. For example, Silva et al. [3] investigated the effect of silane-treated silica fiber
as primary or secondary filler on the reinforcement of silicone rubber. The natural
short silica fiber surface was modified with vinyltrimethoxysilane (VIMS) coupling
agent. The silane coupling agent VIMS was hydrolyzed at a molar ratio of 1:1
(VIMS :H,0). The solution of tetrahydrofuran (THF) containing VIMS and
catalyst n-butyl titanate, 2% (wt/wt) with respect to the silane amount was
mechanically stirred for 3h at 25°C. Natural short fiber was reacted with this
coupling agent solution for 24 h at 25 °C under argon atmosphere with mechanical
stirring. The modified silica short fiber was filtered and washed with THF for three
times to eliminate the physically adsorbed silane on the fiber surface and dried at
60°C for 48 h. Martins et al. [16] and Barra et al. [13], described pretreatment of
amorphous silica fibers with aminosilane. Initially, the fibers were added at a 1 mol/
L HCI solution and maintained under stirring for 2h at a temperature of 60°C,
washed with distilled water, and dried under vacuum for 48 h. Then the fibers were
added to a solution of 2% aminosilane in ethanol/water (90/10 v/v) and kept under
stirring at room temperature for 3 h. Subsequently, fibers were washed with toluene
and dried for 12h, temperature of 60°C.

11.2.3.2 Characterization of Surface-Pretreated Silica Fiber
The coupling agent can use several analytical techniques to estimate the extent of
surface modification of silica fiber. This is quite essential to determine its loading in
the compound formulation and for the quality control purposes prior to mixing of
surface-pretreated silanized silica fibers with the polymer.

The evidence of the presence of coupling agent in the silane-pretreated silica fiber
can be obtained by identifying the characteristics groups of silane by FTIR spec-
troscopy or Raman spectroscopy.
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Wang et al. [14] applied diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy technique to characterize the surface-treated silica fibers by investi-
gating the possibility of adsorption of coupling agents on the silica fiber surface by the
formation of hydrogen bonding (Figure 11.2). Free silanol groups observed at
3740 cm ™' for untreated silica fiber disappeared after the silane treatment specifying
the involvement of the surface functional group in the silanization process. More-
over, appearance of new peaks at 2860-2980 cm ™' in the silane-treated silica fiber
indicates the attachment of silane coupling agent on the silica fiber surface. The
characteristics peaks due to C—O—C, C=0, and NH, stretching vibrations at 965,

Figure 11.2 DRIFT spectra of desized silica fibre/phenolics composites produced by resin
fiber (a, without silane treated) and (b) treated  transfer moulding process [14], with permission
with various coupling agents y-GPS, y-MPS, from Maney Publishing, Copyright 2006
v-APS, and TMCS, respectively. Reprinted from  Institute of Materials, Minerals and Mining.
Effects of fibre surface silanisation on silica
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1705, 3371, and 3301cm™" from the y-GPS, y-MPS, and y-APS silanes were also
identified in the respective silane-treated silica fiber.

Barra et al. [13], observed an enlargement of the band in the region of 1610 and
1200cm ™', which could be due to the occurrence of new bands related to the
symmetric angular deformation of the N—H groups and the axial deformation of
C—N, indicating the incorporation of the aminosilane coupling agent to the fibers.

Plausible interactions between a typical aminosilane (3-aminopropyltriethoxysi-
lane) and silanol groups present in silica fiber surface is presented in Scheme 11.1.
Silanol functional groups of silica fiber and methoxy functional groups from the
silane coupling agent may form covalent linkages via condensation process. Addi-
tionally, the amine group from the silane coupling agent may also interact with the
silanol groups of silica fiber via proton transfer and hydrogen bond formation.

Scheme 11.1  Schematic presentation of plausible interactions between 3-
aminopropyltriethoxysilane and silica fiber surface: (a) condensation with surface silanol groups
(b) hydrogen bond formation, and (c) proton transfer.
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Figure 11.3 TG thermograms for natural natural amorphous silica fibers as polyurethane
amorphous silica fiber (NASF) and reinforcement [13], with permission from
aminosilane-treated silica fiber (NASF-AS). John Wiley & Sons, Inc., Copyright 2006 Society

Reprinted from Properties of chemically treated  of Plastics Engineers.

While spectroscopic analysis can be used to detect the silane coupling agent in the
silanized product, thermal analysis studies, for example, thermogravimetric analysis
(TGA) could estimate the amount of silane coupling agent being incorporated in the
treated samples from the additional weight loss due to the presence of silane coupling
agent. Thus from TGA experiments Barra et al. [13], found three regions of thermal
decomposition both for untreated and aminosilane-treated silica fiber, which can be
accounted for the elimination of adsorbed water from the material at the different
stages. However, additional weight loss in silane-treated silica fiber, between 100 and
400°C, by 0.9 £ 0.2 wt% specifies the thermal decomposition of the silane agent and
also quantifies its amount in the treated sample (Figure 11.3) [13].

In cases where a very small amount of coupling agent is attached with the silica
fiber substrate, identification and quantitative estimation of the coupling agent in the
pretreated filler is quite complicated and sometimes beyond the detection level of the
experimental techniques, whereas tests on filler hydrophilicity/hydrophobicity can
provide a simple way to assess the extent of surface modification. Generally the
adsorption of silane coupling agents containing nonpolar groups, on the silica fiber
surface induces decrease in the surface free energy of the modified silica fibers
especially by reducing the surface energy of the polar component, which can be
detected by wettability studies. Wang et al. [14] investigated the above study in details
and found that silica fiber while treated with different silane coupling agent can
reduce the surface free energy in the treated fiber. The effect was quite similar for
v-APS, y-GPS, and y-MPS treated silanes whereas in the case of TMCS-treated silica
fiber the surface energy of the polar component was significantly dropped and hence
the surface free energy of the modified silica fiber was reduced by about 40% from
50.9 to 29.2 mJ/m? as compared to the untreated silica fiber. Although TMCS is less



11.3 Silica Fiber-Filled Polymer Composites

reactive with respect to other silane coupling agents but the alkyl-terminated groups
present in it, influenced the polarity of the silica fiber surface most effectively.

Some other techniques, for example, pyrolysis gas chromatography can be used for
quantitative estimation of nature and amount of silane present in the treated fiber.
Estimation of carbon content of the silane-treated silica fibers by ESCA, EDX, and so
on can also be used for quantitative analysis. However, the difference between
physically absorbed and chemically bound silane with the fiber surface can be
confirmed by NMR spectroscopy.

11.3
Silica Fiber-Filled Polymer Composites

11.3.1
Fabrication of Composite

As compared to particulate fillers, compounding of fibrous fillers during the
composite fabrication process require special care to obtain homogeneous disper-
sion in the polymer matrix. Dispersion of fibrous materials becomes more critical
with increasing the fiber length and can seriously affect the polymer melt flow and
the related processing. Hence, desizing the silica fiber prior to incorporation in the
matrix polymer is a common practice. However, reducing the fiber length limits
the effectiveness of its reinforcement. Long and continuous fibers can be used in
compression molding, but these may require performing step.

11.3.2
Effect on Composite Properties

The reinforcing ability of the fiber in the polymer composites can be primarily
determined by mechanical properties, for example, effect on modulus, tensile
strength, elongation at break, dynamic mechanical properties, and so on. Appar-
ently the reinforcing effect could be achieved by incorporating rigid fillers in the
polymer matrix and from solvent swelling studies the effect on polymer-filler
interaction could be estimated. Morphological studies are quite useful to compre-
hend the polymer—fiber adhesion by examining the extent of fiber pull-out in
fractured composites. Several factors could affect the reinforcing ability of the
fibrous fillers while they were incorporated in polymer matrix; for example, average
length and diameter, aspect ratio, size distribution and orientation of fiber, amount
of fiber loading. Furthermore, the polymer—fiber interactions play an important role
in the reinforcement process depending on the type of polymer matrix and the fiber.
In the following section, these are discussed with respect to several cases where
silica fiber was used as the reinforcing filler in different polymer matrix and its
reinforcing ability was inspected. A comparative study based on similar loadings of
natural silica fiber in different polymers on composite properties was compiled in
Table 11.1.

347



348 | 11 Silica Fiber-Reinforced Polymer Composites

‘Aidnsed jo snipoy (@

‘snnpowr [emxafy (q
‘snnpows s dunox (e
“3[qe[TEAR 10U BIEp :YN

VN 8T~ 6v~ VN ECO'T~  %[oA G LT I2QY EDI[IS PIZIUE[S
VN 60~ Ly~ VN (CO'T~  %[0AGLL 1qy edIIs
VN 80~ SLy~ VN EE0'T~  %I0AGLL 12qY Sse[D
[91] ‘v 42 sunre VN 8T~ ST~ VN (-C6°0~ pelyun Axodg
STI~ S~ VN Ly (Q00¥T~ %M 0T 13qYy ed1[Is
807 €6~ VN 9% (0091~ payuN  VIS-NAdH/9 UOKN
LT~ 8~ VN L9 (q00SE~ %M 0T 19qy edIIS
lot] ‘1 12 1pa1e30g Lz £~ VN LL q0S9T~ payuN 9 UON
VN 8'8¢ re VN VN %M /T I13qY EDI[IS PIZIUE[IS
VN Sve 8L'T VN (5060€ %M L1 19qy edIfIs
VN L'8€ 86°C VN (-0€€T % 1 13qy ssero
[¢1] 10 12 e1reg VN 918 ¥6°0 VN 0Ly PayuN sueLmA[O]
VN 0T'ST L9€ VN ©68°€T %I LT 19qy edIfIs
VN 8¢91 687 VN ©SL 61 %M LT QY sse[D
[s] v 12 eqIEES VN 8¢'GE w60 VN =€89'C paMyun sueremA[og
VN 6LS £9°0 VN @810 md oz  19qy EDI[IS pazIueIS
VN 6£9 S50 VN ©C0 1yd oz 13qY ed1[Is
[€] ‘1v 42 BATIS VN 079 670 VN 00 pargun I2qqnI SUODIIIS
(w/() ypBusns (edw) (ed)
pedwi (96) yeaaq y18uans y18uans (edn)
poz| paydi1oN 1e uonesuo|g 9|isua | PIRIA snjnpoy Suipeo adAL

(wouy pardepe)
ERIDIETEN]

sarpadoad apsodwod

Bq14

xijew sowkjod 1soH

“Xurew JawAhjod 1soy juatayip Joj saiuadoid ayisodwiod ayi uo Jaqy eDIjIS [BANJRU AQ JUSLLUSDIOJUIRL JO 103}

L'LL ®|qel



11.3 Silica Fiber-Filled Polymer Composites

Saliba et al. [5] investigated the suitability of naturally occurring silica fiber (Silexil)
as a reinforcing filler for plastics by incorporating this fiber to polyurethane (PU) and
compared the composite properties with respect to commercial silane-treated glass
fiber. Incorporation of only 17 wt% of silica fiber cause significant improvement in
tensile strength and Young’s modulus of unfilled polyurethane by about 290% (from
0.942 to 3.67 MPa) and 790% (from 2.683 to 23.89 MPa). In the case of commercial
glass fiber as the reinforcing agent, the increment in tensile and Young’s modulus
properties were 207 and 636%, respectively. Elongation at break was dropped by 57
and 54%, respectively for Silexil and the silanized glass fiber as compared to the
unfilled polyurethane. Thus, naturally occurring silica fiber even without any surface
treatment showed potential usefulness as reinforcing agent for polyurethane and
could provide superior reinforcing ability as compared to commercial silane-treated
glass fiber.

Random dispersion of short silica fibers i