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Preface

Composite materials have played an important role throughout human history, 
from housing early civilizations to enabling future innovations. Composites offer 
many benefits, key among them being corrosion resistance, design flexibility, 
durability, light weight, and strength. Composites have permeated our everyday 
lives through products that are used in construction, medical applications, oil 
and gas, transportation, sports, aerospace, consumer products, and much more. 
Over the last decades, nanotechnology has become a rapidly evolving technology. 
As such, science, engineering, and technology have merged to bring nanoscale 
materials that much closer to reality. This is one of the fastest growing areas for 
research. Nanocomposite materials are helping improve products that we use 
every day and creating new, exciting products for the future. Composites and 
nanocomposites composed of reinforcements, nano-reinforcements, and matrices 
are well-known engineering materials. Various reinforcements and nano-
reinforcements used in the materials have different properties and thus affect their 
properties in different ways. 

Keeping in mind the advantages of composite and nanocomposite materials, this 
book covers fundamental affects, product developments, and applications of the 
materials including material chemistry, designing, manufacturing, properties, 
and utilization of the materials in various applications. The book consists of 
12 chapters that summarize recently developed research concerning composites 
and nanocomposites. Each chapter gives an overview of a particular material, 
its processing, and successful utilization for selected applications. The book also 
summarizes the recent developments made in the area of advanced composite 
and nanocomposite materials. Several critical issues and suggestions for future 
work are discussed, underscoring the roles of researchers for the efficient 
development of composites and nanocomposites through value additions to 
enhance their use. 

Chapter 1, “Introduction to composite materials,” addresses the advantages of 
composite materials as well as fundamental effects, product developments, and 
applications of composites, including material chemistry, designing, manufacturing, 
properties, and utilization of the materials in various applications. Composites 
offer many benefits and have permeated our everyday lives; however, to facilitate 
the advantages of the composites, several aspects must be considered: (a) concept 
development, (b) material selection and formulation, (c) material design, (d) product 
manufacturing, (e) market, and (f) regulations. 

Chapter 2, “Introduction of natural fiber composite using in paperboard industry,” 
addresses the mechanical properties, chemical compositions, crystallinity, and 
thermal stability of the newly developed composites. The results are analyzed 
to ensure the suitability of natural fiber as an optional fiber-material for the 
paperboard industry. 

Chapter 3, “Advanced treatments of aramid fibers for composite laminates,” 
is an overview of the aramid fibers, an important group of fibers for composite 
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applications. This chapter discusses recent studies in micro-testing, for example, 
in the form of micro-droplet tests. Surface treatments and fiber modifications of 
the aramid fibers are also discussed. Furthermore, the properties of the resin, fiber, 
and interface are presented. 

Chapter 4, “Vapor-Grown Carbon Fiber Synthesis, Properties, and Applications” 
discusses synthesis and properties of carbon fibers and vapor-grown carbon 
nanofibers as well as their mechanical, electrical, and thermal properties. In 
addition, several potential applications of fibers, such as in composites and 
batteries, are also discussed. Carbon nanofibers and their composites can be utilized 
in numerous fields, including sensors, electrode materials, and electromagnetic 
shielding. Electrode materials and the realization of extraordinary structural 
designs to ensure large specific areas without sacrificing mechanical performances 
are key factors in enhancing the performances of these materials.

Chapter 5, “Fiber composites made of low-dimensional carbon materials,” provides 
an overview of the research on carbon nanotubes (CNTs), carbon fibers (CFs), 
and graphene-based fibers (GBFs) in composite materials. It also summarizes the 
main preparation methods, properties, and application fields of CNTs, CFs, and 
GBFs. Through various methods of modification, researchers continue to prepare 
CNT composite nanomaterials with excellent performance. Finally, the chapter 
examines existing problems and future development trends of carbon-based 
composites.

Chapter 6, “Reinforce Fabricated Nano-Composite Matrixes for Modernization of 
S & T in New Millennium” is a brief review of certain recent advances in assembly 
and reconfiguration of polymeric nanostructure composites and highlights their 
role in computer simulation. In addition, it presents the fundamental principles 
of assembly science as well as provides critical design tools for assembly engineering 
of complex nanostructured materials. The chapter also discusses the advantages of 
nanocomposites.

Chapter 7, “Composite nanofibers: recent progress in adsorptive removal and 
photocatalytic degradation of dyes,” reviews the state of the art of a new generation 
of nanomaterials based on electrospun composite nanofibers for dye removal 
from wastewater. Natural polymers-based nanofibers, nanofibers with unique 
morphology, and carbon nanofibers are reviewed. The various nanostructures, 
adsorption capacity, advantages, and drawbacks are discussed along with 
mechanistic actions in the adsorption process and photocatalytic performance. 
The chapter covers multiple intriguing topics with in-depth discussion. This is 
a valuable reference for researchers who are working on nanomaterials and the 
treatment of colored waters.

Chapter 8, “Nanosilica composite for greenhouse application,” presents the 
results of experiments on silicon dioxide insulation materials mixed with 
low-density polyethylene (LDPE) at a different proportion to prevent the 
transmittance of IR domain and to allow the transmittance of UV–Vis domains. 
Several ratios of nanosilica particles are employed to fabricate LDPE composites 
using melt mixing and hot molding methods. The mechanical properties of 
nanocomposites such as tensile strength are evaluated and discussed. The 
advantages of using nanosilica in the nanocomposite materials are summarized 
and the use of these LDPE/silica nanocomposites to build a mini greenhouse is 
presented.

V

Chapter 9, “Damage identification and assessment using lamb wave propagation 
parameters and material damping in reinforced polymer (FRP) composite 
laminates,” presents a methodology to identify damage in fiber-reinforced polymer 
(FRP) composites. The Lamb wave dispersion theory and loss less finite element 
model to find the fitted peak frequency and the modal frequencies in the composite 
laminates, respectively, are provided. The proposed method is implemented on 
FRP laminates (CFRP and GFRP) and the results are compared with bandwidth 
method.

Chapter 10, “Strength improvement and stress analysis of E-glass laminated 
plates with circular notches using digital image correlation,” addresses the stress 
concentration and tensile strength degradation of E-glass/epoxy laminates through 
a combination of both experimental and numerical studies. The numerical study 
using the finite element method (FEM) is discussed. The main aim of this work is to 
improve the ultimate strength of perforated composite plates, by using the defense 
hole system (DHS) technique. A digital image correlation (DIC) technique is also 
used to get the full-field surface strain measurements in perforated samples with 
various open hole diameters and DHS configurations, in order to show their effects 
on failure strength. 

Chapter 11, “Strength analysis and variation of elastic properties in plantain fiber/
polyester composites for structural applications,” assesses the extent of variation 
of elastic properties (Ex , Ey , Gxy , vxy , vyx , mx , my) with fiber orientation using 
MATLAB functions while considering the extent of variation of the tangential 
stresses around an idealized functional hole edge. The utilization of plantain fiber-
reinforced composites in structural applications empowers architects to make great 
accomplishments in the usefulness, security, and economy of development. The 
chapter also presents some notable design procedures in handling such limitations 
in plantain fiber-reinforced composites using relevant failure theories.

Chapter 12, “Surface measurement and evaluation of fiber woven composites,” 
presents a grading surface measurement and evaluation system for WCMCs based 
on their microstructures. The system includes four levels: fiber, fiber bundle, cell 
body, and the whole surface. On the fiber level, the typical forms of fiber damage 
and their effects on the surface morphology of WCMCs are analyzed, which lays a 
foundation for the measurement and evaluation methods on the next three levels. 
On each subsequent level, the system proposes a set of surface measurement-
sampling parameter determination methods and surface quality evaluation 
methods based on the principle of statistics.

As the editor, I have attempted to compile, unify, and present the emerging 
research trends in composite and nanocomposite materials. I hope this book will 
contribute to the advancement of both science and technology in these exciting 
areas. It is highly recommended for graduate students, engineers, researchers/
faculty, and professionals/practitioners in different fields such as chemistry, 
chemical engineering, civil engineering, forestry and agriculture, pulp and paper 
producers, and materials sciences.
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Chapter 1

Introduction to Composite
Materials
Tri-Dung Ngo

Abstract

Composite materials have played an important role throughout human history,
from housing early civilizations to enabling future innovations. Composites offer
many benefits; the key among them are corrosion resistance, design flexibility,
durability, light weight, and strength. Composites have permeated our everyday
lives such as products that are used in constructions, medical applications, oil and
gas, transportation, sports, aerospace, and many more. Some applications, such as
rocket ships, probably would not get off the ground without composite materials.
This chapter addresses the advantages of fibre composite materials as well as fun-
damental effects, product development, and applications of fibre composites,
including material chemistry, designing, manufacturing, properties, and utilisation
of the materials in various applications.

Keywords: fibre, matrix, composite, fibre composite, thermoset, thermoplastic,
natural fibre, biopolymer

1. Introduction

Composites exist in nature. A piece of wood is a composite, with long cellulose
fibres held together by a substance called lignin. Composite materials are formed by
combining two or more materials that have quite different properties, and they do
not dissolve or blend into each other. The different materials in the composite work
together to give the composite unique properties. Humans have been using com-
posite materials for thousands of years in different areas. The first uses of compos-
ites date back to the 1500 BC, when early Egyptians and Mesopotamian settlers used
a mixture of mud and straw to create strong and durable buildings. The combina-
tion of mud and straw in a block of brick provides it a strong property against both
squeezing and tearing or bending. The straw continued to provide reinforcement to
ancient composite products, including pottery and boats [1]. In 1200 AD, the
Mongols invented the first composite bow using a combination of “animal glue”,
bone, and wood. The bows were pressed and wrapped with birch bark. These bows
were powerful and accurate. Composite Mongolian bows helped to ensure Genghis
Khan’s military dominance. Due to their advantages such as being light weight and
strong, many of the greatest advancements in composites were the result of war-
time needs. During World War II, many composite materials were developed and
moved from the laboratory into actual production [1, 2].

The development and need for composite materials also result in the fibre-
reinforced polymers (FRP) industry. By 1945, more than 7 million pounds of glass

3



fibres were used for various products, primarily for military applications. Compos-
ite materials continued to take off after the war and grew rapidly through the 1950s.
The composite innovators were ambitiously trying to introduce composites into
other markets such as aerospace, construction, and transportation. Soon the bene-
fits of FRP composites, especially its corrosion resistance, became known to the
public sector. Boats were one obvious product that benefited. The first composite
commercial boat hull was introduced in 1946. A full automobile body was made
from composite and tested in 1947 [1, 2]. This led to the development of the 1953
Chevrolet Corvette. The advent of the automobile age gave rise to several new
methods for moulding such as compression moulding of bulk moulding compound
(BMC) and sheet moulding compound (SMC). The two techniques emerged as the
dominant method of moulding for the automotive industry and other industries. In
the early 1950s, manufacturing methods such as large-scale filament winding,
pultrusion, and vacuum bag moulding were developed. In the 1960s, the marine
market became the largest consumer of composite materials [1, 2]. In 1961, the first
carbon fibre was patented and several years later became commercially available. In
the 1970s the composites industry began to mature. Many better resins and improved
reinforcing fibres were developed during this period for composite applications. In
the 1970s, the automotive market surpassed marine as the number one market—a
position it retains today. During the late 1970s and early 1980s, composites were first
used in infrastructure applications in Asia and Europe. The first all-composites
pedestrian bridge was installed in Aberfeldy, Scotland, in the 1990s. In this period, the
first FRP-reinforced concrete bridge deck was built in McKinleyville, West Virginia,
and the first all-composites vehicular bridge deck was built in Russell, Kansas. Com-
posites continue to find applications today [1–3]. Nanomaterials are incorporated into
improved fibres and resins used in new composites. Nanotechnology began to be used
in commercial products in the early 2000s. Bulk carbon nanotubes can be used as
composite reinforcement in polymers to improve the mechanical, thermal, and elec-
trical properties of the bulk product [3].

Nowadays, the composite industry is still evolving, with much of the growth
now focused around renewable energy. Wind turbine blades, especially, are con-
stantly pushing the limits on size and require advanced composite materials, for
example, the engineers can design to tailor the composite based on the performant
requirements, making the composite sheet very strong in one direction by aligning
the fibres that way, but weaker in another direction where strength is not so
important. The engineers can also select properties such as resistance to heat,
chemicals, and weathering by choosing an appropriate matrix material. In recent
years, an increasing environmental consciousness and awareness of the need for
sustainable development have raised interest in using natural fibres as reinforce-
ments in composites to replace synthetic fibres [4–7]. This chapter seeks to provide
an overview of the science and technology in relation to the composite material,
manufacturing process, and utilisation.

2. Polymer matrix

In general, a composite consists of three components: (i) the matrix as the
continuous phase; (ii) the reinforcements as the discontinuous or dispersed phase,
including fibre and particles; and (iii) the fine interphase region, also known as the
interface [8, 9]. By carefully choosing the matrix, the reinforcement, and the
manufacturing process that brings them together, the engineers can tailor the
properties to meet specific requirements [10]. Over the recent decades, many new
composites have been developed, some with very valuable properties.
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Any material can serve as a matrix material for composite. However, matrix
materials are generally ceramics, metals, and polymers. In reality, the majority of
matrix materials that exist on the composites market are polymer. There are several
different polymer matrices which can be utilised in composite materials. Among the
polymer matrix composites, thermoset matrix composites are more predominant
than thermoplastic composites. Though thermoset and thermoplastics sound simi-
lar, they have very different properties and applications. Understanding the per-
formance differences can help to make better sourcing decisions and the product
designs as composites [11].

Thermosets are materials that undergo a chemical reaction or curing and nor-
mally transform from a liquid to a solid. In its uncured form, the material has
small, unlinked molecules known as monomers. The addition of a second material
as a cross-linker, curing agent, catalyst, and/or the presence of heat or some other
activating influences will initiate the chemical reaction or curing reaction. During
this reaction, the molecules cross-link and form significantly longer molecular
chains and cross-link network, causing the material to solidify. The change of the
thermoset state is permanent and irreversible. Subsequently, exposure to high
heat after solidifying will cause the material to degrade, not melt. This is because
these materials typically degrade at a temperature below where it would be able
to melt.

Thermoplastics are melt-process able plastics. The thermoplastic materials are
processed with heat. When enough heat is added to bring the temperature of the
plastic above its melting point, the plastic melts, liquefies, or softens enough to be
processed. When the heat source is removed and the temperature of the plastic
drops below its melting point, the plastic solidifies back into a glasslike solid. This
process can be repeated, with the plastic melting and solidifying as the temperature
climbs above and drops below the melting temperature, respectively. However, the
material can be increasingly subject to deterioration in its molten state, so there is a
practical limit to the number of times that this reprocessing can take place before
the material properties begin to suffer. Many thermoplastic polymers are addition-
type, capable of yielding very long molecular chain lengths or very high molecular
weights [12].

Both thermoset and thermoplastic materials have its place in the market. In
broad generalities, thermosets tend to have been around for a long time and have a
well-established place in the market, frequently have lower raw material costs, and
often provide easy wetting of reinforcing fibre and easy forming to final part
geometries. In other words, thermosets are often easier to process than thermoplas-
tic. Thermoplastics tend to be tougher or less brittle than thermoset. They can have
better chemical resistance, do not need refrigeration as uncured thermosets (pre-
preg materials) frequently do, and can be more easily recycled and repaired.
Table 1 presents a comparison between thermoset and thermoplastic. This table is
not providing all but rather some information for the researchers and manufac-
turers when considering the utilisation of these materials.

Thermosets are classified into polyester resins, epoxy resins, vinyl ester resins,
phenolic, polyurethane, and other high-temperature resins such as cyanate esters,
etc. The rapid industrialisation in developing economies the world over is one of
the major boosting factors for the thermoset market. The demand for high-
performance and lightweight materials from various end-use industries such as
automotive, chemical tanks, and water tanks is expected to expand the global
market for thermosets over the next 6 years. The growing demand for thermosets
from emerging economies like Brazil, Russia, India, and China (BRIC) is expected
to drive the market. BRIC nations are the four fastest-growing economies in the
world with their GDP growth rates higher than the global GDP growth rate.
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However, frequent fluctuation in raw material prices acts as one of the major
factors inhibiting the market growth. Asia-Pacific accounts for the biggest market
for thermosets owing to the growth of the automobile market, primarily in China
and India. Japan is a mature market and is expected to remain stagnant over the
next years. China is the biggest automobile market in the world, and India also lists
itself in the top five automobile markets in the world. Asia, along with being the
largest market, is also the fastest-growing market for thermosets. The North
American market for thermosets is primarily driven by the regulatory initiative to
reduce automobile weight by 50% by 2020 in the USA in order to cut fuel con-
sumption. Polyester resins and polyurethane account for the two most popular
types of thermosets in the global market. The global market for thermosets is
dominated by big multinational corporations which are present across the value
chain. Some of the major companies operating in the thermosets market include
Arkema, BASF, Asahi Kasei Chemical Corp, Bayer AG, Chevron Phillips Chemical
Company LLC, Sinopec, Dow Chemical Company, Eastman Chemical Company,
and Lyondell Basell Industries, among others [13]. To date, thermosets have been
used predominantly in the industry. Thermosets are generally favoured for a vari-
ety of reasons, especially on commercial aircraft. Thermoset composites have been
used for 30–40 years in aerospace. For example, the fuselage of the Boeing 787 is an
epoxy-based polymer [14].

On the other hand, the use of thermoplastic polymers (acrylic, polyolefin, acry-
lonitrile butadiene styrene (ABS), etc.), the more easily moldable and resettable

Thermoset Thermoplastic

Processing Contain monomers that cross-link together
during the curing process to form an
irreversible chemical bond. The cross-linking
process eliminates the risk of the product
remelting when heat is applied, making
thermosets ideal for high-heat applications
such as electronics and appliances

Pellets soften when heated and become
more fluid as additional heat is applied.
This characteristic allows thermoplastics to
be remoulded and recycled without
negatively affecting the material’s physical
properties

Features
and
benefits

• There are multiple thermoset resins that
offer various performance benefits

• Significantly improve the material’s
mechanical properties, providing
enhances chemical resistance, heat
resistance, and structural integrity.
Thermoset are often used for sealed
products due to their resistance to
deformation

• Cannot be recycled
• Cannot be remoulded or reshaped (not

melt if heat)
• Easy to wet the reinforcing fibres and

fillers
• More resistant to high temperatures than

thermoplastics
• Highly flexible design
• Thick to thin wall capabilities
• Excellent aesthetic appearance
• High levels of dimensional stability
• More difficult to surface finish
• Cost-effective

• There is multiple thermoplastic that
offer various performance benefits

• Commonly offer high strength, shrink-
resistance, and easy bendability.
Depending on the polymers,
thermoplastics can serve low-stress
applications such as plastic bags or high-
stress mechanical parts

• Highly recyclable
• Can melt if heated, remoulding/

reshaping capabilities
• More difficult to wet the reinforcing

fibres and fillers
• High-impact resistance
• Chemical resistant
• Hard crystalline or rubbery surface

options
• Aesthetically superior finishes
• Ecofriendly manufacturing
• Generally, more expensive than

thermoset

Table 1.
Thermoset vs. thermoplastic.
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composite material relative to thermoset polymers, is a growing material trend in
the fibre-reinforced polymer (FRP) industry. According to the American Compos-
ites Manufacturers Association (ACMA), the thermoplastic industry is expected to
grow 4.9% over the next years and reach an estimated $8.2 billion by 2017, with
even larger opportunities in emerging economies. Thermoplastic polymers also
offer an easy solution to recycling composite components, a concern when it comes
to adopting composite materials. Thermoplastic composites can repeat the heating
and cooling cycle many times, thus giving the product an almost indefinite shelf life
and adding more value for industries concerned with composite recyclability. This
is especially the case for the growth of natural fibre thermoplastics in the USA and
Western Europe. For example, wood-plastic composites, used for decking material
and other wood substitutions, have grown by 35–40% in the past 5 years. According
to Lucintel (the premier global management consulting and market research firm),
countries in Asia and Eastern Europe will lead the growth for thermoplastic adop-
tion because automotive production and thermoplastic automotive component pro-
duction are quickly growing in those regions. However, the automotive sectors in
the USA and Western Europe may not experience the same high rate of growth but
are expected to develop steadily in the next 5 years, mainly due to the acceptance of
new composite application. The study indicates that although gains will be limited
by rising energy costs and competition from lower cost materials, there is signifi-
cant opportunity in emerging economies such as China, Russia, Brazil, and India
[15]. Recently, a major trend in the aerospace industry is a move toward greater use
of thermoplastics vs. “traditional” thermoset epoxies. This also opens an opportu-
nity for thermoplastics.

Thermoplastic are the dominant plastic materials overall, especially in non-
reinforced applications. Thermosets are used in non-reinforced applications for a
specific purpose where they have an advantage because of some unique property.
However, within the reinforced or composites marketplace, thermoset dominant
and thermoplastic are used only in applications where their unique advantages are
important. Within the composite market, thermoset represents about 80% of the
total material used [16]. The global composite resin market size by end-use appli-
cations, in terms of value, was USD 9317.4 Million in 2014 and is projected to grow
at a CAGR of 5.6% between 2015 and 2020 [17].

As mentioned above, thermoplastics are capable of being repeatedly softened by
the application of heat and hardened by cooling and have the potential to be the
most easily recycled, which has seen them most favoured in recent commercial
uptake, whereas better realisation of the fibre properties is generally achieved using
thermosets. There are several types of polymers in the market. The most common
polymers are summarized in Table 2 [18–23].

3. Reinforcements

Composite reinforcements can be in various forms such as fibres, flakes, or
particles. Each of these has its own properties which can be contributed to the
composites, and therefore, each has its own area of applications. Among the forms,
fibres are the most commonly used in composite applications, and they have the
most influence on the properties of the composite materials. These reasons are that
the fibres have the high aspect ratio between length and diameter, which can
provide effective shear stress transfer between the matrix and the fibres, and the
ability to process and manufacture the composites part in various shapes using
different techniques.
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Polymers Density
(g/cm3)

Elongation
(%)

Tensile
strength
(MPa)

Young’s
modulus
(GPa)

Thermoplastic Acrylonitrile styrene acrylate
(ASA)

1.0–1.1 30.0 43.5 2.2

Acrylonitrile butadiene styrene
(ABS)

1.0–1.1 270.0 47.0 2.1

Cross-linked polyethylene (PE) 0.9 350.0 18.0 0.5

Ethylene vinyl acetate (EVA) 0.9–1.0 750.0 17.0 0.02

High-density polyethylene
(HDPE)

0.9–1.0 150.0 32.0–38.2 1.3

High-impact polystyrene
(HIPS)

1.0 2.5 42.0 2.1

Low-density polyethylene
(LDPE)

0.9 400.0 10.0–11.6 0.2–0.3

Nylon 6 (PA 6) 1.1 60.0 81.4 2.8

Nylon 66 (PA 66) 1.1 60.0 82.7 2.8

Perfluoroalkoxy (vinyl ether) 2.15 260.0–
300.0

28.0–31.0 0.50–0.60

Polybutylene (PB) 0.95 220–300 29.0–35.0 0.29–0.30

Polylactic acid (PLA) 1.2–1.3 2.1–30.7 5.9–72.0 1.1–3.6

Polycarbonate (PC) 1.2 200.0 69.0 2.3

Polycaprolactone (PCL) 1.1 700.0 16.0–23.0 0.4

Polyethylene cross-linked
(PEX)

0.92 20.0

Polyethylene terephthalate
(PET)

1.5–1.6 300.0 55.0–159.0 2.3–9.0

Polyether ether ketone (PEEK) 1.3–1.5 1.6–50.0 92.0–95.0 3.7–24.0

Polyether ketone (PEK) 1.2–1.4 20.0 100.0–110.0 3.5

Polyhydroxyalkanoates (PHA) 1.2–1.3 2.0–1200.0 10.0–39.0 0.3–3.8

Polyhydroxybutyrate (PHB) 1.2 1.56–6.0 24.0–40.0 3.5–7.7

Poly-3-hydroxybutyrate
(P-3-HB)

1.3 0.4–6.0 40.0 3.5

Poly-3-hydroxybutyrate-co-3-
hydroxyvalerate (P-3-HB-

3 HV)

0.2–0.3 1.6–20.0 23.0–40.0 3.5

Poly-3-hydroxybutyrate
(P-3-HB)

1.2 1000.0 104.0 —

Poly(methyl methacrylate)
(PMMA)

1.1–1.2 2.5 72.4 3.0

Polypropylene (PP) 0.9–1.3 80.0 35.8 1.6

Polystyrene (PS) 1.04 1.6 34.0 3.0

Polytetrafluoroethylene (PTFE) 2.20 40.0–650.0 0.862–41.4 0.392–2.25

Polyvinyl chloride (PVC) 1.3–1.5 50.0–80.0 52.0–90.0 3.0–4.0

Polyvinylidene fluoride (PVDF) 1.8 50.0 43.0 2.0

Rigid thermoplastic
Polyurethane (RTPU, PUR-RT)

1.1 5.0 75.0 4.0
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Various types of fibres have been utilised to reinforce polymer matrix compos-
ites. The most common are carbon fibres (AS4, IM7, etc.), glass fibre (E-glass,
S-glass, etc.), aramid fibres (Kevlar® and Twaron®), and boron fibres. Glass fibres
have been used as reinforcement for centuries, notably by Renaissance Venetian
glass workers. Commercially important continuous-glass fibre filaments were
manufactured in 1937 by a joint venture between Owens-Illinois and Corning Glass.
A variety of glass fibre compositions are available for different purposes as
presented below. Table 3 shows compositions of some commonly used glass fibres
for composite materials.

• Grade A is high alkali grade glass, originally made from window glass.

• Grade C is chemical-resistant grade glass for acid environments or corrosion.

• Grade D is low dielectric grade glass, good transparency to radar (quartz glass).

• Grade E is electrical insulation grade; this is the most common reinforcement
grade.

• Grade M is high modulus grade glass.

• Grade R is reinforcement grade glass; this is the European equivalent of S-glass.

• Grade S is high strength grade glass, a common variant is S2-glass. This fibre
has higher Young’s modulus and temperature resistance than E-glass. It is also
significantly more expensive.

Table 4 presents the mechanical properties of the main grades of glass fibre for
composite materials.

Carbon fibre was first invented near Cleveland, Ohio, in 1958. It wasn’t until a
new manufacturing process was developed at a British research centre in 1963 that
carbon fibre’s strength potential was realised [27]. The principle precursors for
carbon fibres are polyacrylonitrile (PAN), pitch, cellulose (Rayon), and some other
potential precursors such as lignin and polyethylene. Carbon fibres are

Polymers Density
(g/cm3)

Elongation
(%)

Tensile
strength
(MPa)

Young’s
modulus
(GPa)

Thermoset Epoxy (EP) 1.2–1.3 1.3 55.0–130.0 2.7–4.1

Melamine formaldehyde (MF) 1.5–1.6 0.6 65.0 12.0

Phenol formaldehyde (PF) 1.2 1.2 45.0–60.0 4.0–7.0

Rigid thermoset polyurethane
(RPU)

1.2 90.0 60.0 2.2

Unsaturated polyester (UPE) 1.1 2.0 34.0–105.0 2.1–3.5

Urea formaldehyde (UF) 1.5–1.6 0.8 65.0 9.0

Polyurethane rubber 1.2–1.3 300.0–
580.0

39.0 2.0–10.0

Vinyl ester (VE) 1.23 2.0–12.0 73.0–81.0 3.0–3.5

Table 2.
Properties of some polymers.
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Various types of fibres have been utilised to reinforce polymer matrix compos-
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manufactured by stretching PAN polymer precursor, melt spinning of molten pitch,
and graphitization under tensile stress [28].

The modulus of carbon fibres depends on the degree of perfection of the align-
ment. Imperfections in alignment results in complex shaped voids elongated paral-
lel to the fibre axis, which act as stress raisers and points of weakness. The
alignment varies considerably with the manufacturing route and conditions. High-
modulus fibres are those which have been subjected to heat treatment in excess of
1650°C, possess three-dimensional ordering of the atoms, have carbon contents

Fibre Density
(kg/m3)

Young’s
modulus
(GPa)

Virgin filament
strength (MPa)

Roving
strength
(MPa)

Strain to
failure (%)

A (alkali) 2460 73 3100 2760 3.6

C (chemical) 2460 74 3100 2350 �
D (dielectric) 2140 55 2500 � �
E (electrical) 2550 71 3400 2400 3.37

R (reinforcement) 2550 86 4400 3100 5.2

S (strength) 2500 85 4580 3910 4.6

S2 2460 90 3623 � �
S3 2830 99 3283 � �

Table 4.
Mechanical properties of the main grades of glass fibre [24].

Oxide E-glass with
boron

E-glass without
boron

ECR-
glass

S-2
glass

R-glass Effect on fibre properties

SiO2 52–56 59 54–62 64–66 60–65 Very low thermal expansion

Al2O3 12–16 12.1–13.2 9–15 24–26 17–24 Improved chemical durability

B2O3 5–10 — — — — Low thermal expansion

CaO 16–25 22–23 17–25 — 5–11 Resistance to water, acids, and
alkalis

MgO 0–5 3.1–3.4 0–5 8–12 6–12 Resistance to water, acids, and
alkalis

ZnO — — 2.9 — — Chemical durability

Na2O 0–1 0.6–0.9 1.0 0–0.1 0–2 High thermal expansion,
moisture sensitivity

K2O Trace 0–0.2 0.2 — 0–2 High thermal expansion,
moisture sensitivity

TiO2 0.2–0.5 0.5–1.5 2.5 — — Improved chemical durability
especially alkali resistance

Zr2O3 — — — 0–1 — —

Li2O — — — — — High thermal expansion,
moisture sensitivity

Fe2O3 0.2–0.4 0.2 0.1 0–0.1 — Green colouration

F2 0.2–0.7 0–0.1 Trace — — —

Table 3.
Composition for some commonly used glass fibres [24–26].
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above 99% (although their graphitic structure is still less than 75%), and have a
tensile modulus above 350 GPa. High-modulus, high-strength carbon fibres have
diameters of 7–8 μm and consist of small crystallites of “turbostratic” graphite. The
layers have no regular stacking sequence, and the average spacing between the
planes is 0.34 nm. To obtain high modulus and strength, the layer planes of the
graphite must be aligned parallel to the fibre axis [29]. Carbon fibres have several
advantages including high stiffness, high tensile strength, low weight, high chemi-
cal resistance, and high temperature. The carbon fibres can be utilised in various
applications such as aerospace, automotive, sporting goods, and consumer goods.
Table 5 shows properties for the different grades of carbon fibre.

Kwolek is a DuPont chemist who in 1965 invented an aramid fibre known as
Kevlar, the lightweight, stronger-than-steel fibre used in bulletproof vests and other
body armour around the world. The chemical structure of the materials is being
alternated aromatic (aryl) benzene rings and the amide (CONH) group. The com-
mercial name of the reinforcement’s fibres is Kevlar from DuPont and Twaron from
AkzoNobel, which are believed to be poly-(para-phenylene terephthalamide). The
polymer is produced by the elimination of hydrogen chloride from terephthaloyl
chloride and para-phenylene diamine. The polymer is washed and dissolved in
sulphuric acid to form a partially oriented liquid crystal solution. The solution is
spun through small die holes, orientation taking place in the spinnerette, and the
solvent is evaporated. Hull suggests that the solution is maintained between �80°C
and �50°C before spinning and is extruded into a hot-walled cylinder at 200°C.
Kevlar was introduced for commercial products in 1971. There are three principal
types of Kevlar fibre as shown in Table 6.

Recently, with advantages of reasonable mechanical properties, low density,
environmental benefits, renewability, and economic feasibility, natural fibres have
been paid more attention to in composite applications. The natural fibres in simple
definition are fibres that are not synthetic or man-made and are categorized based

Precursor PAN PAN Pitch Pitch Rayon Pitch (K13D2U)

Modulus Low High Low High Low Ultrahigh

Tensile modulus (GPa) 231 392 161 385 41 931

Tensile strength (GPa) 3.4 2.5 1.4 1.8 1.1 3.7

Strain to failure (%) 1.4 0.6 0.9 0.4 2.5 0.4

Relative density 1.8 1.9 1.9 2.0 1.6 2.2

Carbon assay (%) 94 100 97 99 99 >99

Table 5.
Indicative properties for the different grades of carbon fibre [27].

Fibre type E (GPa) σ’ (GPa) ε’ (%)

Kevlar 29 High-toughness, high-strength, intermediate
modulus for tyre cord reinforcements

83 3.6 4.0

Kevlar 49 High modulus high-strength for composite
reinforcement

131 3.6 2.8

Kevlar 149 Ultra-high modulus recently introduced 186 3.4 2.0

Table 6.
Characteristics of the different grades of aramid fibre [27].
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on their origin from animals, mineral, or plant sources [30]. Natural fibres are one
such proficient material which would be utilised to replace the synthetic materials
and their related products for the applications requiring less weight and energy
conservation. Natural plant fibres are entirely derived from vegetative sources and
are fully biodegradable in nature. Fibre-reinforced polymer matrix got considerable
attention in numerous applications because of its good properties. The current
indicators are that interest in natural fibre composites by the industry will keep
growing quickly around the world. The application of natural fibre-reinforced
polymer composites and natural-based resins for replacing existing synthetic poly-
mer or glass fibre-reinforced materials is huge. However, natural fibre quality is
influenced significantly by the age of the plant, species, growing environment,
harvesting, humidity, quality of soil, temperature, and processing steps, and there is
a move to reduce the on-field processing to improve consistency and reduce costs.
The properties of several natural fibres and commonly used synthetic fibres are
shown in Table 7 [31–35].

Fibre Density
(g/cm3)

Elongation
(%)

Tensile strength
(MPa)

Young’s modulus
(GPa)

Abaca 1.5 — 511.0–1051.0 13.5–29.8

Alfa 0.89 — 350.0 22.0

Bagasse 1.2 1.1 20.0–290.0 19.7–27.1

Banana 1.3–1.4 2.0–7.0 54.0–789.0 3.4–32.0

Bamboo 1.5 — 575.0 27.0

Coconut 1.4–3.8 — 120.0–200.0 19.0–26.0

Coir 1.2 15.0–30.0 175.0–220.0 4.0–6.0

Cotton 1.5–1.6 3.0–10.0 287.0–597.0 5.5–12.6

Curaua 1.4 — 825.0 9.0

Flax 1.4–1.5 1.2–3.2 345.0–1500.0 27.6–80.0

Hemp 1.4–1.5 1.6 550.0–900.0 70.0

Henequen 1.4 3.0–4.7 430.0–580.0 —

Isora 1.2 — 550.0 —

Jute 1.3–1.5 1.5–1.8 393.0–800.0 10.0–30.0

Kapok 0.4 — 93.3 41.0

Kenaf 1.2 2.7–6.9 295.0 —

Palf 1.4 3.0 170.0–635.0 6.2–24.6

Piassava 1.4 — 138.5 2.8

Pineapple 1.5 1.0–3.0 170.0–1672.0 82.0

Ramie 1.5 2.0–3.8 220.0–938.0 44.0–128.0

Silk 1.3–1.4 — 650.0–750.0 16.0

Sisal 1.3–1.5 2.0–14.0 400.0–700.0 9.0–38.0

Softwood
Kraft

1.5 — 1000.0 40.0

Wool 120.0–174.0 5.0–10.9

Table 7.
Properties of several natural fibres and commonly used synthetic fibres.

12

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

Increasingly, the fibres have replaced parts formerly made of steel. The fibres used
in composite materials appear at different forms and scales as shown in Figure 1.

4. Composite manufacturing techniques

There are several methods for fabricating composite materials. The selection of a
method for a part will depend on the materials, the part design, the performance,
and the end-use or application.

Figure 1.
Various fibre forms.
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4.1 Open contact moulding

Hand lay-up is an open contact moulding technique for fabricating composite
materials. Resins are impregnated by the hand into fibres which are in the form of
woven, knitted, stitched, or bonded fabrics. In this technique, the mould is first
treated with mould release, dry fibres or dry fabrics are laid on a mould, and liquid
resin is then poured and spread onto the fibre beds [36]. This is usually accomplished
by rollers or brushes, with an increasing use of nip-roller-type impregnators for
forcing resin into the fabrics by means of rotating rollers and a bath of resin. A roller
or brush is used to wet the fibres and remove air trapped into the lay-ups. A few
layers of fibres are wetted, and laminates are left to cure under standard atmospheric
conditions. After these layers are cured, more layers are added, as shown in Figure 2.

Spray-up is also an open-mould application technique for composite. The spray
lay-up technique is considered an extension of the hand lay-up method. In this
process, the mould is first treated with mould release. If a gel coat is used, it is
sprayed into the mould at a certain thickness after the mould release has been
applied. The gel coat then is cured, and the mould is ready for process. The fibre and
catalysed resin at a viscosity of 500–1000 cps are sprayed into the mould using a
chopper spray gun. The gun chops continuous fibre tow into short-fibre bundle
lengths and then blows the short fibres directly into the sprayed resin stream so that
both materials are applied simultaneously on the surface of the mould, as shown in
Figure 3. In the final steps of the spray-up process, the workers compact the
laminate by hand with rollers. The composite part is then cured, cooled, and
removed from the mould [37, 38].

Figure 2.
Hand lay-up process.

Figure 3.
The schematic of the spray lay-up process.
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Hand lay-up and spray-up methods are often used in tandem to reduce labour
cost. This is a common process for making glass fibre composite products such as
bathtubs, boat hulls and decks, fenders, RV components, shower stalls, spas, truck
cabs, and other relatively large and noncomplex shapes.

4.2 Resin infusion processes

With the ever-increasing demand for faster production rates, the industry has
used alternative fabrication processes to replace hand lay-up as well as encouraged
fabricators to automate those processes wherever possible.

Resin transfer moulding (RTM), sometimes referred to as liquid moulding, is a
fairly simple process. In this technique, the mould is first treated with mould
release. The dry reinforcement, typically a preform, is then placed into the mould
and the mould is closed. Low viscosity resin and catalyst are metered and mixed and
then pumped into the mould under low-to-moderate pressure through injection
ports, following predesigned paths through the preform. Low-viscosity resin is used
in RTM technique to ensure that the resin permeates through the preform quickly
and thoroughly before gel and cure, especially with thick composite parts.

Reaction injection moulding (RIM) injects a rapid cure resin and a catalyst into
the mould in two separate streams. Mixing and chemical reaction occur in the
mould instead of in a dispensing head. Automotive industry suppliers have com-
bined structural RIM (SRIM) with rapid preforming methods to fabricate structural
parts that do not require a class A finish. Figure 4 describes the schematic of the
RTM process [39, 40].

Representing the fastest-growing moulding technology is vacuum-assisted resin
transfer moulding (VARTM), as shown in Figure 5. The difference between VARTM
and RTM is that in VARTM, resin is drawn into a preform use a vacuum only, rather
than pumped in under pressure as RTM. VARTM technique does not require high
heat or pressure. VARTM usually operates with low-cost tooling, making it possible
to inexpensively produce large, complex parts in one shot [41–43].

Resin film infusion (RFI) is a hybrid process in which a dry preform is placed in
a mould on top of a layer, or interleaved with multiple layers, of high-viscosity resin
film. Under applied heat, vacuum, and pressure, the resin liquefies and is drawn
into the preform, resulting in uniform resin distribution, even with high-viscosity,
toughened resins, because of the short flow distance. Using the resin infusion
techniques, the fibre volumes can be up to 70%, and automated controls ensure low
voids and consistent preform reproduction, without the need for trimming. Resin
infusion has found significant application in boatbuilding. This method has been

Figure 4.
The schematic of the RTM process.
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Figure 2.
Hand lay-up process.

Figure 3.
The schematic of the spray lay-up process.
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Hand lay-up and spray-up methods are often used in tandem to reduce labour
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employed by The Boeing Co. (Chicago, IL, USA) and NASA, as well as small
fabricating firms, to produce aerospace-quality laminates without an autoclave
[36, 44]. Figure 6 presents the schematic of the resin film infusion process.

4.3 Compression moulding

Compression moulding is a precise and potentially rapid process for producing
high-quality composite parts in a wide range of volumes. The material is manually or
robotically placed in the mould. The mould halves are closed, and pressure is applied
using hydraulic presses. Cycle time ranges depending on the part size and thickness.
This process produces high-strength, complex parts in a wide variety of sizes. The
composites are commonly processed by compression moulding and include thermo-
setting prepregs, fibre-reinforced thermoplastic, moulding compounds such as sheet
moulding compound (SMC), bulk moulding compounds (BMC), and chopped ther-
moplastic tapes. Figure 7 shows the schematic of the compression moulding process.

4.4 Injection moulding

Injection moulding is a closed process as shown in Figure 8. This is fast, high-
volume, low-pressure, and most commonly used for filled thermoplastics, such as
nylon with chopped glass fibre. The injection-moulding process has been in use for

Figure 5.
The schematic of the VARTM process.

Figure 6.
The schematic of the resin film infusion process.
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nearly 150 years. Reciprocating screw injection-moulding machines were intro-
duced in the 1960s and are still used today [45]. Injection speeds are typically one to
a few seconds, and many parts can be produced per hour in some multiple cavity
moulds.

4.5 Filament winding

Filament winding is a continuous fabrication method that can be highly auto-
mated and repeatable, with relatively low material costs as shown in Figure 9.
A long, cylindrical tool called a mandrel is suspended horizontally between end
supports. Dry fibres are run through a bath of resin to be wetted. The fibre appli-
cation instrument moves back and forth along the length of a rotating mandrel with
the traverse carriage, placing fibre onto the tool in a predetermined configuration.
Computer-controlled filament-winding machines are used to arrange the axes
of motion [46–48]. Filament winding is one example of aerospace composite
materials.

4.6 Pultrusion process

Composite pultrusion is a processing method for producing continuous lengths
of fibre-reinforced polymer structural shapes with constant cross-sections. This is
a continuous fabrication method that can be highly automated. In this process, a
continuous bundle of dry fibre is pulled through a heated resin-wetting station.

Figure 7.
The schematic of compression moulding process.

Figure 8.
Simplified diagram of moulding process.
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The wetted bundle is pulled into heated dies, and the cross-sectional shape of the
pulled fibre is formed by these dies. The resin is cured, and the composites are
formed. Parts are then made by slicing the long-cured piece. This process is limited
to straight parts with a constant cross-section, such as I-beams, T-beams, or frame
sections and ladder rails. Figure 10 shows the schematic of the pultrusion process
[49, 50]. Pultrusion is used in the manufacture of linear components such as ladders
and mouldings.

4.7 Automated fibre placement

Automated fibre placement (AFP) is one of the most advanced methods for
fabricating and manufacturing of composite materials as presented in Figure 11.
This method is used almost exclusively with continuous fibre-reinforced tape. A
robot is utilised to place fibre-reinforced tape and build a structure one ply (layer)
at a time. A band of material comprised of multiple narrow strips of tape (tows) is
placed where these tows are commonly 0.125 and 0.25 inches wide. The use of
robotics gives the operator active control over all the processes critical variables,
making the process highly controllable and repeatable. This method allows the
fabrication of highly customised parts as each ply can be placed at different angles
to best carry the required loads [51, 52].

Advantages of fibre placement are processing speed and reduced material scrap
and labour costs. Often, the process is utilised to fabricate large thermoset parts
with complex shapes. Similar to ATP process, automated tape laying (ATL) is an
even speedier automated process in which prepreg tape, rather than single tows, is
laid down continuously to form parts.

Figure 9.
The schematic of the filament winding process.

Figure 10.
The schematic of the pultrusion process.
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4.8 Additive manufacturing

Additive manufacturing is also known as 3D printing technique. Additive
manufacturing is a step change in the development of rapid prototyping concepts
that were introduced more than 20 years ago. This is a process for making a solid
object from a three-dimensional digital model, typically by laying down many
successive thin layers of a material. Manufacturing a composite structure with a
single nozzle uses polymer composite filament and contains polymer and additives
such as rubber microspheres, particles of glass or carbon fibre, wood flour, etc. as
shown in Figure 12. This more recent form of composite part production grew out
of efforts to reduce the costs in the design-to-prototype phase of product develop-
ment, taking aim particularly at the material-, labour-, and time-intensive area of
toolmaking [53–56].

4.9 Composite properties

The polymer composite materials are lightweight, which increases the fuel
efficiency of vehicles manufactured from composites and gives them structural

Figure 12.
The schematic of the 3D printing process for polymer composites.

Figure 11.
The schematic of the automated fibre placement process.
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stability. In addition, they offer a high strength-to-weight ratio and increased heat
resistance. Composites have very different properties and applications depending
on the type of matrix, reinforcement, ratio between them, formulations, processing
etc. The bonding strength between fibre and polymer matrix in the composite is

Composite Density
(g/cm3)

Elongation
(%)

Tensile
strength
(MPa)

Young’s
modulus (GPa)

ABS + 30% glass fibre — 2.0 60.0 9.0

Acetal copolymer + 30% glass fibre — 3.0 110.0 9.5

Epoxy + 40–60% carbon fibre 1.15–2.25 0.4–11.0 4.6–3220.0 2.6–520.0

Epoxy + 45% flax yarn-aligned — — 133.0 28.0

Epoxy + 40% glass fibre — — — —

Epoxy + 52% jute fibre — — 216.0 31.0

Epoxy + 52% kevlar fibre — — 434.0 28.2

PEEK + 62% carbon fibre 1.60 — 750.0 50.0

PEEK + kevlar fibre 1.31–1.50 1.0–6.0 75.0–193.0 4.0–20.7

Nylon 66 + 25–30% carbon fibre 1.20–1.57 0.90–4.0 193.0–261.0 16.0–33.1

Nylon 6 + 40% glass fibre 1.45 2.0–3.0 235.0 12.9

Nylon + kevlar fibre 1.16 4.0 110.0 9.0

PLA + 30% abaca fibre — — 74.0 8.0

PLA + 20% bamboo fibre — — 90.0 1.8

PLA + 30% flax fibre — — 53.0–100.0 8.0

PF + E glass fibre 1.5–1.65 — 85.0–330.0 5.0–17.0

Polycarbonate + 5–40% carbon fibre 1.15–1.43 0.9–118.0 46.0–186.0 2.1–25.5

Polycarbonate + 30–40% glass fibre 1.44–1.52 4.0 107.0–159.0 10.0–11.6

Polycarbonate-ABS + 30% glass fibre 1.29 — 82.7 —

Polyimide + 20–30% carbon fibre 1.38–1.68 0.8–5.5 36.5–241.0 4.5–29.0

Polyimide + glass fibre — 2.0 150.0 12.0

PP + 30% carbon fibre 1.07 1.0 117.0 16.2

PP + 30% cotton fibre — — 58.5 4.1

PP + 20% glass-chopped strand mat — — 77.0 5.4

PP + 20% glass fibre 1.03 3.0–4.0 100.0 4.3

PP + 40% glass fibre 1.22 2.0 127.0 7.6

PP-MAgPP + 40% hemp fibre — — 52.0 4.0

UPE + 35% jute fibre — — 50.0 8.0

UPE + 47% glass fibre — — 201.0 13.0

Vinylester + carbon fibre 1.50–1.65 1.4 900.0–1200.0 136.0

Vinylester + 24% flax fibre — — 248.0 24.0

Vinylester + 59% glass fibre — — 483.0 33.0

Vinylester + kevlar fibre 1.35 — 500.0 40.0

Table 8.
Properties of several fibre-reinforced polymer composites.
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considered one of the major factors in order to obtain superior fibre reinforcement
polymer composite properties. Typical properties of several polymer composites are
presented in Table 8 [57–71].

The growth of the composites market can be attributed to increased uses in the
aerospace, defence, and transportation applications. The global composite materials
market is expected to reach an estimated $40.2 billion by 2024, and it is forecasted
to grow at a CAGR of 3.3% from 2019 to 2024. The global composite product market
is expected to reach an estimated $114.7 billion by 2024 [72].

5. Composite applications

The most widely used form of fibre-reinforced polymer is a laminar structure,
made by stacking and bonding thin layers of fibre and polymer until the desired
thickness is obtained. By changing the fibre orientation among layers in the lami-
nate structures, a specified level of anisotropy in composite properties can be
achieved. Composites offer many benefits such as corrosion resistance, light weight,
strength, lower material costs, improved productivity, design flexibility, and dura-
bility. Therefore, the wide range of industries uses composite materials and some of
their common applications [3, 15].

5.1 Aerospace

The major original equipment manufacturers (OEMs) such as Airbus and Boeing
have shown the potential of using composite materials for large-scale applications in
aviation. NASA is continually looking to composite manufacturers for innovative
approaches and space solutions for rockets and other spacecrafts. Composites with
thermoset are being specified for bulkheads, fuselages, wings, and other applica-
tions in commercial, civilian, and military aerospace applications. There are several
other applications of composites in the areas such as air-foil surfaces, antenna
structures, compressor blades, engine bay doors, fan blades, flywheels, helicopter
transmission structures, jet engines, radar, rocket engines, solar reflectors, satellite
structures, turbine blades, turbine shafts, rotor shafts in helicopters, wing box
structures, etc. [3, 15, 26, 37]

5.2 Appliance/business

Composite materials offer flexibility in design and processing; therefore com-
posite materials can be used as alternatives for metal alloys in appliances. Unlike
most other industries, trends within the appliance segment move quite quickly. In
addition, design and function are subject to both technology advancements and
changing consumer taste. Composite materials are being used in appliance and
business equipment such as equipment panels, frames, handles and trims in appli-
ances, power tools, and many other applications. Composites are being utilised for
the appliance industry in dishwashers, dryers, freezers, ovens, ranges, refrigerators,
and washers. The components in the equipment that were utilised composites
include consoles, control panels, handles, kick plates, knobs, motor housings, shelf
brackets, side trims, vent trims, and many others [3, 73].

5.3 Architecture

With their aesthetic qualities, functionality, and versatility, the composite
materials are becoming the material of choice for architectural applications.
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Composite materials allow architects to create designs that are impractical or
impossible with traditional materials, improve thermal performance and energy
efficiency of building materials, and meet building code requirements. Composite
materials also offer design flexibility and can be moulded into complex shapes. They
can be corrugated, curved, ribbed, or contoured in a variety of ways with varying
thickness. Further, a traditional look such as copper, chrome or gold, marble, and
stone can be achieved at a fraction of the cost using composite materials. Therefore,
the architecture community is experiencing substantial growth in the understand-
ing and use of composites in commercial and residential buildings [15].

5.4 Automotive and transportation

The automotive industry is no stranger to composites. This is one of the largest
markets for composite materials. Weight reduction is the greatest advantage of
composite material usage. A lower-weight vehicle or truck is more fuel-efficient
because it requires less fuel to propel itself forward. In addition to enabling ground
breaking vehicle designs, composites help make vehicles lighter and more fuel
efficient. The composite materials are used in bearing materials, bodies, connecting
rod, crankshafts, cylinder, engines, piston, etc. While fibre-reinforced polymers
such as CFRP in cars get most of the attention, composites also play a big role in
increasing fuel efficiency in trucks and transport systems. A number of US state
Departments of Transportation are also using composite to reinforce the bridges
those trucks travel on [3, 26, 37].

5.5 Construction and infrastructure

Construction is one of the largest markets for composites globally. The compos-
ites can be made to have a very high strength and ideal construction materials.
Thermoset composites are replacing many traditional materials for home and
offices’ architectural components including doors, fixtures, moulding, roofing,
shower stalls, swimming pools, vanity sinks, wall panels, and window frames.
Composites are used all over the world to help construct and repair a wide variety of
infrastructure applications, from buildings and bridges to roads, railways, and
pilings [3, 74].

5.6 Corrosive environments

Products made from composite materials provide long-term resistance to severe
chemical conditions and temperature environments. Composites are often the
material of choice for applications in chemical handling applications, corrosive
environments, outdoor exposure, and other severe environments such as chemical
processing plants, oil and gas refineries, pulp and paper converting, and water
treatment facilities. Common applications include cabinets, ducts, fans, grating,
hoods, pumps, and tanks [3, 37, 73]. Fibre-reinforced polymer composite pipes are
used for everything from sewer upgrades and wastewater projects to desalination,
oil, and gas applications. When corrosion becomes a problem with pipes made with
traditional materials, fibre-reinforced polymer is a solution [3, 73].

5.7 Electrical

With the rapid growth of the electronics industry, and with strong dielectric
properties including arc and track resistance, the composite materials are finding
more and more in electronic applications. With strong dielectric properties
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including arc and track resistance, thermoset components include. Applications and
components include arc chutes, arc shields, bus supports and lighting components,
circuit breakers, control system components, metering devices, microwave anten-
nas, motor controls, standoff insulators, standoffs and pole line hardware and
printed wiring boards, substation equipment, switchgear, terminal blocks, and ter-
minal boards [3, 75].

5.8 Energy

Material technology has grown from the early days of glass fibres as major
reinforcements for composite material to carbon fibres which are lighter and stron-
ger. The advancements in composites, particularly those from the US Department
of Energy, are redefining the energy industry. Composites help enable the use of
wind and solar power and improve the efficiency of traditional energy suppliers.
Composite materials offer wind manufacturers strength and flexibility in
processing with the added benefit of a lightweight components and products
[3, 76]. The wind industry has set installation records over the last couple years.
According to the Global Wind Energy Council, the trend for this industry may
continue with global wind capacity predicted to double in the next few years.
Composites play a vital role in the manufacture of structures such as wind turbine
blades [3, 77].

5.9 Marine

Just like in the other engineering areas, the main struggle of naval architecture is
to achieve a structure as light as possible. The marine industry uses composites to
help make hulls lighter and more damage-resistant. With their corrosion resistance
and light-weighting attributes, marine composite applications include boat hulls,
bulkheads, deck, mast, propeller, and other components for military, commercial,
and recreational boats and ships. Composites can be found in many more areas of
a maritime vessel, including interior mouldings and furniture on super yachts
[3, 78, 79].

5.10 Sports and recreation

The fibre-reinforced composite materials possess some excellent characteristics,
including easy moulding, high elastic modulus, high strength, light in weight, good
corrosion resistance, and so on. Therefore, fibre-reinforced composite materials
have extensive applications in production the manufacturing of sports equipment.
From bicycle frames, bobsleds fishing poles, football helmets, hockey sticks, hori-
zontal bars, jumping board, kayaks, parallel bars, props, tennis rackets, to rowing,
carbon fibres, and fibreglass composite materials help athletes reach their highest
performance capabilities and provide durable and lightweight equipment [3, 80].

6. Summary

Composites have many advantages; a wide range of material combinations can
be used in composites, which allows for design flexibility. The composites also can
be easily moulded into complicated shapes. The materials can be custom tailored to
fit unique specifications. Composites are light in weight compared to most woods
and metals and lower density as compared to many metals. They are stronger than
some other materials. The materials resist damage from weather and harsh
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material of choice for applications in chemical handling applications, corrosive
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processing plants, oil and gas refineries, pulp and paper converting, and water
treatment facilities. Common applications include cabinets, ducts, fans, grating,
hoods, pumps, and tanks [3, 37, 73]. Fibre-reinforced polymer composite pipes are
used for everything from sewer upgrades and wastewater projects to desalination,
oil, and gas applications. When corrosion becomes a problem with pipes made with
traditional materials, fibre-reinforced polymer is a solution [3, 73].
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With the rapid growth of the electronics industry, and with strong dielectric
properties including arc and track resistance, the composite materials are finding
more and more in electronic applications. With strong dielectric properties
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printed wiring boards, substation equipment, switchgear, terminal blocks, and ter-
minal boards [3, 75].
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Material technology has grown from the early days of glass fibres as major
reinforcements for composite material to carbon fibres which are lighter and stron-
ger. The advancements in composites, particularly those from the US Department
of Energy, are redefining the energy industry. Composites help enable the use of
wind and solar power and improve the efficiency of traditional energy suppliers.
Composite materials offer wind manufacturers strength and flexibility in
processing with the added benefit of a lightweight components and products
[3, 76]. The wind industry has set installation records over the last couple years.
According to the Global Wind Energy Council, the trend for this industry may
continue with global wind capacity predicted to double in the next few years.
Composites play a vital role in the manufacture of structures such as wind turbine
blades [3, 77].

5.9 Marine

Just like in the other engineering areas, the main struggle of naval architecture is
to achieve a structure as light as possible. The marine industry uses composites to
help make hulls lighter and more damage-resistant. With their corrosion resistance
and light-weighting attributes, marine composite applications include boat hulls,
bulkheads, deck, mast, propeller, and other components for military, commercial,
and recreational boats and ships. Composites can be found in many more areas of
a maritime vessel, including interior mouldings and furniture on super yachts
[3, 78, 79].

5.10 Sports and recreation

The fibre-reinforced composite materials possess some excellent characteristics,
including easy moulding, high elastic modulus, high strength, light in weight, good
corrosion resistance, and so on. Therefore, fibre-reinforced composite materials
have extensive applications in production the manufacturing of sports equipment.
From bicycle frames, bobsleds fishing poles, football helmets, hockey sticks, hori-
zontal bars, jumping board, kayaks, parallel bars, props, tennis rackets, to rowing,
carbon fibres, and fibreglass composite materials help athletes reach their highest
performance capabilities and provide durable and lightweight equipment [3, 80].

6. Summary

Composites have many advantages; a wide range of material combinations can
be used in composites, which allows for design flexibility. The composites also can
be easily moulded into complicated shapes. The materials can be custom tailored to
fit unique specifications. Composites are light in weight compared to most woods
and metals and lower density as compared to many metals. They are stronger than
some other materials. The materials resist damage from weather and harsh
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chemicals. Composites have a long service life and require little maintenance. Due
to the wide variety of available reinforcement, matrix, and their forms,
manufacturing processes, and each resulting in their own characteristic composite
products, the design possibilities for composite products are numerous. Therefore, a
composite and its manufacturing process can be chosen to best fit the developing
rural societies in which the products will be made and applied. Composite materials’
research continues. The areas of interest are nanomaterials—materials with
extremely small molecular structures and bio-based polymers. To facilitate the
advantages of the composites, several aspects must be considered: (a) concept
development, (b) material selection and formulation, (c) material design, (d)
product manufacturing, (e) market, and (f) regulations.
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Chapter 2

Introduction of Natural Fiber 
Composite Using in Paperboard 
Industry
N. Venkatachalam

Abstract

India is one of the largest countries having agriculture as the main profession 
for many people. A huge amount of natural fibers are present in the plants of 
agricultural land and forest. As these natural fibers have high potential due to their 
biodegradable nature, new ways must be found for the utilization of these natural 
fibers in industries. Nowadays, the paperboard producing ventures are confronted 
with two main problems, namely environmental pollution and insufficiency of raw 
materials. These ventures necessitate the spending of a lot of energy and money 
for diminishing the level of contamination in paperboard effluents. One method of 
diminishing the contamination in paperboard industries is the utilization of natural 
fiber composites. For the last two decades, there has been a lack of raw materials 
in paperboard industries. Consequently, it is important to find new resources. 
Presently, many researches focus on the development of natural fiber-reinforced 
composites for paperboard. The natural fiber composites could be used to solve the 
above two issues.

Keywords: chemically treated fibers, natural fiber composites, sawdust, properties, 
paperboard industry

1. Introduction

India is one of the biggest agricultural countries with agriculture as the main 
profession for many people. A large quantity and variety of natural fibers are avail-
able from the plants in agricultural land and forests. New ways have to be found for 
making use of these natural fibers in various industrial products. Presently, paper-
board manufacturing industries face two major challenges, namely environmental 
pollution and deficiency of raw materials. These manufacturing industries have 
to put in more efforts and money for reducing the level of pollution in paperboard 
effluents. One way of reducing pollution in paper industries is the use of natural 
fiber composites. In the past two decades, worldwide raw material deficiency 
has been occurring in paperboard raw materials. Hence, it is necessary to go for 
alternative materials. Much interest is shown in the extensive research on using 
natural fiber reinforced composites in paperboard industry. The use of natural fiber 
composites is the solution for the above two problems.

In India, endeavors have been made to fill the gap between demand and supply 
of paperboard by utilizing different agricultural products and weeds. The natural 
fiber in reinforced polymer composite is considered as a substitute for synthetic 
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fiber. The natural fibers have high specific modulus and moderate strength. They 
are completely combustible, affordable, lightweight, non-toxic as well as easy to 
recycle. The practical attributes necessary for paperboard are strength, anti-fungus, 
printability, processability, recyclability and biodegradability. The added advantage 
of using natural fiber composite in paperboard is that it reduces the global warm-
ing. The natural fiber composites solve the environmental effect to a great extent 
by zero emission of CO2 to the atmosphere. The natural fibers can be produced at a 
relatively low cost and low specific weight compared to synthetic fibers.

1.1 Natural fibers

Natural fibers can be classified into three main categories: vegetable fibers, ani-
mal fibers and mineral fibers. Vegetable fibers are composed primarily of cellulose, 
hemicellulose and lignin, with the balance being made up of pectin, water soluble 
compounds, wax, inorganic and non-flammable substances which are generally 
referred to as ash. The structure, microfibrillar angle, cell dimensions, defects and 
the chemical composition of fibers are the most important variables that determine 
the overall properties of the fibers. Plant fibers will exhibit high ductility if the 
microfibrils have a spiral orientation to the fiber axis. The properties of plant fibers 
depend on the type and age of plant, type of soil, climate conditions, the extraction 
method used, the fiber structure, microfibrillar angle, fiber (cell) dimensions and 
chemical composition.

The contents of natural fibers are cellulose, hemicellulose, lignin, ash and mois-
ture. The cellulose content has an important influence on the mechanical properties 
of fiber such as tensile strength, Young’s modulus and strain-to-failure.

The physical properties of natural fibers like density and diameter are the 
most important properties to make the light weight composites. The mechanical 
performance of the fiber-reinforced composites is mainly the function of the fiber 
dispersion, fiber-matrix compatibility and aspect ratio of the reinforcement. The 
tensile properties such as tensile strength, modulus and strain-to-failure of natural 
fibers play an important role in deciding the properties of polymer composites.

1.2 Chemically treated fibers

Natural fibers are noted for their hydrophilic nature due to the high quantity of 
hydroxyl groups gathered in cellulose. One way of improving the interfacial bond-
ing of the fibers with matrix is fiber surface modification. The cellulose of natural 
fiber contains hydrophilic nature, whereas lignin contains hydrophobic nature. 
Therefore, they are subject to modification. The hydroxyl groups may be required in 
the hydrogen bonding within the cellulose molecules, thereby reducing the activity 
towards the matrix.

The interest towards using natural fiber as reinforcement in composites has 
increased dramatically and it represents one of the most important uses in paper-
board industry. Cellulosic fibers are hygroscopic in nature; moisture absorption can 
result in the swelling of the fibers which may extend to micro-cracking of the com-
posite and degradation of mechanical properties. This problem can be overcome 
by treating these fibers with suitable chemicals to decrease the hydroxyl groups 
which may be required in the hydrogen bonding within the cellulose molecules. The 
mechanical and chemical bondings at the fiber surface are mainly dependent on the 
surface morphology and chemical composition of the fibers. Therefore, the micro-
scopic analysis of fiber surface topology and morphology is of extreme importance 
in fibrous composites. Hence, in the present research, an attempt has been made for 
heat, alkalization, silane, acetylation, acrylation, permanganate and benzoylation 
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treatments of fiber to modify the physical properties, morphology, crystallinity 
and thermal stability of Passiflora foetida Fiber (PFF). The reinforcing efficiency of 
natural fiber depends upon the cellulose and its crystallinity.

To identify the influence of treatment on the fibers, chemical composition, the 
Fourier Transform Infrared (FTIR) spectra is utilized. The crystalline structure 
of cellulose in PFF is detected by wide angle X-Ray Diffraction (XRD) spectra. 
Thermal degradation of fibers is analyzed by Thermogravimetric Analysis/
Differential Thermogravimetric analysis (TGA/DTG).

1.3 Sawdust (SW) filler

There are at present million sawmills working in urban region of India. A large 
quantity of SW is generated in sawmill industry. Fundamentally, this natural SW 
is utilized as a fuel source as well as a source for furniture item, namely plywood. 
The3’R concepts, namely “Reduce, Recycle and Reuse” can be applied to filler. 
SW represents an imperative renewable source of filler as a part of biopolymer 
composites.

SW is important in light of the fact that it is reused of ease, low weight and 
high stiffness. It diminishes shrinkage of composite in the wake of embellishment. 
Hence, the SW is tried as a filler material in a newly identified PFF with polymer 
composite and the resulting modified properties of filler are analyzed. The treated 
SW filler is randomly dispersed in the matrix such a way to obtain a homogeneous 
and isotropic macroscopic behavior of composite.

1.4 Fiber paperboard properties

Leu et al. [1], Stepanov et al. [2], Gonzalez et al. [3] and Adu and Jolly [4] have 
pointed out that the paperboard materials are classified into three types based on 
the source materials used for preparation as shown in Figure 1.

Increasing global consumption, modernization and luxury of the paperboard 
make a need to cut 7.2 billion trees for paper production for packing purpose. Of 
late, the raw material required for paperboard is 10 million tons per annum and this 
may be increased to 20 million tons per annum from 2020. Madras Consultancy 
Group (MCG) has reported that 21% of the world’s packaging market is done in 
India. The non-food material packing by paperboard has increased to 6.3% and 
this may also be increased to 2.4% per annum for next 5 years. Due to the shortage 
of raw materials, the paperboard industries are looking for the non-wood plant 
wastes. This may attract the researchers to investigate the alternate raw materials for 
paperboard products.

The pulp has been used as a raw material for paperboard industries. During 
the sulfur emission, the processing of paper may cause air and land pollution. The 
carbon-positive, water-positive, zero-solid waste disposal, Elemental Chlorine 
Free (ECF) technology and ozone technologies are being used to reduce toxins in 

Figure 1. 
Types of paperboard materials.
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fiber. The natural fibers have high specific modulus and moderate strength. They 
are completely combustible, affordable, lightweight, non-toxic as well as easy to 
recycle. The practical attributes necessary for paperboard are strength, anti-fungus, 
printability, processability, recyclability and biodegradability. The added advantage 
of using natural fiber composite in paperboard is that it reduces the global warm-
ing. The natural fiber composites solve the environmental effect to a great extent 
by zero emission of CO2 to the atmosphere. The natural fibers can be produced at a 
relatively low cost and low specific weight compared to synthetic fibers.

1.1 Natural fibers

Natural fibers can be classified into three main categories: vegetable fibers, ani-
mal fibers and mineral fibers. Vegetable fibers are composed primarily of cellulose, 
hemicellulose and lignin, with the balance being made up of pectin, water soluble 
compounds, wax, inorganic and non-flammable substances which are generally 
referred to as ash. The structure, microfibrillar angle, cell dimensions, defects and 
the chemical composition of fibers are the most important variables that determine 
the overall properties of the fibers. Plant fibers will exhibit high ductility if the 
microfibrils have a spiral orientation to the fiber axis. The properties of plant fibers 
depend on the type and age of plant, type of soil, climate conditions, the extraction 
method used, the fiber structure, microfibrillar angle, fiber (cell) dimensions and 
chemical composition.

The contents of natural fibers are cellulose, hemicellulose, lignin, ash and mois-
ture. The cellulose content has an important influence on the mechanical properties 
of fiber such as tensile strength, Young’s modulus and strain-to-failure.

The physical properties of natural fibers like density and diameter are the 
most important properties to make the light weight composites. The mechanical 
performance of the fiber-reinforced composites is mainly the function of the fiber 
dispersion, fiber-matrix compatibility and aspect ratio of the reinforcement. The 
tensile properties such as tensile strength, modulus and strain-to-failure of natural 
fibers play an important role in deciding the properties of polymer composites.

1.2 Chemically treated fibers

Natural fibers are noted for their hydrophilic nature due to the high quantity of 
hydroxyl groups gathered in cellulose. One way of improving the interfacial bond-
ing of the fibers with matrix is fiber surface modification. The cellulose of natural 
fiber contains hydrophilic nature, whereas lignin contains hydrophobic nature. 
Therefore, they are subject to modification. The hydroxyl groups may be required in 
the hydrogen bonding within the cellulose molecules, thereby reducing the activity 
towards the matrix.

The interest towards using natural fiber as reinforcement in composites has 
increased dramatically and it represents one of the most important uses in paper-
board industry. Cellulosic fibers are hygroscopic in nature; moisture absorption can 
result in the swelling of the fibers which may extend to micro-cracking of the com-
posite and degradation of mechanical properties. This problem can be overcome 
by treating these fibers with suitable chemicals to decrease the hydroxyl groups 
which may be required in the hydrogen bonding within the cellulose molecules. The 
mechanical and chemical bondings at the fiber surface are mainly dependent on the 
surface morphology and chemical composition of the fibers. Therefore, the micro-
scopic analysis of fiber surface topology and morphology is of extreme importance 
in fibrous composites. Hence, in the present research, an attempt has been made for 
heat, alkalization, silane, acetylation, acrylation, permanganate and benzoylation 

33

Introduction of Natural Fiber Composite Using in Paperboard Industry
DOI: http://dx.doi.org/10.5772/intechopen.91001

treatments of fiber to modify the physical properties, morphology, crystallinity 
and thermal stability of Passiflora foetida Fiber (PFF). The reinforcing efficiency of 
natural fiber depends upon the cellulose and its crystallinity.

To identify the influence of treatment on the fibers, chemical composition, the 
Fourier Transform Infrared (FTIR) spectra is utilized. The crystalline structure 
of cellulose in PFF is detected by wide angle X-Ray Diffraction (XRD) spectra. 
Thermal degradation of fibers is analyzed by Thermogravimetric Analysis/
Differential Thermogravimetric analysis (TGA/DTG).

1.3 Sawdust (SW) filler

There are at present million sawmills working in urban region of India. A large 
quantity of SW is generated in sawmill industry. Fundamentally, this natural SW 
is utilized as a fuel source as well as a source for furniture item, namely plywood. 
The3’R concepts, namely “Reduce, Recycle and Reuse” can be applied to filler. 
SW represents an imperative renewable source of filler as a part of biopolymer 
composites.

SW is important in light of the fact that it is reused of ease, low weight and 
high stiffness. It diminishes shrinkage of composite in the wake of embellishment. 
Hence, the SW is tried as a filler material in a newly identified PFF with polymer 
composite and the resulting modified properties of filler are analyzed. The treated 
SW filler is randomly dispersed in the matrix such a way to obtain a homogeneous 
and isotropic macroscopic behavior of composite.

1.4 Fiber paperboard properties

Leu et al. [1], Stepanov et al. [2], Gonzalez et al. [3] and Adu and Jolly [4] have 
pointed out that the paperboard materials are classified into three types based on 
the source materials used for preparation as shown in Figure 1.

Increasing global consumption, modernization and luxury of the paperboard 
make a need to cut 7.2 billion trees for paper production for packing purpose. Of 
late, the raw material required for paperboard is 10 million tons per annum and this 
may be increased to 20 million tons per annum from 2020. Madras Consultancy 
Group (MCG) has reported that 21% of the world’s packaging market is done in 
India. The non-food material packing by paperboard has increased to 6.3% and 
this may also be increased to 2.4% per annum for next 5 years. Due to the shortage 
of raw materials, the paperboard industries are looking for the non-wood plant 
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Figure 1. 
Types of paperboard materials.
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the effluent discharged from paper industries. These technologies help in produc-
ing brighter and stronger paper products. By using these above technologies, the 
pollutants can be kept within the limits as per the Biochemical Oxygen on Demand 
(BOD) and Chemical Oxygen on Demand (COD) national standards.

Manufacturing industries have to take more efforts and spend much money for 
reducing the level of pollution in paperboard effluents. For reducing pollution in 
paper industries, natural fiber composites are used in the present study. The follow-
ing properties are suitable for paperboard. Paperboard should have higher ductility, 
modulus, impact strength, durability, fungal and water absorption resistance. It 
should possess elasto-visco-plastic properties, namely rheological behaviors such as 
delayed strain recovery, stress relaxation and creep resistance.

Basically, the natural fibers are in the form of small hollow structure. Brindha 
et al. [5] and Sharma et al. [6] have found that natural fibers with cellulose of 34% 
and above and less than 30% of lignin are suitable for paperboard production. 
Runkel’s ratio, slenderness ratio and flexibility coefficient are significantly derived 
indices to determine the suitability of composite material for paperboard making. 
In composite materials, Runkel’s ratio less than 1, slenderness ratio more than 33 
and flexibility ratio between 60 and 70 of fibrous materials are good for paperboard 
making because fibers are more flexible and they would collapse easily and form a 
paperboard with large bonded area. As per ISO standard 536, the minimum thick-
ness of 0.25 mm and grammage above 224 g/m2 are required for paperboard.

1.5 Determination of the density of PFFs

To calculate the volume fraction of fibers in composite, it is necessary to deter-
mine the density of PFFs. The fiber density is found using pycnometer as per ASTM 
D 578-89. The fibers are mixed with methyl benzene (known as toluene) immersion 
liquid. Initially, the fibers are impregnated in methyl benzene for 2 hours to remove 
the micro bubbles. Then the fibers are dried for 2 days in air tight non-hygroscopic 
desiccator containing calcium chloride. The density of the toluene (ρT) is 0.8669  
g/cm3 at 20°C. Then the fibers are cut into 10 mm and placed in the pycnometer. 
The density of PFFs is calculated by the expression.

   ρ  PFFs   =  (   m  2   −  m  1   ________________   ( m  3   −  m  1  )  ( m  4   −  m  2  )   )  ×  ρ  T    

where m1 is the mass of the unfilled pycnometer (kg), m2 is the mass of the pyc-
nometer loaded with cleaved fibers (kg), m3 is the mass of the pycnometer loaded 
with methylbenzene (kg) and m4 is the mass of the pycnometer loaded with hacked 
fibers and methylbenzene solution (kg). The density of natural fiber is found.

1.6 Properties of polyester

Based on the reports obtained from the supplier’s datasheet, the properties of 
the polyester resin are as listed in Table 1.

The density of the composite is low due to the addition of lower density PFFs.

1.7 Determination of the density of SW

The density of SW is determined by Maharani et al. [7]. It is estimated by the 
addition of SW into a volumetric cylinder of 100 cm3 (  V  o   ). Itis calculated by the 
expression.

  SW density =  ( W  a   −  W  b  )  /  V  o    
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Where   W  a    is the weight of empty volumetric cylinder while   W  b    is the combined 
weight of SW and volumetric cylinder. The density of SW is 1.17 g/cm3.

1.8 Procedure for   V  f    to   W  f   

To achieve the desired volume of fiber and matrix in the composite, the weight 
of fiber and matrix is to be calculated as follows:

1. To find the density of composite,   ρ  c    =   ρ  f    V  f   +  ρ  m    V  m   

2. To calculate the volume of composite from pattern size

   V  c   = Length × width × thickness.  

3. To find the mass of composite,   m  c    =   ρ  c   ×  V  c   

4. To calculate the weight percentage of fiber,  % w  f   =    ρ  f   _  ρ  c     ×  V  f   

5. To find the weight of the fiber to be added in the mold,   w  f    = %  w  f    ×   m  c   

The present book deals with the mechanical properties, chemical compositions, 
crystallinity and thermal stability of the newly developed composites. Finally, the 
results are analyzed to ensure the suitability of natural fiber as an optional fiber-
material for paperboard industry.

Properties Values

Density 1.1 g/cm3

Tensile strength 16–18 MPa

Tensile modulus 0.25–0.4GPa

Flexural strength 30 MPa

Flexural modulus 1.1–1.4 GPa

Table 1. 
Properties of polyester resin.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 3

Advanced Treatments of Aramid 
Fibers for Composite Laminates
Mikko Kanerva

Abstract

Aramid fibers form an important group of fibers for composite applications. 
These applications range through light-weight shell structures, protective structures 
in ballistic applications such as helmets and various shields, protective clothing, and 
car tires, for instance. For structural applications, the composites of aramid fibers 
and high performance resins must form integral and strong parts. Therefore, the 
fiber-matrix interface places a significant role. Numerous surface treatments and 
fiber modifications have been applied over the years to adjust aramid fibers. On 
the way to improve and optimize these interfaces, various test methods have been 
applied. The recent studies apply microtesting, e.g., in the form of microdroplet 
tests. Furthermore, the material properties of the resin, fiber, and interface are used 
to create numerical models. However, the current challenge is to collect statistically 
reliable data as well as the necessary parameters to validate the simulations on dif-
ferent length scales.

Keywords: aramid, fiber, interface, finite element analysis, microdroplet

1. Introduction

Aramid fibers are a group of tough and strong fibers. The uniting feature of 
aramid fibers is the synthetic, polymeric base of the fibers. This polymeric base 
contains essentially a repeating structure of benzene rings connected by amide 
bonds and interchain hydrogen bonds, and the vast group of these polymers and 
especially the spun fibers are commonly called aramid fibers. Historically, the 
commercial fibers were established after discovering the so-called lyotropic liquid 
crystalline aramids. The first successful spinning trials were run by a famous chem-
ist S. Kwolek while working for the company DuPont. Nowadays, commercial trade 
names of Kevlar®, Twaron®, and Technora®, are well known, provided by different 
manufacturers.

2. Applications

Aramid fibers have an inherent yellowish color that often is a sign of well-
known applications of these fibers. Aramid fibers are good in light-weight 
applications because the density of the fibers is relatively low, in the order of 
1.35–1.5 g/cm3. Naturally, the stiffness (modulus) and strength of the fibers finally 
determine the applications for optimum designs. Indeed, aramid fibers are com-
mercially provided with a range of stiffness and ultimate strength. The fibers that 
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have the highest stiffness are common in structures where the design is dictated 
by deformation. Various secondary and tertiary structures in aircraft are typi-
cal, such as jet engine cowlings, leading edges of wings, and tail planes. It should 
be noted that it is rather a common tradition to apply fabrics of aramid fibers 
in combination with other reinforcements such as carbon and glass fiber-based 
fabrics in laminate lay-ups. If seen important, aramid fibers with Young’s modulus 
matching that of glass fibers can be used. Modulus-matched designs can decrease 
the amount of internal stresses in composite structures, so that the durability is 
increased.

The fact is that aramid fibers are tough, and they can extensively absorb energy 
in different dynamic loading conditions. Indeed, aramid fibers are applied in struc-
tures where a high level of energy absorption is required. These fibers are superior 
to glass and carbon rivals that cannot meet the requirements in shielding construc-
tions. This is typically the critical requirement when a structure is expected to be 
damaged by an impact during operation. Thus, a damaged structure is considered 
from the point of view of damage tolerance or damage resistance.

Clearly, aramid fibers are an optimum raw material option for ballistic applica-
tions—the examples of products range from composite helmets to protective shields 
and vests against ammunition. Importantly, by selecting aramid fibers with a lower 
stiffness, they can well be used in systems with elastomeric bimaterials. The com-
bination with rubbery polymers refers to shielding applications, such as flame- and 
cut-resistant clothing and gloves. Due to the very high toughness, various kinds of 
belts and ropes with fiber reinforcement have been developed using aramid fibers 
for industry and automotive machinery—in these elastomer-fiber applications, 
glass and carbon fibers are not an option. In car tires, aramid fiber reinforcements 
form the load-carrying structure of the most high-quality tires.

There are many applications for aramid fibers where they are not much visible. 
Chopped fiber form is typical reinforcement in clutch plates and brake pads. For the 
most requiring suburban locations, aramid fiber particles are used as the reinforc-
ing component in cement and road surfacing. Most beautifully, sailboat sails are 
an application where all the features of aramid fibers are in operation at their full 
extent: maximum strength, stiffness, and ductility.

After all, it should be remembered that there are other design requirements than 
the mechanical allowables. Actually, the other requirements can be governing the 
product development. These requirements on the fiber level can refer to electrical 
conductivity, especially personalized esthetics, antibacterial activity, and extensive 
vibration damping. In the event of aramid fibers applied in the system, additional 
modification of the fibers or their surfaces must be accomplished.

3. Surface characteristics and fiber treatments

Surfaces of aramid fibers can be modified due to various reasons, and the 
enhancement of the adhesion to composites’ matrix resins is not the least empha-
sized reason. The challenge with the surfaces of aramid fibers is twofold:

I. The adhesion in general between aramid fibers and various polymers is 
poor [1, 2].

II. The subsurface structure in aramid fibers can lead it to peeling off [3, 4].

The first of the above challenges is of primary importance because the latter one 
results only in the event of appropriate adhesion.

41

Advanced Treatments of Aramid Fibers for Composite Laminates
DOI: http://dx.doi.org/10.5772/intechopen.90816

Therefore, many of the studies concerned with the poor adhesion had the 
target of improving the adhesion. As a starting point, due to the chemistry of the 
aramid polymer, the fiber surfaces are highly inert and do not dissolve in almost any 
practical solvent. Besides, as is typical for spun fibers, the surfaces of the fibers are 
smooth.

For aramid fibers, the fundamental theories forming the basis of understanding 
adhesion include [5, 6]:

I. weak atomic interaction, i.e., the van der Waals forces between surfaces;

II. intermediate atomic forces, i.e., ionic and hydrogen bonds;

III. primary, metallic, and covalent bonds;

IV. electrostatic forces; and

V. mechanical interlocking (cohesive resistance).

The formation of the fiber-resin interface is largely affected by the polarity and 
total surface energy of the fiber surface. Thus, the addition of polar groups has been 
suggested as a viable solution to increase adhesion. Various oxidation treatments [1] 
form the basic methodology to modify fiber surfaces, and these procedures cover: 
(1) gaseous oxidation treatments; (2) solution oxidation treatments; and (3) elec-
trochemical or electrolytic oxidation treatments. These treatments merely modify 
the fiber surface morphology and might give a change in the surface energy and 
chemistry as well. In addition to the oxidation treatments, plasma treatments have 
been applied to aramid fibers. Brown and Mathys [7] applied ammonia and oxygen 
plasma treatments and reported enhanced performance of laminates, in terms of 
interlaminar shear strength. Shaker et al. [8] applied radio-frequency (R-F) plasma 
to modify aramid fibers and reached improved laminate properties.

The application of surface modifications, to allow mechanical interlocking, 
has been introduced by Lee-Sulivan et al. [9], Palola et al. [10], and Wu et al. [11]. 
Naturally, the modification of surface roughness also affects the surface chemistry 
of the fibers. Lin [12] studied the use of bromination and metalation to modify 
surface roughness and chemistry. Very often effective and strong surface treatments 
lead to deterioration and lower strength and stiffness of the fibers, although mac-
roscopic laminate properties of a composite might remain on an acceptable level or 
even on a high level [12].

In detail, the fiber-matrix interface, as a definition, is not entirely a black-and-
white plane. Already due to the physical boundary set by the fiber and molecular 
orientation at the surface, an intermediate phase (interphase) forms with macro-
molecular polymer resins. Engineering of this interphase, and even its removal, 
has been reported [13, 14]. The typical surface treatments by solutions, namely 
sizings of aramid fibers are applications of emulsified solutions, e.g., solutions 
doped with ethylene oxide and propylene oxide chain fractions on fibers or bundles. 
Sizings based on aqueous epoxy-piperazine solutions were studied by de Lange et al. 
[13], and they reported improved adhesion in terms of bundle pull-out force. The 
identification of an interphase via X-ray photoelectron spectroscopy (XPS) and 
low-energy ion scattering tends to be difficult due to common elemental species, 
such as those represented by nitrogen and oxygen bands, detected in the fibers and 
anticipated interphases. A fiber finish or sizing often includes oily low-molecular 
weight components, which might lead to a wider interphase formation but eventu-
ally, for overly large concentration, lower adhesion [15].
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Many of the studies of surface treatments anticipated that the treatments did not 
result in covalent bonds between the fiber surface and the matrix polymers [15, 16]. 
Only few works reported the potential of covalent bonds [7, 17].

The optimization of surface treatments is important to gain the desired mac-
roscopic behavior in specific composite laminates. Naturally, the recipe of an 
optimum treatment depends on the targeted laminate behavior. Due to the typical 
applications of aramid fibers and their reinforcements, impact tests are frequently 
used in the evaluation of the interface performance on a laminate scale. Impact 
resistance and impact damage are complex phenomena. Good interfacial adhesion 
does not necessarily lead to desired impact performance [8, 17]. Within impact, 
frictional sliding along layer and fiber (inter)faces plays a role in energy absorp-
tion and might be hindered by a high level of adhesion. When a surface treatment 
is tailored for a macroscopic performance, it is advantageous that secondary 
properties remain unchanged, while the primary properties are improved [18]. 
Moreover, the performance under effects of harsh operation environments should 
remain acceptable [18, 19].

It was mentioned that high enough adhesion can lead to shattering of the aramid 
surfaces upon loading due to the internal structure of aramid fibers. Kanerva et al. 
[18] applied a diamond-like carbon (DLC) coating to form a nanoscale protective 
surface structure and also to gain high adhesion between the fibers and an epoxy 
matrix. The high adhesion related to DLC-coated aramid fibers and matrix poly-
mers was also established by Devlin et al. (US Patent 6432537) [20] for short fibers. 
The latest research of modifying aramid fibers has been targeted to improve the 
internal structure of aramid fibers in order to prevent the fiber’s cohesive damage at 
high interfacial loads [4].

4. Aramid fiber-matrix interfaces and tests

To understand the influence and nature of a modification on adhesion, the 
interface between fibers and matrix must be probed. Because most of the interest 
in surface modifications is founded on the targets by mechanical performance, the 
mechanical testing of the fiber-matrix bond is surveyed in the following.

Whenever a single filament or a bundle of fibers is analyzed, the samples or test 
specimens are small. Consequently, the load introduction and sensor configuration 
must be arranged in a highly sophisticated way. Currently, there are several test 
methods to study fiber-matrix interfaces:

• the micro-droplet method, e.g., [21];

• the single-fiber fragmentation method, e.g., [22];

• the pull-out method, e.g., [23];

• the fiber push-out method, e.g., [24]; and

• the fiber bundle pull-out method, e.g., [10].

The mechanical testing of fiber-matrix interfaces is not standardized, and there-
fore, the methodology among the current literature is not in harmony. The devices, 
specimen preparation, statistical significance, and the theory of data analysis vary 
in different reports and publications.

43

Advanced Treatments of Aramid Fibers for Composite Laminates
DOI: http://dx.doi.org/10.5772/intechopen.90816

Due to the challenges of surfaces of aramid fibers, the tests of fiber-matrix 
interfaces are much used. The main presumption behind different test methods of 
interfaces is that the breakage of the interfacial bond occurs in a brittle manner. 
Also, it is typical to estimate that only shear load is subjected to the interface during 
testing. Then, the basic form of “interfacial strength” is denoted by interfacial shear 
strength (IFSS):

  IFSS =    F  crit   _  A  emb      (1)

where Fcrit represents the peak value of the shear force observed during a test, 
and Aemb is the area carrying the load, i.e., the embedded fiber area. Eq. (1) is 
rather useful when the microdroplet method is used because the embedded area is 
relatively easy to determine. However, several corrections to the calculation of IFSS 
have been formulated when testing droplets bonded on carbon, aramid, glass, and 
natural fibers. Synthetic fibers, especially aramid fibers, are typically considered 
smooth or nearly smooth with only minor roughness that could result in sheer 
mechanical interlocking. Thus, the presumption of brittle failure of the interface 
ought to be justified.

The main deficiency related to interface tests is the lack of statistical significance 
and, consequently, reliability. For example, many of the works done using the 
microdroplet method are covering a low number of fiber-droplet samples and a 
low amount of variation in the droplet configuration per aramid fiber sample [25]. 
Also, the localized plastic deformation occurring in the droplet has an effect on the 
interfacial loading but is seldomly accounted for yet it can be detected easily in the 
microscopy images of the tested droplets, as shown in Figure 1.

A specific note related to aramid fibers is the role of friction between individual 
fibers and bundles in a fabric or preform structure. For certain ballistic applica-
tions, the amount of resin in the final product is low or entirely omitted, and then, 
the behavior of the aramid fiber-based reinforcement is governed by friction [26].

Figure 1. 
An example of fiber-matrix droplets that have been tested using the microdroplet method [18].
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In the end, the macroscopic behavior of a fibrous composite system is important. 
This means that the role of the interface and its strength should be known on the 
laminate level of length scales. Unfortunately, the exact relationship extending up 
from the single-filament behavior and up to the homogenized laminate level is lack-
ing in the scientific literature. Several models exist to input interfacial effects while 
modeling bulk elasticity or strength [27]. To envisage the way that the combination 
of aramid fibers and matrix works, the well-known Halpin-Tsai model can be used 
as an example. For fibers, the model distinguishes between the effects of a particu-
late (“Greek symbol capital Phi” volume fraction) in its longitudinal direction and 
the effects in the transverse direction; these two directions are noted, by subindices 
L and T, here. Then, for the longitudinal direction, the model reads:

     E  L   _  E  m     =   1 +   l _ r    η  L   φ
 _ 1 −  η  L   φ    (2)

where

   η  L   =   
   E  f   _  E  m     − 1

 _ 
   E  f   _  E  m     +   l _ r  

    (3)

and where l is the fibrous particles’ length, r is the diameter, and E refers to 
Young’s modulus of the individual components. The individual components are the 
matrix (m) polymer and the fibers (f). For the transverse direction, the model reads:

     E  T   _  E  m     =   1 + 2  η  T   φ _ 1 −  η  T   φ    (4)

where

   η  T   =   
   E  f   _  E  m     − 1

 _ 
   E  f   _  E  m     + 2

    (5)

By combining the longitudinal and transverse effects, the model yields the 
composite’s stiffness (modulus) in a system of randomly oriented fibers:

   E  c   = a  E  L   +  (1 − a)   E  T    (6)

where a is a parameter that could be considered a function of the interface, 
orientation, or a shape factor. The a-parameter can be a constant value or a function 
of other external factors [28]. However, there is no universal model to implement 
interfacial effects specific to aramid fibers by the parameter.

For advanced composites, where the fibers are continuous, the above format of 
Halpin-Tsai equations cannot be used (l goes toward infinity in Eqs. 2 and 3). In this 
case, the bulk composite properties are entirely anisotropic, and the elastic con-
stants, for example, must be determined for each of the three directions individu-
ally [2]. In these formulations, the so-called Halpin-Tsai parameters can be thought 
to represent the interfacial effects on the laminate’s transverse and shear properties. 
Various studies have applied these equations to account for multiscale interfacial 
effects in composites (see, e.g., [29]).

5. Numerical predictions and finite element modeling

The experimental analysis of advanced composites is lacking the length scale 
of a representative bundle level. This is probably due to the practical challenges 
by small scale and due to the large variation, in size, of a representative bundle 
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or bundle-bundle cross-over point. However, the numerical simulations can be 
harnessed with models on different length scales. Models of a single-length scale as 
well as multiscale routines are excellent tools to survey various effects on composite 
properties.

To model an interface, its volume in finite element (FE) models is commonly 
estimated to be zero, i.e., interface is a two-dimensional object or contact formula-
tion. As a first estimate, this type of an interface can be estimated to behave in a 
brittle manner for aramid fibers, so that linear elastic fracture mechanics (LEFMs) 
are applicable in addition to sheer stress analysis. The power in the LEFM for 
interfaces is that a fracture toughness (Gi) in terms of a strain energy release rate 
can be used to describe the “strength” of an interface. With this type of a fracture 
parameter, the simulation results are somewhat less element mesh-dependent.

As noted, the plastic deformation of matrix around fibers affects interfacial 
breakage. To allow research of these effects, the models must be analyzed beyond 
LEFM. FE analysis with a homogenized interface model has been applied for models 
with a single fiber [30–32].

When plastic deformation at the interfacial region is considered, the fracture 
energy over the fiber surface (Aemb) divides into two parts upon fracture:

   G  p   =   d  W  p   _ d  A  emb      (7)

and

   G  e   =   d  W  e   _ d  A  emb      (8)

where the subindex p refers to plastic energy dissipation at interface, and the 
subindex e refers to the elastic strain energy release rate (ERR). In detail, the 
fracture toughness values can be related to the critical levels of energy release rate 
of damage onset (e.g., Gc) or propagation. In the applications of plastic dissipation 
at an interface, the common interface modeling method is the cohesive zone model 
(CZM). CZM refers to a mechanical model where the traction (τ) at the interface 
is defined as a function of the separation (δ) between the originally bonded bod-
ies, i.e., fiber and matrix. As an example, a bilinear traction-separation law can be 
formulated as follows:

  τ =   
⎧

 
⎪

 ⎨ 
⎪

 
⎩

    
Kδ

     a  1   − δ _  a  1   −  a  0      τ  0    

0

     for   
δ ≤  a  0  

   a  0   ≤ δ ≤  a  1    
δ ≥  a  1  

    (9)

In Eq. (9), the below notations are used:

   a  0   =    τ  0   _ K    (10)

and

   a  1   =   2  G  c   _  τ  0    .  (11)

It can be seen that the simple bilinear formulation leads to two strength-related 
parameters: fracture toughness (Gc) and the critical traction (τ0) related to the 
onset criterion of damage. Additionally, the numerical computation requires a 
definite value for the interfacial stiffness (K). Due to the strong relation to the 
computational procedures, the definition of K is vague from the point of view of 
material interfaces—several theories for CZM applications have been presented 
(see, e.g., [33]).
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The power of numerical procedures allows to expand the analysis and consider 
exact three-dimensional models. Evidently, the parameters of the interface will 
have to defined in the three-dimensional system. For example, the damage onset 
will require a fracture criterion, and the fracture toughness will have to be applied 
via an interaction function.

For aramid fiber composites, an FE analysis was reported by Kanerva et al. [18] 
with a full 3D representation (see Figure 2). For the DLC-coated aramid fibers, 
values of 22.2 MPa and 500 J/m2 were determined for the case-specific critical trac-
tion and interfacial fracture toughness, respectively.

It is clear that the current numerical modeling techniques and computational 
capacities can offer efficient tools to study fiber-matrix interactions in composites 
with aramid fibers. However, the multiplicity of parameters currently leads to 
overlapping fitting procedures. Thus, the solutions are not typically unitary to the 
simulation case in question. There is an urgent need to improve the microtest meth-
ods in order to gain more experimental output and data to validate the numerical 
models. There are very recent works in the current literature that target to improve-
ments in the test systems to enhance statistical significance, data rate, and accurate 
output from the microtests [34, 35].

In future, it will be possible to accurately account for plastic deformation, 
residual stresses, and a multistage fracture process in the simulations of fiber-
matrix interfaces. This will be an important step toward analyses of fatigue and 
environmental effects on interfaces in composites with aramid fibers.

6. Conclusions

Aramid fibers have been modified and optimized for various applications ever 
since they were established. Around three decades, academic researchers have 
focused on trial-and-error type experiments to improve the surface characteristics 
in the sense that feedback based on laminate testing was behind burdensome and 
expensive testing efforts. After millennia, the microlength scale testing of fiber-
matrix interfaces has improved, and more information about the interfacial per-
formance is available. Meanwhile, the numerical analysis of interfaces has gained 
increasing amounts of attention. Efficient and valid numerical simulations could 
save time and resources in the optimization of surface treatments of aramid fibers 
for specific applications. However, there are still challenges in the validation of 
numerical models because the experimental output does not provide for necessary 
parameters and statistical certainty.

Figure 2. 
An example of a 3D model simulating the microdroplet testing.
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Vapor-Grown Carbon Fiber 
Synthesis, Properties, and 
Applications
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Abstract

Carbon nanofibers are promising to revolutionize several fields in material 
science and are suggested to open the way into nanotechnology. Carbon fiber has 
become an important reinforcement material in composite materials and bat-
tery technology because of its low density, high strength, and tensile modulus. 
Furthermore, high electrical conductivity, thermal conductivity, and mechani-
cal properties of carbon fiber make it useful in a wide variety of products. This 
chapter highlighting the synthesis and growth pattern of vapor grown carbon fiber 
(VGCFs). This chapter work reported here includes the application of VGCFs in 
composite and battery technology.

Keywords: VGCFs, composites, PAN, epoxy, polycarbonate, floating reactor

1. Introduction

Carbon nanofibers are linear filaments with diameter of 100 nm that are char-
acterized by flexibility and their aspect ratio above 100. Materials as fiber are of 
extraordinary viable and scientific significance. The blend of high specific area, 
flexibility and high mechanical strength permit nanofibers to be utilized in our 
everyday life in addition creating arduous composites for vehicles and aviation. 
Be that as it may, they ought to be discriminated from conventional carbon fibers 
[1–3] in their small diameter (Figure 1). Conventional carbon fibers have a few 
micrometer-sized diameters.

Likewise, they are not quite the same as notable carbon nanotubes [5–9]. Carbon 
nanofibers could be developed by passing carbon feedstock nanosize estimated 
metal particles at high temperature [5, 10–15], which is fundamentally the same as 
the development state of carbon nanotubes.

Such a unique structure renders them to show semi-conducting behavior [16] 
and to have chemically active end planes on both the inner and outer surfaces of 
the nanofibers, thereby making them useful as supporting materials for catalysts 
[17], reinforcing fillers in polymeric composites [18], hybrid type filler in carbon 
fiber reinforced plastics [19–21], and photocurrent generators in photochemical 
cells [22, 23].

Though, their geometry is not quite the same as concentric carbon nanotubes 
containing a whole empty core, since they can be pictured as normally stacked short-
ened conical or planar layers along the filament length [24–27]. Such a one of a kind 
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structure renders them to show semi- conducting behavior [16] and to have syntheti-
cally dynamic end planes on both the inner and outer surfaces of the nanofibers, in 
this way making them helpful as supporting materials for catalysts [17], reinforcing 
fillers in polymeric composites [18], hybrid type filler in carbon fiber reinforced 
plastics [19–21], and photocurrent generators in photochemical cells [22, 23].

2. Synthesis and properties of carbon fibers

Since the temperature and pressure essential to synthesize a carbon fiber from 
the fluid stage is at the triple point (Temperature—4100 K, Pressure—123 kbar), 
it would be practically difficult to get ready carbon fibers from the liquefy under 
modern preparing conditions. As a result, carbon fibers are arranged from organic 
precursors. This preparation is commonly done in three stages, including stabiliza-
tion of a precursor fiber in air (at 300°C), carbonization at 1100°C, and subsequent 
graphitization (> 2500°C). Fibers undergoing only the first two steps are commonly 
called carbon fibers, while fibers undergoing all three steps are called graphite fibers.

Carbon fibers are commonly utilized for their high strength, while graphite 
fibers are utilized for their high modulus. Graphitic whiskers were developed under 
conditions close to the triple point of graphite. At that point, the structural model 
was proposed, in which the layers comprising of graphene sheets are twisted around 
the axis like as in rolling up a carpet. These whiskers were utilized as the presenta-
tion focus in the beginning times of carbon fiber technology, despite the fact that 
they have never been manufactured on a large scale.

Carbon fibers are

1. High-strength polyacrylonitrile (PAN)-based fiber

2. A high-modulus PAN-based fiber

3. A mesophase pitch-based carbon fiber (MPCF).

The PAN-based fibers comprise of little sp2-carbon structural units specially 
lined up with the carbon hexagonal portions corresponding to the fiber axis. This 
orientation is liable for the tensile strength of PAN-based carbon fibers [28].

Figure 1. 
Schematic comparison of the diameter dimensions for various types of fibrous carbons [4].
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By shifting the preparing conditions (e.g., oxidation conditions, choosing of 
precursor material, and particularly by increasing the heat treatment temperature) 
of PAN fibers, a better arrangement of the graphene layers can be accomplished, 
thus leading to stiffer, higher-modulus PAN fibers, however with lower strength 
[29]. PAN-based fibers are one of the distinctive hard carbons.

MPCFs comprise of perfectly-aligned graphitic layers equivalent to the cor-
responding fiber axis, and this high level of favored direction is liable for their high 
modulus or stiffness just as their high graphitizability. The structures depicted 
above suggest ascent to various physical properties, although each kind of fiber 
highlights carbon hexagonal systems, having the sturdiest covalent bonds in nature 
(C▬C bonds). These sturdy interatomic bonds lie in sheets basically correspond-
ing to the fiber axis, and are liable for the high mechanical performance of these 
carbon fibers.

3. Vapor-grown carbon fibers

PAN- based fibers have high strength and MPCFs have high modulus, while 
VGCFs afford fundamentally ultra-high modulus materials. VGCFs have an 
extremely unique structure like annular-rings and are prepared by something 
diverse arrangement process than that used to prepare PAN-based and MPCFs. 
Specifically, VGCFs are not prepared from a fibrous precursor, but instead from 
hydrocarbon gas, utilizing a catalytic growth process [5, 11–15]. Ultrafine transi-
tion metal particles, for example, iron particles with diameter under 10 nm, are 
scattered on a ceramic substrate, and a hydrocarbon, for example, benzene diluted 
with hydrogen gas is introduced at temperatures of around 1100°C. Hydrocarbon 
decomposition happens on the catalytic particle, showing a ceaseless carbon 
take-up by the catalytic particle and a persistent output by the particle of efficient 
tubular filaments of hexagonal sp2 carbon. The swift development rate which is 106 
times quicker than that analyzed for the development of normal metal whiskers 
[30], permits the production of commercially suitable amounts of VGCFs.

4. Vapor grown carbon Fiber growth

While portraying the production of VGCF, two distinct strategies can be dis-
criminated. In the primary strategy, the fibers are manufactured on catalyst-seeded 
substrates, in two independent consecutive stages. In the first stage, the impetus 
molecule, for the most part with iron being the prevalent constituent, starts a long, 
thin, somewhat graphitic fiber when presented to a hydrocarbon gas close or more 
1000°C.

A petite fraction of these fibers grows to macroscopic lengths when exhibited 
to a low carburizing potential gas, while keeping up the outside diameter of the 
initial catalytic particle. The sizes of these particles, and subsequently the filament 
diameter, have been considered from 10 to 200 nm [31–33]. The development of 
the filament may extend as quickly as 1 mm/min and persevering for a few minutes 
until the catalytic particle is deactivated [33]. At this stage filament lengths of a few 
centimeters might be acquired.

In the second stage, when the gas potential is increased, the filament thickens 
because of the deposition of pyrolytic carbon. Fibers with diameters up to 100 nm 
have been produced in batch conditions by this method. Pyrolytic carbon is depos-
ited with the basal planes specially arranged corresponding to the surface, the 
properties of the fiber are moderately graphitic [34].
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3. A mesophase pitch-based carbon fiber (MPCF).

The PAN-based fibers comprise of little sp2-carbon structural units specially 
lined up with the carbon hexagonal portions corresponding to the fiber axis. This 
orientation is liable for the tensile strength of PAN-based carbon fibers [28].

Figure 1. 
Schematic comparison of the diameter dimensions for various types of fibrous carbons [4].
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By shifting the preparing conditions (e.g., oxidation conditions, choosing of 
precursor material, and particularly by increasing the heat treatment temperature) 
of PAN fibers, a better arrangement of the graphene layers can be accomplished, 
thus leading to stiffer, higher-modulus PAN fibers, however with lower strength 
[29]. PAN-based fibers are one of the distinctive hard carbons.

MPCFs comprise of perfectly-aligned graphitic layers equivalent to the cor-
responding fiber axis, and this high level of favored direction is liable for their high 
modulus or stiffness just as their high graphitizability. The structures depicted 
above suggest ascent to various physical properties, although each kind of fiber 
highlights carbon hexagonal systems, having the sturdiest covalent bonds in nature 
(C▬C bonds). These sturdy interatomic bonds lie in sheets basically correspond-
ing to the fiber axis, and are liable for the high mechanical performance of these 
carbon fibers.

3. Vapor-grown carbon fibers

PAN- based fibers have high strength and MPCFs have high modulus, while 
VGCFs afford fundamentally ultra-high modulus materials. VGCFs have an 
extremely unique structure like annular-rings and are prepared by something 
diverse arrangement process than that used to prepare PAN-based and MPCFs. 
Specifically, VGCFs are not prepared from a fibrous precursor, but instead from 
hydrocarbon gas, utilizing a catalytic growth process [5, 11–15]. Ultrafine transi-
tion metal particles, for example, iron particles with diameter under 10 nm, are 
scattered on a ceramic substrate, and a hydrocarbon, for example, benzene diluted 
with hydrogen gas is introduced at temperatures of around 1100°C. Hydrocarbon 
decomposition happens on the catalytic particle, showing a ceaseless carbon 
take-up by the catalytic particle and a persistent output by the particle of efficient 
tubular filaments of hexagonal sp2 carbon. The swift development rate which is 106 
times quicker than that analyzed for the development of normal metal whiskers 
[30], permits the production of commercially suitable amounts of VGCFs.

4. Vapor grown carbon Fiber growth

While portraying the production of VGCF, two distinct strategies can be dis-
criminated. In the primary strategy, the fibers are manufactured on catalyst-seeded 
substrates, in two independent consecutive stages. In the first stage, the impetus 
molecule, for the most part with iron being the prevalent constituent, starts a long, 
thin, somewhat graphitic fiber when presented to a hydrocarbon gas close or more 
1000°C.

A petite fraction of these fibers grows to macroscopic lengths when exhibited 
to a low carburizing potential gas, while keeping up the outside diameter of the 
initial catalytic particle. The sizes of these particles, and subsequently the filament 
diameter, have been considered from 10 to 200 nm [31–33]. The development of 
the filament may extend as quickly as 1 mm/min and persevering for a few minutes 
until the catalytic particle is deactivated [33]. At this stage filament lengths of a few 
centimeters might be acquired.

In the second stage, when the gas potential is increased, the filament thickens 
because of the deposition of pyrolytic carbon. Fibers with diameters up to 100 nm 
have been produced in batch conditions by this method. Pyrolytic carbon is depos-
ited with the basal planes specially arranged corresponding to the surface, the 
properties of the fiber are moderately graphitic [34].
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Methane, hydrogen and an inert gas are utilized to develop the fibers at atmo-
spheric pressures on nesting cylindrical substrates inside a growth tube. Lower 
centralizations of the methane-hydrogen blends are utilized for fiber extending, 
though higher concentrations are utilized for thickening. As methane is an eco-
nomical feedstock in certain parts of the world, the production of VGCFs can turn 
out to be exceptionally financial contrasted with other carbon filaments.

5. Mass production of vapor-grown carbon nanofibers (VGCFs)

On account of their unique properties, for example, high strength and electric 
conductivity and special functional properties, researchers have indicated a lot of 
consideration for the large scale manufacturing of these materials.

1. The physical properties of vapor grown carbon fibers, with littler diameters 
across ought to be more grounded than those with larger diameters fume 
developed carbon filaments and exploratory outcomes demonstrated this 
expectation.

2. Furthermore, it was accounted for that the distance across of the nanofibers is 
represented by the size of the impetus particles.

3. For the large scale manufacturing of VGCFs the key procedure is the seeding of 
the impetus particles. VGCFs with distances across of 50–100 nm was created 
effectively utilizing a blend of ferrocene and fluid hydrocarbon in a vertical 
heater. The outcomes show that this strategy gives the chance of large scale 
manufacturing. Be that as it may, in view of the trouble of proficiently scat-
tering little Fe particles in showering impetus arrangement, vague blends of 
filaments and residue were constantly gotten.

Carbon nanofibers were manufactured with diameters of 50–80 nm from 
catalytic decomposition of hydrocarbon gas with catalyst metal powder utilizing 
the support catalyst method. In spite of the fact that the support catalyst technique 
can create high quality fibers, the preparation and defined scattering of ultrafine 
catalyst particles are very difficult and are exceptionally troublesome, the yield 
of this strategy is spendthrift to be in any way marketed. So as to tackle the above 
issues the floating catalyst technique was created with the help of support catalyst 
to deliver carbon nanofibers with diameter of 50–100 nm.

6. Vapor grown carbon nanofiber by floating reactor method

Vapor-grown carbon fibers (VGCFs) have been developed by the deterioration 
of hydrocarbons, for example, benzene and methane, utilizing transition metal 
particles as a catalyst at a development temperature of 1000–1300°C [31–35]. These 
fibers have been portrayed regarding the profoundly favored orientation of their 
graphitic basal planes corresponding to the fiber pivot, with an annular ring surface 
in the cross segment. This structure offers ascend to amazing mechanical proper-
ties, high electrical and thermal conductivity, and a high graphitizability of the 
fibers [32, 33]. In this way, numerous scientists have attempted to arrive at the last 
objective of large scale manufacturing of these fibers filaments with ease.

Among the different preparing techniques, the most significant one has been 
the advancement of the floating reactant technique [36, 37], which permits a 
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three-dimensional scattering of the hydrocarbon together with the catalytic par-
ticles got from the pyrolysis of organometallic compounds, for example, ferrocene, 
in a reaction chamber, ensuing about a high yield and a fairly uniform diameter 
across of the resulting fibers. Thus, the floating reactant strategy is believed to be 
a promising method for the large scale manufacturing of carbon fibers at generally 
economical.

7. Fiber morphology

Because of their production method, VGCFs arrive in an assortment of morphol-
ogies that are fundamental to understand their properties. A few unique morpholo-
gies have been accounted in the literature [38]. Somewhat, these morphologies 
emulate the internal structure of the fiber. The structure of VGCFs looks like that of 
a tree trunk, with concentric annular rings. The original filament lies in the middle 
of axis of symmetry. The layers are in part aligned turbostratic carbon, with the 
average basal plane skewed from the fiber axis by around 10–15° [30]. In thin-
ner fibers, or in fibers submitted to high temperature heat-treatments, cracks are 
observed between consecutive rings, and the external surfaces are often crenulated. 
Cracks are seen between consecutive rings when thinner fibers, or in fibers exposed 
to high temperature, and the external surfaces are frequently crenulated.

When the pyrolytic carbon is subjected to cooling, it shrinks more quickly in 
the radial than in the tangential direction. The ensuing radial stress (tension) will 
be reduced if circumferential cracking between the rings happens. Then again, the 
contraction in the tangential direction prompts a high compressive pressure that 
can be halfway eased by the formation of the crenulations.

The uniform geometry and the basically carbon structure of the VGCFs makes 
the fibers very graphitizable. Swift graphitization increased with increased tem-
peratures [28]. Above 2600°C, VGCFs structure moves toward like a single crystal 
graphite structure. Evidently, this property will let improvement to a specific level, 
tailoring of the fiber properties to preferred values. In recent years, a widen interest 
has been appeared in the surface properties of VGCFs, as this can be identified with 
the interfacial properties of the fiber in composites. It was pointed out that the sur-
face reactivity of VGCFs is lower than that of ex-pitch or ex-PAN carbon fibers [39]. 
On the other hand, the surface reactivity can be increased by oxidation treatment to 
be nearer to that of the other carbon fibers.

The effect of diverse oxidative surface treatments (nitric acid, plasma, air and 
carbon dioxide) on the fibers surface reactivity has been studied [30].

It was observed that, surface oxidation of carbon fibers is the standard inno-
vation to increase adhesion between fiber and matrix, air and carbon dioxide 
treatments do not fundamentally expand the fiber’s surface reactivity, in spite of 
extensive weight reduction. This was ascribed to the presence of traces of iron left 
on the VGCF from the growth stages, that may have catalyzed carbon gasification 
by a pitting mechanism [40].

Cleansing of the VGCFs with HCl to remove the iron can prevent this behavior. 
Although nitric acid and plasma treatments were found to increase surface reactiv-
ity without altering significantly the morphology of the fibers, the latter appeared 
to be more favorable in improving the adhesion of VGCFs to a matrix.

To expel the iron, VGCFs is cleaned with HCl can obviate this behavior. Though 
nitric acid and plasma treatments were found to increase surface reactivity with-
out changing fundamentally the morphology of the fibers, the latter gave off an 
impression of being progressively great in improving the adhesion of VGCFs to a 
network.
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Methane, hydrogen and an inert gas are utilized to develop the fibers at atmo-
spheric pressures on nesting cylindrical substrates inside a growth tube. Lower 
centralizations of the methane-hydrogen blends are utilized for fiber extending, 
though higher concentrations are utilized for thickening. As methane is an eco-
nomical feedstock in certain parts of the world, the production of VGCFs can turn 
out to be exceptionally financial contrasted with other carbon filaments.

5. Mass production of vapor-grown carbon nanofibers (VGCFs)

On account of their unique properties, for example, high strength and electric 
conductivity and special functional properties, researchers have indicated a lot of 
consideration for the large scale manufacturing of these materials.

1. The physical properties of vapor grown carbon fibers, with littler diameters 
across ought to be more grounded than those with larger diameters fume 
developed carbon filaments and exploratory outcomes demonstrated this 
expectation.

2. Furthermore, it was accounted for that the distance across of the nanofibers is 
represented by the size of the impetus particles.

3. For the large scale manufacturing of VGCFs the key procedure is the seeding of 
the impetus particles. VGCFs with distances across of 50–100 nm was created 
effectively utilizing a blend of ferrocene and fluid hydrocarbon in a vertical 
heater. The outcomes show that this strategy gives the chance of large scale 
manufacturing. Be that as it may, in view of the trouble of proficiently scat-
tering little Fe particles in showering impetus arrangement, vague blends of 
filaments and residue were constantly gotten.

Carbon nanofibers were manufactured with diameters of 50–80 nm from 
catalytic decomposition of hydrocarbon gas with catalyst metal powder utilizing 
the support catalyst method. In spite of the fact that the support catalyst technique 
can create high quality fibers, the preparation and defined scattering of ultrafine 
catalyst particles are very difficult and are exceptionally troublesome, the yield 
of this strategy is spendthrift to be in any way marketed. So as to tackle the above 
issues the floating catalyst technique was created with the help of support catalyst 
to deliver carbon nanofibers with diameter of 50–100 nm.

6. Vapor grown carbon nanofiber by floating reactor method

Vapor-grown carbon fibers (VGCFs) have been developed by the deterioration 
of hydrocarbons, for example, benzene and methane, utilizing transition metal 
particles as a catalyst at a development temperature of 1000–1300°C [31–35]. These 
fibers have been portrayed regarding the profoundly favored orientation of their 
graphitic basal planes corresponding to the fiber pivot, with an annular ring surface 
in the cross segment. This structure offers ascend to amazing mechanical proper-
ties, high electrical and thermal conductivity, and a high graphitizability of the 
fibers [32, 33]. In this way, numerous scientists have attempted to arrive at the last 
objective of large scale manufacturing of these fibers filaments with ease.

Among the different preparing techniques, the most significant one has been 
the advancement of the floating reactant technique [36, 37], which permits a 
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three-dimensional scattering of the hydrocarbon together with the catalytic par-
ticles got from the pyrolysis of organometallic compounds, for example, ferrocene, 
in a reaction chamber, ensuing about a high yield and a fairly uniform diameter 
across of the resulting fibers. Thus, the floating reactant strategy is believed to be 
a promising method for the large scale manufacturing of carbon fibers at generally 
economical.

7. Fiber morphology

Because of their production method, VGCFs arrive in an assortment of morphol-
ogies that are fundamental to understand their properties. A few unique morpholo-
gies have been accounted in the literature [38]. Somewhat, these morphologies 
emulate the internal structure of the fiber. The structure of VGCFs looks like that of 
a tree trunk, with concentric annular rings. The original filament lies in the middle 
of axis of symmetry. The layers are in part aligned turbostratic carbon, with the 
average basal plane skewed from the fiber axis by around 10–15° [30]. In thin-
ner fibers, or in fibers submitted to high temperature heat-treatments, cracks are 
observed between consecutive rings, and the external surfaces are often crenulated. 
Cracks are seen between consecutive rings when thinner fibers, or in fibers exposed 
to high temperature, and the external surfaces are frequently crenulated.

When the pyrolytic carbon is subjected to cooling, it shrinks more quickly in 
the radial than in the tangential direction. The ensuing radial stress (tension) will 
be reduced if circumferential cracking between the rings happens. Then again, the 
contraction in the tangential direction prompts a high compressive pressure that 
can be halfway eased by the formation of the crenulations.

The uniform geometry and the basically carbon structure of the VGCFs makes 
the fibers very graphitizable. Swift graphitization increased with increased tem-
peratures [28]. Above 2600°C, VGCFs structure moves toward like a single crystal 
graphite structure. Evidently, this property will let improvement to a specific level, 
tailoring of the fiber properties to preferred values. In recent years, a widen interest 
has been appeared in the surface properties of VGCFs, as this can be identified with 
the interfacial properties of the fiber in composites. It was pointed out that the sur-
face reactivity of VGCFs is lower than that of ex-pitch or ex-PAN carbon fibers [39]. 
On the other hand, the surface reactivity can be increased by oxidation treatment to 
be nearer to that of the other carbon fibers.

The effect of diverse oxidative surface treatments (nitric acid, plasma, air and 
carbon dioxide) on the fibers surface reactivity has been studied [30].

It was observed that, surface oxidation of carbon fibers is the standard inno-
vation to increase adhesion between fiber and matrix, air and carbon dioxide 
treatments do not fundamentally expand the fiber’s surface reactivity, in spite of 
extensive weight reduction. This was ascribed to the presence of traces of iron left 
on the VGCF from the growth stages, that may have catalyzed carbon gasification 
by a pitting mechanism [40].

Cleansing of the VGCFs with HCl to remove the iron can prevent this behavior. 
Although nitric acid and plasma treatments were found to increase surface reactiv-
ity without altering significantly the morphology of the fibers, the latter appeared 
to be more favorable in improving the adhesion of VGCFs to a matrix.

To expel the iron, VGCFs is cleaned with HCl can obviate this behavior. Though 
nitric acid and plasma treatments were found to increase surface reactivity with-
out changing fundamentally the morphology of the fibers, the latter gave off an 
impression of being progressively great in improving the adhesion of VGCFs to a 
network.
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8. Properties of VGCFs

8.1 Mechanical properties

The modulus and the elasticity of VGCFs can be found easily [34]. The cal-
culated modulus value varies from 100 to over 1000 GPa. The stiffness of VGCF 
depends upon their diameters. Even though the fibers are produced in the same 
experiment the diameters increased from 6 to 32 nm, the modulus decreases 
300–1200GPa [33, 34].

The degree of favored orientation of graphitic basal planes is related to the stiff-
ness of pyrolytic carbon. The stiffness of a graphite fiber is connected as a component 
of the orientation point of the graphitic plane. This model was fitted to the stiffness-
data of VGCFs by measuring their orientation parameter. This model was fitted to the 
solidness information of VGCFs by estimating their direction parameter. As the main 
fitting parameter utilized in the model is free of fiber diameter, the dwindle in the 
solidness of thicker fibers was assigned to the decrease in their graphitic requesting.

This again is because of a swifter deposition of pyrolytic carbon during the 
thickening period. This is as per the finding that that increasing the graphitization 
of VGCF by heat-treatment also additionally increases their modulus considerably. 
In one example, the modulus of vapor grown fibers more than doubled to about 
500 GPa when they were heated at 2200°C [30].

Heat-treated fibers are unsuccessful more commonly in the “sword-in-sheath” 
mode and in this mode; grouping of circumferential breaks along the internal 
rings permits continuous cylinders to slide telescopically inside one another, slowly 
diminishing the load bearing limit of the fiber. It is obvious from these outcomes 
that the modulus and the disappointment method of vapor grown carbon fibers are 
connected to their structure.

The values of the tensile strength of VGCF are progressively reliable, changing 
from 2.5 to 3.5 GPa for fibers with diameters across just beneath 10 μm. The reliance 
on the diameter however is strong [33, 34, 41]. This was clarified by accepting that 
thicker fibers have a larger flaws population, and a more prominent likelihood of 
failure, than thinner ones.

8.2 Electrical properties

The carbon structure and potential graphitization of VGCFs by heat-treatment 
makes them a fascinating possibility for thermal and electrical applications. VGCFs 
are known to have the most noteworthy electrical and thermal conductivities 
among carbon fibers because of their conceivable high structural perfection [42].

It was verified that VGCFs heat-treated at lower temperature have a resistivity 
that is practically constant with temperature. The resistivity of fibers heat-treated at 
higher temperatures decreases with the operating temperature. At the most elevated 
temperatures, the resistivity of the VGCFs approaches that of single crystal graph-
ite, with a resistivity of about 5 × 10−7 ohm cm at 300 K. Besides, the decrease in 
resistivity with fiber diameter across is ascribed to the expanded arranged graphite 
regions as the diameter increases.

8.3 Thermal properties

The thermal conductivity of VGCFs is astoundingly high [31]. The thermal 
conductivity of both s-grown VGCFs and the other VGCFs heat-treated to 3000°C 
were evaluated through a temperature range of 10–300 K. It was demonstrated that 
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the heat treatment expands the fiber conductivity by a factor of 50. The heat-treated 
fibers rank among the best thermal conductors available, at room temperature.

Besides, it was demonstrated an immediate connection between electrical 
resistivity, thermal conductivity and tensile modulus of carbon fibers. The strong 
correlation between thermal conductivity and electrical resistivity was elucidated 
by comparative fiber structural effects dominating these properties. This, in blend 
with the recently pointed out connection between fiber structure and tensile 
modulus [34], could prompt the expectation of the properties legitimately from 
fiber structural considerations.

9. Applications of VGCFs

9.1 In composites

In recent times, there has been a developing enthusiasm for the utilizations 
of VGCF in carbon and polymer matrix composites. The primary thermoplastic 
submicron-size VGCF composites, utilizing polycarbonate and nylon as a matrix 
was reported [36]. The growing mechanical and thermal properties were calculated 
with fiber volume fraction, despite the fact that this increase is less than could 
be theoretically expected. The composites were compression molded utilizing a 
straightforward set-up bringing about a fiber arrangement that was believed to be 
irregular in three dimensions. It was anticipated higher properties if a process like 
injection molding was utilized to stimulate fiber alignment.

The process ability of submicron VGCFs in thermoplastic matrices was analyzed 
by extruding polycarbonate-VGCF composites in a single screw extruder and sub-
sequently melt-drew the composites to induce fiber orientation. It was concluded 
that the dispersion of the fibers in the matrix was very poor at 2 vol% fiber fraction 
and turned out to be much less fortunate when the fiber content was expanded 
to 5 vol%. It was recommended that grinding or melt-blending the fiber with the 
polymer before extrusion may bring better result in better dispersion.

The utilization of submicron VGCFs as arbitrary layers between layers of 
ceaseless carbon fibers in an epoxy matrix was studied [43] and it was found that 
the VGCFs improve appreciably the damping capacity of the composites at fiber 
fractions as low as 0.6 vol%.

The utilization of VGCFs for fabricating thin paper was made effectively by 
supplanting the generally utilized commercial chopped ex-PAN and ex-pitch fibers 
to acquire planar isotropy [44].

Submicron VGCFs were used in cement-matrix composites, an application 
wherein they could be amazingly valuable, because of the relative minimum cost 
and simple process ability [41]. With a fiber heap of just 1.5 vol%, they accom-
plished the most noteworthy electromagnetic interference (EMI) shielding effec-
tiveness ever achieved for a cement-matrix composite.

Composites based on VGCF-mats were made and heat-treated at 2800°C and 
their thermal conductivity was studied [45]. It was acquired that the 36 vol% 
composite exhibited a room-temperature thermal conductivity of 564 W/mK. This 
value is some extent higher than that of copper (+/− 450 W/mK) and it was 
ascribed to the greatly graphitic nature of the VGCF mats.

Aluminum matrix and carbon-carbon composites based on VGCFs were fabri-
cated and compared [46]. For the aluminum-VGCF composites at 36.5 vol% the ther-
mal conductivity of 642 W/mK was found. An outstanding value of 910 W/mK was 
observed for a 70 vol% carbon-VGCF composite which is double the value of copper.
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8.1 Mechanical properties

The modulus and the elasticity of VGCFs can be found easily [34]. The cal-
culated modulus value varies from 100 to over 1000 GPa. The stiffness of VGCF 
depends upon their diameters. Even though the fibers are produced in the same 
experiment the diameters increased from 6 to 32 nm, the modulus decreases 
300–1200GPa [33, 34].

The degree of favored orientation of graphitic basal planes is related to the stiff-
ness of pyrolytic carbon. The stiffness of a graphite fiber is connected as a component 
of the orientation point of the graphitic plane. This model was fitted to the stiffness-
data of VGCFs by measuring their orientation parameter. This model was fitted to the 
solidness information of VGCFs by estimating their direction parameter. As the main 
fitting parameter utilized in the model is free of fiber diameter, the dwindle in the 
solidness of thicker fibers was assigned to the decrease in their graphitic requesting.

This again is because of a swifter deposition of pyrolytic carbon during the 
thickening period. This is as per the finding that that increasing the graphitization 
of VGCF by heat-treatment also additionally increases their modulus considerably. 
In one example, the modulus of vapor grown fibers more than doubled to about 
500 GPa when they were heated at 2200°C [30].

Heat-treated fibers are unsuccessful more commonly in the “sword-in-sheath” 
mode and in this mode; grouping of circumferential breaks along the internal 
rings permits continuous cylinders to slide telescopically inside one another, slowly 
diminishing the load bearing limit of the fiber. It is obvious from these outcomes 
that the modulus and the disappointment method of vapor grown carbon fibers are 
connected to their structure.

The values of the tensile strength of VGCF are progressively reliable, changing 
from 2.5 to 3.5 GPa for fibers with diameters across just beneath 10 μm. The reliance 
on the diameter however is strong [33, 34, 41]. This was clarified by accepting that 
thicker fibers have a larger flaws population, and a more prominent likelihood of 
failure, than thinner ones.

8.2 Electrical properties

The carbon structure and potential graphitization of VGCFs by heat-treatment 
makes them a fascinating possibility for thermal and electrical applications. VGCFs 
are known to have the most noteworthy electrical and thermal conductivities 
among carbon fibers because of their conceivable high structural perfection [42].

It was verified that VGCFs heat-treated at lower temperature have a resistivity 
that is practically constant with temperature. The resistivity of fibers heat-treated at 
higher temperatures decreases with the operating temperature. At the most elevated 
temperatures, the resistivity of the VGCFs approaches that of single crystal graph-
ite, with a resistivity of about 5 × 10−7 ohm cm at 300 K. Besides, the decrease in 
resistivity with fiber diameter across is ascribed to the expanded arranged graphite 
regions as the diameter increases.

8.3 Thermal properties

The thermal conductivity of VGCFs is astoundingly high [31]. The thermal 
conductivity of both s-grown VGCFs and the other VGCFs heat-treated to 3000°C 
were evaluated through a temperature range of 10–300 K. It was demonstrated that 
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the heat treatment expands the fiber conductivity by a factor of 50. The heat-treated 
fibers rank among the best thermal conductors available, at room temperature.

Besides, it was demonstrated an immediate connection between electrical 
resistivity, thermal conductivity and tensile modulus of carbon fibers. The strong 
correlation between thermal conductivity and electrical resistivity was elucidated 
by comparative fiber structural effects dominating these properties. This, in blend 
with the recently pointed out connection between fiber structure and tensile 
modulus [34], could prompt the expectation of the properties legitimately from 
fiber structural considerations.

9. Applications of VGCFs

9.1 In composites

In recent times, there has been a developing enthusiasm for the utilizations 
of VGCF in carbon and polymer matrix composites. The primary thermoplastic 
submicron-size VGCF composites, utilizing polycarbonate and nylon as a matrix 
was reported [36]. The growing mechanical and thermal properties were calculated 
with fiber volume fraction, despite the fact that this increase is less than could 
be theoretically expected. The composites were compression molded utilizing a 
straightforward set-up bringing about a fiber arrangement that was believed to be 
irregular in three dimensions. It was anticipated higher properties if a process like 
injection molding was utilized to stimulate fiber alignment.

The process ability of submicron VGCFs in thermoplastic matrices was analyzed 
by extruding polycarbonate-VGCF composites in a single screw extruder and sub-
sequently melt-drew the composites to induce fiber orientation. It was concluded 
that the dispersion of the fibers in the matrix was very poor at 2 vol% fiber fraction 
and turned out to be much less fortunate when the fiber content was expanded 
to 5 vol%. It was recommended that grinding or melt-blending the fiber with the 
polymer before extrusion may bring better result in better dispersion.

The utilization of submicron VGCFs as arbitrary layers between layers of 
ceaseless carbon fibers in an epoxy matrix was studied [43] and it was found that 
the VGCFs improve appreciably the damping capacity of the composites at fiber 
fractions as low as 0.6 vol%.

The utilization of VGCFs for fabricating thin paper was made effectively by 
supplanting the generally utilized commercial chopped ex-PAN and ex-pitch fibers 
to acquire planar isotropy [44].

Submicron VGCFs were used in cement-matrix composites, an application 
wherein they could be amazingly valuable, because of the relative minimum cost 
and simple process ability [41]. With a fiber heap of just 1.5 vol%, they accom-
plished the most noteworthy electromagnetic interference (EMI) shielding effec-
tiveness ever achieved for a cement-matrix composite.

Composites based on VGCF-mats were made and heat-treated at 2800°C and 
their thermal conductivity was studied [45]. It was acquired that the 36 vol% 
composite exhibited a room-temperature thermal conductivity of 564 W/mK. This 
value is some extent higher than that of copper (+/− 450 W/mK) and it was 
ascribed to the greatly graphitic nature of the VGCF mats.

Aluminum matrix and carbon-carbon composites based on VGCFs were fabri-
cated and compared [46]. For the aluminum-VGCF composites at 36.5 vol% the ther-
mal conductivity of 642 W/mK was found. An outstanding value of 910 W/mK was 
observed for a 70 vol% carbon-VGCF composite which is double the value of copper.
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The mechanical properties of VGCF-carbon composites was studied and arrived 
the result that the tensile properties of these composites are lower than anticipated 
It was concluded that the thermal properties of VGCFs are preferred and converted 
into composites.

9.2 Application in batteries

The fibers acquired by the floating reactant method have a thin diameter 
distribution (from 0.1 to 0.2 mm), indicating nearly a similar morphology when 
contrasted with that of normal VGCFs (10–20 mm), which comprise of a central 
filament and an external deposit of pyrolytic carbon with the annular structure of a 
tree. Moreover, these fibers have a high possibility for application as filler in compos-
ites and as an anode material in lithium ion batteries, including additives to anode 
materials, because of incredible conductivity and high surface to volume ratio.

For s-VGCFs acquired by a floating reactant technique, the fundamental 
properties and micro structural development of these fibers with Heat Treatment 
Temperature (HTT), the physical properties of a solitary fiber and in the massive 
state were assessed to apply this material as the filler in electrodes of lead acid batter-
ies and in the Li-ion battery system. Graphitized s-VGCFs showed attractive desirable 
properties when utilized as filler in electrodes, for example, genuinely high mechani-
cal strength and electrical conductivity in a single fiber, a high degree of resiliency 
and good volume conductivity in the bulky state. These desirable properties should 
yield improved execution performance in actual batteries (Table 1) [47, 49–51].

10. Conclusion

Vapor grown carbon fiber composites for batteries and supercapacitors have 
been extensively studied worldwide. The CNFs and their composites can be utilized 
in numerous fields; they have unique mechanical, electrical and thermal proper-
ties that may be useful in making composite materials like polycarbonate-VGCF, 
epoxy-VGCF, PAN-VGCF and aluminum-VGCF and filler in electrodes of lead-acid 
batteries and the Li-ion battery system.

S.No Properties Carbonized 
s-VGCFsa

Graphitized 
s-VGCFsb

Method needed for 
characterization

1 Lattice constant 6.900 A 6.775 A XRD

2 Diameter of fiber 0.2 mm 0.2 mm SEM

3 Length of fiber 10–20 mm 10–20 mm SEM

4 Volume density 0.02–0.07 g/cm3 0.02–0.07 g/cm3 Tapping

5 Real density 1.9 g/cm3 2.1 g/cm3 Pycnometer

6 Surface area (BET) 37 m2/g 15 m2/g N absorption

7 Ash content 1.5% 0.03% SDK

8 pH 5 7 PH Meter

9 Starting temperature of 
oxidation

550°C 650°C TGA

aCarbonized s-VGCFs indicate the sample heat treated at 1200°C.
bGraphitized s-VGCFs indicate the sample heat treated at 2800°C.

Table 1. 
Basic properties of submicron VGCFs [48].

59

Vapor-Grown Carbon Fiber Synthesis, Properties, and Applications
DOI: http://dx.doi.org/10.5772/intechopen.92300

Author details

J. Manivannan1, S. Kalaiselvan1* and R. Padmavathi2

1 Department of Chemistry, SNS College of Technology, Coimbatore, Tamilnadu, 
India

2 Department of Chemistry, M. Kumarasamy College of Engineering, 
Karur, Tamilnadu, India

*Address all correspondence to: kalaichem82@gmail.com

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

58

The mechanical properties of VGCF-carbon composites was studied and arrived 
the result that the tensile properties of these composites are lower than anticipated 
It was concluded that the thermal properties of VGCFs are preferred and converted 
into composites.

9.2 Application in batteries

The fibers acquired by the floating reactant method have a thin diameter 
distribution (from 0.1 to 0.2 mm), indicating nearly a similar morphology when 
contrasted with that of normal VGCFs (10–20 mm), which comprise of a central 
filament and an external deposit of pyrolytic carbon with the annular structure of a 
tree. Moreover, these fibers have a high possibility for application as filler in compos-
ites and as an anode material in lithium ion batteries, including additives to anode 
materials, because of incredible conductivity and high surface to volume ratio.

For s-VGCFs acquired by a floating reactant technique, the fundamental 
properties and micro structural development of these fibers with Heat Treatment 
Temperature (HTT), the physical properties of a solitary fiber and in the massive 
state were assessed to apply this material as the filler in electrodes of lead acid batter-
ies and in the Li-ion battery system. Graphitized s-VGCFs showed attractive desirable 
properties when utilized as filler in electrodes, for example, genuinely high mechani-
cal strength and electrical conductivity in a single fiber, a high degree of resiliency 
and good volume conductivity in the bulky state. These desirable properties should 
yield improved execution performance in actual batteries (Table 1) [47, 49–51].

10. Conclusion

Vapor grown carbon fiber composites for batteries and supercapacitors have 
been extensively studied worldwide. The CNFs and their composites can be utilized 
in numerous fields; they have unique mechanical, electrical and thermal proper-
ties that may be useful in making composite materials like polycarbonate-VGCF, 
epoxy-VGCF, PAN-VGCF and aluminum-VGCF and filler in electrodes of lead-acid 
batteries and the Li-ion battery system.

S.No Properties Carbonized 
s-VGCFsa

Graphitized 
s-VGCFsb

Method needed for 
characterization

1 Lattice constant 6.900 A 6.775 A XRD

2 Diameter of fiber 0.2 mm 0.2 mm SEM

3 Length of fiber 10–20 mm 10–20 mm SEM

4 Volume density 0.02–0.07 g/cm3 0.02–0.07 g/cm3 Tapping

5 Real density 1.9 g/cm3 2.1 g/cm3 Pycnometer

6 Surface area (BET) 37 m2/g 15 m2/g N absorption

7 Ash content 1.5% 0.03% SDK

8 pH 5 7 PH Meter

9 Starting temperature of 
oxidation

550°C 650°C TGA

aCarbonized s-VGCFs indicate the sample heat treated at 1200°C.
bGraphitized s-VGCFs indicate the sample heat treated at 2800°C.

Table 1. 
Basic properties of submicron VGCFs [48].

59

Vapor-Grown Carbon Fiber Synthesis, Properties, and Applications
DOI: http://dx.doi.org/10.5772/intechopen.92300

Author details

J. Manivannan1, S. Kalaiselvan1* and R. Padmavathi2

1 Department of Chemistry, SNS College of Technology, Coimbatore, Tamilnadu, 
India

2 Department of Chemistry, M. Kumarasamy College of Engineering, 
Karur, Tamilnadu, India

*Address all correspondence to: kalaichem82@gmail.com

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



60

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

[1] Donnet JB, Bansal RC. Carbon Fibers 
(Marcel Dekker, New York). Journal 
of Polymer Science Part C: Polymer 
Letters. 1984;23(5)

[2] Peebles LH. Carbon Fibers. Boca 
Raton: CRC; 1994

[3] Chung DDL. Carbon Fiber 
Composites. Boston: Butterworth 
Heinemann; 1994

[4] Kim YA, Hayashi T, Endo M, 
Dresselhaus MS. Carbon Nanofibers. 
In: Vajtai R, editor. Springer Handbook 
of Nanomaterials. Berlin, Heidelberg: 
Springer Handbooks. Springer; 2013

[5] Oberlin A, Endo M, Koyama T. 
Filamentous growth of carbon through 
benzene decomposition. Journal of 
Crystal Growth. 1976;32:335-349

[6] Iijima S. Helical microtubules 
of graphitic carbon. Nature. 
1991;354:56-58

[7] Dresselhaus MS, Dresselhaus G, 
Eklund P. Science of Fullerenes 
and Carbon Nanotubes. New York: 
Academic; 1996

[8] Saito R, Dresselhaus G, 
Dresselhaus DS. Physical Properties of 
Carbon Nanotubes. London: Imperial 
College Press; 1998

[9] Ajayan PM, Zhou OZ. Applications 
of carbon nanotubes. In: Dresselhaus 
MS, Dresselhaus G, Avouris P, editors. 
Carbon Nanotubes. Topics in Applied 
Physics. Vol. 80. Berlin, Heidelberg: 
Springer; 2001

[10] Dresselhaus MS, Dresselhaus G, 
Sugihara K, Spain IL, Goldberg HA. 
Graphite Fiber and Filaments I. Berlin 
Heidelberg: Springer; 1988

[11] Baker RTK. Catalytic growth 
of carbon filaments. Carbon. 
1989;27:315-323

[12] Endo M. Grow carbon fibers in the 
vapor phase. Chemical Technology. 
1988;18:568-576

[13] Tibbetts GG. Why are carbon 
filaments tubular? Journal of Crystal 
Growth. 1984;66:632-637

[14] Rodriguez NM, Chambers A, 
Baker RTK. Catalytic engineering of 
carbon nanostructures. Langmuir. 
1995;11:3862-3866

[15] Tibbetts GG. Vapor-grown carbon 
fibers: Status and prospects. Carbon. 
1989;27:745-747

[16] Endo M, Kim YA, Ezaka M, 
Osada K, Yanagisawa T, Hayashi T, et al. 
Selective and efficient impregnation 
of metal nanoparticles on cup-
stacked-type nanofibers. Nano Letters. 
2003;3:723-726

[17] Choi YK, Gotoh Y, Sugimoto KI, 
Song SM, Yanagisawa T, Endo M. 
Processing and characterization of 
epoxy nanocomposites reinforced 
by cup-stacked carbon nanotubes. 
Polymer. 2005;46:11489-11498

[18] Yokozeki T, Iwahori Y, Ishiwata S. 
Matrix cracking behaviors in carbon 
fiber/epoxy laminates filled with cup-
stacked carbon nanotubes (CSCNTs). 
Composites Part A: Applied Science and 
Manufacturing. 2007;38:917-924

[19] Yokozeki T, Iwahori Y, Ishiwata S, 
Enomoto K. Mechanical properties of 
CFRP laminates manufactured from 
unidirectional prepregs using CSCNT-
dispersed epoxy. Composites Part A: 
Applied Science and Manufacturing. 
2007;38:2121-2130

[20] Yokozeki T, Iwahori Y, Ishibashi M, 
Yanagisawa T, Imai K, Arai M, et al. 
Fracture toughness improvement 
of CFRP laminates by dispersion 
of cup-stacked carbon nanotubes. 

References

61

Vapor-Grown Carbon Fiber Synthesis, Properties, and Applications
DOI: http://dx.doi.org/10.5772/intechopen.92300

Composites Science and Technology. 
2009;69:2268-2273

[21] Saito K, Ohtani M, Fukuzumi F. 
Electron-transfer reduction of 
cup-stacked carbon nanotubes 
affording cup-shaped carbons with 
controlled diameter and size. Journal 
of the American Chemical Society. 
2006;128:14216-14217

[22] Norris ID, Shaker MM, Ko FK, 
MacDiarmid AG. Electrostatic 
fabrication of ultrafine conducting 
fibers: Polyaniline/polyethylene 
oxide blends. Synthetic Metals. 
2000;114:109-114

[23] Bacon R. Production of graphite 
whiskers. Journal of Applied Physics. 
1960;31:283-290

[24] Endo M, Kim YA, Fukai T, 
Hayashi T, Oshida K, Terrones M, et al. 
Structural characterization of cup-
stacked type nanofibers with an entire 
hollow core. Applied Physics Letters. 
2002;80:1267-1269

[25] Yoon SH, Lim S, Song Y, Ota Y, 
Qiao WM, Tanaka I. Mochida: KOH 
activation of carbon nanofibers. 
Carbon. 2004;42:1723-1729

[26] Yoon SH, Park CW, Yang HJ, 
Korai Y, Mochida I, Baker RTK, et al. 
Novel car-bon nanofibers of high 
graphitization as anodic materials for 
lithium ion secondary batteries. Carbon. 
2004;42:21-32

[27] Liu QF, Ren WC, Cheng ZG. 
Semiconducting properties of cup-
stacked carbon nanotubes. Carbon. 
2009;47:731-736

[28] Endo M, Koyama T, Hishiyama YM. 
Structural improvement of carbon 
fibers prepared from benzene. Japanese 
Journal of Applied Physics. 1976;15:2073

[29] Serp P, Figueiredo JL, Bernardo CA. 
In: Palmer KR, Marx DT, Wright MA, 

editors. Carbon and Carbonaceous 
Composite Materials. Vol. 134. 
Singapore: World Scientific Publishing; 
1996

[30] Serf P, Figueiredo JL. An 
investigation of vapor-grown carbon 
fiber behavior towards air oxidation. 
Carbon. 1997;35(5):675-683

[31] Koyama T, Endo M. Electrical 
resistivity of carbon fibers prepared 
from benzene. Japanese Journal of 
Applied Physics. 1974;3(7):1175-1176

[32] Speck JS, Endo M, Dresselhaus MS. 
Structure and intercalation of thin 
benzene derived carbon fibers. Journal 
of Crystal Growth. 1989;94:834-848

[33] Tibbetts GG. Carbon fibers 
produced by pyrolysis of natural gas in 
stainless steel tubes. Applied Physics 
Letters. 1983;42(8):666-668

[34] Oberlin A, Endo M. Filamentous 
growth of carbon through benzene 
composition. Journal of Crystal Growth. 
1976;32:335-349

[35] Koyama T, Endo M. Structure and 
properties of graphitized carbon fiber. 
Japanese Journal of Applied Physics. 
1974;13(12):1933-1939

[36] Benissad F, Gadelle P, Coulon M, 
Bonnetain L. Formation de fibers 
de carbone a partidu menthane: I 
croissane catalytique et epaississement 
pyrolytique. Carbon. 1988;26(1):61-69

[37] Ishioka M, Okada T, Matsubara K, 
Endo M. Formation of vapor grown 
carbon fibers mixtures. II. Influence of 
catalyst. Carbon. 1992;30(6):865-868

[38] Tibbetts GG, Beetz CP Jr. 
Mechanical properties of vapour-grown 
carbon fibres. Journal of Physics D: 
Applied Physics. 1987;20(3):292

[39] Darmstadt H, Roy C, Kaliaguine S, 
Ting J-M, Alig RL. Surface spectroscopic 



60

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

[1] Donnet JB, Bansal RC. Carbon Fibers 
(Marcel Dekker, New York). Journal 
of Polymer Science Part C: Polymer 
Letters. 1984;23(5)

[2] Peebles LH. Carbon Fibers. Boca 
Raton: CRC; 1994

[3] Chung DDL. Carbon Fiber 
Composites. Boston: Butterworth 
Heinemann; 1994

[4] Kim YA, Hayashi T, Endo M, 
Dresselhaus MS. Carbon Nanofibers. 
In: Vajtai R, editor. Springer Handbook 
of Nanomaterials. Berlin, Heidelberg: 
Springer Handbooks. Springer; 2013

[5] Oberlin A, Endo M, Koyama T. 
Filamentous growth of carbon through 
benzene decomposition. Journal of 
Crystal Growth. 1976;32:335-349

[6] Iijima S. Helical microtubules 
of graphitic carbon. Nature. 
1991;354:56-58

[7] Dresselhaus MS, Dresselhaus G, 
Eklund P. Science of Fullerenes 
and Carbon Nanotubes. New York: 
Academic; 1996

[8] Saito R, Dresselhaus G, 
Dresselhaus DS. Physical Properties of 
Carbon Nanotubes. London: Imperial 
College Press; 1998

[9] Ajayan PM, Zhou OZ. Applications 
of carbon nanotubes. In: Dresselhaus 
MS, Dresselhaus G, Avouris P, editors. 
Carbon Nanotubes. Topics in Applied 
Physics. Vol. 80. Berlin, Heidelberg: 
Springer; 2001

[10] Dresselhaus MS, Dresselhaus G, 
Sugihara K, Spain IL, Goldberg HA. 
Graphite Fiber and Filaments I. Berlin 
Heidelberg: Springer; 1988

[11] Baker RTK. Catalytic growth 
of carbon filaments. Carbon. 
1989;27:315-323

[12] Endo M. Grow carbon fibers in the 
vapor phase. Chemical Technology. 
1988;18:568-576

[13] Tibbetts GG. Why are carbon 
filaments tubular? Journal of Crystal 
Growth. 1984;66:632-637

[14] Rodriguez NM, Chambers A, 
Baker RTK. Catalytic engineering of 
carbon nanostructures. Langmuir. 
1995;11:3862-3866

[15] Tibbetts GG. Vapor-grown carbon 
fibers: Status and prospects. Carbon. 
1989;27:745-747

[16] Endo M, Kim YA, Ezaka M, 
Osada K, Yanagisawa T, Hayashi T, et al. 
Selective and efficient impregnation 
of metal nanoparticles on cup-
stacked-type nanofibers. Nano Letters. 
2003;3:723-726

[17] Choi YK, Gotoh Y, Sugimoto KI, 
Song SM, Yanagisawa T, Endo M. 
Processing and characterization of 
epoxy nanocomposites reinforced 
by cup-stacked carbon nanotubes. 
Polymer. 2005;46:11489-11498

[18] Yokozeki T, Iwahori Y, Ishiwata S. 
Matrix cracking behaviors in carbon 
fiber/epoxy laminates filled with cup-
stacked carbon nanotubes (CSCNTs). 
Composites Part A: Applied Science and 
Manufacturing. 2007;38:917-924

[19] Yokozeki T, Iwahori Y, Ishiwata S, 
Enomoto K. Mechanical properties of 
CFRP laminates manufactured from 
unidirectional prepregs using CSCNT-
dispersed epoxy. Composites Part A: 
Applied Science and Manufacturing. 
2007;38:2121-2130

[20] Yokozeki T, Iwahori Y, Ishibashi M, 
Yanagisawa T, Imai K, Arai M, et al. 
Fracture toughness improvement 
of CFRP laminates by dispersion 
of cup-stacked carbon nanotubes. 

References

61

Vapor-Grown Carbon Fiber Synthesis, Properties, and Applications
DOI: http://dx.doi.org/10.5772/intechopen.92300

Composites Science and Technology. 
2009;69:2268-2273

[21] Saito K, Ohtani M, Fukuzumi F. 
Electron-transfer reduction of 
cup-stacked carbon nanotubes 
affording cup-shaped carbons with 
controlled diameter and size. Journal 
of the American Chemical Society. 
2006;128:14216-14217

[22] Norris ID, Shaker MM, Ko FK, 
MacDiarmid AG. Electrostatic 
fabrication of ultrafine conducting 
fibers: Polyaniline/polyethylene 
oxide blends. Synthetic Metals. 
2000;114:109-114

[23] Bacon R. Production of graphite 
whiskers. Journal of Applied Physics. 
1960;31:283-290

[24] Endo M, Kim YA, Fukai T, 
Hayashi T, Oshida K, Terrones M, et al. 
Structural characterization of cup-
stacked type nanofibers with an entire 
hollow core. Applied Physics Letters. 
2002;80:1267-1269

[25] Yoon SH, Lim S, Song Y, Ota Y, 
Qiao WM, Tanaka I. Mochida: KOH 
activation of carbon nanofibers. 
Carbon. 2004;42:1723-1729

[26] Yoon SH, Park CW, Yang HJ, 
Korai Y, Mochida I, Baker RTK, et al. 
Novel car-bon nanofibers of high 
graphitization as anodic materials for 
lithium ion secondary batteries. Carbon. 
2004;42:21-32

[27] Liu QF, Ren WC, Cheng ZG. 
Semiconducting properties of cup-
stacked carbon nanotubes. Carbon. 
2009;47:731-736

[28] Endo M, Koyama T, Hishiyama YM. 
Structural improvement of carbon 
fibers prepared from benzene. Japanese 
Journal of Applied Physics. 1976;15:2073

[29] Serp P, Figueiredo JL, Bernardo CA. 
In: Palmer KR, Marx DT, Wright MA, 

editors. Carbon and Carbonaceous 
Composite Materials. Vol. 134. 
Singapore: World Scientific Publishing; 
1996

[30] Serf P, Figueiredo JL. An 
investigation of vapor-grown carbon 
fiber behavior towards air oxidation. 
Carbon. 1997;35(5):675-683

[31] Koyama T, Endo M. Electrical 
resistivity of carbon fibers prepared 
from benzene. Japanese Journal of 
Applied Physics. 1974;3(7):1175-1176

[32] Speck JS, Endo M, Dresselhaus MS. 
Structure and intercalation of thin 
benzene derived carbon fibers. Journal 
of Crystal Growth. 1989;94:834-848

[33] Tibbetts GG. Carbon fibers 
produced by pyrolysis of natural gas in 
stainless steel tubes. Applied Physics 
Letters. 1983;42(8):666-668

[34] Oberlin A, Endo M. Filamentous 
growth of carbon through benzene 
composition. Journal of Crystal Growth. 
1976;32:335-349

[35] Koyama T, Endo M. Structure and 
properties of graphitized carbon fiber. 
Japanese Journal of Applied Physics. 
1974;13(12):1933-1939

[36] Benissad F, Gadelle P, Coulon M, 
Bonnetain L. Formation de fibers 
de carbone a partidu menthane: I 
croissane catalytique et epaississement 
pyrolytique. Carbon. 1988;26(1):61-69

[37] Ishioka M, Okada T, Matsubara K, 
Endo M. Formation of vapor grown 
carbon fibers mixtures. II. Influence of 
catalyst. Carbon. 1992;30(6):865-868

[38] Tibbetts GG, Beetz CP Jr. 
Mechanical properties of vapour-grown 
carbon fibres. Journal of Physics D: 
Applied Physics. 1987;20(3):292

[39] Darmstadt H, Roy C, Kaliaguine S, 
Ting J-M, Alig RL. Surface spectroscopic 



Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

62

analysis of vapour grown carbon fibres 
prepared under various conditions. 
Carbon. 1998;36(7-8):118-1190

[40] Koyama T, Endo M, Hishiyama Y. 
Structure and properties of graphitized 
carbon Fiber. Jap. J. Appl. Phys. 
1974;13(12):1933

[41] Xuli F, Chung DDL. Submicron-
diameter-carbon-filament-cement-
matrix composites. Carbon. 
1998;36(4):459-462

[42] Endo M, Komaki K. Extended 
abstracts of 16th Biennial Conference 
on Carbon. San Diego, CA: American 
Carbon Society; 1983. p. 523

[43] Hudnut SW, Chung DDL. Carbon. 
1995;33:1627

[44] Guth JR, Hart DW, Ting J-M. 
Extended abstracts of 22nd Biennial 
Conference on Carbon. San Diego, CA: 
American Carbon Society; 1995. p. 288

[45] Ting J-M, Lake ML, Duffy DR. 
Journal of Materials Research. 
1995;10:1478

[46] Ting J-M, Guth JR. Extended 
abstracts of 22nd Biennial Conference 
on Carbon. San Diego, CA: American 
Carbon Society; 1995. p. 296

[47] Endo M, Kim YA, Hayashi T, 
Nishimura K, Matusita T, Miyashita K, 
et al. Vapor-grown carbon fibers 
(VGCFs): Basic properties and 
their battery applications. Carbon. 
2001;39:1287-1297

[48] Endo M, Kim YJ, Hayashi T, 
Nishimura K, Matusita T, Miyashita K, 
et al. Vapor-grown carbon fibers 
(VGCFs): Basic properties and their 
battery applications. Materials Science. 
2001

[49] Endo M, Saito R, Dresselhaus MS, 
Dresselhaus G. From carbon fibers to 
carbon nanotubes. In: Ebbesen TW, 

editor. Carbon Nanotubes. New York: 
CRC; 1997. pp. 35-105

[50] Oberlin A. High-resolution 
TEM studies of carbonization and 
graphitization. Chemistry and Physics 
of Carbon. 1989;22:1-135

[51] Koyama T, Endo M. Ohyo Butsuri. 
1973;42:690

63

Chapter 5

Fiber Composites Made of  
Low-Dimensional Carbon 
Materials
Yan Xu and Xian Zhang

Abstract

In recent years, a scientific shift has been observed that the use of carbon-based 
nanomaterials in different composite materials can improve their mechanical, thermal, 
and electrical properties. Different carbon-based nanomaterials have various struc-
tures and mechanical, electrical, and thermal conductivity characteristics. By com-
bining with different material composite methods, carbon composite materials with 
different structures can be prepared. Through the optimization of material structure, 
carbon composite materials with high performance can be obtained. SP2 hybrid carbon 
materials, such as carbon nanotubes (CNTs), carbon fiber (CF), and graphene, have 
excellent electrical, thermal, and mechanical properties due to their regular carbon six-
membered ring structure, so they are the main low-dimensional carbon materials and 
are widely used in composite research. In this chapter, the research progress of carbon 
nanotubes, carbon fibers, and graphene-based fibers (GBFs) in composite materials 
are introduced, respectively, and the preparation method, molding process, perfor-
mance, and application in industry are summarized. Finally, the existing problems and 
future development trend of carbon-based composites are prospected.

Keywords: carbon-based nanomaterials, carbon nanotubes (CNTs), carbon fibers 
(CF), graphene-based fibers (GBFs), fiber composites

1. Introduction

Among all kinds of low-dimensional materials [1–8], using carbon-based low-
dimensional materials to improve their physical, mechanical, and electrical proper-
ties has become a trend [9]. These carbon-based nano/micron additives include 
carbon fibers (CF), single-walled and multi-walled carbon nanotubes (SWCNTs and 
MWCNTs) [10–12], graphene oxide (GO) [13–15], and graphene nanoplates (GNP) 
[16]. The results show that the composites with high strength ductility, dimensional 
stability, and economy can be produced. They have an attractive application prospect 
in the fields of microelectronic devices, aerospace, energy, chemical industry, etc.

Different carbon material units have various structures and mechanical, thermal, 
and electrical properties. By combining with different material composite methods, 
carbon composite materials with different structures can be prepared. Through the 
optimization of material structure, carbon composite materials with high perfor-
mance can be obtained [17, 18]. This chapter mainly introduces the preparation meth-
ods, properties, and application fields of carbon-based nanomaterials, such as CNTs, 



Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

62

analysis of vapour grown carbon fibres 
prepared under various conditions. 
Carbon. 1998;36(7-8):118-1190

[40] Koyama T, Endo M, Hishiyama Y. 
Structure and properties of graphitized 
carbon Fiber. Jap. J. Appl. Phys. 
1974;13(12):1933

[41] Xuli F, Chung DDL. Submicron-
diameter-carbon-filament-cement-
matrix composites. Carbon. 
1998;36(4):459-462

[42] Endo M, Komaki K. Extended 
abstracts of 16th Biennial Conference 
on Carbon. San Diego, CA: American 
Carbon Society; 1983. p. 523

[43] Hudnut SW, Chung DDL. Carbon. 
1995;33:1627

[44] Guth JR, Hart DW, Ting J-M. 
Extended abstracts of 22nd Biennial 
Conference on Carbon. San Diego, CA: 
American Carbon Society; 1995. p. 288

[45] Ting J-M, Lake ML, Duffy DR. 
Journal of Materials Research. 
1995;10:1478

[46] Ting J-M, Guth JR. Extended 
abstracts of 22nd Biennial Conference 
on Carbon. San Diego, CA: American 
Carbon Society; 1995. p. 296

[47] Endo M, Kim YA, Hayashi T, 
Nishimura K, Matusita T, Miyashita K, 
et al. Vapor-grown carbon fibers 
(VGCFs): Basic properties and 
their battery applications. Carbon. 
2001;39:1287-1297

[48] Endo M, Kim YJ, Hayashi T, 
Nishimura K, Matusita T, Miyashita K, 
et al. Vapor-grown carbon fibers 
(VGCFs): Basic properties and their 
battery applications. Materials Science. 
2001

[49] Endo M, Saito R, Dresselhaus MS, 
Dresselhaus G. From carbon fibers to 
carbon nanotubes. In: Ebbesen TW, 

editor. Carbon Nanotubes. New York: 
CRC; 1997. pp. 35-105

[50] Oberlin A. High-resolution 
TEM studies of carbonization and 
graphitization. Chemistry and Physics 
of Carbon. 1989;22:1-135

[51] Koyama T, Endo M. Ohyo Butsuri. 
1973;42:690

63

Chapter 5

Fiber Composites Made of  
Low-Dimensional Carbon 
Materials
Yan Xu and Xian Zhang

Abstract

In recent years, a scientific shift has been observed that the use of carbon-based 
nanomaterials in different composite materials can improve their mechanical, thermal, 
and electrical properties. Different carbon-based nanomaterials have various struc-
tures and mechanical, electrical, and thermal conductivity characteristics. By com-
bining with different material composite methods, carbon composite materials with 
different structures can be prepared. Through the optimization of material structure, 
carbon composite materials with high performance can be obtained. SP2 hybrid carbon 
materials, such as carbon nanotubes (CNTs), carbon fiber (CF), and graphene, have 
excellent electrical, thermal, and mechanical properties due to their regular carbon six-
membered ring structure, so they are the main low-dimensional carbon materials and 
are widely used in composite research. In this chapter, the research progress of carbon 
nanotubes, carbon fibers, and graphene-based fibers (GBFs) in composite materials 
are introduced, respectively, and the preparation method, molding process, perfor-
mance, and application in industry are summarized. Finally, the existing problems and 
future development trend of carbon-based composites are prospected.

Keywords: carbon-based nanomaterials, carbon nanotubes (CNTs), carbon fibers 
(CF), graphene-based fibers (GBFs), fiber composites

1. Introduction

Among all kinds of low-dimensional materials [1–8], using carbon-based low-
dimensional materials to improve their physical, mechanical, and electrical proper-
ties has become a trend [9]. These carbon-based nano/micron additives include 
carbon fibers (CF), single-walled and multi-walled carbon nanotubes (SWCNTs and 
MWCNTs) [10–12], graphene oxide (GO) [13–15], and graphene nanoplates (GNP) 
[16]. The results show that the composites with high strength ductility, dimensional 
stability, and economy can be produced. They have an attractive application prospect 
in the fields of microelectronic devices, aerospace, energy, chemical industry, etc.

Different carbon material units have various structures and mechanical, thermal, 
and electrical properties. By combining with different material composite methods, 
carbon composite materials with different structures can be prepared. Through the 
optimization of material structure, carbon composite materials with high perfor-
mance can be obtained [17, 18]. This chapter mainly introduces the preparation meth-
ods, properties, and application fields of carbon-based nanomaterials, such as CNTs, 
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CF, and GBFs, which are commonly used to assemble macro carbon composites. The 
preparation methods of GBFs and their composite fibers, as well as their applications 
in sensors, energy storage, energy conversion, and other aspects, such as supercapaci-
tors, lithium-ion batteries (LIBs), actuators, and solar cells, are mainly introduced. 
Finally, the existing problems and future development of carbon-matrix composites 
are summarized.

2. Carbon nanotubes (CNTs)

CNTs were first discovered under TEM in 1991. It is a one-dimensional tubular 
material made of SP2 hybrid carbon atoms. Its diameter ranges from several nano-
meters to tens of nanometers, and its length can reach centimeter-level at most. 
According to the wall layer, it can be divided into single-walled CNTs (SWCNTs) 
and multi-walled CNTs (MWCNTs) (Figure 1). It is the most commercialized 
nanofiber with the highest strength and the smallest diameter [19–21]. Moreover, 
CNTs have good toughness, which can withstand 40% of tensile strain without 
brittle behavior or fracture phenomenon, thus improving the toughness of matrix 
composite [22]. CNTs with super high aspect ratio and excellent mechanical and 
physical properties, such as high strength, high thermal conductivity, high conduc-
tivity, and low thermal expansion coefficient, are regarded as the ideal functional 
modifier for preparing high-performance composite materials [23–25].

2.1 Fabrication of CNTs

The preparation methods of CNTs include chemical vapor deposition (CVD), 
arc discharge (AD), and laser ablation (LA) [26]. CVD is the most commonly used 
method to prepare CNTs in the laboratory. Generally, CNTs are grown under the 
action of the catalyst after carbon source cracking at a certain temperature. This 
method has a series of advantages, such as simple equipment, fast preparation speed, 
large output, and controllable quality. The catalysts are generally transition metals 
such as iron, cobalt, and nickel, and the carbon sources are generally carbon-contain-
ing organics such as methane, ethylene, acetylene, ethanol, and xylene. The morphol-
ogy (diameter, wall layer, length, density, curvature, crystallinity, etc.) of CNTs can 
be tuned by controlling the type and concentration of catalyst, the ratio of carbon 
source and injection speed, the temperature, pressure, and time of CVD [27–30].

Figure 1. 
Schematic diagrams of fullerene single-walled carbon nanotube (SWCNT) and multi-walled carbon nanotube 
(MWCNT) [19].
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The AD method is also the main method to produce CNTs. Usually, in the low-
pressure arc chamber of inert gas, hydrogen, or other gases, the graphite material 
is used as the electrode to generate a continuous arc between the electrodes, which 
makes the graphite react with the catalyst to generate CNTs. The AD method has a 
high yield, and the CNT’s crystal structure is relatively complete [31, 32].

Laser ablation is a method to prepare CNTs by bombarding the surface of 
graphite target doped with iron, cobalt, nickel, and other transition metals in an 
inert gas environment at 1200°C [33]. The advantage of this method is that the 
CNTs produced are of high purity and convenient for continuous production, 
but this method is not suitable for large-scale macro production due to its high 
energy consumption, complex equipment, and high preparation cost [34, 35]. In 
addition to the above three main preparation methods, CNTs can also be prepared 
by template method, flame method, solar energy method, and electrolytic alkali 
metal halide method [36].

2.2 Properties of CNTs

Because of its special tubular structure and the strong binding force between 
SP2 hybrid carbon atoms, CNTs have high strength, fracture toughness, and elastic 
modulus, which are superior to any one-dimensional fiber [37]. The tensile strength 
of CNTs can reach 50–800 GPa, nearly 100 times of that standard steel, about 200 
times higher than that of other polymer fibers, and its structure can be kept intact 
under 1 million atmospheric pressure. CNTs will not break obviously under large 
bending, while graphite fiber will break when bending 1% (volume fraction). The 
maximum elastic modulus of CNTs is 1 TPa, which is equivalent to that of diamond 
and about five times to that of steel. Due to defects, the actual elastic modulus of 
MWCNTs is in the range of 20–50 GPa [38–40]. Fiber is usually used to strengthen 
composite materials. In addition to its own strength, a high aspect ratio (>20) is also 
a key factor to obtain high-strength composite materials. The aspect ratio of CNTs 
is generally >1000. Therefore, through CNT-reinforced composite materials, it can 
show good mechanical strength and fatigue resistance [10, 41].

The carbon atoms in CNTs are arranged in a six-membered ring network 
structure, which is very conducive to phonon vibration. Therefore, CNTs have 
good thermal conductivity. Due to the anisotropy of the structure, the thermal 
conductivity of CNTs along the length direction is much higher than that in the 
vertical direction. Theoretically, the thermal conductivity of SWCNTs can reach 
10,000 W/mK at room temperature. Due to the presence of impurities, the highest 
experimental values of SWCNTs and MWCNTs are 3500 and 3000 W/mK, respec-
tively [42–44]. Theoretical calculation and experimental results show that with the 
increase of CNT diameter, the thermal conductivity of CNTs shows a downward 
trend (Figure 2) [45]. This is because the increase of diameter inevitably increases 
the defect content, which leads to more phonon scattering.

CNTs are widely used in various electronic devices due to their high con-
ductivity and chemical stability [46]. For SWCNTs, the specific surface area 
of SWNTs can reach 240–1250 m2 · g−1, which can generate 180 F · g−1 specific 
capacitance, 20 kW · kg−1 power density, and 6.5–7 Wh · kg−1 energy density. At 
the same time, high-temperature heat treatment can reduce the electrode imped-
ance and increase the specific capacitance of SWNTs. The increase of capacitance 
is considered to be caused by the increase of specific surface area and a large 
number of 3–5 nm pore distribution [47, 48]. For MWCNTs, they usually have 
a high specific surface area (about 430 m2 · g−1), a specific capacitance of up to 
180 F · g−1, a power density of 8 kW · kg−1, and an energy density of 0.56 Wh · kg−1.  
CNTs of different shapes (such as direct growth, porous, array, and crimp) have 
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CF, and GBFs, which are commonly used to assemble macro carbon composites. The 
preparation methods of GBFs and their composite fibers, as well as their applications 
in sensors, energy storage, energy conversion, and other aspects, such as supercapaci-
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are summarized.
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CNTs were first discovered under TEM in 1991. It is a one-dimensional tubular 
material made of SP2 hybrid carbon atoms. Its diameter ranges from several nano-
meters to tens of nanometers, and its length can reach centimeter-level at most. 
According to the wall layer, it can be divided into single-walled CNTs (SWCNTs) 
and multi-walled CNTs (MWCNTs) (Figure 1). It is the most commercialized 
nanofiber with the highest strength and the smallest diameter [19–21]. Moreover, 
CNTs have good toughness, which can withstand 40% of tensile strain without 
brittle behavior or fracture phenomenon, thus improving the toughness of matrix 
composite [22]. CNTs with super high aspect ratio and excellent mechanical and 
physical properties, such as high strength, high thermal conductivity, high conduc-
tivity, and low thermal expansion coefficient, are regarded as the ideal functional 
modifier for preparing high-performance composite materials [23–25].

2.1 Fabrication of CNTs

The preparation methods of CNTs include chemical vapor deposition (CVD), 
arc discharge (AD), and laser ablation (LA) [26]. CVD is the most commonly used 
method to prepare CNTs in the laboratory. Generally, CNTs are grown under the 
action of the catalyst after carbon source cracking at a certain temperature. This 
method has a series of advantages, such as simple equipment, fast preparation speed, 
large output, and controllable quality. The catalysts are generally transition metals 
such as iron, cobalt, and nickel, and the carbon sources are generally carbon-contain-
ing organics such as methane, ethylene, acetylene, ethanol, and xylene. The morphol-
ogy (diameter, wall layer, length, density, curvature, crystallinity, etc.) of CNTs can 
be tuned by controlling the type and concentration of catalyst, the ratio of carbon 
source and injection speed, the temperature, pressure, and time of CVD [27–30].

Figure 1. 
Schematic diagrams of fullerene single-walled carbon nanotube (SWCNT) and multi-walled carbon nanotube 
(MWCNT) [19].
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The AD method is also the main method to produce CNTs. Usually, in the low-
pressure arc chamber of inert gas, hydrogen, or other gases, the graphite material 
is used as the electrode to generate a continuous arc between the electrodes, which 
makes the graphite react with the catalyst to generate CNTs. The AD method has a 
high yield, and the CNT’s crystal structure is relatively complete [31, 32].

Laser ablation is a method to prepare CNTs by bombarding the surface of 
graphite target doped with iron, cobalt, nickel, and other transition metals in an 
inert gas environment at 1200°C [33]. The advantage of this method is that the 
CNTs produced are of high purity and convenient for continuous production, 
but this method is not suitable for large-scale macro production due to its high 
energy consumption, complex equipment, and high preparation cost [34, 35]. In 
addition to the above three main preparation methods, CNTs can also be prepared 
by template method, flame method, solar energy method, and electrolytic alkali 
metal halide method [36].

2.2 Properties of CNTs

Because of its special tubular structure and the strong binding force between 
SP2 hybrid carbon atoms, CNTs have high strength, fracture toughness, and elastic 
modulus, which are superior to any one-dimensional fiber [37]. The tensile strength 
of CNTs can reach 50–800 GPa, nearly 100 times of that standard steel, about 200 
times higher than that of other polymer fibers, and its structure can be kept intact 
under 1 million atmospheric pressure. CNTs will not break obviously under large 
bending, while graphite fiber will break when bending 1% (volume fraction). The 
maximum elastic modulus of CNTs is 1 TPa, which is equivalent to that of diamond 
and about five times to that of steel. Due to defects, the actual elastic modulus of 
MWCNTs is in the range of 20–50 GPa [38–40]. Fiber is usually used to strengthen 
composite materials. In addition to its own strength, a high aspect ratio (>20) is also 
a key factor to obtain high-strength composite materials. The aspect ratio of CNTs 
is generally >1000. Therefore, through CNT-reinforced composite materials, it can 
show good mechanical strength and fatigue resistance [10, 41].

The carbon atoms in CNTs are arranged in a six-membered ring network 
structure, which is very conducive to phonon vibration. Therefore, CNTs have 
good thermal conductivity. Due to the anisotropy of the structure, the thermal 
conductivity of CNTs along the length direction is much higher than that in the 
vertical direction. Theoretically, the thermal conductivity of SWCNTs can reach 
10,000 W/mK at room temperature. Due to the presence of impurities, the highest 
experimental values of SWCNTs and MWCNTs are 3500 and 3000 W/mK, respec-
tively [42–44]. Theoretical calculation and experimental results show that with the 
increase of CNT diameter, the thermal conductivity of CNTs shows a downward 
trend (Figure 2) [45]. This is because the increase of diameter inevitably increases 
the defect content, which leads to more phonon scattering.

CNTs are widely used in various electronic devices due to their high con-
ductivity and chemical stability [46]. For SWCNTs, the specific surface area 
of SWNTs can reach 240–1250 m2 · g−1, which can generate 180 F · g−1 specific 
capacitance, 20 kW · kg−1 power density, and 6.5–7 Wh · kg−1 energy density. At 
the same time, high-temperature heat treatment can reduce the electrode imped-
ance and increase the specific capacitance of SWNTs. The increase of capacitance 
is considered to be caused by the increase of specific surface area and a large 
number of 3–5 nm pore distribution [47, 48]. For MWCNTs, they usually have 
a high specific surface area (about 430 m2 · g−1), a specific capacitance of up to 
180 F · g−1, a power density of 8 kW · kg−1, and an energy density of 0.56 Wh · kg−1.  
CNTs of different shapes (such as direct growth, porous, array, and crimp) have 
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been tested as electrodes. The array CNT is the most suitable electrode because of 
its small internal resistance, good reaction rate, regular gap structure, and stable 
conductive channel [49–51].

3. Carbon fibers

Carbon fiber is a kind of fiber material with high strength and high modulus. Its 
carbon content is more than 90%, and CF with carbon content more than 99% is 
also called graphite fiber, which is mainly composed of disordered graphite micro-
crystals stacked along the axial direction of the fiber [52]. CF is not only flexible 
and acid and alkali resistant but also stronger than steel, which makes it an impor-
tant material for national defense, military industry, and civil use [53].

CF can be classified into polyacrylonitrile-based (PAN-based) CF, asphalt-
based CF, viscose-based CF, and gas-phase growth CF according to the source of 
precursors [52]. As shown in Figure 3, according to the basic morphology, it can be 
divided into filament CF and short CF, wherein filament CF can be woven into two-
dimensional CF fabric and three-dimensional CF fabric. Based on the mechanical 
properties, it can be divided into general CF and high-performance CF which can 
also be divided into high-strength type (strength >2000 MPa) and high model type 
(modulus >300 GPa) CF. With the rapid development of aerospace, automobile 
manufacturing, and sports facilities, the performance of CF has been increased, 
and the outputs have been improved continuously. Currently, the largest amount of 
polyacrylonitrile-based CF is used in the real world [54].

3.1 Fabrication of CFs

The industrial production of CF mainly includes polyacrylonitrile-based CF, 
asphalt-based CF, and viscose-based CF. Among them, the preparation process of 
viscose-based CF must be graphitized by high-temperature stretching. Because of its 
complex equipment and technical difficulties, it has not been effectively developed. 
The production process of polyacrylonitrile-based CF mainly includes two processes: 

Figure 2. 
The relationship between thermal conductivity and diameter of CNTs [45].
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raw silk production and carbonization. The production process of raw silk mainly 
consists of polymerization of acrylonitrile monomer, solution defoaming, wire 
spraying, traction, water washing, oiling, drying, and reeling. Moreover, the car-
bonization process mainly includes pre-oxidation, low-temperature carbonization, 
high-temperature carbonization, surface treatment, sizing and drying, winding, 
and other processes. Note that the pre-oxidation refers to heating the precursor fiber 
in the air to about 270°C, holding for a period of time, so that the polyacrylonitrile 
linear polymer will be oxidized, pyrolyzed, cross-linked, and cyclized to form a heat-
resistant ladder polymer. In order to prevent melting and deformation of polyacry-
lonitrile fiber during high-temperature carbonization, the color of polyacrylonitrile 
fiber gradually changes from white to yellow, then brown, and finally black. The 
pre-oxidized fiber is carbonized in inert gas with high temperature, and then the 
cross-linking reaction arises further. With the removal of hydrogen, nitrogen, and 
oxygen atoms, CF with disordered graphite structure is formed.

The raw material of asphalt-based CF is petroleum asphalt or coal asphalt. The 
preparation process mainly includes refining, spinning, pre-oxidation, carboniza-
tion, or graphitization of asphalt. Among them, mesophase asphalt is a kind of nem-
atic liquid crystal (LC) material composed of disk-shaped or rod-shaped molecules 
formed by heavy aromatics during heat treatment. The asphalt-based CF prepared by 
mesophase asphalt is easy to graphitize and usually has a high modulus [52, 55–57].

3.2 Properties of CF

Due to the carbonization and orientation at high temperatures, the carbon atoms 
of CF are arranged very closely, and the disordered graphite is closely connected. In 
addition, the diameter of CF is smaller, which can reduce the content of defects, so 

Figure 3. 
The pictures of (a) filament CF, (b) short CF, (c) CF cloth, and (d) 3D CF braid.
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it has very high mechanical strength and modulus. The tensile strength and modu-
lus of CF can reach 7 and 700 GPa, which are much higher than those of glass fiber 
and Kevlar fiber. CF can withstand high temperature above 3000°C without contact 
with air. Therefore, CF has outstanding heat-resistant performance. The higher is 
the temperature, the greater is the fiber strength. After graphitization, the density 
of mesophase asphalt-based CF increases, and the carbon content exceeds 99%. 
Most of the carbon atoms in the fiber form a large area of graphite sheet structure 
along the fiber axis by SP2 hybridization, which is very conducive to the phonon 
vibration. Therefore, the thermal conductivity of the graphite fiber can reach up to 
1000 W/mK [45, 58, 59]. It is worth noting that the electrical properties of CF are 
not ideal, because of the inherent polycrystalline structure and a large number of 
grain boundaries inevitably formed during the pyrolysis of organic precursors [21].

4. Graphene-based fibers (GBFs)

Graphene is a two-dimensional (2D) crystalline sheet with a monolayer of carbon 
atoms densely packed in an SP2-bonded honeycomb lattice and can be considered as 
a single layer of the graphitic film in graphite. Thus, graphene is the thinnest nano-
material known [60, 61]. As shown in Figure 4, the length of carbon–carbon bond in 
graphene is about 0.142 nm; all carbon atoms are connected with three surrounding 
carbon atoms by σ bond; the remaining P electron orbit is perpendicular to the plane 
of graphene to form delocalized π bond because π electron can move freely in the 
plane, rendering graphene holding excellent electrical properties [62, 63].

Since graphene was found in 2004 [61], because of its unique physical and 
chemical characteristics, such as extraordinary thermal conductivity [64], mechani-
cal strength (  σ  int  2D  = 42 ± 4 (N ·  m   −1 )  ) [65], and fast electron mobility ( μ ≈ 10,000  
cm   2  ·  V   −1  ·  s   −1  ) [66–70], it has aroused great interest. Due to the oxygen-containing 
functional groups, graphene materials obtained from chemical methods such as 
graphene oxide and reduced graphene oxide (rGO) are highly maneuverable and 
reactive, which further inspires a wide range of research enthusiasm in preparation, 
chemical modification, and well-controlled assembly of advanced and macroscopic 
structures for various device applications [71–77]. To this end, graphene-based 3D 
aerogels (GBAs), 2D membranes (GBMs), and 1D fibers (GBFs) have been devel-
oped. Among them, GBAs hold the current world record for the lightest material, 

Figure 4. 
(a) Schematic diagram of a honeycomb crystal lattice of graphene, and (b) a single-layer suspended graphene 
sheet exhibits intrinsic microscopic roughening.
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with a density of 0.16 mg · cm−3 [78], and have demonstrated good capability in the 
removal of spilled oils [78, 79]. GBMs, which are usually fabricated by infiltration or 
CVD, have also found to have various applications in the field of energy storage and 
conversion [80]. Compared with GBAs and GBMs, GBFs possess not only outstand-
ing mechanical property and high conductivity but also good valuable flexibility 
that can be curved, knotted, and even woven into flexible conductive fabric, 
which are considered capable of improving the practical applications of GBFs. The 
development of high-performance GBFs could inspire more engineering applica-
tions of graphene. However, assembling microscopic graphene sheets into 1D fiber 
remains as an unusual challenge because of the irregular shape and size and the 
movable stacked layers of graphene sheets compared with the highly tangled CNT 
assemblies [63]. Nevertheless, the assembly of graphene sheets into macroscopic 
fibers has attracted wide interest due to the lightweight, lower cost, shareability, 
ease of functionalization, and practical importance of GBFs in contrast to CNTs 
and CF. Beyond that, 1D GFs with mechanical flexibility is particularly important 
for wearable textile devices and can serve as the building blocks for constructing 2D 
and 3D macroscopic architectures for various applications.

4.1 Fabrication of GBFs

At present, the manufacturing methods of GBFs are mainly influenced by 
traditional synthetic fiber production methods, including melt spinning and solu-
tion spinning [63]. However, due to the high-temperature stability of graphene, its 
melting temperature is even higher than that of fullerene and carbon nanotubes. 
Therefore, melt spinning is not the choice for manufacturing GBFs, while solution 
spinning is [81, 82]. Solution spinning mainly includes wet spinning, dry jet wet 
spinning, and dry spinning. In addition to these traditional solution spinning meth-
ods, some new methods, including electrophoresis, template hydrothermal method, 
and chemical vapor deposition-assisted assembly, have been developed recently. In 
this part, the common methods of preparing GBFs will be introduced in detail.

4.1.1 Wet spinning

Wet spinning is one of the main methods to prepare chemical fiber. The impor-
tant step is to prepare a spinning solution. Because graphene is not easily dispersed 
in water or other organic solvents, it is difficult to prepare a spinning solution, so 
it is not possible to prepare fibers from graphene by wet spinning [83–85]. As an 
important precursor of graphene, graphene oxide can be well dispersed in polar 
solvents (such as water), so it is expected to prepare fibers by wet spinning [86]. 
The steps of preparing GBFs by wet spinning are as follows: first, GO dispersions 
are injected into a stable aqueous solution to form GO spinning dope and then 
injected into the coagulation bath to form a gel-like fiber to prepare GO dope. After 
solidification for a period of time, GO fiber can be obtained by extracting colloidal 
fiber and drying, and then GO fiber can be reduced to produce GBFs, as shown in 
Figure 5. An rGO fiber can be further produced by reducing the GO fiber when 
needed [86, 87]. To ensure uniform and continuous formation of gelatinous fibers, 
the fibers after solidification should be kept at a certain speed. They can be drawn 
through a rotating bath or using a collecting unit, as shown in Figure 5. The high-
est strength rGO fiber is made by the method shown in Figure 5a. This method 
includes an easy spin of a small amount of fiber, but it lacks accurate control of fiber 
moving speed. In contrast, the method shown in Figure 5b can provide constant 
traction and determined moving speed to synthesize fibers, so the method is more 
suitable for producing fibers with accurate tensile ratio and good scalability [88].
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it has very high mechanical strength and modulus. The tensile strength and modu-
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oped. Among them, GBAs hold the current world record for the lightest material, 

Figure 4. 
(a) Schematic diagram of a honeycomb crystal lattice of graphene, and (b) a single-layer suspended graphene 
sheet exhibits intrinsic microscopic roughening.
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with a density of 0.16 mg · cm−3 [78], and have demonstrated good capability in the 
removal of spilled oils [78, 79]. GBMs, which are usually fabricated by infiltration or 
CVD, have also found to have various applications in the field of energy storage and 
conversion [80]. Compared with GBAs and GBMs, GBFs possess not only outstand-
ing mechanical property and high conductivity but also good valuable flexibility 
that can be curved, knotted, and even woven into flexible conductive fabric, 
which are considered capable of improving the practical applications of GBFs. The 
development of high-performance GBFs could inspire more engineering applica-
tions of graphene. However, assembling microscopic graphene sheets into 1D fiber 
remains as an unusual challenge because of the irregular shape and size and the 
movable stacked layers of graphene sheets compared with the highly tangled CNT 
assemblies [63]. Nevertheless, the assembly of graphene sheets into macroscopic 
fibers has attracted wide interest due to the lightweight, lower cost, shareability, 
ease of functionalization, and practical importance of GBFs in contrast to CNTs 
and CF. Beyond that, 1D GFs with mechanical flexibility is particularly important 
for wearable textile devices and can serve as the building blocks for constructing 2D 
and 3D macroscopic architectures for various applications.

4.1 Fabrication of GBFs

At present, the manufacturing methods of GBFs are mainly influenced by 
traditional synthetic fiber production methods, including melt spinning and solu-
tion spinning [63]. However, due to the high-temperature stability of graphene, its 
melting temperature is even higher than that of fullerene and carbon nanotubes. 
Therefore, melt spinning is not the choice for manufacturing GBFs, while solution 
spinning is [81, 82]. Solution spinning mainly includes wet spinning, dry jet wet 
spinning, and dry spinning. In addition to these traditional solution spinning meth-
ods, some new methods, including electrophoresis, template hydrothermal method, 
and chemical vapor deposition-assisted assembly, have been developed recently. In 
this part, the common methods of preparing GBFs will be introduced in detail.

4.1.1 Wet spinning

Wet spinning is one of the main methods to prepare chemical fiber. The impor-
tant step is to prepare a spinning solution. Because graphene is not easily dispersed 
in water or other organic solvents, it is difficult to prepare a spinning solution, so 
it is not possible to prepare fibers from graphene by wet spinning [83–85]. As an 
important precursor of graphene, graphene oxide can be well dispersed in polar 
solvents (such as water), so it is expected to prepare fibers by wet spinning [86]. 
The steps of preparing GBFs by wet spinning are as follows: first, GO dispersions 
are injected into a stable aqueous solution to form GO spinning dope and then 
injected into the coagulation bath to form a gel-like fiber to prepare GO dope. After 
solidification for a period of time, GO fiber can be obtained by extracting colloidal 
fiber and drying, and then GO fiber can be reduced to produce GBFs, as shown in 
Figure 5. An rGO fiber can be further produced by reducing the GO fiber when 
needed [86, 87]. To ensure uniform and continuous formation of gelatinous fibers, 
the fibers after solidification should be kept at a certain speed. They can be drawn 
through a rotating bath or using a collecting unit, as shown in Figure 5. The high-
est strength rGO fiber is made by the method shown in Figure 5a. This method 
includes an easy spin of a small amount of fiber, but it lacks accurate control of fiber 
moving speed. In contrast, the method shown in Figure 5b can provide constant 
traction and determined moving speed to synthesize fibers, so the method is more 
suitable for producing fibers with accurate tensile ratio and good scalability [88].
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Zhen et al. prepared liquid crystal GO aqueous solution for the first time in 
2011, taking NaOH/methanol solution as coagulation bath, obtaining GO fiber 
through wet spinning, and then reducing GO fiber in hydroiodic acid to produce 
GBFs. This method can make GO sheets form liquid crystals, which can enhance the 
strength and flexibility of GBFs. The tensile strength of the fiber is 140 MPa, and 
the conductivity is 2.5 × 104 S · m−1 [86]. Then, Zhen et al. further tried to increase 
the lamella of the raw material GO, using N,N-dimethylformamide (DMF) as the 
solvent, acetone, and ethyl acetate mixture as the coagulation bath. After that, the 
mechanical ability of GBFs was improved by spinning drafting and high-temper-
ature treatment at 3000°C, making its strength reach 1.45 GPa [89]. On the other 
hand, the conductivity of GBFs can be improved by ion doping, and the conductiv-
ity of potassium doped GBFs can reach 2.24 × 107 S · m−1 [90]. In addition, Shaohua 
et al. prepared non-liquid crystal GO aqueous solution to achieve a high concentra-
tion of spinning solution to improve the fiber yield. The concentration of a spinning 
solution can reach 2%, and then GBFs were obtained through a similar wet spinning 
process and reduction by hydrocodone. The mechanical and electrical properties of 
the fiber were 208 MPa and 1.53 × 103 S · m−1 [91], respectively.

In addition to GBFs, graphene composite fibers can also be prepared by wet spin-
ning, so as to effectively improve the fiber performance and expand the application 
field. Conducting polymer monomers are polymerized in situ during spinning to 
prepare composite fibers [92, 93], or oxides or other materials are added directly 
into the spinning solution to increase the capacity of fiber-shaped supercapacitors 
[94, 95]. Wujun et al. used GO to disperse the water-insoluble activated carbon in 
the aqueous solution, spinning and reducing to obtain graphene/activated carbon 
composite fiber. The fiber has a specific surface area of 1476.5 m2 · g−1 and a capacity 
of 43.8 F · g−1 [96]. Similarly, the graphene/manganese dioxide composite fiber can 
be spun by a similar process, and the capacity of the supercapacitor can reach  
66.1 F · cm−3 [97]. In addition to inorganic materials, GO and polyvinyl alcohol 
(PVA) also have good compatibility. Adding sodium hydroxide to non-liquid crystal 
GO aqueous solution for a pH = 11. Then, adding PVA can significantly increase the 
affinity between fiber and electrolyte [98]. Similarly, the surface of the fiber with 
a large number of hydroxyl groups can significantly increase the hydrophilicity 
and strength of the fiber, which is caused by a large number of oxygen-containing 
functional groups on its surface [99]. Mochen et al. developed a method to improve 
the strength of graphene fiber. They spun GO and phenolic resin together. After 
carbonization under the condition on 1000°C, the C–C covalent bond was  
formed between graphene sheets, and the fiber strength reached 1.45 GPa [100].  

Figure 5. 
(a) The synthesis of graphene oxide fiber by wet spinning in rotating coagulation bath and (b) collection unit 
[86, 87].
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The tensile strength and elongation at break of graphene fiber with 10% phenolic 
resin are 1.45 GPa and 1.8%, respectively, which are better than most GBFs reported 
before. The increase of strength, toughness, and elongation can be attributed to the 
formation of a C–C bond between the graphene sheet and phenolic carbon, which 
provides sliding space for the graphene sheet before fracture. Yang et al. developed 
a simple but effective method for continuous manufacturing of neat, morphologi-
cally defined, graphene-based hollow fibers (HFs) with coaxial capillary spinning 
strategy. As shown in Figure 6, the preparation method of GO-HFs is to use coaxial 
capillary spinneret to spray silk in 3 mol · L−1 KCl methanol solution and use 
compressed air to replace the internal fluid of KCl/methanol solution to successfully 
prepare GO-HFs with necklace structure (nGO-HF). Experiments show that nGO-
HF has a large elongation of about 6% when it breaks, which indicates that nGO-HF 
has a strong ability to bear compression, which is caused by the elastic deformation 
of hollow microspheres [101]. Therefore, the physical properties of GBFs can be 
controlled by adjusting the spinning conditions.

4.1.2 Dry spinning

In the dry spinning of GBFs, GO dispersion (mainly dispersed in water) is also 
used as a spinning assistant rather than a coagulation bath. Instead, the GO disper-
sion is injected and sealed in a pipe, and the GO dispersion is precipitated in the form 
of gel state fiber at high temperature by heating or chemical reduction, and then 
dried rGO fibers can be obtained by further solvent removal. GO dispersions are 
considered to be colloids with large-size dispersants [102–104]. The study of Dong 
et al. and Yu et al. shows that high temperature can promote the rapid movement 
of GO dispersant and increase the possibility of collision and precipitation of GO 
plate. At the same time, high temperature or chemical reduction can also separate the 

Figure 6. 
Schematic of the setup that used a dual-capillary spinneret to directly spin GO-HFs [102].
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oxygen-containing groups in GO and reduce the zeta absolute potential of GO disper-
sion. Finally, due to the lack of sufficient electrostatic repulsion, GO sheets’ precipi-
tate is assembled into fibers. The fibers in the gelatinous state expand in the solvent, 
but the diameter of the fibers can be reduced by about 80% after drying [105, 106].

In the process of dry spinning, the precipitate of GO sheet under the condition 
of 220–230°C is actually a solvothermal process (the water is used as the solvent to 
disperse GO). The process flow is shown in Figure 7 [107], and the fibers made in this 
way are actually rGO fibers. It is reported that 27% of oxygen in GO can be removed 
at 180°C and most hydroxyl, epoxy, and carboxyl groups begin to separate at 200°C 
[108, 109]. Therefore, GBFs synthesized by the hydrothermal method has consider-
able conductivity, without post-reduction treatment [105, 110]. In addition to the 
hydrothermal method, Jihao et al. also use the chemical reduction method of CO to 
produce rGO fiber. First, the GO and vitamin C (VC) solution was injected into the 
polypropylene (PP) tube, then heated to 80°C, and kept for 1 h, while GO was reduced 
and assembled into gel-like rGO fibers. After extraction and drying, the fiber diameter 
decreased by 95–97%, which was due to the shrinkage of the fiber due to the removal 
of moisture. Finally, the conductivity of the rGO fiber is about 8 S · cm−1 [111].

In the dry spinning process, GO dispersion does not necessarily exist in the form 
of liquid crystal [106]. The randomly dispersed low-concentration GO dopes (8 mg · 
ML−1) composed of small-diameter GO (d = 0.5–4 μm) can also be used for the syn-
thesis of GBFs [112, 113]. Compared with the wet spinning method, the preparation 
of graphene fiber by dry spinning does not need other auxiliary reagents, only needs 
high-temperature reduction or chemical reaction to get GBFs, and can get any shape 
of GBFs by pre-setting template, even hollow structure GBFs [105, 106, 112]. It is 
worth noting that after reduction, the strength of GO fiber obtained by dry spin-
ning is lower than that by wet spinning, but its toughness is as high as 19.12 MJ · m−3, 
which is expected to become a green processing method of GBFs in the future [107].

4.1.3 Dry jet wet spinning

Dry jet wet spinning is another important spinning method of conventional syn-
thetic fiber. The results show that PAN-based carbon fibers can be spun with high 
concentration coating by this method and the mechanical properties of the fiber are 
better than that of wet spinning [52, 114]. Shayan et al. use dry jet wet spinning to 
improve the strength of the fiber. The existence of the air layer effectively reduces 
the speed gradient of the spinning liquid from the spinneret to the coagulation 
bath, so that the fiber has a better arrangement. However, if the air layer is too long, 
it will affect the tensile property of the fiber and control the diameter of the needle 
and the distance of the air layer. Then, the high-strength GBFs with circular cross 
section can be spun (Figure 8a) [115].

Figure 7. 
Schematic illustration of the dry spinning process with a concentrated organic dispersion of GO [108].
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Figure 8b and c shows the surface and cross-sectional images of dry jet wet 
spinning fiber, which indicates that the GBFs with smooth surface and circular cross 
section can be produced by dry jet wet spinning with proper solvent coalescent pair 
(chlorosulfonic acid and diethyl ether), which is not realized in both wet spinning 
and dry spinning.

4.1.4 Chemical vapor deposition-assisted assembly

In the production of graphene made by chemical vapor deposition, the 
composition of graphene can be easily changed by changing the composition of 
the gas phase. Xinming et al. reported in 2011 a method of self-assembly of two-
dimensional CVD grown films into one-dimensional GBFs in ethanol, acetone, and 
other organic solvents through the change of surface tension. The resulting fibers 
have a high conductivity of about 1000 S · m−1 [116]. Seyed et al. reported another 
method of film assembly. They first scraped and coated the GO dispersion into 
multiple film strips, dried and twisted it to get GO fiber, and then put it through 
thermal reduction to get GBFs. The GO fiber made by this method has high elonga-
tion at break (8.3–78.3%) and excellent fracture toughness (1.3–17.4 J · m−3), but its 
strength is low (9.7–85.9 MPa) due to many defects in the fiber section [117]. Jiali 
et al. also developed a method for preparing GBFs by film shrinkage, as shown in 
Figure 9. First, graphene was produced on copper foil by CVD with methane as a 
carbon source. In order to obtain a complete and independent graphene film, a layer 
of polymethyl methacrylate (PMMA) is spin-coated on the surface of graphene. 
The copper foil is etched with 1 M ammonium persulfate solution, and the PMMA 
layer is washed off with acetone to obtain the laminated graphene film. Second, the 
film is pulled out of the solution with tweezers to shrink to form GBFs with uniform 
diameter [118]. The graphene film can be directly used to prepare GBFs by film 

Figure 8. 
(a) A digital photo showing the setup for dry jet wet spinning of GBFs [115]. (b) and (c) Surface and  
cross-sectional images of a GBFs [103].
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shrinkage method, and the obtained fiber generally has more pores. However, the 
CVD method needs a lot of instrument investment and strict gas conditions, and 
the cost is high, so it is difficult to promote.

4.1.5 Templated hydrothermal method

Zelin et al. reported a template hydrothermal method to prepare GBFs. GO 
dispersion was injected into the stripping pipe, sealed at both ends, and then 
heat-treated in water at 230°C for 2 h to form continuous GBFs. The structure of 
GBFs can be adjusted by controlling the concentration of GO dispersion and the 
inner diameter of a glass tube. The graphene fiber has a porous structure, has a 
density of only 0.23 g · cm−3, and has a good flexibility [105]. Yunming et al. used a 
simple low-temperature-induced self-assembly method to synthesize GBFs. They 
mixed GO and ascorbic acid evenly and sealed them in a specific straight glass 
tube. They carried out the hydrothermal reaction at 90°C and 120°C, respectively, 
until the fiber was completely formed and then obtained GBFs with layered porous 
structure. Its conductivity can reach 1.3 × 104 S · m−1. After heating, it has excellent 
mechanical properties and can be easily woven into the spinning products [119]. 
Lizhi et al. further developed on the basis of previous methods, and the specific 
preparation process is shown in Figure 10.

First, the dispersion of GO is sprayed into liquid nitrogen through a spout to 
prepare a layer bridging GO dispersion - interconnected graphene oxide ribbons 
(IGOR). Then, a certain concentration of GO dispersion is uniformly mixed with 
IGOR dispersion and injected into a quartz capillary with an inner diameter of 
0.4 mm. The two ends are sealed, heated at 230°C for 2 h, and finally dried in air for 
12 h. The GBFs show higher strength and toughness [120].

In order to increase the length of GBFs prepared by the hydrothermal method, 
Dingshan et al. improved the above methods. The authors replaced the brittle glass 
tube with the flexible and high-temperature-resistant fused silica capillary column, 
injected the GO dispersion containing ethylenediamine into it, and sealed it. After 
that, they put it in the furnace at 220°C for 6 h, extruded it with nitrogen to form the 
fiber, dried it, and collected the long enough GBFs [106]. Although the GBFs with 
porous structure can be prepared by the hydrothermal method, it is difficult to achieve 
continuous production because of the need of closed space and long reaction time.

Figure 9. 
Schematic illustration of GBFs prepared by film assembly [118].
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4.1.6 Conductive substrate-assisted spontaneous reduction and assembly

The conductive substrate-induced spontaneous reduction and self-assembly 
of GO generally proceeds by putting metal substrates (e.g., Al, Fe, Cu) into GO 
solution for GBF preparation. As shown in Figure 11, Junjie et al. take copper 
wire as the substrate and adopt the three-electrode method to make the GO sheet 
continuously deposit on the surface of copper wire under the double induction of 
electrochemistry and template. Both GO and copper are simultaneously restored. 
Then, they etch and remove the copper wire in the FeCl3 solution to obtain the 
graphene hollow fiber with an oriented structure. The controllable preparation of 
the hollow fiber can be realized by controlling the diameter, length of the sub-
strate, and the time of electrochemical deposition. The graphene hollow fiber has 
excellent flexibility and conductivity and can be used as the electrode material of 
supercapacitor [121].

Figure 10. 
Schematic illustration of graphene hybrid fibers prepared by hydrothermal method [120].

Figure 11. 
Scheme of spontaneous reduction and assembly of graphene hollow fiber on active metals substrates [121].
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density of only 0.23 g · cm−3, and has a good flexibility [105]. Yunming et al. used a 
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In order to increase the length of GBFs prepared by the hydrothermal method, 
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tube with the flexible and high-temperature-resistant fused silica capillary column, 
injected the GO dispersion containing ethylenediamine into it, and sealed it. After 
that, they put it in the furnace at 220°C for 6 h, extruded it with nitrogen to form the 
fiber, dried it, and collected the long enough GBFs [106]. Although the GBFs with 
porous structure can be prepared by the hydrothermal method, it is difficult to achieve 
continuous production because of the need of closed space and long reaction time.

Figure 9. 
Schematic illustration of GBFs prepared by film assembly [118].
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4.1.6 Conductive substrate-assisted spontaneous reduction and assembly

The conductive substrate-induced spontaneous reduction and self-assembly 
of GO generally proceeds by putting metal substrates (e.g., Al, Fe, Cu) into GO 
solution for GBF preparation. As shown in Figure 11, Junjie et al. take copper 
wire as the substrate and adopt the three-electrode method to make the GO sheet 
continuously deposit on the surface of copper wire under the double induction of 
electrochemistry and template. Both GO and copper are simultaneously restored. 
Then, they etch and remove the copper wire in the FeCl3 solution to obtain the 
graphene hollow fiber with an oriented structure. The controllable preparation of 
the hollow fiber can be realized by controlling the diameter, length of the sub-
strate, and the time of electrochemical deposition. The graphene hollow fiber has 
excellent flexibility and conductivity and can be used as the electrode material of 
supercapacitor [121].

Figure 10. 
Schematic illustration of graphene hybrid fibers prepared by hydrothermal method [120].

Figure 11. 
Scheme of spontaneous reduction and assembly of graphene hollow fiber on active metals substrates [121].
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4.1.7 Electrophoresis self-assembly method

The electrophoretic phenomenon occurs in a colloidal solution because charged 
particles can move under the action of electric field. Lianlian et al. developed a 
method for preparing GBFs with electrophoretic self-assembly. The graphite probe 
was used as a positive electrode to invade the GO dispersion. Under constant potential, 
the graphite probe was extracted slowly and uniformly, and self-assembled GO fibers 
were formed at the tail of the cathode. After drying and heating, GBFs with a smooth 
surface and circular cross section can be obtained [122]. Because the electrode moving 
speed is only 0.1 mm · mm−1, it takes 1 week to get 1-m-long fiber. The yield of GBFs 
obtained by this method is too low to scale production.

4.2 Applications of GBFs

Thanks to graphene’s superior electrical, mechanical, and thermal properties 
and good flexibility, GBFs have great potential in sensor, energy storage, energy 
conversion, and other fields.

4.2.1 Sensor

With the continuous development of flexible equipment, intelligent devices, 
including electricity, humidity, force, and temperature, can rapidly make structural 
changes in the environment and be increasingly concerned by people. The GBFs 
shows excellent performance in this regard.

Zhao et al. successfully developed a graphene-based multifunctional optical fiber 
sensor, which can respond to three different stimulations. They deposited GCN on 
GF (GF and GCN) and twisted it with another GF to form a double helix GBFs. In 
the twisted structure, the contact interface of the two fibers has a sandwich-like 
graphene/GCN/graphene structure. Under different external voltage controls, 
GF and GCN can show three different stimulus modes. Each mode can respond to 
temperature fluctuation, mechanical interaction, and humidity change and has a 
high sensitivity to specific stimulation [123]. Yanhong and his team electroplated 
polypyrrole on half of the surface of GBFs, which changes the current transmission 
rate on both sides of the fiber. With different types of current, the fiber has different 
bending states. The prepared electric GBFs are expected to be applied in the multi-
arm tweezers and mesh driver [124]. Chunfei et al. used twisted GBFs to realize tem-
perature sensing. With the increase of temperature, the fiber resistance decreases. 
This is mainly due to the transition of semiconductor characteristics between 
graphene sheets. The fiber has similar sensing characteristics for temperature under 
different stretching conditions and has a wide application prospect [125].

In addition, GO fiber is partially restored by laser method, which is sensitive to 
humidity. By changing the position, the fiber can be transformed into various shapes. 
Taking advantage of the hydrophilic characteristics of GO in a humid environment, the 
distance between sheets is increased, while graphene is non-hydrophilic. Hence, the 
bending degree of the fiber changes with the humidity. Meanwhile, the fiber is woven 
into fabric shape, which still has sensitive response performance [126]. After twisting 
the spinning GO fiber, the twisted fiber will rotate repeatedly as the humidity changes 
periodically. When the humidity increase, a large number of oxygen-containing func-
tional groups on the surface of GO will absorb water, and the distance between layers 
will increase. Otherwise, the distance between layers will decrease. A magnet is added 
at the lower end of the fiber to prepare a humidity sensing electric motor. The speed of 
the motor reaches 5190 r · min−1. The motor can convert the change of environmental 
humidity into electric energy and realize the collection of energy [127].
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The GBFs and the GBFs coated with a layer of carbon nitride on the surface are 
wound together. The middle carbon nitride layer is equivalent to a buffer layer. 
Its conductivity is related to the layer spacing. With the pressure increase, the 
distance decreases and the conductivity is, in turn, to increase, which can realize 
the stress sensing [123].

4.2.2 Energy storage

4.2.2.1 Lithium-ion batteries

With the development of science and society, a portable energy storage device is 
becoming smaller and more flexible. Lithium-ion batteries are a new type of energy 
storage device, which has the advantages of high energy density, environmental 
friendliness, long cycle life, and high working voltage. However, the traditional LIBs 
cannot meet the needs of wearable electronic devices due to its large usage, rigidity, 
and weight. Therefore, it is necessary to develop new batteries with small volume, 
lightweight, and high flexibility. GBFs maintain the unique characteristics of the 
graphene nanosheet. When GBFs are used in the fiber lithium battery, it can realize 
the series connection with flexible electronic devices and drive them to work stably, 
achieving high energy density and holding a good commercial prospect [128, 129].

Jung et al. of the Korea Institute of Chemistry used pure GBFs as the negative 
electrode material of lithium-ion batteries. The battery circulates 100 times in the 
range of 0.005–3 V under the current density of 100 mA · g−1, and the capacity 
is still 224 mAh · g−1 [130]. Minsu et al. obtained hollow GBFs by coaxial spin-
ning and increased specific surface area and active site, and its capacity remained 
196 mAh · g−1 in the range of 0.005–1.5 V for 100 cycles under the current density 
of 0.2C [131]. Due to the low capacity of pure GBF battery, Jong et al. added MnO2 
active material in graphene; the addition of MnO2 increased the distance between 
graphene sheets and gave lithium-ion fast transfer channel. Moreover, the battery 
made by MnO2 coating of graphene has good cycle stability, and the cycle capacity 
of 100 times remained 560 mA · g−1 . Minsu et al. filled the inner space with Si/Ag 
nanoparticles, and the outer graphene well controlled the volume expansion of the 
inner silicon during charging and discharging, providing a smooth electronic chan-
nel. Compared with the simple mixing process, it has better cycle stability and rate 
performance, and the capacity of 100 cycles remains 766 mAh · g−1 [131].

The GBFs prepared by the above method have low strength, and it is difficult to 
form a macroscopical fiber battery. In one report, a fiber battery electrode com-
prised of 2D/2D layered titania sheets/rGO sheets (titania/rGO) composites was 
prepared through wet spinning method [132]. By assembling the cathode of titania/
rGO fiber with the anode of lithium wire in parallel, a fiber-shaped half-cell was 
fabricated. This hybridized fiber electrode had an ordered stacking structure, high 
linear density of active materials, and abundance of exposed active sites, which 
endows the fiber electrode with prominent mechanical flexibility combined with 
excellent battery performances of high linear capacity of 168 mAh · g−1, good rate 
capability, and outstanding cyclic behavior. Woon et al. used wet spinning to con-
struct graphene/carbon tube/sulfur electrode as positive material of Li-S battery. 
Graphene has high conductivity and can transfer electrons rapidly. Meanwhile, GO 
fiber as a matrix can obtain light fiber with certain mechanical strength for wear-
able equipment, as shown in Figure 12a and b [133].

Compared with wet spinning, the diameter of the nanofiber film obtained 
by electrospinning is smaller. As the electrode material of lithium battery, it can 
significantly reduce the migration distance of lithium-ion and increase the specific 
surface area of the electrode material and improve the electrochemical performance 
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This is mainly due to the transition of semiconductor characteristics between 
graphene sheets. The fiber has similar sensing characteristics for temperature under 
different stretching conditions and has a wide application prospect [125].

In addition, GO fiber is partially restored by laser method, which is sensitive to 
humidity. By changing the position, the fiber can be transformed into various shapes. 
Taking advantage of the hydrophilic characteristics of GO in a humid environment, the 
distance between sheets is increased, while graphene is non-hydrophilic. Hence, the 
bending degree of the fiber changes with the humidity. Meanwhile, the fiber is woven 
into fabric shape, which still has sensitive response performance [126]. After twisting 
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The GBFs and the GBFs coated with a layer of carbon nitride on the surface are 
wound together. The middle carbon nitride layer is equivalent to a buffer layer. 
Its conductivity is related to the layer spacing. With the pressure increase, the 
distance decreases and the conductivity is, in turn, to increase, which can realize 
the stress sensing [123].

4.2.2 Energy storage

4.2.2.1 Lithium-ion batteries

With the development of science and society, a portable energy storage device is 
becoming smaller and more flexible. Lithium-ion batteries are a new type of energy 
storage device, which has the advantages of high energy density, environmental 
friendliness, long cycle life, and high working voltage. However, the traditional LIBs 
cannot meet the needs of wearable electronic devices due to its large usage, rigidity, 
and weight. Therefore, it is necessary to develop new batteries with small volume, 
lightweight, and high flexibility. GBFs maintain the unique characteristics of the 
graphene nanosheet. When GBFs are used in the fiber lithium battery, it can realize 
the series connection with flexible electronic devices and drive them to work stably, 
achieving high energy density and holding a good commercial prospect [128, 129].

Jung et al. of the Korea Institute of Chemistry used pure GBFs as the negative 
electrode material of lithium-ion batteries. The battery circulates 100 times in the 
range of 0.005–3 V under the current density of 100 mA · g−1, and the capacity 
is still 224 mAh · g−1 [130]. Minsu et al. obtained hollow GBFs by coaxial spin-
ning and increased specific surface area and active site, and its capacity remained 
196 mAh · g−1 in the range of 0.005–1.5 V for 100 cycles under the current density 
of 0.2C [131]. Due to the low capacity of pure GBF battery, Jong et al. added MnO2 
active material in graphene; the addition of MnO2 increased the distance between 
graphene sheets and gave lithium-ion fast transfer channel. Moreover, the battery 
made by MnO2 coating of graphene has good cycle stability, and the cycle capacity 
of 100 times remained 560 mA · g−1 . Minsu et al. filled the inner space with Si/Ag 
nanoparticles, and the outer graphene well controlled the volume expansion of the 
inner silicon during charging and discharging, providing a smooth electronic chan-
nel. Compared with the simple mixing process, it has better cycle stability and rate 
performance, and the capacity of 100 cycles remains 766 mAh · g−1 [131].

The GBFs prepared by the above method have low strength, and it is difficult to 
form a macroscopical fiber battery. In one report, a fiber battery electrode com-
prised of 2D/2D layered titania sheets/rGO sheets (titania/rGO) composites was 
prepared through wet spinning method [132]. By assembling the cathode of titania/
rGO fiber with the anode of lithium wire in parallel, a fiber-shaped half-cell was 
fabricated. This hybridized fiber electrode had an ordered stacking structure, high 
linear density of active materials, and abundance of exposed active sites, which 
endows the fiber electrode with prominent mechanical flexibility combined with 
excellent battery performances of high linear capacity of 168 mAh · g−1, good rate 
capability, and outstanding cyclic behavior. Woon et al. used wet spinning to con-
struct graphene/carbon tube/sulfur electrode as positive material of Li-S battery. 
Graphene has high conductivity and can transfer electrons rapidly. Meanwhile, GO 
fiber as a matrix can obtain light fiber with certain mechanical strength for wear-
able equipment, as shown in Figure 12a and b [133].

Compared with wet spinning, the diameter of the nanofiber film obtained 
by electrospinning is smaller. As the electrode material of lithium battery, it can 
significantly reduce the migration distance of lithium-ion and increase the specific 
surface area of the electrode material and improve the electrochemical performance 
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of the battery [134–136]. Xiaoxin et al. obtained the Si-graphene-C structure which 
is similar to the coronary artery based on bionics. Graphene can effectively control 
the volume expansion of Si, and high conductivity is also conducive to the rapid 
transfer of ions. Meanwhile, the inclusion of graphene also avoids direct contact 
between Si and electrolyte and avoids the formation of a large number of SEI films. 
After 200 cycles, the capacity retention rate is still 86.5% [137]. Jian et al. continued 
to wrap a layer of graphene outside SnO2 and GO nanofibers with a double-layer 
protection method to inhibit the volume expansion and agglomeration of active 
materials. This method is applicable to almost all oxide and graphene nanofiber 
electrodes obtained by electrospinning, with good universality [138].

At present, there are few researches on the application of GBFs in LIB and the 
assembly of woven fiber batteries. Compared with the traditional button batter-
ies, the assembly process of GBFs is relatively complex, so it is unable to achieve 
continuous production.

4.2.2.2 Supercapacitor

In addition to the application in LIB, GBFs are also widely used in the field of 
supercapacitors. Supercapacitor, also known as a double electric layer capacitor 
or electrochemical capacitor, is a new energy storage device that uses the rapid 
adsorption–desorption of electrolyte ions with electrode materials or the revers-
ible oxidation–reduction reaction on the surface of electrode materials to realize 
electric energy storage [139, 140]. With the continuous development of wearable 
devices, flexible supercapacitors have become the preferred energy source for vari-
ous electronic devices due to their fast charge and discharge ability and long cycle 
life. Among them, fiber supercapacitors have attracted much attention due to their 
lightweight, small size, high flexibility, and good wearability. GBFs have excellent 
conductivity and super high specific surface area, so it has been widely used in the 
field of fiber supercapacitor [141].

Chen et al. prepared pure GBFs with a non-liquid crystal method and further 
assembled the fibers into flexible supercapacitors. The capacitance of the supercapac-
itor is 39.1 F · g−1 when the current density is 0.2 A · g−1. At the same time, it is found 
that the electrochemical performance of GBFs can be greatly improved by immers-
ing it into 6 M KOH for 10 min before the electrochemical performance test. At the 
current density of 0.2 A · g−1, the specific capacitance is 185 F · g−1 (226 F · cm−3), and 
the energy density is 5.76 Wh · kg−1 (power density is 47.3 W · kg−1) [91]. The capaci-
tor has good toughness and can be woven into fabric and light LED after charging. Hu 
and Zhao integrated two electrodes (the upper and lower part of rGO) and separator 

Figure 12. 
(a) Schematic of fiber-shaped lithium-ion battery. (b) Schematic illustration of synthetic route of  
rGO/CNTs/S fiber [133].
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(the middle part of GO) into the GO optical fiber, as shown in Figure 13a, and made 
a kind of all-in-one fiber graphene supercapacitor (rGO-GO-rGO) without any 
adhesive. The diameter of the rGO-GO-rGO fiber is 50 μm, and the rGO part is about 
1/4 of the fiber width. The rGO-GO-rGO fiber supercapacitor shows remarkable 
mechanical flexibility, which can bend to various curvature while maintaining high 
capacitance (Figure 13b) [142, 143].

At present, the specific capacitance of pure GBFs is far less than the theoretical 
capacitance of graphene. How to improve the capacitance of GBFs is still a big chal-
lenge. Currently, an effective method that has been proven and widely used is the 
hybridization strategy, including doping and compounding with other substances.

Doping increases the active region on the surface of graphene and further 
improves its catalytic activity for a redox reaction. Among all kinds of atom doping, 
nitrogen atom doping is the most common. Doping nitrogen atoms with extra valence 
electrons into graphene will introduce new energy into the low energy region of 
the carbon conduction band. The introduction to this new energy can improve the 
catalytic activity and electrochemical performance of graphene materials. Yunzhen 
et al. extruded the GO dispersion into the substrate of hydroxylamine ethanol solution 
as a network, dried it, and heat it to obtain the nitrogen-doped rGO network fabric. 
Then, the PT foil was used as the collector to assemble the supercapacitor. The specific 
capacity was 188 F · g−1 when the scanning rate was 5 mV · s−1 in 25% KOH electrolyte. 
When the scanning rate was increased to 1 and 10 V · s−1, the specific capacity was 
kept at 74.2 and 48.4%, respectively, showing very excellent rate performance [144]. 
Guan et al. constructed nitrogen-doped porous GBF supercapacitors with high energy 
density output, large-scale weaving, and flexible wearable application prospects by 
means of self-assembly of the liquid–liquid interface and molecular functional doping 
pore formation in the micro-reaction system. The area-specific capacitance of the 
fiber supercapacitor prepared by this method is as high as 1132 mF · cm−2, which has 
excellent cycle stability and bending durability [145].

Graphene can be compounded with other carbon nanomaterials, conducting 
polymers, metal oxides/sulfides, and other materials to form graphene composite 
fibers. The high specific capacitance of the additives can be used to improve the 
electrochemical performance of the composite fibers.

Yu et al. constructed a graphene/CNT composite fiber. Due to the high conductiv-
ity of CNTs, the conductivity of the composite fiber can reach 102 S · cm−1, and the 
specific surface area can reach 396 m2 · g−1. The volume-specific capacitance of the 
fiber electrode is 305 F · cm−3, and the mass-specific capacitance is 508 F · g−1 [106]. 
Yuning et al. mixed GO and pyrrole monomers as spinning solution and extruded 

Figure 13. 
(a) Scheme of supercapacitor supported by two electrodes. (b) Capacity decrease with increasing bending 
cycles [142].
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hybridization strategy, including doping and compounding with other substances.
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improves its catalytic activity for a redox reaction. Among all kinds of atom doping, 
nitrogen atom doping is the most common. Doping nitrogen atoms with extra valence 
electrons into graphene will introduce new energy into the low energy region of 
the carbon conduction band. The introduction to this new energy can improve the 
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When the scanning rate was increased to 1 and 10 V · s−1, the specific capacity was 
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fiber supercapacitor prepared by this method is as high as 1132 mF · cm−2, which has 
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polymers, metal oxides/sulfides, and other materials to form graphene composite 
fibers. The high specific capacitance of the additives can be used to improve the 
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Yu et al. constructed a graphene/CNT composite fiber. Due to the high conductiv-
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them into FeCl3 solution to solidify and polymerize pyrrole in situ, and the PPy/GO 
composite fiber was obtained after reduction by hydroiodic acid. The fiber has a skin 
core structure, and its capacitance performance is greatly improved compared with 
pure rGO fiber. The area-specific capacitance is 107.2 mF · cm−2 (73.4 F · g−1), and the 
energy density is between 6.6 and 9.7 μ Wh · cm−2 [146]. Bingjie et al. synthesized the 
graphene/molybdenum disulfide composite fiber electrode with the one-step hydro-
thermal method. The electrode has a new intercalation nanostructure, which effec-
tively combines the excellent conductivity of the graphene sheet layer with the high 
pseudocapacitance of molybdenum disulfide. The final assembled fiber-like super 
electric container shows a volume-specific capacitance of up to 368 F · cm−3 [147]. 
Qiuyan et al. overcame the problem of poor interaction between MXene layers and 
prepared MXene/graphene composite fiber. The orientation distribution of MXene 
sheets among GO liquid crystal templates realized high load (95 w/w%). The com-
posite fiber shows excellent conductivity (2.9 × 104 S · m−1) and ultrahigh-volume-
specific capacitance (586.4 F · cm−3), far exceeding the value of pure GBFs [148].

In addition, the structure optimization of GBFs is also an effective way to 
improve the performance of GBF supercapacitor, which mainly lies in the improve-
ment of specific surface area and the regulation of the layer arrangement structure. 
The porous GO fiber reported by Seyed et al. in 2014 was transformed into porous 
rGO fiber after thermal reduction at 220°C, as shown in Figure 14.

The specific surface area of the fiber is 2210 m2 · g−1, and the conductivity is 
about 25 S · cm−1, and the specific capacity of the fiber is 409 F · g−1 when the 
current density is 1 A · g−1. The specific capacitance of 56 F · g−1 still exists when 
the current density is increased to 100 A · g−1 [117]. Chen et al. used cellulose 
nanocrystals (CNC) to adjust the structure of GBFs. CNC nanorods can not only 
improve the serious accumulation of graphene sheets in GBFs but also inhibit the 
possible bending and folding of graphene sheets in the process of fiber-forming, so 
as to form ordered nanopore structure. The composite GBFs were assembled into 
a supercapacitor with a conductivity of 64.7 S · cm−1 and a specific capacitance of 
208.2 F · cm−3, which has excellent electrochemical performance [99]. In addition, 
they also use graphene hollow fiber prepared by the electrochemical method as the 
electrode of fiber-like supercapacitor [121], and the additional inner surface of hol-
low fiber can provide more contact area with electrolyte. Under the current density 
of 0.1 A · g−1, the specific capacitance of the assembled solid-state supercapacitor 
can reach 178 F · g−1, and it has good rate performance and cycle stability. Guoxing 
et al. prepared graphene/conductive polymer composite hollow fiber with the 
hydrothermal method. The combination of hollow structure and pseudocapacitance 
provided by conductive polymer greatly improved the capacity of the capacitor and 
provided a new idea for the improvement of supercapacitor capacitance [149].

Figure 14. 
Porous graphene fiber and its supercapacitor. (a) SEM image of porous fibers. (b) Schematic illustration of the 
structure of supercapacitor. (c) CV curves of graphene fibers prepared in different coagulation baths.
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4.2.3 Energy conversion

4.2.3.1 Actuator

Actuators are a kind of stimuli-sensitive device that can respond to external 
stimuli, such as humidity, temperature, and electrical changes, and transfer the 
stimulus into deformation or motion [126, 127]. Due to quantum mechanics and 
electrostatic double-layer effect, graphene may cause space warping or plane 
expansion under the charge injection. In addition, the intercalation or removal of 
ions or molecules in graphene products under external stimulation will also lead to 
the bending, twisting, and even reversible change of the interlayer spacing. In this 
way, the type and degree of deformation can be controlled by the composition and 
surface chemical state of graphene [150, 151].

Jia et al. showed an electrochemical fiber driver with high driving activity and 
durability based on GF/polypyrrole (GF/PPY) double-layer structure, as shown in 
Figure 15. Because of the asymmetry of the structure, GF/PPY fiber shows revers-
ible bending deformation under the condition on positive and negative charges. As 
shown in Figure 15, when a positive voltage is applied to GF/PPY fiber, graphene will 
shrink and expand due to anion discharged from PPY, and the fiber will bend to the 
left. When a negative voltage is applied, GF/PPY fiber can bend to the right [152].

Compared with rGO, GO has more oxygen functional groups, so it is more sensi-
tive to water. Based on this principle, Huhu et al. fabricated an asymmetric rGO/
GO fiber by region-selective laser reduction along the GO fiber. When exposed 
to humid air, the rGO/GO fiber can bend to the rGO side and then return to its 
original state after air moisture dispersion. After that, they made a twisted GO fiber 
by rotating the GO hydrogel fibers in the direction of rotation. The spiral geometry 
inside them was the main reason for the reversible rotation in the moist air.

4.2.3.2 Solar cell

Wearable solar cells can supply power to flexible smart devices at any time, while 
GBFs can be used as electrode materials to achieve this new function. Peng et al. 

Figure 15. 
Schematic illustration of the expansion-contraction mechanisms of the GF/PPY bilayer structure. Charges in 
each electrode are completely balanced by ions from the electrolyte.
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obtained GBFs by wet spinning and then made its surface loaded with Pt metal par-
ticles by electrodeposition to the obtained counter electrode. The titanium wire with 
titanium dioxide microtubules on the surface is used as the working electrode; the 
dye-sensitized solar cell (DSSC) has an energy conversion efficiency of 8.45%, which 
is much higher than other linear photovoltaic devices. The continuous collection of 
energy can be realized by putting linear solar cells into conventional clothes [153].  
The high surface properties and good electrical and electrochemical properties of 
graphene are the important reasons to improve the performance of fiber DSSC.

5. Conclusions and perspective

This chapter mainly summarizes the main preparation methods, properties, 
and application fields of CNT, CF, and GBF materials. Among them, CNTs have 
unique one-dimensional nanostructures and excellent mechanical, electrical, and 
optical properties. Through various methods of modification, researchers con-
tinue to prepare CNT composite nanomaterials with excellent performance, which 
has a good application prospect. Starting from the needs of the application field, 
it is the trend to study the carbon nanotube composite materials in the future 
to expect to obtain the high-efficiency structure which is corresponding to the 
application performance. Although some progress has been made in the prepara-
tion and properties of carbon nanotube composites, the mechanism of improving 
the properties of composites and the dispersion of carbon nanotubes still need to 
be explored.

CF is a new type of fiber material with high strength and high modulus, which 
contains more than 95% carbon. Its quality is lighter than that of aluminum, but 
its strength is higher than that of steel, and it has the characteristics of corrosion 
resistance and high-temperature resistance. It is an important material in the mili-
tary industry and civil use. With the rapid development of CF composite and the 
continuous improvement of molding technology, its application scope is expanding 
day by day, and it shows good application potential in many fields. However, the 
physical and chemical properties of CF composites are complex, so it is necessary to 
study the basic theories of physical and chemical properties, mechanics, and heat, 
so as to improve the performance of CF composites.

GBFs have achieved great success in functional application, and it is far more 
amazing than CF. So far, various preparation methods have been studied and used 
in large-scale production of GBFs, which provides a positive impetus for the future 
application of GBFs. GBFs have been given new performance and function and 
provide new opportunities for various applications, including fiber-optic actuators, 
batteries, super electric containers, dye-sensitized solar cells, and sensors.

GBFs are a kind of graphene nanosheet assembled in one-dimensional space. 
At present, the structure of GBFs can be regulated in the following aspects: (1) 
Diameter. Generally, the diameter of GBFs is 10–100 μm. If it is prepared by electro-
spinning, its diameter can be controlled below 500 μm. (2) Porosity. On the one 
hand, it can be prepared by self-assembly, rolling, graphitization, and sintering; on 
the other hand, it can be prepared by freeze-drying, air spinning, and other meth-
ods. In addition, graphene hollow fiber can also be prepared. (3) Orientation. The 
arrangement of graphene sheets has a great influence on the properties of GBFs. 
The GBFs with a high degree of orientation can be obtained by the stress field ori-
entation effect in the wet spinning process, the self-assembly in the electrochemical 
deposition process, and the second phase auxiliary orientation effect in the compos-
ite fiber. (4) Section morphology. It is difficult to maintain the circular cross section 
of the fiber, which is generally irregular. At present, the conventional method is to 
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adjust the fiber cross-sectional shape by adjusting the spinneret hole shape, but the 
research progress is slow.

In order to meet the needs of different applications, graphene composite fibers 
appear. The additive materials include metal, inorganic, and polymer materials, 
such as silver nanowires, silicon nanoparticles, molybdenum disulfide nanopar-
ticles, polypyrrole nanoparticles, etc. Basically, any nanomaterial can be added to 
GBFs to get graphene composite fiber. But one of the key problems is to control the 
structure of the composite fiber. The main control factor is the morphology of the 
second phase and its distribution in the fiber. For GBFs and its composite fiber, 
the main problems are as follows: (1) Compared with the graphene nanoflakes, the 
properties of GBFs are greatly cracked. (2) GBFs are composed of layers, which are 
very different from the chain structure of the traditional chemical fiber, so its flex-
ibility is poor. (3) It is difficult to realize continuous production. Even with the most 
suitable wet spinning method for continuous production, its continuous production 
is very difficult, and the yield is very low.

Although GBFs are faced with many problems, remarkable achievements 
have been made. Compared with CF, GBFs have the characteristics of high 
strength, high modulus, conductivity, and certain flexibility, which have devel-
oped into a new type of high-performance fiber. On the other hand, graphene 
composite fiber is committed to develop into a new type of multifunctional 
intelligent fiber. This kind of fiber starts from modifying the traditional general-
purpose fiber to improve some aspects of the performance of the general-
purpose fiber and to develop new kinds of fiber, such as graphene/nano titanium 
oxide composite fiber. It can also develop new fiber performance and functions, 
such as energy storage, and finally realize multiple functions such as perception, 
judgment, correspondence, information transmission, etc. on the fiber and 
become a new type of intelligent material. Therefore, GBFs and its composite 
fiber will be widely used in aerospace, energy sensing, intelligent life, and other 
fields in the future.
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Abstract

Rational fabrication of futuristic smart materials like polymer-derived nanocom-
posites/matrixes is ever desirable due to innate worth in advancement and growth of 
S&T. Certain nanocomposites are designed from metal-polymeric blends through 
altering varied parameters like shear stress, shape, size, rate, concentration and 
processing time, which are best used as fillers. Reinforced fabricated polymer nano-
composites possess exclusive physicochemical characteristics like non-Newtonian/
constant viscosity-free stress, time-dependent mechanics, facile shear-skeletal 
revisions and viscoplastic course controls. Metal-derived nanocomposites/matrixes 
showed substantial inherent rheology being vulnerable for designing viable applica-
bility in photovoltaics, catalysis, optics, drug delivery, smart material and energy stor-
age. Bottom-up technique is used for self- and directed-assembly of polymer-based 
building blocks owing to robust fabricated and efficiently manipulated/targeted 
reinforced 1D, 2D or 3D nanostructures. This chapter reviews some contemporary 
advances in reconfiguration of rational designing of certain polymeric nanostruc-
tures/composites with current and futuristic developments. This overview highlights 
significance of assured reinforced matrixes in S&T besides disclosed fundamental 
principles involved in material designing/engineering of multifaceted nanomaterials. 
Assorted advanced developments are made to avail futuristic prospective of biopoly-
mers, viz. chitin, chitosan, cellulose and lignin in order to offer unequivocally myriad 
applications in modernization of science and technology in new millennium.

Keywords: biopolymer, composite, chitosan, cellulose, nanocarbon, matrix, 
dendrimer

1. Introduction

The Latin term nannus meaning dwarfness is in fact adopted for the prefix 
nano [1]. Nanotechnology deals/controls the matter at both atomic and molecular 
developments, creating and modifying structural components in all possible 
dimension levels (1D, 2D, 3D etc.). Nanoparticles/nanomaterials showed extraor-
dinary features due to inbuilt molecular/atom-by-atom accuracy that is deficient 
in conventional bulk counterparts/materials [2]. Nanotechnology manipulates 
structures/skeletons of matter at atom/molecular scale. “Nanotechnology” was 
coined by Norio Taniguchi in 1974, and in 1959, Richard Feynman gave the famous 
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quote “There is Plenty of Room/space at the Bottom,” which is trusted in assorted 
making of nano-scale machines. IBM Zurich researchers in 1980 invented tunneling 
microscope for material analysis at atomic/molecular dimension [1, 2]. Nano-
composite matrix holds particles in one or more filler layers/sheets with superior 
surface:volume ratio at a magnitude of few nm units. Nano-dimensional alterations 
are found to reduce material size and shape without changing its native features and 
besides fairly reward novel features including alter elasticity, robust mechanical 
power, tunable heat and electric conductance or insulation, and impart particular 
reactivity that are absent in corresponding micro-/macro-scale dimensions. The 
interfacial-phase interactions that exist at nano-dimension scales are superior due 
to augmented intrinsic characteristics of the material, as multiphase combinations 
of constituents in fabricating nano-composite matrixes impart certain innovative 
qualities that are quite superior to residual participating constituents.

Assured nanostructures/skeletal matrixes derived via reconfiguration/reinforce-
ment establish a myriad of functional importance in advancement of today’s science 
and technology [2, 3]. Nanotechnology executes superior technological reconfigu-
rations through strategic maneuvering of matter at an atom, molecule or supramo-
lecular dimension at a magnitude less than 100 nm [1–3]. Reinforcement of atomic/
molecular frameworks and material manipulation are performed at nanometer 
(10−9 m) scale via nanotechnology, which exactly manufactures micro-, meso- and 
macromaterials under its vast domain. In general, nanostructure matrixes exist in 
the form of amorphous, crystalline and polycrystalline states that embed variable 
size/shape including metallic, ceramics and polymers, besides offering single or 
multi-phase chemical compositions and designed orientations [2]. Nowadays, all 
such reinforced and reconfigured nanomatrixes own innate distinguishing scien-
tific edicts in scientific and technological modernizations. The defensive features 
of meso-/micromaterial get enhanced at the nanoscale due to alteration of limit-
ing features via augmenting physicochemical, biological, mechanical, electrical 
and electronic parameters. Reinforced/reconfigured nanomaterials own specially 
intended characteristics, viz. huge surface area, no/less surface defects and high 
surface/mass ratio that are best exploited in nearly all S&T achievements [4, 5].

Today, nanotechnology is expanded with a novel horizon, yet R&D in materi-
als science is in a much infantile phase, though nanoscience capably upgraded 
standards of every domain including energy production/storage, information 
technology, pharmaceutics, metamaterial, nanomaterial, food, biotechnology 
and wastewater/water, biomedical, environment and instrument/device [1–4, 6]. 
Advance re-configurated designing yields diverse matrixes that are used in myriad 
applications like coatings, sunscreens, cosmetics, textiles, paints, cutting boards, 
socks, diodes, pacemaker, scaffold for hip/bone/ear joints and electrodes for H2O 
splitting. Amid nanomaterials are nanocarbon, nanosilica and identified nanomet-
als like copper, silver and gold, besides awarded nanometal oxides of iron, cerium, 
nickel, aluminum, titanium, zinc etc. along with a unique entity called quantum 
dots [3, 4, 6, 7]. All such fabricated composites/hybrids/matrixes being ubiquitous 
are tailored for endowing best vigor, stiffness and design practices, which have been 
trusted throughout the modernization of S&T.

2. Reinforced and designed composites/matrixes

Rationally designed/reinforced composites own specific strength and modulus 
over analogous materials like metallic alloys, steel and other metallic compositions 
[4, 6, 7]. Certain nonfiber matrixes are reinforced owing to varied highly anisotro-
pic structural features that differ from isotropic polymers, metals and ceramics.  
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All such rationally fabricated reconfigured matrixes display extraordinary features 
like environment sturdiness, damage tolerance, non-erosive, sturdy thermo-oxida-
tion, non-flammable and attenuated electric or heat conductance besides offering 
especial utility in proactive surface designing and possessing integrated network-
ing. Such reinforced matrixes/composites offer many applications like water 
purifications, supercapacitors and green energy/power creation and anti-corrosive, 
antistatic, antiballistic and electroconductive devices.

The twenty-first century seeks special/smart materials with properties subjective 
to the remarkable varying conditions of their functioning. Such smart materials are 
reconfigured via advanced nanoscience innovations due for stunning and unique 
designing opportunities for advancement of science. Reinforced composites/matrixes 
have eventually modernized S&T via a myriad of applications including optoelectron-
ics, biosensors, photodetectors, photocells, nanomaterials and plasmonics [1–4, 6–9].  
Nanocomposite/matrix offers environmental-friendly prospective for all sectors 
including chemistry-, physics-, bioscience-, engineering and technology-based indus-
tries and businesses. Nanomaterials have explored, inspired and motivated interdisci-
plinary R&D and accordingly trusted scientific growth. Nanosize designing improved 
physicochemical properties of materials through exceptionally determined functional-
ities and paved new trends besides modern developments. Today, R&D comprehensive 
findings conferred assorted innovative nanocomposites of assorted materials including 
chitosan, cellulose, metals, polymers, clays, carbon and graphene owing to numerous 
applications [10]. Nano-technologically developed material matrixes behold system-
atic captivity at nano-scale due to smartly carried advanced reconfigurations or rein-
forcements in their skeletons. Reinforced polymeric matrix own rigid dispersed phase 
owing constituted particles with nanodimensions exists with long range flexible-rough 
linkages. Nanopolymer networks that are amorphous/semicrystalline own reasonably 
stacked and intercalated inter-phase morphology. Entropic morphological alterations 
are viable due to interactive component configuration [3].

Reconfigured composite contains incessant fortified pattern owing to reinforced 
physicochemical features that yield through two/more discrete constituting phases 
of mainly fibers, whiskers and metamaterials, polymers, metals and ceramics [1–4, 
6–10]. In 1960, Richards Feynman’s research in field of quantum computations 
really fascinated the entire scientific community toward nanotechnology; besides 
aiding to develop several material-based blends/composites/matrixes in order to 
furnish extensive applicability at that time, they still continued to explore various 
advanced nanostructures to be used in modernization of today’s S&T. Sophisticated 
unique characters get inculcated in nanocomposites/matrixes imparting high modu-
lus, specific strength, tailored performance, boosted resistivity in fatigue and cor-
rosion besides embryonic reconfigured processing. Nanotechnology reinforcements 
can let mass diminution that is missing in usual counterstructures and contempo-
rary materials, thus creating good substitutes. Supplementary complex functioning 
can be significantly enhanced by means of reinforcements that are unattainable in 
normal materials. Innovative structural strengthening can be attained via aniso-
tropic or isotropic alterations at all altered phases in the constituted/reconfigured 
frameworks. These reinforced composites /matrixes offer special infrastructure 
developments in material designing and engineering like bridges, pipelines, trans-
portation materials, automobiles, cermets, aircrafts and ships [3, 4, 6, 7].

3. Nanocarbon intercalated polymeric matrix

Assorted material components easily enter polymeric/biomolecule skeleton in 
synergistic pattern yielding nanobiocomposites and imparting advance structural 
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features as an alternative to classic synthetic/natural polymers. Consequently, 
various inorganic materials including metal particles, carbon nanotubes, ceram-
ics and clays are blended in biopolymers resulting in a diverse nanocomposite/
hybrid like polymer-inorganic, metal-polymer, metal-ceramic and inorganic-
organic phases [10]. All these rationally designed/reconfigured nanocomposites/
hybrids/matrixes endow many applications, viz. biosensor, marker, biochip, 
optic, electric, electronic, photoconductors, biocompatible tissue engineered 
scaffolds/templates and drug release/filter. Monomeric inorganic/organic hosts/
frameworks can be reinforced with many natural/bio- and synthetic polymers 
resulting in intercalated polymer networking composites [11]. Such matrixes are 
obtained via assorted techniques, viz. microwave, colloid interaction, suspended 
polymerization, solvent evaporation, electro-spinning, spray-drying, porous glass 
membrane spraying and emulsification. So, superior techniques are used for the 
development of desired characteristics like not expensive, competent, control/
tunable shapes/sizes, porosity, density and surface area in reconfigured matrixes 
as devoid in counterparts.

Rationally reinforced polymeric nanocomposites hold host-guest intercalated 
morphological permutations and combinations of inorganic/organic frameworks 
like nanocarbon, metal, clay, montmorillonite, ceramic, poly-vinyl alcohol/chlo-
ride and zeolite [12]. Template or chosen material that holds native stupendous 
physicochemical characters is too vulnerable in the derived matrix. Reinforced 
composites/matrixes offer distinctive significance in electric, electronic gadgets, 
tissue engineering, packaging, coatings, biomedicals, nanodevice feedstock, 
photosensitivity, catalysts and antimicrobials and disinfectants besides physico-
chemical analysis. Various technologically reinforced 1D, 2D and 3D composites/
matrixes own boosted intrinsic features and corresponding applicability domain 
as shown in Figure 1.

Figure 1. 
Technologically reinforced various composite matrixes [1, 2].
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4. New millennium advanced material matrixes in S&T

Today, smart materials have manifested assorted benefits and it is hard to envis-
age the modernized advancements without their contributions. Advanced materials 
endow a myriad of applicability in industries like chemical, mines, metallurgy, 
oil-gas extraction, refinery, power, and modern technology, viz. aerospace, IT, com-
munication construction, transportation and genetic engineering. Smartly designed/
reconfigured matrixes have to face few technically notable challenging domains 
being adept at power turbines and well robust aerojet engines etc. Certain smartly 
designed super-alloys are found to fulfill numerous such methodological challenges 
and demands that own practically efficient utilities in an industry besides R&D. 
Accordingly emerges prototype thrust in R&D of material and prevalent advanced 
nanotechnology assisted rational fabrications of smartly functional matrixes thus 
continued Richards Feynman initiated timeline advancement of nano-materials. 
Today, paradigm nano-technological developments have stimulated rational recon-
figuration of materials and ultimately pave a path for designing classic, competing 
and preferred matrixes or composites for strengthening S&T in the new millennium.

This twenty-first century, invoke technological advancement in smartly design-
ing and rational reconfigurations of nano-material matrixes to be developed via 
amalgamating incredible features of constituents in resultant composites (as meso/
micro-porous materials like alloys, blends, ceramics, natural and synthetic polymers 
found to miss such designed features. More smart materials like 1D, 2D or 3D have to 
be architectured via reinforcement of two/more phases in vigor and firmly interca-
lated material framework as achieved in material engineering for sturdy, reinforced 
and robust output [3, 4, 6–12]. Augmented and perceived performance is practicable 
in such composites by means of particulate segregation due to tailoring of raw-skeletal 
elements. Advanced and sophisticated techniques aid in designing and reconfiguring 
assorted materials including natural and artificial origin. These reconfigured compos-
ites/matrixes are beneficial due to lesser density, superior directional mechanics, pre-
cisely enhanced tensile strength than steel/metals, elevated fatigue survival, adaptable 
tailoring/designing, facile machining and cost-effective synthesis. Directional 
arrangements of constituting matrix mutually control mechanical strength and 
functional properties of resultant composites. Parallel longitudinal atomic/molecular 
arrangements are obtained via solitary pathway and fully random configurations that 
are generally allied in the following sense: (a) Owing to irregular associations (b) Easy 
arbitrary/partial adjustments (c) Very much strengthening resultant composites due 
to small diameter, less surface flaws and facile suppleness over bulk materials (as seen 
in glass, aramid/kevlar and carbon fiber). Assorted 1D, 2D or 3D reconfigured mate-
rial matrixes/composites are discussed in the following sections:

4.1 Fibrous composites

Certain fibers owing to greater length than diameter and (l/d) ratio impart-
ing valuable shear pressure reassign reinforcement in arbitrary direction in their 
skeletons resulting in the most persuade fibrous composites as shown in Figure 2.

4.2 Carbon-reinforced composites

Carbon-reinforced composites have high reinforcement in their polymer matrix 
due to their innate tensile modulus and elevated strength at eminent temperatures, 
which are unaffected by water or other solvents, acids and bases. Carbon-reinforced 
composites display a variety of physicochemical and mechanical characters as 
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exploited to get specific/rationally designed products like thermoplastic at quite 
a cheap cost. Such carbon-reinforced composites have huge strength:weight ratio 
and rigidity as needed in aerospace, transportation superstructures, automotive, 
engineered products, scaffolds and smart equipment. Certain fiber-reinforced 
plastic/composites are fabricated through polymeric matrix like organic/inorganic 
fibers, paper, wood and asbestos, which caters to the needs of aerospace, automo-
tive, marine and constructions besides ballistic armor. American Chemist Leo 
Hendrik Baekeland in 1905 had replaced shellac-resin (yield from lac bug’s excre-
tion) with synthetic Bakelite polymer obtained via phenol-formaldehyde reaction 
at controlled pressure and temperature, and it was the world’s first synthetic plastic 
that was fiber-reinforced [14]. In 1936, du-Pont obtained resin-composite through 
“fiber-glass” blending with plastic followed by modern cyanamids resin in 1942. 
Glass, carbon and aramid fibers are still used in making fiber-reinforced plastic/
composites. Certain polymer-reinforced combinations are stated in Table 1.

4.3 Metal matrix composites

Metal-based matrixes/composites are obtained through ductile metal par-
ticulate fortification via continuous and discontinuous or whisker fiber molds. 
Reinforced composites appear as green/benign materials owing to special features 
like precise rigidity, nonflammability, high stability, abrasion/creep resistance 
and thermal/electrical conductivity besides sustainability at serviceable tempera-
ture and pressure than their counterparts [15]. But metal matrix composites are 
much more expensive than other reinforced composites, so they possess limited 
utility. Superalloys and alloys of metals are engaged in making such metal-based 
matrixes/composites [15, 16]. Continuous fiber moldings utilize assorted organic 
and inorganic fibers like carbon, silicon carbide, boron, aluminum oxide and 
certain refractory metals, while discontinuous path of reinforcements involves 
fibers of silicon carbide, aluminum oxide, silicon oxide and carbon [17]. Metal 
matrix composite yield via dispersion of reinforced fabric in metallic template 
and reinforced surfaces gets coating to avoid auto-oxidation. The template is made 

Figure 2. 
Assorted orientations in fibrous reinforced composites [1, 2, 13].
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up of monolithic material wherein the reinforced fiber gets embedded through 
continuous moldings. Highly structured metal matrix/composite is derived 
through aluminum, magnesium or titanium metallic supports for reinforcement 
with fibers. The reinforced fiber can be embedded into metallic skeletons achieving 
either constant or irregular structural tasking, which can modify certain physico-
chemical features, viz. wear/shear resistance, friction coefficient, and thermal and 
electrical conductivity [18].

Metal composite is reinforced through continuous or discontinuous mode of 
fabrications, viz. extrusion, forging and rolling so as to get isotropic matrix besides 
usual polycrystalline diamond tooling. Continuous reinforced technique embeds 
monofilament wire/fiber of boron, carbon and silicon carbide in assured path 
and yields anisotropic arrayed metal composite, while discontinuous reinforced 
technique uses fuzzy short fiber/particles of alumina and silicon carbide. The 
high temperature treatments are needed in fabrication of metal involved matrixes 
developments in order to obtain the best dispersion of constituting fiber skeletal 
interfaces (as on cooling yields residual strain amongst metal and reinforced fibers 
being vital for best composite formations [4–6]. This controlling residual stresses 
notably manipulates mechanical instincts of fabricated metal composites. Many 
metal matrix/composite have two constituents: one as metal and the other may/may 
not be metal or may be ceramic and/or organics. If three or more metals are used, 
the resultant matrix is termed as hybrid. Such metal-based matrixes/composites are 
complementary to heat-resistant materials like ceramic and sintered metal. Hybrid 
composites are innovative fiber-reinforced matrix acquired through mixing of two/
more fibers imparting improved features than other composites. Reinforcement of 
polymeric resin with pretty firm and low-density materials like carbon and glass 
fibers yields sturdy/tougher composites besides superior resistive plastic hybrid com-
posites [15]. Certain hybrids/composites found to possess aligned and thoroughly 
amalgamated fiber layer besides mutually alternated depositions impart anisotropic 
properties owing to finally harmonize template phases. Some hybrid composites are 
foremost in their typical applicability in constructing lightweight structural units, 
orthopedic components, sturdy transporting templates used in aerospace, marine 

Reinforced matrix/
composite

Constituting components Superior features

Glass-based fiber Epoxide, polyamide, polycarbonate, 
polyoxymethylene, polypropylene, vinyl ester, 
polybutylene terephthalate

Strengthen expansion 
coefficient, own great 
electric and heat resistance

Wood-based fiber Polyethylene, polylactic acid, polypropylene, 
acrylonitrile butadiene styrene, high-density 
polyethylene

Flexural potency, high tensile 
modulus and strength

Carbon- and aramid-
based fiber

polyepoxide, polyester, vinyl ester, polyacrylate Suppleness, high tensile 
strength and solidity, 
electrical strengthen

Inorganic materials Semicrystalline thermoplastics, UP Isotropic contraction, graze, 
high solidity potential 
strength

Chitosan Metals, nonmetals, synthetic and natural 
polymers

Flexible strength, alternative 
surface characters

Microsphere Glass micro-/mesospheres Less weight, solid fillers

Table 1. 
Various reinforced composites with superior applicable features [13].
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exploited to get specific/rationally designed products like thermoplastic at quite 
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certain refractory metals, while discontinuous path of reinforcements involves 
fibers of silicon carbide, aluminum oxide, silicon oxide and carbon [17]. Metal 
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and reinforced surfaces gets coating to avoid auto-oxidation. The template is made 
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polymeric resin with pretty firm and low-density materials like carbon and glass 
fibers yields sturdy/tougher composites besides superior resistive plastic hybrid com-
posites [15]. Certain hybrids/composites found to possess aligned and thoroughly 
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goods, sport items and trivial stuff infrastructures in building constructions [15–18]. 
Lightweight military aircrafts and helicopters are made with such rationally designed 
hybrid composites offering 20–40% reduced weights than contemporary materials. 
Glass fiber-reinforced carbon fiber yields hybrids/composites to be used to make 
rotor blades of helicopters due to innate superior fatigue resistivity as needed in 
making futuristic hypersonic fighter planes and aircrafts [1, 19].

4.4 Structural composites

Structural composites are obtained through geometrically designed structural 
elements in homogeneous pattern derived through constituents. Laminar and 
sandwich plates come under the category of structural composites. The strength 
properties of advanced structural composites offer broad mechanical properties as 
controlled by many parameters like volume/weight proportions of reinforced fiber/
matrix components, built-up formulations, constituent mechanical features and 
orientations via uni- or bidirectional, besides various off-axis directional/random, 
arrangement. Sandwich panels are designed as lightweight structural composites 
owing to their comparatively elevated mechanical strengths. Such sandwich 
configured composites are very unique as fabricated via attachment of two thin and 
rigid skins to yield lightweight but bulky core slotted panel own duel outer face of 
relatively stiff and strong template like metal alloy, fiber-reinforced plastics, steel, 
and plywood adhesively bonds to thicker light-mass inner hub materials. Sandwich 
panels consist of inner core material made up of lightweight and low elasticity 
modulus like polymeric skeleton phenolics, epoxy, polyurethanes, wood and honey-
combs [15, 20], while outer sheets in sandwich panels consist of tough/rigid materi-
als so as to communicate high mechanical strength under high tensile/compressive 
strain loading. Sandwich panels-based structural composites offer wide utilities 
including in buildings’ roofs, floors and walls, besides being used in fabrication of 
wings, fuselage and tail plane skins of aerospace and aircrafts [21–23].

4.5 Laminar composites

Some laminar composites yield through single layer fiber laminated mutual 
bonding or stacking own accordingly paved orientations of latent directional 
fluctuations achieved via consecutive depositions. The particulate platelet or 
laminar matrixes possess two long dimensions, e.g., wooden thin layer plywood 
with consecutive layers that are quite isotropic composites due to dissimilar grain/
fiber orientations that are weaker in any direction than it would be if constituting 
fibers could all be aligned in one direction [1]. Layers of assorted fiber reinforce-
ment yield hybrid laminate revealing anisotropic and directional structures. Based 
on stacking order of each layers, laminated composites owing to their in-plane and 
out-plane bend-stretch coupling ultimately give in-plane loading. In fact, laminar 
composite has two-dimensional panels or sheets with favored directions to attain 
highest strength [6–8]. Wood and plywood material is basically a laminated com-
posite holding constant reinforced and preferred directional stack layer of fiber 
orientation instead of adhesive joints. Such laminated composite layering fetches 
each grain at 90° angle with its neighbors. Laminated composite attains superior 
mechanical strength, stability and appearance as assembled via heat, pressure and 
adhesive treatments. Assorted laminated composites are obtained, depending on 
constituents and the processing applied in their manufacturing [1–4, 6–12, 14, 15, 
24]. Certain plastic-laminated glassy-type composites behold tight fit adhesiveness 
at their solid countertop surfaces, which were found to protect the particleboard. 
Cellulosic templates appear good substrates for assorted matrixes as obtained 
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through overlay thermo-processing, e.g., laminated composite panels, medium 
density fiber-boards, decorative foils, high-pressure decorative composites, wood/
multi-laminar veneer and resin-saturated decorative papers. Recently, numerous 
layer-wise dimensionally organized products like special glue/laminated timber 
composites are developed owing to mutual lumber bonding viable for durability, 
water-resistance and structural adhesiveness in resultant products, e.g., glulam a 
versatile stress-engineered wood beam composed of special laminations [1].

4.6 Lignocellulosic composites

Environmental causes urge to develop green composites based on renewable 
sources like biopolymers as economic options for glass/carbon fiber-derived 
composites [25]. Thus, plant-, jute- and sugar cane-based lignocellulosic compos-
ite-derived matrixes can serve this purpose. Fabrication of organic-based nanocom-
posites arose as a multidisciplinary area in advanced nanotechnology, particularly 
procured through sustainable and eco-friendly resources and methods. Some green 
composites are also obtained via reframing natural/bio-polymeric framework via 
amalgamating other natural/synthetic material substrates that offer morphologi-
cal/interfacial design characteristics in resultant products over conventional 
counterparts [26]. Assorted biopolymeric skeletons, viz. starch, alginate, dextran, 
carrageenan, chitosan and cellulose, are formulated/envisaged due to their innate 
functional features like nontoxicity, biodegradability and biocompatibility [2, 3]. 
Natural lignocellulosic fibers have semicrystalline cellulose microfibril orientation 
offering multifunctional nanotechnological fabrications so as to cater to advanced 
applications in S&T as mentioned below:

4.7 Cellulose-derived nanometal matrixes

Cellulose is an extensively copious natural polymer and component of the 
“plant’s skeleton” that exists on Mother Earth [1]. In fact, cellulose shares the same 
chemistry and molecular structures but imperative morphology and mechani-
cal variations based on its recovery from various sources like vegetable, plants 
and bacteria. Nanocomposite matrixes are derived through cellulose skeleton via 
amalgamation with different phases of organic and inorganic materials [1, 13]. 
Nanofibrillated and bacteria-derived cellulose is made up of nanodimensional 
fibers, which impart novel and improved native qualities in resultant nanocom-
posites than vegetable-derived cellulose [13, 27]. Cellulose has soft matrix to 
accommodate inorganic/organic materials via blending diverse fillers to yield 
composites owing to their inherent functionality of constituents besides trans-
porting unique functions due to biointerfacial alteration [7, 27]. Various material 
like nano-metals including gold silver and copper and inorganic gets easily doped/
filled in the cellulose skeleton and yield composites which own altered fibers 
interaction at surfaces over bulk analogues besides coalition of fillers is beneficial 
for improvement of opto-electronic/electrical and mechanical functions [1, 2]. 
Cellulose has an exclusive arrangement and discrete affinity to form intra-/ 
intermolecular bonding, which compacts its supramolecular ester/acetate and 
ether as dynamic derivatives utilized in coating, pharmaceutics, food and cosmetic 
industries [12, 27]. Hybrids of cellulose procured through nanometal/metal-oxides 
yield assorted nanocomposites like Nowa-74 used as calorie-free dessert in food 
and wound dressing scaffolds in biomedical and optoelectronics. Water filtering 
nanomembranes are reinforced through 3D cellulose matrix owing to its brilliant 
characters like high purity, high polymerization degree, elevated crystallinity, high 
elasticity and mechanical stability and huge surface area. Certain physicochemical 
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composites are developed owing to mutual lumber bonding viable for durability, 
water-resistance and structural adhesiveness in resultant products, e.g., glulam a 
versatile stress-engineered wood beam composed of special laminations [1].
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sources like biopolymers as economic options for glass/carbon fiber-derived 
composites [25]. Thus, plant-, jute- and sugar cane-based lignocellulosic compos-
ite-derived matrixes can serve this purpose. Fabrication of organic-based nanocom-
posites arose as a multidisciplinary area in advanced nanotechnology, particularly 
procured through sustainable and eco-friendly resources and methods. Some green 
composites are also obtained via reframing natural/bio-polymeric framework via 
amalgamating other natural/synthetic material substrates that offer morphologi-
cal/interfacial design characteristics in resultant products over conventional 
counterparts [26]. Assorted biopolymeric skeletons, viz. starch, alginate, dextran, 
carrageenan, chitosan and cellulose, are formulated/envisaged due to their innate 
functional features like nontoxicity, biodegradability and biocompatibility [2, 3]. 
Natural lignocellulosic fibers have semicrystalline cellulose microfibril orientation 
offering multifunctional nanotechnological fabrications so as to cater to advanced 
applications in S&T as mentioned below:
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Cellulose is an extensively copious natural polymer and component of the 
“plant’s skeleton” that exists on Mother Earth [1]. In fact, cellulose shares the same 
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cal variations based on its recovery from various sources like vegetable, plants 
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amalgamation with different phases of organic and inorganic materials [1, 13]. 
Nanofibrillated and bacteria-derived cellulose is made up of nanodimensional 
fibers, which impart novel and improved native qualities in resultant nanocom-
posites than vegetable-derived cellulose [13, 27]. Cellulose has soft matrix to 
accommodate inorganic/organic materials via blending diverse fillers to yield 
composites owing to their inherent functionality of constituents besides trans-
porting unique functions due to biointerfacial alteration [7, 27]. Various material 
like nano-metals including gold silver and copper and inorganic gets easily doped/
filled in the cellulose skeleton and yield composites which own altered fibers 
interaction at surfaces over bulk analogues besides coalition of fillers is beneficial 
for improvement of opto-electronic/electrical and mechanical functions [1, 2]. 
Cellulose has an exclusive arrangement and discrete affinity to form intra-/ 
intermolecular bonding, which compacts its supramolecular ester/acetate and 
ether as dynamic derivatives utilized in coating, pharmaceutics, food and cosmetic 
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nanomembranes are reinforced through 3D cellulose matrix owing to its brilliant 
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adaptations are facile to reinforce in nanofibrillated cellulose matrix so as to yield 
multipurpose paint additives and lacquer/latex. Reconfigured cellulose composites 
are obtained through inorganic nanoparticles/metal aggregates and/or other poly-
mer blending via techniques of homogenized aggregation and in-situ metal-salt 
reduction in suspensions. Macromolecular networkings of cellulose matrix can be 
developed via facile templates and ensue nanometal distributions into its skeleton 
without further aggregations [13, 26–28]. Carbon reconfigured nanocomposite 
has received much attention due to reinforcement in mechanical features besides 
boosted electrical conductivity, which is additive for automotive fuel stroke com-
ponents entailing electric conductance. The types of various cellulosic matrixes are 
depicted in Figure 3.

Cellulose attracted considerable attention as the strongest potential feedstock 
for bio-based polymer productions [1, 27]. Thus, noteworthy reinforcements in 
different cellulosic matrixes are done to get assorted nanocomposites. Cellulosic 
derivatives act as prominent filler/matrix in getting resourceful biosustainable 
options to high-quality synthetic polymeric composites besides substituting most 
petroleum-derived functional counterparts. Eco-sustainable cellulosic-reinforced 
nanostructures offer prospective functions with a wide applicability from energy-
storage devices to biomedical scaffolds [1, 2, 13]. Cellulose is the most plentiful 
natural polymer and component of cell walls of plants and is also found in diverse 
genus, viz. algae, fungi, bacteria and sea animal/tunicate. Cellulose substance 
contains linearly placed and alternate stereo-configured units of D-anhydro-
glucopyranose homo-polymeric bonding with 1, 4-β-glycosidic aggregations 
that exist as micro-fibrils [1, 2]. Morphological variations in cellulose control the 
degree of polymerization, which varies as per its resources. Huge hydroxyl groups 
on the glycosidic chain of cellulose via hydrogen bonding upshots manifold cel-
lulosic microfibrils owing to elevated mechanical strength, rigidity, stability and 
biocompatibility. Hydroxyl functionality of cellulose skeleton is facile to undergo 
assorted physicochemical reinforcement like etherification, carboxy-methylation, 
cyanoethylation and hydroxyl-propylation yielding assorted derivatives for viable 

Figure 3. 
Types of cellulosic matrix [1, 2, 27].
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Cellulosic composite Cellulose 
functions

Cellulose-reinforced composite 
property

Cellulose-lyocell/acetate, butyrate composites Matrix/
filler

Increases tensile strength, 
dimensional stability, matrix 
compatibility, biodegradability.

Cellulose-lyocell fiber/PLA Filler Unexpectedly high 
biodegradability, significantly high 
mechanical characteristics.

Ethylated-cellulose, hydroxypropylated-cellulose, 
polyacrylated-cellulose and calcium phosphated-
cellulose composites

Filler Increases thermal and mechanical 
performance.

Cellulose fiber/polystyrene composites Filler Increases flexural storage modulus 
and processing speed.

Cellulose fiber/high-density polyethylene 
composites

Filler Improves thermal and mechanical 
properties.

Cellulose particles/chitosan composite film Filler Enhances mechanical properties 
and adsorption capacity of 
chitosan film.

Regenerated cellulose film/BiOBr composite Matrix Cellulosic film own cavity for 
BiOBr particles and expanded 
specific surface area via porosity 
feasible for efficient photocatalysis.

Cellulose/MMT clay composite films Matrix High-strength cellulose composite 
films with excellent antibacterial 
activities.

Cellulose film/graphene oxide composite Matrix Superior mechanical performances 
and excellent ultraviolet-shielding 
properties.

Cellulose acetate/hydroxyapatite mineral 
composites

Matrix Reinforced matrix holds tough 
HaP-cellulosic interactive ductility 
use to remediate pollutant.

Carboxymethyl cellulose/carbon composites Matrix Reinforced cellulosic composites 
own huge potential as sensors in 
bioelectronics.

Cellulose paper/carbon nanotube film/composite Matrix Reinforced composites are flexible, 
tough, thermally stable and own 
uniform electrical conductivity 
suitable for advanced biotech use.

Methylcellulose/keratin hydrolysate membranes Matrix Protein and polysaccharide 
reinforcement improves 
mechanical and thermal 
properties.

Cellulose fibers/iodine composite Matrix Cellulosic composites enhance 
photo-induced conductivity.

Cellulose acetate-polyaniline-derived membrane Matrix Cellulosic membranes enhance 
conductivity mechanical 
biocompatibility.

Polyhydroxybutyrate/ethyl-cellulosic-derived films Filler Polyhydroxybutyrate/ethyl-
cellulosic reinforced formulation 
reduces crystallinity, promotes 
degradation and boosts 
physicochemical characters viable 
for sustainable biocompatibility 
anticipated in biomedicals and 
coatings.
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mechanical and thermal 
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photo-induced conductivity.
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conductivity mechanical 
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physicochemical characters viable 
for sustainable biocompatibility 
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nanocomposites. Specific chemical formulations like ester-acetate and ether-
methyl/carboxy-methylation in cellulosic hydroxyl functionality are augmented 
characteristics aiding in rational reconfiguration of advanced nanostructures, so it 
is preferred over cellulose feedstock [18, 21–23].

Visco-processing of cellulose matrix is done through derivative formation 
and without de-polymerization, which yields valuable products like cellophane 
and nitrocellulose. This cellophane acts as transparent sheet for low permeation 
purpose, and nitrocellulose is and excellent feedstock forming basis for rayon: the 
first “artificial silk” since many decades. Cellulosic derivatives were used as good 
feedstock for making thermoplastics since the beginning of nineteenth century. 
Cellulosic-reinforced formulations like cellulose acetate and cellulose esters are facile 
to mold as extrusion and films, besides being used in making construction materials, 
paints, pharmaceutical scaffolds and biodegradable plastics [1]. Cellulose-derived 
polymeric composites are obtained through integrating nanocellulose into assorted 
synthetic/natural polymeric matrixes as current advanced materials owing to their 
extensive applicability. Since the 1980s to the present, R&D led several innovative 
cellulosic reinforcements, which perk up glycol-polymeric insertion so as to yield 
superior functional biocomposite-derived cellulose [28]. Assorted cellulosic formu-
lations obtained through reinforcement in host matrixes are mentioned in Table 2.

4.8 Advances in reinforced cellulosic nanomaterials

Currently, cellulose biopolymer can be integrated into two types of polymer 
nanocomposites: nanocellulose-based nanopolymer composites and nanocellulose 
platform-based nanocomposites. Viable applications of reconfigured cellulosic 
nanocomposites are shown in Figure 4:

Advanced biotechnology utilizes assorted biopolymer cellulosic forms includ-
ing natural fibers, nanocellulose and cellulose derivatives to undergo characteristic 
diversified and sustainable functional variations to yield alternative composites for 
multifunctional usages. Copious cellulose acts as foremost natural feedstock option 
for fossil resources in fabricating reinforced martial matrixes [1]. Polylactic acid 
reinforced in cellulose matrix offers biodegradable, exceptionally sturdy and non-
toxic nanocomposites called cellulosic bioplastics with superior thermal, electrical 
and mechanical features. Cellulosic bioplastics and functionalized nanocrystals 
are benign, inexpensive and robust serviceable composite owing to their well-
reinforced structures of constituting matrixes for deriving electrochemical and 
energy-storage tools. Poly-hydroxy-alkanoate integrated/filled cellulosic matrixes 
yield eco-friendly composites as a substitute to synthetic polymers for food packag-
ing, plastics and biomedical templates [1, 2]. Cellulose-reinforced composites cater 
to today’s challenges via development of sustainable and green products through 
economic, environmental and social perspectives, though cellulosic biopolymeric 
composites fulfill partial confronts, which are to be tackled in futuristic R&D. Fully 
compatible two-phase polymeric composites need to be developed through materi-
als science and process engineering in cellulose chemistry [26].

Cellulosic composite Cellulose 
functions

Cellulose-reinforced composite 
property

Polyhydroxybutyrate/polyhydroxyalkanoate-
cellulosic composites

Filler Cellulosic reinforcement boosts 
physical-mechanical strength as 
suitable for packaging.

Table 2. 
Assorted cellulosic formulations as filler for making composites [1, 2, 13].
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4.9 Cellulose nanocomposites

Cellulose is the copious bioproduct through plants, animals, bacteria and 
flora-fauna. Its extensive linear chain polymer is composed of 1,4-β-linked 
D-glucopyranose assembly in the hierarchy of microfibrils with excellent strength 
and stiffness. Nanoscale/dimensional cellulosic matrixes are reconfigured in 
assorted forms like nanocrystal, nanofibers or flakes. Nanocellulose matrixes appear 
safe, versatile, biodegradable and biocompatible without any side effects on health 
and environment. Reconfigured cellulose matrixes own small thermal expansion 
coefficient, huge aspect ratio, and superior mechanical, optical and tensile strength 
features. Thus, they are preferred for special utility including thermo-reversibly 
tenable hydrogel, paper making, coating, additives, food/drug packaging, lithe 
screens/films and lightweight ballistic protection beside usages in automobile 
windows. Assorted cellulosic composites are reconfigured, viz. dispersed phase 
nanofillers, dispersed phase matrix, and interfacial region hybrids owing to their 
potential biomedical significance, namely targeted drug/gene/cell delivery/carry-
ing and fabricating temporary implants with PHB sutures besides making stents. 
Cellulose skeleton is fragile to reinforce with diverse nanometals via innate hydrogen 
bonding so as to yield supramolecular nanoclusters as best utilized in textiles due to 
native antimicrobial, antibacterial and improved catalytic parameters [26]. Nano-
cellulosic reinforced polymeric matrixes owe undo recombined dynamic covalent 
mechanophoric linking which imparts self-healing capacity due to surface modifica-
tion via scissile chemical bonding [1]. The reinforcement of material phases and 
skeletal faces is found to boost its surface activity in the ensuing matrixes, and due 
to self-supported healing, it further gifts superior sensitivity to mechanical stress 
transports [2]. Typical nano-cellulose composites have compacted lingo-cellulosic 
biomass and alter its innate characteristics like fibrils have crystalline features and 
high strength and mechanical rigidity. Certain nano-cellulose-based matrixes have 
especial features like light-weight, highly dense (1.6 g/cc) and lofty tensile strength 
(10 GPa at par with cast iron), e.g., nano-cellulosic matrix with proactive hydroxyl 
functionality provides designed and desired applications in S&T [28].

Figure 4. 
Viable applications of reconfigured cellulosic nanocomposites [1, 2].
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4.10 Dendrimer-reinforced polymeric matrix

Dendrimer architectures via click chemistry and self-assembly have put forward 
major reinforced polymeric matrixes. Advanced nanotechnology has discovered 
new nanoperiodic system through dendrimeric reinforcements in the form of 
nanodevices, nanomaterials and nanomedicines. This decade has developed many 
scientific and commercial utilities focusing architecturally on drive characteristics 
through assorted dendrimeric reinforcements. Dendrimeric reinforcements con-
vey highly defined and well-branched perfect nanostructures obtained through 
repetitive branched monomer iterative protection and deprotection in contrast to 
hyperbranch polymeric skeletons. Rationally reconfigured dendrimeric/dendritic 
polymers are used for drug delivery and catalysis and making light-emitting materi-
als [1, 2]. Today, dendrimer chemistry and catalog of dendrimers offer templates for 
organic-inorganic hybrid nanomaterials imparting diversified and captivated utility 
in modern S&T. Hyperbranch polymers are 3D globular low viscous and highly 
soluble template used in making dendrimer-based organic/inorganic nanohybrids. 
Organic-inorganic nanohybrids are reconfigured through hyperbranched dendri-
meric matrix to get mono-/bimetallic, bimetallic alloys and core/shells. Dendritic 
hyperbranch polymers and dendrimers with 3D globular arrangement and spherical 
outline are found to offer high branching density and branching at each repeating 
unit, which imparts exclusive features like lower viscosity and high solubility/func-
tionality than linear counterparts. Advanced dendritic matrixes blend reconfigured 
organic/inorganic frameworks via good skeletal processing, thus offering special 
developed advantageous features like superior elasticity, light-weight, impassive 
resistance, robust strength, chemical resistance, and thermal stability. Reinforced 
hyperbranched dendritic matrixes own linear segments of globular end functional-
ity valuable for making many organic-inorganic nanocomposites [2]. Assorted 
nanohyperbranched composites with unique globular contour with functional end 
groups are obtained through organic-inorganic dendrimeric templates like poly-
amidoamine-reinforced nanogold particles, nanocarbon hybrid sols and heteroge-
neous nanostructures [2]. Intrinsic void-reinforced nanoparticles and metal clusters 
with enhanced stability are exploited for catalysis, adsorptions and photodetec-
tion besides being used in developing antimicrobial sensors/agents [1]. Recent 
advancement in nanotechnology aids to induce “disordered-to crystalline” features 
and perform numerous structural reinforcements a way from metal aggregate to 
nano-crystals in the resultant clusters/matrixes that are especial for electro-catalytic 
usages [1, 2]. Reinforced carbon black matrix is used for air CO2 absorption/desorp-
tion better than Excellion™ ion-exchange membranes.

5. Controlled practices for reconfiguration

“Click” chemistry is found to control reconfigurations or modifications 
and facilitates stimulus detachment through characteristic porous dendrimeric 
links so as to yield assorted structures like fine layer-by-layer films, nanopar-
ticles, nanosheets, nanowires and nanotubes especially used for optoelectronic 
nanodevices [2]. Reinforced dendritic architectures with linear, cross-link 
and chain-branching can afford many features like open-space functionaliza-
tion and organize topology, copolymeric hybridization and terminal grafting. 
Versatile dendritic reinforcement motivates innovative R&D beyond predicted 
applications in many industries. Hyperbranch supramolecular polymer-based 
reinforced material matrixes offer sophisticated chemical and biological utili-
ties. Nonmaterial reconfigurations and nanostructure reinforcements are pivotal 
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themes in today’s scientific and technology advancement. Rationally developed 
nanomaterials/structures have vividly amended characteristics viable for 
assorted utilities, viz. electric tools, optoelectronic devices, biosensor/biomarker, 
photodetector, solar cell, quantum dots and plasmonic modules. At nanodimen-
sions, the interfacial phase interaction gets better without changing matter 
itself; instead, it has shown innovative properties like electrical conductivity, 
insulation, boosted reactivity, elasticity and superior/robust strength, which is 
missing in micro-/macroscale counterparts [1–4, 6, 7]. These nanocomposites 
have multiphase combination of two/more components and one or more fillers 
of particles, sheets and/or fibers in their reinforced matrixes. Certain nano-
composites are reinforced through numerous progressively designed alterations 
in material matrixes and novel comprehensive techniques thrust interdisciplin-
ary R&D in chemistry, physics, biology and biotechnology besides paving the 
way for business breakthroughs in current S&T developments [1]. Reinforced 
building blocks with nanodimensions fetch practical and theoretical interests via 
rational reconfigured and designed innovative nanocomposites owing to their 
extraordinary physicochemical characters and preset functionality [2]. R&D 
findings through inventive analytical trends and developments in nanocomposite 
chemistry with compiled data and analysis may aid in the exploration of stimu-
lated reinforcements in nanocomposite matrixes [26, 28].

Nanocomposite/nanostructures reconfigured through biomatrixes faced 
intricate tasks like choice, combinatorial paths, modified synthesis and shaping of 
proper materials. Thus, plant tissues like cellulosic matter and animal components 
like bones/cartilage are reinforced at nanodimensional hierarchy. Morphological 
likeness of lignocellulose, hemicellulose and lignin matrixes enables its vast 
reconfigurations in developments of nanostructures/composites, which acted as 
viable alternatives in modern drug delivery and tissue engineering scaffolds (for 
regeneration of bones and cartilages) besides being used in cell-attached prolifer-
ated inductions. Biomimetic composites are being reconfigured through reinforce-
ment of natural polymers like chitin and cellulose with inorganic materials like 
calcium phosphate for use in biomedical applications. Advanced nanotechnology 
paves the way for prospective capability across a broad spectrum of applications. 
The advancements in the field of nanotechnology have generated many reinforced 
material blends, alloys, matrixes and composites offering contemporary functional 
applications over other known counterparts [1].

Nowadays, specially sophisticated designing and targeted tailor/engineer 
morphologies are facile to induce at any (0D, 1D, 2D, and 3D) nano-dimensional 
scales with structure-property dependent remarkable parameters and controllable 
interfacial area, e.g., many onset non-bulky size-dependent quantum dots and 
polymeric nano-composites for industrial and environmental applications [1, 2]. 
Rationally reinforced polymer-based nanocomposites are best options to usual 
polymeric fillers and blends that appeared as a staple part of modern plastics. 
Nanotechnological frontiers in the twenty-first century seek better optimized com-
posite combinations with innate synergistic utility; thus, material and functional 
devices need to be reinforced or reconfigured. Thus, nanotechnological reinforce-
ments are solely dependent on mechanical augmentation of matrixes as substitute 
for existing counterparts. Benign or biodegradable nanocomposites reinforced 
through green polymers like cellulosic and chitosan matrixes are potential options 
to petroleum-derived non–eco-friendly thermoplastic polyolefin nanoclusters [7, 
13, 27]. Reconfigured polymeric nanocomposites with exclusive mechanical, physi-
cochemical, thermal, electrical and barrier properties and fire-retarding properties 
emerge as innately prospective in making exterior/interior and underbonnets, 
coating and components of automotive [1–4, 6, 7]. A Global Strategic Business 
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Report stated that the world’s nanocomposite automotive market may exceed over 
one billion pounds in this decade with an ever robust demands in futures. Green 
nanocomposites obtained via reinforcements of clay, nanocarbon and other nano-
fibers are beneficial than usual counterparts due to boosted mechanical, electrical 
and thermal barriers, besides high tensile force, more deflection temperature 
and flame retardations [1, 29]. Certain polymer-derived nano-material matrixes 
are found to possess unchanged innate features, viz. native power, viscosity and 
parallel optic potential by virtue of legitimated morphological reinforcements 
comprising thousands of hoard layers at nano-scale ensuing exfoliation and disper-
sion all over surfaces [2]. Reconfiguration further upshots degree of exfoliation in 
resultant nanostructures ultimately offering greater surface area with improved 
performance [2, 19, 20].

6. Challenges in designing/reinforcement of composite/matrix

Certain major challenges of composite materials are mentioned as follows:

• Need systematic and progressive interactive engineering approaches for 
applying various methodological technologies so as to yield optimal material 
characteristics with aiming targeted composite/hybrid matrixes.

• Require critical investigative analysis of physical, chemical and mechanical 
properties of each constituent and resultant composites/hybrids.

• Necessary to formulate some properties in resultant composite/matrix as 
optimized and precise with respect to its operational conditions.

• Focus to comprehend consequential manufacturing and compositional param-
eters of composite/matrix.

• Aim to develop meticulous and progressive combinatorial computational 
techniques with optimized study for expected efficiency/capacity at varied 
functioning conditions.

• Target to epitomize robust inhomogeneous properties in procured significant 
composite.

7. Prospective progress of rationally reinforced matrixes

Several challenges needs to be tackled during matrix reconfigurations and 
nano-composite fabrication/progressing, and this allows progressive rational 
designing as per desired applications. The chemical interactions that exist in 
resultant matrix reinforcement during its fabrication and later in its usage are 
to be checked via micromechanics to provide a rational basis for its designing. 
Intrinsically strengthened composites are obtained through various reinforced 
materials like graphene, nanocarbon and nanometals, which are found superior 
than counterparts. Reconfigured multiscale hybrids own better load reassignments 
at reinforced interfaces achieved via tailored interfacial shear strengthens impart-
ing stiffness, heat protection, impactive compression and better threshold load 
bare. Various automotive utility needs reconfigured biopolymer-derived nanocom-
posites at lower cost and end-use components.
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8. Innovative breaches in applicability of reinforcement materials

Some innovative breaches in applicability of rationally reinforced materials are 
observed that are mention as follows:

• Nanometal reinforcement in cellulose matrix is attenuated through synergy 
of constituting materials so as to derive innate advantageous properties of 
components by diverse preparatory techniques.

• Reconfigured metal nanomatrixes of chemically integrated cellulosic templates 
with certain novel functionalities in the ensuing composites are best exploited 
for filler purpose. Such nanometallic reconfigured cellulose-derived matrixes 
with multifaceted features have not been explored extensively and thus need to 
be attended.

• The basic physicochemical interactions found in such components that viably 
optimize innate properties are less studied.

• Nanocomposite formations significantly alter and improve the innate proper-
ties of components via multiphase reinforcements.

• Advance nanotechnology aids in reconfiguration of various materials into sole 
composite imparting advantageous and optimized features as per the industrial 
needs.

• Assorted constituting textures and dimensional comprising phases of host 
matrixes via their innate bonding control mechanical stability and proper-
ties of resultant nanocomposites, e.g., nanometal/metal oxide dispersions in 
ceramics or vitreous.
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Report stated that the world’s nanocomposite automotive market may exceed over 
one billion pounds in this decade with an ever robust demands in futures. Green 
nanocomposites obtained via reinforcements of clay, nanocarbon and other nano-
fibers are beneficial than usual counterparts due to boosted mechanical, electrical 
and thermal barriers, besides high tensile force, more deflection temperature 
and flame retardations [1, 29]. Certain polymer-derived nano-material matrixes 
are found to possess unchanged innate features, viz. native power, viscosity and 
parallel optic potential by virtue of legitimated morphological reinforcements 
comprising thousands of hoard layers at nano-scale ensuing exfoliation and disper-
sion all over surfaces [2]. Reconfiguration further upshots degree of exfoliation in 
resultant nanostructures ultimately offering greater surface area with improved 
performance [2, 19, 20].

6. Challenges in designing/reinforcement of composite/matrix

Certain major challenges of composite materials are mentioned as follows:

• Need systematic and progressive interactive engineering approaches for 
applying various methodological technologies so as to yield optimal material 
characteristics with aiming targeted composite/hybrid matrixes.

• Require critical investigative analysis of physical, chemical and mechanical 
properties of each constituent and resultant composites/hybrids.

• Necessary to formulate some properties in resultant composite/matrix as 
optimized and precise with respect to its operational conditions.

• Focus to comprehend consequential manufacturing and compositional param-
eters of composite/matrix.

• Aim to develop meticulous and progressive combinatorial computational 
techniques with optimized study for expected efficiency/capacity at varied 
functioning conditions.

• Target to epitomize robust inhomogeneous properties in procured significant 
composite.

7. Prospective progress of rationally reinforced matrixes

Several challenges needs to be tackled during matrix reconfigurations and 
nano-composite fabrication/progressing, and this allows progressive rational 
designing as per desired applications. The chemical interactions that exist in 
resultant matrix reinforcement during its fabrication and later in its usage are 
to be checked via micromechanics to provide a rational basis for its designing. 
Intrinsically strengthened composites are obtained through various reinforced 
materials like graphene, nanocarbon and nanometals, which are found superior 
than counterparts. Reconfigured multiscale hybrids own better load reassignments 
at reinforced interfaces achieved via tailored interfacial shear strengthens impart-
ing stiffness, heat protection, impactive compression and better threshold load 
bare. Various automotive utility needs reconfigured biopolymer-derived nanocom-
posites at lower cost and end-use components.
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8. Innovative breaches in applicability of reinforcement materials

Some innovative breaches in applicability of rationally reinforced materials are 
observed that are mention as follows:

• Nanometal reinforcement in cellulose matrix is attenuated through synergy 
of constituting materials so as to derive innate advantageous properties of 
components by diverse preparatory techniques.

• Reconfigured metal nanomatrixes of chemically integrated cellulosic templates 
with certain novel functionalities in the ensuing composites are best exploited 
for filler purpose. Such nanometallic reconfigured cellulose-derived matrixes 
with multifaceted features have not been explored extensively and thus need to 
be attended.

• The basic physicochemical interactions found in such components that viably 
optimize innate properties are less studied.

• Nanocomposite formations significantly alter and improve the innate proper-
ties of components via multiphase reinforcements.

• Advance nanotechnology aids in reconfiguration of various materials into sole 
composite imparting advantageous and optimized features as per the industrial 
needs.

• Assorted constituting textures and dimensional comprising phases of host 
matrixes via their innate bonding control mechanical stability and proper-
ties of resultant nanocomposites, e.g., nanometal/metal oxide dispersions in 
ceramics or vitreous.
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Chapter 7

Composite Nanofibers: Recent 
Progress in Adsorptive Removal 
and Photocatalytic Degradation 
of Dyes
Duy-Nam Phan and Ick-Soo Kim

Abstract

This chapter intends to review the state of the art of a new nanomaterial 
generation based on electrospun composite nanofibers for dye removal from 
wastewater. Natural polymer-based nanofibers, nanofibers with unique morphology, 
and carbon nanofibers were comprehensively reviewed as capable carriers for a 
broad spectrum of functional materials such as metal oxides, zeolite, graphene and 
graphene oxide (GO), and metal-organic frameworks (MOFs) in the application 
of dye removal. The various nanostructures, adsorption capacity, advantages, and 
drawbacks were discussed along with mechanistic actions in the adsorption process 
and photocatalytic performance that emphasize current research development, 
opportunities, and challenges. The chapter covers multiple intriguing topics with 
in-depth discussion and is a valuable reference for researchers who are working on 
nanomaterials and the treatment of colored waters.

Keywords: composite nanofibers, electrospinning, dyes, adsorption,  
photocatalytic degradation

1. Introduction

The activities of textile, printing, leather, paint, and paper industries are dis-
charging millions of gallons of wastewater every day, contaminating water bodies 
and terrestrial lands. The impacts on the environment are irretrievable and gravely 
dangerous. The organic dyes in effluents and discharges used for fabrics and colored 
materials are persistent in water and pose long-term effects on human health, fish, 
and aquatic organisms. Many synthetic dyes are considered toxic, carcinogenic, and 
mutagenic; even a small amount infiltrates the human body. Direct contact with 
dyestuffs can lead to skin allergy and neurological, reproductive, and endocrine 
diseases [1].

Nanofibers with high surface area to volume ratio, excellent flexibility, porous 
structure, reusability, nontoxicity, environmental stability, and low cost are 
suitable supporting materials for loading functional materials or being modified 
with different chemical groups in water treatment application. With enhanced 
surface area and pore volume, the nanofibers as a filtering media deliver high 
contact between adsorbent and aqueous media, resulting in improved adsorption 
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capacity with the convenience of recovery and recycling. By engineering various 
functional groups (carboxylate, amino, acid, and hydroxyl groups) or the integra-
tion of adsorbents, including metal oxides, graphene, graphene oxide (GO), and 
metal-organic frameworks (MOFs) in the nanofibers, the separation capacity can 
be greatly improved [2–4].

Among various systems, which have been developed for the removal of dyes in 
wastewater, namely, adsorption, ion exchange, membrane filtration, and coagula-
tion, adsorption is the most effective and versatile strategy to remove dyes at high 
concentrations with high removal percentage. The adsorption process involves 
several stages: (i) dissolving dyes into the solution, (ii) the external diffusion of 
dyes to the surroundings of the adsorbents, (iii) internal or intra-particle diffusion 
which fills nanoparticle pores with dye molecules, and (iv) adsorption or desorp-
tion on the interior sites. If the amounts of dye uptake are correlated with the square 
root of time in a linear relation, the adsorption process is significantly influenced by 
intra-particle diffusion because step (iv) usually happens rapidly [5].

Most dyes are water-soluble and can be classified as cationic, anionic, and 
nonionic; the names are derived from the charging states when being dissolved into 
an aqueous medium. Depending on the chemical structures of dyes, the approaches 
and adsorption conditions can vary accordingly, which include material selection, 
adsorption or photocatalytic degradation, pH, time, and temperature. A spectrum 
of organic and inorganic materials such as transitional metal oxide, graphene and 
GO, carbon nanotubes, zeolites, and MOFs have been used for treating colored 
waters. These materials are suited for separating dyes from wastewater owing to 
abundance, low cost, ease of being employed, adsorptive selectivity, and biocom-
patibility [6–8].

The photocatalysis process has emerged as a newly developed technique for 
wastewater remediation. Photocatalysts with a particular bandgap can be activated 
by different light sources to generate electron-hole pairs, which either recombine or 
migrate to the surface and initiate photocatalytic reactions. After that, the holes oxi-
dize H2O to produce hydroxyl radical OH•, whereas electrons react with absorbed 
O2 to produce oxygen radicals O2• and other intermediate forms [9]. The hydroxyl 

Figure 1. 
Scheme for photocatalysis of metal oxide nanoparticle-decorated nanofibers under UV or visible light sources.

121

Composite Nanofibers: Recent Progress in Adsorptive Removal and Photocatalytic Degradation…
DOI: http://dx.doi.org/10.5772/intechopen.91201

radicals and oxygen radicals then attack dye molecules to convert pollutants or 
contaminants into nontoxic forms or completely decompose them to CO2 and H2O 
(Figure 1). The criteria for useful photocatalysts are the capability to absorb the 
solar spectrum at the visible range, excellent performance, and long-term stability.

2.  Electrospinning technique, natural polymer-based nanofibers, 
and carbon nanofibers (CNFs)

2.1 Electrospinning technique as the fabrication method

Electrospinning is one of the several well-developed techniques to fabricate 
fibers at micro- or nanoscale (Figure 2). The electrospinning with versatility allows 
excellent controls over the fiber diameters, nanostructures, and morphology to 
enhance catalytic, mechanical, electrical, biomedical, optical, and adsorptive 
properties. With a wide selection of polymers and the facilities for additive incor-
poration, the electrospinning process can manufacture nanofibers into different 
fascinating structures for varied applications [14]. With recent advancements 
in the electrospinning technique, fascinating nanostructures could be obtained 
with inspiration from objects in nature and can be applied in improving pollutant 
removal. The tree-like structure is composed of trunk fibers and branch fibers. 
The trunk fibers with the support role can improve the mechanical property, 
and the thin branches play the role of connection, decrease the pore size of the 
membranes, and increase the surface area [15]. The spider web-like structure was 

Figure 2. 
Electrospinning technique to fabricate nanofibers with different morphology (a) poly(ε-caprolactone)-poly 
(l-lactic acid) nanofiber tubes [10], (b) cellulose acetate nanofibers with morphology control [11], (c) porous 
carbon nanofibers [12], and (d) cellulose acetate nanofibers with honeycomb-like surface structure [13].
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capacity with the convenience of recovery and recycling. By engineering various 
functional groups (carboxylate, amino, acid, and hydroxyl groups) or the integra-
tion of adsorbents, including metal oxides, graphene, graphene oxide (GO), and 
metal-organic frameworks (MOFs) in the nanofibers, the separation capacity can 
be greatly improved [2–4].

Among various systems, which have been developed for the removal of dyes in 
wastewater, namely, adsorption, ion exchange, membrane filtration, and coagula-
tion, adsorption is the most effective and versatile strategy to remove dyes at high 
concentrations with high removal percentage. The adsorption process involves 
several stages: (i) dissolving dyes into the solution, (ii) the external diffusion of 
dyes to the surroundings of the adsorbents, (iii) internal or intra-particle diffusion 
which fills nanoparticle pores with dye molecules, and (iv) adsorption or desorp-
tion on the interior sites. If the amounts of dye uptake are correlated with the square 
root of time in a linear relation, the adsorption process is significantly influenced by 
intra-particle diffusion because step (iv) usually happens rapidly [5].

Most dyes are water-soluble and can be classified as cationic, anionic, and 
nonionic; the names are derived from the charging states when being dissolved into 
an aqueous medium. Depending on the chemical structures of dyes, the approaches 
and adsorption conditions can vary accordingly, which include material selection, 
adsorption or photocatalytic degradation, pH, time, and temperature. A spectrum 
of organic and inorganic materials such as transitional metal oxide, graphene and 
GO, carbon nanotubes, zeolites, and MOFs have been used for treating colored 
waters. These materials are suited for separating dyes from wastewater owing to 
abundance, low cost, ease of being employed, adsorptive selectivity, and biocom-
patibility [6–8].

The photocatalysis process has emerged as a newly developed technique for 
wastewater remediation. Photocatalysts with a particular bandgap can be activated 
by different light sources to generate electron-hole pairs, which either recombine or 
migrate to the surface and initiate photocatalytic reactions. After that, the holes oxi-
dize H2O to produce hydroxyl radical OH•, whereas electrons react with absorbed 
O2 to produce oxygen radicals O2• and other intermediate forms [9]. The hydroxyl 
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radicals and oxygen radicals then attack dye molecules to convert pollutants or 
contaminants into nontoxic forms or completely decompose them to CO2 and H2O 
(Figure 1). The criteria for useful photocatalysts are the capability to absorb the 
solar spectrum at the visible range, excellent performance, and long-term stability.

2.  Electrospinning technique, natural polymer-based nanofibers, 
and carbon nanofibers (CNFs)

2.1 Electrospinning technique as the fabrication method

Electrospinning is one of the several well-developed techniques to fabricate 
fibers at micro- or nanoscale (Figure 2). The electrospinning with versatility allows 
excellent controls over the fiber diameters, nanostructures, and morphology to 
enhance catalytic, mechanical, electrical, biomedical, optical, and adsorptive 
properties. With a wide selection of polymers and the facilities for additive incor-
poration, the electrospinning process can manufacture nanofibers into different 
fascinating structures for varied applications [14]. With recent advancements 
in the electrospinning technique, fascinating nanostructures could be obtained 
with inspiration from objects in nature and can be applied in improving pollutant 
removal. The tree-like structure is composed of trunk fibers and branch fibers. 
The trunk fibers with the support role can improve the mechanical property, 
and the thin branches play the role of connection, decrease the pore size of the 
membranes, and increase the surface area [15]. The spider web-like structure was 

Figure 2. 
Electrospinning technique to fabricate nanofibers with different morphology (a) poly(ε-caprolactone)-poly 
(l-lactic acid) nanofiber tubes [10], (b) cellulose acetate nanofibers with morphology control [11], (c) porous 
carbon nanofibers [12], and (d) cellulose acetate nanofibers with honeycomb-like surface structure [13].
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fabricated by growing zeolitic imidazolate framework-8 (ZIF-8) nanocrystals on 
the nanofibers. The nanofibers showed high removal efficiency for incense smoke, 
formaldehyde, and PM particles, which was attributed to the improved surface 
area and electrostatic interaction between ZIF-8 and particles [16]. Hierarchical 
bioinspired composite nanofibers comprised of PVA, PAA, GO-COOH, and poly-
dopamine demonstrated the eco-friendly and controllable fabricating process with 
efficient adsorption capacity for dye removal [17]. The excellent adsorption was 
due to the strong electrostatic field of carbonyl group modified GO and the unique 
structure of polydopamine. The membrane exhibited excellent reusability with the 
potentially large-scale application.

2.2 Electrospinning bio-based polymers for water treatment

Due to concerns about sustainability and environment, bio-based polymers such as 
cellulose, chitosan, zein, collagen, silk, hyaluronic, alginate, and DNA have been used 
significantly to fabricate nanofibrous composite membranes [18]. The applications of 
these polymers in water filtration at the commercialization scale have seen the increase 
over the past few years due to the beneficial properties of biocompatibility, biodegrad-
ability, safety, and nontoxicity. One of the unique features of bio-based polymer is the 
possession of various functional groups, which can be utilized for pollutant collection 
(Figure 3I). The dye adsorption mechanisms onto polymers can be of chemisorption 
or physisorption. The former is often related to strong bonding (such as covalent 
or ionic bonding) or chemical reactions and is irreversible. The latter is a reversible 
process, thus more preferable. The physisorption is governed by van der Waals forces, 
hydrogen bonding, hydrophobic interaction, and electrostatic attraction.

Gopakumar and coworkers modified cellulose nanofibers by esterification with 
Meldrum’s acid, which endowed the nanofibers with the affinity toward positively 
charged dyes [21]; the mechanisms of adsorption were suggested as electrostatic 
forces between carboxylate groups and the dye molecules. Chitosan/polyamide 
nanofibers were reported to have excellent adsorption capacity toward anionic 
dyes, 456.9 mg/g for Reactive Black 5 (RB5) and 502.4 mg/g for Ponceau 4R (P4R), 
primarily due to the affinity of amino and hydroxyl groups in the chemical struc-
ture [22]. With the increase of the ratios of chitosan/polyamide, the adsorption 
capacities improved, which was assigned to the fact that more reactive sites are 
present in chitosan than polyamide. Li et al. reported an efficient and facile route 
to cover electrospun silk nanofibers with MOFs for high removal efficiency toward 

Figure 3. 
Mechanism of dye affinity: (I) RB5 on zein nanofibers based on hydrogen bonding, electrostatic interactions, 
and hydrophobic interactions [19], (II) MB on CNFs governed by π-π stacking interactions [20], and (III) 
orange II on titania aerogel via H bonding and electrostatic forces [5].
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rhodamine B (RB) and malachite green (MG) [23]. The authors successfully loaded 
the composite nanofibers with high contents of MOFs, and more importantly, the 
3D structure of MOFs was well retained within the silk nanofibrous membrane.

2.3 Carbon nanofibers as supporting materials

Carbon nanofibers with unique and tunable morphology have been used in 
catalytic, environmental, and energy applications [24]. Polyacrylonitrile (PAN) 
nanofibers have been used extensively as an efficient precursor for CNF fabrication. 
CNFs have been employed as an efficient carrier for the loading of catalytic and 
bioactive materials. A broad spectrum of metal oxide nanoparticles has been immo-
bilized in/onto CNFs for dye removal applications. The main approaches to decorate 
CNFs with active materials include electrodeposition, chemical synthesis, and dry 
synthesis. Interestingly, the CNFs also present adsorption capacity (Figure 3II), 
due to the binding between aromatic rings of CNFs and adsorbate based on π-π 
stacking interaction [20]. The high conductive and chemically inert properties of 
CNFs enhance its application in dye degradation via photocatalysis and promote 
reusability. The dye molecules have high chances to be attracted to CNFs, having a 
π-conjugative structure, before being decomposed by photocatalysts loaded on the 
surface of the nanofibers [25].

3.  Adsorptive removal by inorganic absorbents incorporated into 
nanofibers

3.1 Metal oxide

Transitional metal oxide nanoparticles, including copper oxide, zinc oxide, 
iron oxide, titanium dioxide, and mixed metal oxide nanocomposites, have been 
investigated in the dye uptake or dye removal efficiency. Metal oxides have remark-
able physical and chemical characteristics, which have been proven useful for water 
purification. The electrostatic attraction, hydrophobic interactions, and hydrogen 
linkages between the surface of metal oxides and dye molecules were supposed 
to dominate the adsorption, controlling the kinetics and isotherm of adsorbent-
adsorbate interactions [26].

Li et al. reported that the maximum adsorptions for Fe, Co, and Ni oxides were 
found to be at neutral pH and the rise of temperature has a positive impact on the 
capacity of dye removal. The BET surface areas of these composite nanoparticles were 
reported to be between 97.26 and 273.5 m2/g [6]. The plausible explanation for the best 
adsorption capacity at the neutral region is the corrosive destruction of metal oxide 
nanostructure at high or low pH. At acidic pH, the leaching of metal happens because 
of the reaction between metal oxides and H+. At alkaline pH, the hydroxyl groups 
attach to the active sites on the metal oxides, which are positively charged, reducing 
the available number of sites and thereby the attraction between adsorbent surface 
and dye molecules. Malwal and coworkers reported that the pHPZC values of CuO and 
ZnO nanoparticles were around 9.4 and 9.5, which means at pH lower than pHPZC, 
the surface of CuO and ZnO becomes positively charged. The electrostatic attraction 
is the primary mechanism of anionic dye affinity [27]. Similarly, the pHPZC of MgO 
is 12.4, and the anionic dye adsorption is driven by electrostatic forces. The pHPZC of 
TiO2 is around neutral values (6–6.8), which is not so much different from those of 
iron oxides; the PZC values measured for FeO, Fe3O4, and Fe2O3 were around 6.1–6.5 
[28, 29]. The pHPZC of TiO2 and iron oxides is in the neutral range, making them effi-
cient adsorbents for both cationic and anionic dyes in a wide range of pH mediums.



Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

122
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potentially large-scale application.

2.2 Electrospinning bio-based polymers for water treatment

Due to concerns about sustainability and environment, bio-based polymers such as 
cellulose, chitosan, zein, collagen, silk, hyaluronic, alginate, and DNA have been used 
significantly to fabricate nanofibrous composite membranes [18]. The applications of 
these polymers in water filtration at the commercialization scale have seen the increase 
over the past few years due to the beneficial properties of biocompatibility, biodegrad-
ability, safety, and nontoxicity. One of the unique features of bio-based polymer is the 
possession of various functional groups, which can be utilized for pollutant collection 
(Figure 3I). The dye adsorption mechanisms onto polymers can be of chemisorption 
or physisorption. The former is often related to strong bonding (such as covalent 
or ionic bonding) or chemical reactions and is irreversible. The latter is a reversible 
process, thus more preferable. The physisorption is governed by van der Waals forces, 
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Meldrum’s acid, which endowed the nanofibers with the affinity toward positively 
charged dyes [21]; the mechanisms of adsorption were suggested as electrostatic 
forces between carboxylate groups and the dye molecules. Chitosan/polyamide 
nanofibers were reported to have excellent adsorption capacity toward anionic 
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primarily due to the affinity of amino and hydroxyl groups in the chemical struc-
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rhodamine B (RB) and malachite green (MG) [23]. The authors successfully loaded 
the composite nanofibers with high contents of MOFs, and more importantly, the 
3D structure of MOFs was well retained within the silk nanofibrous membrane.

2.3 Carbon nanofibers as supporting materials

Carbon nanofibers with unique and tunable morphology have been used in 
catalytic, environmental, and energy applications [24]. Polyacrylonitrile (PAN) 
nanofibers have been used extensively as an efficient precursor for CNF fabrication. 
CNFs have been employed as an efficient carrier for the loading of catalytic and 
bioactive materials. A broad spectrum of metal oxide nanoparticles has been immo-
bilized in/onto CNFs for dye removal applications. The main approaches to decorate 
CNFs with active materials include electrodeposition, chemical synthesis, and dry 
synthesis. Interestingly, the CNFs also present adsorption capacity (Figure 3II), 
due to the binding between aromatic rings of CNFs and adsorbate based on π-π 
stacking interaction [20]. The high conductive and chemically inert properties of 
CNFs enhance its application in dye degradation via photocatalysis and promote 
reusability. The dye molecules have high chances to be attracted to CNFs, having a 
π-conjugative structure, before being decomposed by photocatalysts loaded on the 
surface of the nanofibers [25].

3.  Adsorptive removal by inorganic absorbents incorporated into 
nanofibers

3.1 Metal oxide

Transitional metal oxide nanoparticles, including copper oxide, zinc oxide, 
iron oxide, titanium dioxide, and mixed metal oxide nanocomposites, have been 
investigated in the dye uptake or dye removal efficiency. Metal oxides have remark-
able physical and chemical characteristics, which have been proven useful for water 
purification. The electrostatic attraction, hydrophobic interactions, and hydrogen 
linkages between the surface of metal oxides and dye molecules were supposed 
to dominate the adsorption, controlling the kinetics and isotherm of adsorbent-
adsorbate interactions [26].

Li et al. reported that the maximum adsorptions for Fe, Co, and Ni oxides were 
found to be at neutral pH and the rise of temperature has a positive impact on the 
capacity of dye removal. The BET surface areas of these composite nanoparticles were 
reported to be between 97.26 and 273.5 m2/g [6]. The plausible explanation for the best 
adsorption capacity at the neutral region is the corrosive destruction of metal oxide 
nanostructure at high or low pH. At acidic pH, the leaching of metal happens because 
of the reaction between metal oxides and H+. At alkaline pH, the hydroxyl groups 
attach to the active sites on the metal oxides, which are positively charged, reducing 
the available number of sites and thereby the attraction between adsorbent surface 
and dye molecules. Malwal and coworkers reported that the pHPZC values of CuO and 
ZnO nanoparticles were around 9.4 and 9.5, which means at pH lower than pHPZC, 
the surface of CuO and ZnO becomes positively charged. The electrostatic attraction 
is the primary mechanism of anionic dye affinity [27]. Similarly, the pHPZC of MgO 
is 12.4, and the anionic dye adsorption is driven by electrostatic forces. The pHPZC of 
TiO2 is around neutral values (6–6.8), which is not so much different from those of 
iron oxides; the PZC values measured for FeO, Fe3O4, and Fe2O3 were around 6.1–6.5 
[28, 29]. The pHPZC of TiO2 and iron oxides is in the neutral range, making them effi-
cient adsorbents for both cationic and anionic dyes in a wide range of pH mediums.
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The mobilization of metal oxides into carbon nanofibers by several methods 
has been described in the literature to improve the adsorption performance. 
The traditional one is to disperse precursors of metal oxides in the PAN polymer 
solution before electrospinning and carbonization. Nevertheless, the metal 
oxide nanoparticles are usually located inside the CNFs, which resulted in low 
adsorption efficiency. Besides, the agglomeration is also of concern because it is 
detrimental to dye removal efficiency and mechanical properties of the CNFs. 
The ultrasonic decoration of CNFs with TiO2 was a straightforward technique to 
achieve uniform distribution of nanoparticles and yield higher efficiency of dye 
uptake [30]. TiO2@carbon composite nanofibers can be prepared by electrospin-
ning technology, followed by a hydrothermal method to acquire the nanoarray 
structure [31]. The high adsorption performance was explained as the decoration 
of TiO2 nanoarray induced the specific surface area enlargement, the tunable 
wettability from hydrophobicity to the hydrophilicity of the carbon nanofibers, 
and considerable negative Zeta potential value. Furthermore, the addition of 
TiCl4 in the electrospinning solution increased the macroscopic flexibility and the 
adsorption performance of CNF from 9.92 to 24.77% for methylene blue (MB), 
respectively.

3.2 Zeolite

Zeolite, an aluminosilicate framework obtained from nature, can be chosen 
as a suitable filler material in the polymeric nanofibrous matrix due to its porous 
structure and exchangeable cation feature [32]. Its 3D structure with negatively 
charged lattice, high specific surface area, and competitive price makes zeolite 
an appealing choice for dye adsorption. The adsorptive sites in zeolites can be 
controlled by adjusting the ratio between silicon and aluminum. With its strong 
adsorption capacity for waste products and toxins, zeolite has been reported to 
show affinity toward methyl orange (MO) [33, 34], MB, and MG [35], with high 
adsorption capacity and reusability feature. The adsorption mechanisms are 
complicated, including porous structure, charged surfaces, heterogeneity, and 
other imperfections. Lee et al. reported that PMMA/zeolite nanofibers exhibit high 
removal efficiency up to 93% for MO at 30 mg L−1. The isotherm adsorption results 
were fitted well with the Langmuir model, which indicated that the dye molecules 
were adsorbed onto the homogeneous surface and monolayer adsorption existed 
during the process [34].

3.3 Graphene and graphene oxide

Recently, graphene and GO have been studied extensively in the field of catalysis 
and adsorption as a result of their massive surface area, delocalized π network, and 
inertness to be used in a wide pH range. Graphene has features of chemical stability, 
low toxicity, and hydrophobicity. The oxidation of graphene provides an excellent 
hydrophilic surface; at the same time, it compromises the π electron structure, 
resulting in poorer attraction to aromatic hazards [36]. The reduction of GO, which 
forms rGO, is a process to recover the adsorption capacity for GO by giving it back 
the π-delocalized electron structure and hydrophobic property. Graphene-based 
materials tend to aggregate due to strong van der Waals and π-π interactions; thus, 
incorporating them into polymeric nanofibers is a way to overcome the aggrega-
tion [7]. Composite GO/PVDF nanofibrous membrane was prepared by ultrasonic 
treatment for the use of organic dye removal. The facial treatment technique, 
with the support of ultrasonication, was implemented. The adsorption capac-
ity is mainly dependent on GO contents of the composite membranes, and the 
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pseudo-second-order model showed a better fit [37]. The mechanism of adsorp-
tion was suggested for π-π stacking interaction between delocalized π electrons in 
graphene and aromatic rings of dyes [38].

3.4 Metal-organic frameworks

MOF is an excellent porous media with a multitude of applications in bio-
medical engineering, photocatalysis, CO2 separation, and dye removal. With the 
properties of chemical and physical stability, effective surface area, excellent 
adsorption capacity, and nontoxicity, it has been widely used as an essential mate-
rial for environmental remediation [39]. However, its poor processability hinders 
the fabrication into filtration devices. Many researchers have successfully applied 
MOF-based composite nanofibers for contaminant removal from wastewater. 
Li et al. reported co-electrospun anionic MOF nanofibrous membranes, which 
displayed synergistic action of PAN and bio-MOF-1 in the adsorption process for 
MB [8]. The resulting filter could sustain a constantly high adsorption capacity 
because of the stable nanofibrous structure and no leaching effects. Desorption 
was conducted in a saturated Na+ solution based on the ion exchange equilibrium. 
The ion exchange process happened to settle the dynamic equilibrium between 
ions of different species. The high adsorption performance of MOF embedded in 
the polymeric nanofibers could be explained as the diffusion of dye molecules to 
the surface and internal channels of MOF, which is governed by a multilayered 
adsorption process associated with the transportation of Gaussian energy into a 
heterogeneous structure [39].

3.5 Recent novel adsorbents for dye uptake

The surface functions of electrospun composite nanofibers are crucial for dye 
removing applications, which depend partly on the chemical groups of the used 
polymers and can be modified by chemical grafting or loaded absorbents. Novel 
p(NIPAM-co-MAA)/β-CD nanofibers were fabricated by electrospinning and 
thermal crosslinking for the application of crystal violet (CV) removal. The porous 
structure obtained from high-temperature treatment caused a hydrophobic surface, 
which facilitated the dye removal. The high adsorption capacity was attributed to 
electrostatic attraction, host-guest interaction of β-cyclodextrin, and hydrophobic 
forces [40]. Zhang and coauthors synthesized acid-activated sepiolite fibers grafted 
with amino groups for the adsorption of Congo red (CR) [41]. The Weber and 
Morris model fitting suggested that the adsorption happened through two stages, 
which included the initial period involving the external mass transfer and the final 
stage governed by intra-particle diffusion.

Recently, clay minerals have been intensively studied for the fabrication of 
clay-polymer composite nanofibers owing to the benefits of low cost, nontoxicity, 
and good adsorption [42]. Montmorillonite/chitosan/PVA nanofibers were utilized 
for Basic Blue (BB41) separation. The complex formation between amine groups 
and cationic dyes governed the adsorption and gave an explanation to the maximum 
adsorption capacity of the composite material at a pH of 7. At acidic pH, the active 
sites were occupied by hydrogen ions. Natural calcium alginate with biocompat-
ibility and nontoxicity shows promises in colored water treatment due to possessing 
carboxyl groups, which can attract cationic dye molecules. Gelatin with amino 
groups also presents high adsorption performance against dyestuffs. The combina-
tion of two materials in the form of composite nanofibers showed good adsorption 
capacity with improved reusability and regeneration compared to using only 
calcium alginate nanofibers [43].
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The traditional one is to disperse precursors of metal oxides in the PAN polymer 
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pseudo-second-order model showed a better fit [37]. The mechanism of adsorp-
tion was suggested for π-π stacking interaction between delocalized π electrons in 
graphene and aromatic rings of dyes [38].

3.4 Metal-organic frameworks

MOF is an excellent porous media with a multitude of applications in bio-
medical engineering, photocatalysis, CO2 separation, and dye removal. With the 
properties of chemical and physical stability, effective surface area, excellent 
adsorption capacity, and nontoxicity, it has been widely used as an essential mate-
rial for environmental remediation [39]. However, its poor processability hinders 
the fabrication into filtration devices. Many researchers have successfully applied 
MOF-based composite nanofibers for contaminant removal from wastewater. 
Li et al. reported co-electrospun anionic MOF nanofibrous membranes, which 
displayed synergistic action of PAN and bio-MOF-1 in the adsorption process for 
MB [8]. The resulting filter could sustain a constantly high adsorption capacity 
because of the stable nanofibrous structure and no leaching effects. Desorption 
was conducted in a saturated Na+ solution based on the ion exchange equilibrium. 
The ion exchange process happened to settle the dynamic equilibrium between 
ions of different species. The high adsorption performance of MOF embedded in 
the polymeric nanofibers could be explained as the diffusion of dye molecules to 
the surface and internal channels of MOF, which is governed by a multilayered 
adsorption process associated with the transportation of Gaussian energy into a 
heterogeneous structure [39].
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polymers and can be modified by chemical grafting or loaded absorbents. Novel 
p(NIPAM-co-MAA)/β-CD nanofibers were fabricated by electrospinning and 
thermal crosslinking for the application of crystal violet (CV) removal. The porous 
structure obtained from high-temperature treatment caused a hydrophobic surface, 
which facilitated the dye removal. The high adsorption capacity was attributed to 
electrostatic attraction, host-guest interaction of β-cyclodextrin, and hydrophobic 
forces [40]. Zhang and coauthors synthesized acid-activated sepiolite fibers grafted 
with amino groups for the adsorption of Congo red (CR) [41]. The Weber and 
Morris model fitting suggested that the adsorption happened through two stages, 
which included the initial period involving the external mass transfer and the final 
stage governed by intra-particle diffusion.

Recently, clay minerals have been intensively studied for the fabrication of 
clay-polymer composite nanofibers owing to the benefits of low cost, nontoxicity, 
and good adsorption [42]. Montmorillonite/chitosan/PVA nanofibers were utilized 
for Basic Blue (BB41) separation. The complex formation between amine groups 
and cationic dyes governed the adsorption and gave an explanation to the maximum 
adsorption capacity of the composite material at a pH of 7. At acidic pH, the active 
sites were occupied by hydrogen ions. Natural calcium alginate with biocompat-
ibility and nontoxicity shows promises in colored water treatment due to possessing 
carboxyl groups, which can attract cationic dye molecules. Gelatin with amino 
groups also presents high adsorption performance against dyestuffs. The combina-
tion of two materials in the form of composite nanofibers showed good adsorption 
capacity with improved reusability and regeneration compared to using only 
calcium alginate nanofibers [43].
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Owing to the mesoporous structure and the possibility of functionalization, 
meso-silica has drawn significant interest in the field of dye adsorption. The 
surface of meso-silica modified with carboxylic acid groups showed affinity toward 
cationic dyes but presented almost no adsorption for anionic and neutral dyes. The 
inorganic modification of meso-silica with CuO enhanced the adsorption effects 
on the cationic dye, which was related to electrostatic forces between CuO and dye 
molecules [44]. Adsorption capacities of different composite nanofibers for various 
dyes are listed in Table 1.

4. Photocatalytic degradation of dyes using composite nanofibers

4.1 ZnO-loaded nanofibers

The photodegradation is a light-induced process following the contact of 
contaminants to the photocatalysts, and its efficiency is substantially governed by 
the adsorption capacity of photocatalysts. Therefore, the adsorption of pollutants 
into metal oxides is the prerequisite for efficient photodecomposition, which hints 
that it is necessary to increase the surface area of adsorbents to give more binding 
sites and restrict the aggregation. Reducing the sizes of metal oxide to nanoscale 
and loading them onto the surfaces of nanofibers is a well-studied route to improve 

No. Adsorbent Dye Adsorption 
capacity, mg g−1

Reference

1. PVDF/GO nanofibers MB 621.1 [37]

2. MOF/PAN nanofibers MB 20.68 [8]

3. PVA/PAA/GO-COOH@PDA MB 26.45 [17]

4. Gelatin/alginate composite nanofibers MB 1937 [43]

5. Zeolitic imidazolate framework-8 
functional polyacrylonitrile nanofibers

MB
MG

36.92
1531.94

[35]

6. ZIF-8@CS/PVA-ENF MG 1000 [39]

7. MOFs grew on silk nanofibers RB
MG

19
840.2

[23]

8. CuO-ZnO composite nanofibers CR 126.4 [27]

9. NH2 grafted acid-activated sepiolite 
fibers

CR 539.71 [41]

10. Meldrum’s acid cellulose nanofibers-
based PVDF nanofibers

CV 3.984 [21]

11. β-Cyclodextrin modified p(NIPAM-co-
MAA) nanofibers

CV 1253.78 [40]

12. Chitosan/polyvinyl alcohol/zeolite 
electrospun nanofibers

MO 153 [33]

13. PMMA/zeolite nanofibers MO 95.33 [34]

14. Chitosan/polyamide nanofibers RB5
P4R

456.9
502.4

[22]

15. APAN/Fe3O4–MPA composites nanofiber Indigo 
carmine

154.5 [45]

Table 1. 
Comparison of different composite nanofibers for the adsorptive removal of dyes.
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the photocatalysis. Among different metal oxide semiconductors, ZnO, an n-type 
semiconductor in the undoped form, has proven to be an immense potential as a 
photocatalyst owing to its low cost, environmentally benign character, and high 
quantum efficiency. ZnO structures with the merit of controllable growth into 
nanoparticles, spindles, nanorods, and flower-like structures, show promises in 
photocatalytic dye decomposition. However, the nature of the powder form of 
ZnO makes the recycling and recovery process an arduous task; the issue can be 
addressed by immobilizing ZnO to nanofibrous membranes. The processes involv-
ing electrospinning and heat treatment were straightforward and delivered an 
outstanding performance [25, 27]. Besides, due to the wide bandgap of 3.37 eV, 
the photocatalytic activity of ZnO can only be triggered by UV light. Doping with 
metals, nonmetals, or other semiconductors can affect the ZnO bandgap, resulting 
in altered photocatalytic performance. Carbon-doped ZnO nanofibers lowered 
the bandgap energy of ZnO, which enabled the generation of oxygen and hydroxyl 
radicals to decompose MB under solar light excitation [46]. The stability of ZnO 
in mediums with different pH is also a hindrance to commercial purposes. Coating 
with inert oxides, such as TiO2 and SiO2, could show higher photostability and bet-
ter photolysis due to the passivation of lattice oxygen [47]. In this case, the coating 
demonstrated remarkably enhanced stability in alkaline and acidic environments 
as a protective layer.

4.2 TiO2 composite nanofibers

TiO2 is one of the most studied semiconductor materials due to many advan-
tages, including the cost-effectiveness, photocatalytic activity, biocompatibility, 
nontoxicity, and high stability. It has different forms, such as rutile, brookite, and 
anatase. The bandgaps of TiO2 are 3.03 and 3.2 eV for rutile and anatase, respec-
tively, and they can be activated by photons in the near UV range (λ < 387 nm). 
The technique of decorating TiO2 onto nanofibers was a well-applied one to deliver 
the photocatalytic degradation of organic pollutants and mitigate its drawbacks 
as spontaneous aggregation and the problem of recovery and recycling. TiO2-
embedded CNFs have gained lots of attention in the application of dye elimination 
by photocatalysis. Liang et al. demonstrated that the CNFs semi-wrapped with 
TiO2 could maintain consistently high photocatalytic activities against RB after five 
times [48]. Besides, significant efforts have been made to dope and functionalize 
TiO2 to trigger the bandgap under the visible light. Qiu et al. presented a novel 
method of immobilizing Mo/N-codoped TiO2 nanorods onto carbon nanofibers 
via two facile steps. The composite nanofibers demonstrated superb photocatalytic 
activity against MB, which suggested that the doping elements exhibited posi-
tive effects on dye degradation. H+ was believed to be the main active species in 
the photodecomposition confirmed by trapping active species experiments [49]. 
The doping with other semiconductors has also demonstrated the enhancement 
in photocatalytic efficiency. Magnetic ZnFe2O4 with a small bandgap of 1.9 eV 
was successfully integrated into TiO2 nanofibers by hydrothermal technique; the 
composite nanofibers promote the photoresponse under a broader region of solar 
light than TiO2 [50].

4.3 Iron-based nanofibrous photocatalysts

Ion-based materials with the unique characteristic of strong magnetic response, 
leading to unprecedented sorption capacity and photocatalytic activities, have 
shown great promises in water treatment. The sizes and shapes present significant 
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Owing to the mesoporous structure and the possibility of functionalization, 
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No. Adsorbent Dye Adsorption 
capacity, mg g−1

Reference

1. PVDF/GO nanofibers MB 621.1 [37]
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MG

36.92
1531.94

[35]

6. ZIF-8@CS/PVA-ENF MG 1000 [39]

7. MOFs grew on silk nanofibers RB
MG

19
840.2

[23]

8. CuO-ZnO composite nanofibers CR 126.4 [27]

9. NH2 grafted acid-activated sepiolite 
fibers

CR 539.71 [41]
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based PVDF nanofibers

CV 3.984 [21]
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MAA) nanofibers
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MO 153 [33]
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P4R
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502.4

[22]

15. APAN/Fe3O4–MPA composites nanofiber Indigo 
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154.5 [45]

Table 1. 
Comparison of different composite nanofibers for the adsorptive removal of dyes.
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TiO2 to trigger the bandgap under the visible light. Qiu et al. presented a novel 
method of immobilizing Mo/N-codoped TiO2 nanorods onto carbon nanofibers 
via two facile steps. The composite nanofibers demonstrated superb photocatalytic 
activity against MB, which suggested that the doping elements exhibited posi-
tive effects on dye degradation. H+ was believed to be the main active species in 
the photodecomposition confirmed by trapping active species experiments [49]. 
The doping with other semiconductors has also demonstrated the enhancement 
in photocatalytic efficiency. Magnetic ZnFe2O4 with a small bandgap of 1.9 eV 
was successfully integrated into TiO2 nanofibers by hydrothermal technique; the 
composite nanofibers promote the photoresponse under a broader region of solar 
light than TiO2 [50].

4.3 Iron-based nanofibrous photocatalysts

Ion-based materials with the unique characteristic of strong magnetic response, 
leading to unprecedented sorption capacity and photocatalytic activities, have 
shown great promises in water treatment. The sizes and shapes present significant 



Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

128

influences over the magnetic properties of iron oxide nanoparticles due to the 
changes in magnetic anisotropy. Among magnetic materials, FeO (wustite), Fe3O4 
(magnetite), α-Fe2O3 (hematite), β-Fe2O3 (beta phase), γ-Fe2O3 (magnetite), and 
spinel ferrites (MFe2O4) have been focused on for the multiple applications includ-
ing catalysis, sensors, and magnetic data storage. α-Fe2O3 presents weak ferromag-
netism (saturation magnetization is less than 1 emu g−1) at room temperature in 
contrast to γ-Fe2O3 and Fe3O4 (up to 92 emu g−1). Thus, Fe3O4 and γ-Fe2O3 have been 
employed extensively to regenerate photocatalysts owing to good magnetic separa-
tion [51]. The convenience of separation by using an external magnetic field helps 
replace the tedious task of filtration and centrifugation for photocatalyst recovery. 
One prominent advantage of iron oxides is the relative narrow bandgap for the use 
of visible light activity, which is between 1.9 and 2.5 eV. In comparison to anatase 
TiO2 (3.03–3.2 eV), which can only harvest light at a wavelength of 387 nm or below 
in the UV region, iron oxide-based photocatalysts prove to be superior in visible 
light range. The use of heterogeneous photocatalysts can accelerate the photocata-
lytic performance of iron oxides as a result of the enhanced visible light activation, 
better separation of electron-hole pair, and interfacial charge transfer. Bi2MoO6, 
which possesses a small bandgap (2.5–2.8 eV), was prepared by electrospinning; 
then the solvothermal method was followed to prepare 1D α-Fe2O3/Bi2MoO6 
composite nanofibers [52]. The composite was demonstrated to exhibit enhanced 
photocatalysis in MB and RB degradation under sunlight irradiation because of 
the charge separation character of heterogeneous α-Fe2O3 and Bi2MoO6 composite 
nanomaterials.

4.4 Other photocatalysts

Different photocatalysts such as WO3, PdO, ZrO2, and SnO2 have exhibited 
distinctive photocatalytic effects against organic dye molecules with various 
advantageous features such as cost-effectiveness, environmental compatibility, 
wide applied pH ranges, and flexible nanostructure [26, 53]. WO3, with its 
bandgap varied from 2.4 to 2.8 eV, an n-type semiconductor photocatalyst, is 
considered as a potential photocatalyst; however, due to the fast recombination 
of electron and hole pairs, the photocatalytic activities of WO3 were relatively 
weak. To intercept the recombination as a result of the short diffusion length of 
charge carriers and enhance the photocatalysis, Ma et al. introduced the graft-
ing of Cu species by impregnation method for interfacial charge transfer effect 
applied in RB degradation under visible light irradiation [54]. The p- and n-type 
heterostructured semiconductors show better charge transfer in accordance 
with Fermi level equilibrium. The redistribution of charges between n-type and 
p-type produces inner electric fields, which facilitate the transportation of charge 
carriers and restrict the recombination, thus enhancing the photocatalysis. 
CuCrO2-decorated SnO2 composite nanofibers were synthesized by electrospin-
ning, followed by a drop-casting method. The composite nanofibers displayed 
41% better rate of constant value in comparison with pure SnO2 [55]. Zr is in the 
same group IVB of elements as Ti, but ZrO2 can only absorb 4% of solar light 
because of the high energy bandgap and low specific area. Lots of efforts have 
been made to dope ZrO2 with other nonmetals, metals, and semiconductors in 
order to improve light response. The effects of different compositions of TiO2/
ZrO2 nanofibers were reported in the photocatalytic degradation of MB dye; the 
nanofibers containing 40 wt% ZrO2 displayed the best performance under visible 
light [56]. Table 2 lists the photocatalytic degradation of varied metal oxide-
based composite nanofibers.
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5. Conclusion

Electrospun composite nanofibers are advantageous in adsorbing and degrad-
ing dyestuffs with better results than using sole absorbents and promote the 
convenient regeneration. Many transitional metal oxides have shown efficient 
dye removal effects by both adsorption and photocatalytic degradation. Zeolite, 
graphene, GO, and MOFs have also demonstrated the high capability for dye 
adsorption. The mechanisms were driven by physisorption, chemisorption, and 
so on, which have been discussed thoroughly in this chapter. Future research 
should be concentrated on combining different adsorbents in the nanofibrous 
membranes to overcome drawbacks of each adsorbent and create hybrid nano-
composite materials with novelty and super adsorption performance. Lots of 
advancements are still needed to overcome the remaining issues of recyclability, 
secondary pollutants, and the viability in the industrial scale for the application 
in real dye effluents.

No. Photocatalyst Dye Light source Time (h) Degradation 
efficiency, %

Reference

1. C-doped ZnO 
nanofiber

MB Simulated 
solar light

0.5 > 95 [46]

2. PdO/WO3 NFs MB Visible light 24 86.4 [9]

3. Ag-ZnO 
photocatalyst 

anchored on carbon 
nanofibers

MB UV
Visible light

1
2

95
95

[25]

4. Mo/N-doped TiO2 
nanorods@CNFs

MB Visible light 3 79.8 [49]

5 CuCrO2-decorated 
SnO2 composite 

nanofibers

MB UV/visible 
light

1.5 97 [55]

6. TiO2/ZrO2 
composite 
nanofibers

MB Visible light 3 82.7 [56]

7. TiO2-decorated 
carbon nanofibers

MB UV 3 97.4 [30]

8. TiO2@carbon 
flexible fiber

MB UV 18 76.06 [31]

9. ZnFe2O4@ 
TiO2 composite 

nanofibers

MB Solar light 40 min > 80 [50]

10. α-Fe2O3/Bi2MoO6 
composite 
nanofibers

MB
RB

Sunlight 4 94.8
66.8

[52]

11. Semi-wrapped 
TiO2@carbon 

nanofibers

RB UV 1 98.2 [48]

12. WO3/Cu (II) 
nanofibers

RB Visible light 3 85 [54]

Table 2. 
Comparison of different photocatalytic materials incorporated into electrospun nanofibers for dye degradation.
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which possesses a small bandgap (2.5–2.8 eV), was prepared by electrospinning; 
then the solvothermal method was followed to prepare 1D α-Fe2O3/Bi2MoO6 
composite nanofibers [52]. The composite was demonstrated to exhibit enhanced 
photocatalysis in MB and RB degradation under sunlight irradiation because of 
the charge separation character of heterogeneous α-Fe2O3 and Bi2MoO6 composite 
nanomaterials.

4.4 Other photocatalysts

Different photocatalysts such as WO3, PdO, ZrO2, and SnO2 have exhibited 
distinctive photocatalytic effects against organic dye molecules with various 
advantageous features such as cost-effectiveness, environmental compatibility, 
wide applied pH ranges, and flexible nanostructure [26, 53]. WO3, with its 
bandgap varied from 2.4 to 2.8 eV, an n-type semiconductor photocatalyst, is 
considered as a potential photocatalyst; however, due to the fast recombination 
of electron and hole pairs, the photocatalytic activities of WO3 were relatively 
weak. To intercept the recombination as a result of the short diffusion length of 
charge carriers and enhance the photocatalysis, Ma et al. introduced the graft-
ing of Cu species by impregnation method for interfacial charge transfer effect 
applied in RB degradation under visible light irradiation [54]. The p- and n-type 
heterostructured semiconductors show better charge transfer in accordance 
with Fermi level equilibrium. The redistribution of charges between n-type and 
p-type produces inner electric fields, which facilitate the transportation of charge 
carriers and restrict the recombination, thus enhancing the photocatalysis. 
CuCrO2-decorated SnO2 composite nanofibers were synthesized by electrospin-
ning, followed by a drop-casting method. The composite nanofibers displayed 
41% better rate of constant value in comparison with pure SnO2 [55]. Zr is in the 
same group IVB of elements as Ti, but ZrO2 can only absorb 4% of solar light 
because of the high energy bandgap and low specific area. Lots of efforts have 
been made to dope ZrO2 with other nonmetals, metals, and semiconductors in 
order to improve light response. The effects of different compositions of TiO2/
ZrO2 nanofibers were reported in the photocatalytic degradation of MB dye; the 
nanofibers containing 40 wt% ZrO2 displayed the best performance under visible 
light [56]. Table 2 lists the photocatalytic degradation of varied metal oxide-
based composite nanofibers.
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Electrospun composite nanofibers are advantageous in adsorbing and degrad-
ing dyestuffs with better results than using sole absorbents and promote the 
convenient regeneration. Many transitional metal oxides have shown efficient 
dye removal effects by both adsorption and photocatalytic degradation. Zeolite, 
graphene, GO, and MOFs have also demonstrated the high capability for dye 
adsorption. The mechanisms were driven by physisorption, chemisorption, and 
so on, which have been discussed thoroughly in this chapter. Future research 
should be concentrated on combining different adsorbents in the nanofibrous 
membranes to overcome drawbacks of each adsorbent and create hybrid nano-
composite materials with novelty and super adsorption performance. Lots of 
advancements are still needed to overcome the remaining issues of recyclability, 
secondary pollutants, and the viability in the industrial scale for the application 
in real dye effluents.
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Chapter 8

Nanosilica Composite for 
Greenhouse Application
Malek Alghdeir, Khaled Mayya and Mohamed Dib

Abstract

This work represents the results of experiments on silicon dioxide insulation 
materials mixed with low-density polyethylene (LDPE) at a different propor-
tion to prevent the transmittance of IR domain and to allow the transmittance 
of ultraviolet–visible (UV–Vis) domains, so we can keep the thermal radiation 
of the ground in the greenhouse. The mechanical properties of nanocomposites 
such as tensile were evaluated and discussed. Several ratios of nanosilica par-
ticles were employed to fabricate low-density polyethylene (LDPE) composites 
using melt mixing and hot molding methods. Six of composite films from 
different ratios (0.5, 1, 2.5, 5, 7.5, and 10 wt% nanosilica) were prepared. The 
obtained composite films were characterized and identified by ultraviolet–visible 
(UV–Vis) spectroscopy and Fourier transform infrared spectroscopy (FTIR). 
Thermal stability of samples was evaluated by thermogravimetric analysis 
(TGA). Surface morphology of samples was investigated by scanning electron 
microscopy (SEM). At specific mixing ratio, the ultraviolet–visible transmittance 
is allowed, while far infrared radiation transmittance was prohibited, and that 
will be explained in details. Optical measurements show that the composite films 
prevent the transmission of IR radiation near 9 μm and allow UV–Vis transmis-
sion during sun-shining time. The mechanical behavior was studied using tensile 
tests for nanosilica-reinforced LDPE composite. The sample with an addition of 
1 wt% nanosilica has successfully enhanced the mechanical properties of LDPE 
material.

Keywords: silicon dioxide (SiO2), low-density polyethylene (LDPE), composite 
barrier films, Fourier transform infrared spectroscopy (FTIR)

1. Introduction

Polymeric materials are widely used in greenhouses and in food packaging. 
Typical examples of such materials are polyethylene terephthalate (PET), polyeth-
ylene (PE), and polypropylene (PP) [1, 2].

In recent years, many studies have been done, and much effort has been 
devoted to polymer nanocomposites which have attracted a great attention from 
scientists [3]. The literature contains a plethora of experiments illustrating the 
thus involved parameters. At turns and among others, fabrication technique, 
matrix nature, nanofiller shape factor, and complex nature of the additives may 
be the determinants on the end-result properties of the polymer nanocomposites 
[4]. The dispersion of nanoparticles in the polymer matrix [5, 6] and the property 
of the interface between nanoparticle and polymer are regarded as key factors 
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1. Introduction

Polymeric materials are widely used in greenhouses and in food packaging. 
Typical examples of such materials are polyethylene terephthalate (PET), polyeth-
ylene (PE), and polypropylene (PP) [1, 2].

In recent years, many studies have been done, and much effort has been 
devoted to polymer nanocomposites which have attracted a great attention from 
scientists [3]. The literature contains a plethora of experiments illustrating the 
thus involved parameters. At turns and among others, fabrication technique, 
matrix nature, nanofiller shape factor, and complex nature of the additives may 
be the determinants on the end-result properties of the polymer nanocomposites 
[4]. The dispersion of nanoparticles in the polymer matrix [5, 6] and the property 
of the interface between nanoparticle and polymer are regarded as key factors 
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Figure 1. 
Blackbody radiation spectra at 273, 293, 313, 333, 373, 393, 413, 433, and 453 K [14].

affecting the insulating properties of nanocomposites [7, 8]. Polymer nanocom-
posites often show superior mechanical properties compared to the conventional 
composites at a lower loading of the nanoparticles [9]. So far, a few researches 
have systematically studied the effects of different nanoparticles on the perfor-
mances of composite materials [3].

The excellent properties of silicon dioxide film have attracted attention in 
industry and academia, due to its hardness, corrosion resistance, anti-resistance 
[10], dielectric properties [11], optical transparency, etc. [12]. Silicon dioxide as 
a thin film is widely used to improve the surface properties of materials. This is 
why silicon dioxide films are used in many fields as in antireflection coating field 
[13]. Silicon dioxide films are used as barrier layers in polymer packaging materi-
als in the packaging industry. Most of the modern packaging materials do not 
provide an efficient barrier against the permeation of gases. This leads to drink 
and food not getting rotten quickly. Because of this, a silicon dioxide film depos-
ited on the surface of polymer packaging becomes indispensable and popular. In 
addition, silicon dioxide films can be also used as corrosion protective layers of 
metals. Besides, the preparation of silica with high quality is always an important 
aim of scientific research because of the universal application of silicon dioxide 
films in various fields [14].

Currently, a number of different barrier coating technologies are being devel-
oped. Theoretically, a barrier function can be incorporated into a plastic-based 
packaging material via two different means, either by mixing a barrier material 
with the base polymer or by coating a layer of the barrier material [15, 16].

Presently, the traditional and simplest method of preparing polymer/silica 
composites is direct mixing of the silica into the polymer. The mixing can generally 
be done by melt blending and solution blending. This mixing process always results 
in the effective dispersion of the silica nanoparticles in the polymer matrix. The 
basic difficulty is when they usually tend to agglomerate [17].

This work represents the results of experiments on silicon dioxide insulation 
materials mixed with LDPE at a different proportion to prevent the transmittance 
of IR domain and to allow the transmittance of UV–Vis domains, so we can keep the 
thermal radiation of the ground in the greenhouse. The mechanical properties of 
nanocomposites such as tensile were evaluated and discussed.

Samples of neat LDPE and nanocomposites in different ratios (0.5, 1, 2.5, 5, 7.5, 
and 10 wt% SiO2) were produced. Many material properties were investigated and 
will be discussed.

By studying blackbody thermal radiation, all objects with a temperature 
above absolute zero emit energy in the form of electromagnetic radiation. A 
blackbody is a model or theoretical body which absorbs all radiation falling 
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on it. It is a hypothetical object which is a “perfect” absorber and a “perfect” 
emitter of radiation. The electromagnetic radiation emitted by a blackbody has 
a specific intensity and spectrum that depend only on the body’s temperature; 
the thermal radiation spontaneously emitted by ordinary objects, for example, 
plants and land, can be approximated as blackbody radiation. Figure 1 shows the 
blackbody radiation spectrum at different several temperatures. We are inter-
ested in the vicinity of 10 μm (9–11 μm), because at the temperatures near 0°C 
(273 K), the thermal radiation from the ground is maximum at 10 μm while at 
the temperature 30°C (303 K), thermal radiation from the ground is maximum 
at 9.5 μm [14].

2. Material and methods

2.1 Materials

Low-density polyethylene (LDPE) which is a thermoplastic made from the 
monomer ethylene with a density of 0.922 g/cm3 was purchased from Saudi Basic 
Industries Corporation (SABIC). High-purity fumed nanosilica (purity >99%) with 
the trademarks of A200 with an average particle size of ~12 nm was obtained from 
Evonik Degussa AG (Germany). Table 1 shows the information on basic physical 
and chemical properties for fumed nanosilica.

2.2 Sample preparation

Samples were prepared by blending LDPE in different ratios (0.5, 1, 2.5, 5, 
7.5, and 10 wt% SiO2) and making plates from composite material. In different 
nanosilica ratios, nanosilica composites were mechanically mixed with LDPE 
granules at the processing temperature of 130°C and speed at 50 rpm min−1 
for 10 min using the internal mixer (Brabender Plasti-Corder PL-2200, W50, 
Germany). Films of the neat LDPE with dimension of 10 cm × 10 cm × 120 μm and 
nanocomposites were prepared by a hot press method at the temperature of 140°C 
and the pressure of 50 bars.

Properties Value

Physical state Solid

Color White

Form Powder

pH 3.7–4.5

Melting point/range Approx. 1700°C

Surface area 200 ± 25 m2/g

Density Approx. 2.2 g/cm3

Thermal decomposition >2000°C

Water solubility >1 mg/l

Loss on drying ≤1.5% (2 h at 105°C)

Silica content based on ignited material >99.8%

Table 1. 
Information on basic chemical and physical properties for nanosilica.
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Figure 1. 
Blackbody radiation spectra at 273, 293, 313, 333, 373, 393, 413, 433, and 453 K [14].
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a specific intensity and spectrum that depend only on the body’s temperature; 
the thermal radiation spontaneously emitted by ordinary objects, for example, 
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at 9.5 μm [14].
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Low-density polyethylene (LDPE) which is a thermoplastic made from the 
monomer ethylene with a density of 0.922 g/cm3 was purchased from Saudi Basic 
Industries Corporation (SABIC). High-purity fumed nanosilica (purity >99%) with 
the trademarks of A200 with an average particle size of ~12 nm was obtained from 
Evonik Degussa AG (Germany). Table 1 shows the information on basic physical 
and chemical properties for fumed nanosilica.

2.2 Sample preparation

Samples were prepared by blending LDPE in different ratios (0.5, 1, 2.5, 5, 
7.5, and 10 wt% SiO2) and making plates from composite material. In different 
nanosilica ratios, nanosilica composites were mechanically mixed with LDPE 
granules at the processing temperature of 130°C and speed at 50 rpm min−1 
for 10 min using the internal mixer (Brabender Plasti-Corder PL-2200, W50, 
Germany). Films of the neat LDPE with dimension of 10 cm × 10 cm × 120 μm and 
nanocomposites were prepared by a hot press method at the temperature of 140°C 
and the pressure of 50 bars.

Properties Value

Physical state Solid

Color White

Form Powder

pH 3.7–4.5

Melting point/range Approx. 1700°C

Surface area 200 ± 25 m2/g

Density Approx. 2.2 g/cm3

Thermal decomposition >2000°C

Water solubility >1 mg/l

Loss on drying ≤1.5% (2 h at 105°C)

Silica content based on ignited material >99.8%

Table 1. 
Information on basic chemical and physical properties for nanosilica.
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3. Results and discussion

3.1 Infrared spectroscopic study

The transmittance of samples was examined by Fourier transform infrared 
(FTIR) spectroscopy (FTIR spectrometer, VERTEX 70/70v from Bruker™ Optics) 
in the wavelength range of 1–25 μm. Figure 2 shows the transmittance spectra of 
the SiO2/LDPE films in different ratios.

Different absorption peaks could be identified in the MIR range. The first one 
at ~3 μm caused by OH group and other peaks at ~9 μm, ~12 μm, and ~21 μm, due 
to Si—O—Si resonance mode of vibrations [18]. Some of these peaks also involve 
the LDPE substrate in the IR absorption spectra. The peak at 9 μm gives the SiO2 
its importance and allows it to be used in this application. We observe a decrease in 
transmittance when the mixing ratio of SiO2 increases. The changes in the average 
transmittance for wavelengths ranging from 7 to 10.5 μm are shown in Figure 3. We 
notice a sharp decline in transmittance when the ratio of SiO2 is increased.

3.2 Ultraviolet-visible spectroscopy study

The optical transmittance measurements of LDPE/silica nanocomposite 
substrate films were carried out with a UV–Vis–NIR spectrophotometer (UV 
Spectrophotometer A560AOE instruments) at normal incident of light in the 
wavelength range of 200–1100 nm. Figure 4 shows the transmittance spectra of 
the samples. The UV spectra show that the composite substrates (0.5, 1, 2.5, 5, and 
7.5 wt% SiO2) have no significant effect on the transmittance. On the other hand, a 
significant decrease in the transmittance is observed with a mixture ratio of 10 wt% 
SiO2 compared to the LDPE without mixing. This decrease is addressed in Section 3.

3.3 Mechanical property study

For mechanical property studies, the test specimens for tensile was molded and 
cut according to the dimensions specified in Table 2. The tensile test was measured 
using a traction compression machine Adamel Lhomargy DY34 under atmospheric 
conditions. Average five samples were tested and the stress-strain curves were 
recorded. Crosshead speed for tensile tests was carried at 5 mm/min. Table 3 shows 
the summary of tensile data for the control sample and six composites of LDPE.

Figure 2. 
FTIR spectra for different ratios of LDPE/silica nanocomposite film.
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Figure 5 shows the stress–strain curves from tensile tests for LDPE/silica nano-
composites. Figure 5 shows that the stress at break gradually increasing with the 
increase of silica loading up to 1 wt%. This result suggests that the fine silica particle 

Figure 3. 
FTIR spectra in the range of 7–10.5 μm.

Figure 4. 
UV–Vis spectra of LDPE/silica nanocomposite film.

Specifications Dimensions (mm)

Sample length 75

Display ends 12.5 ± 1

Length of the active part 25 ± 1

Display the effective part 4 ± 0.1

External radius 8 ± 0.5

Internal radius 12.5 ± 1

Table 2. 
Specified dimension of samples for tensile test.
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would reinforce and orient along the direction of stress and this has contributed to 
the increase of tensile strength of the nanocomposite with the addition of 1 wt% of 
nanosilica particles.

The stress–strain curves also illustrate that there was a significant increase of 
elongation at break values of LDPE with the incorporation of nanosilica particle 
into the nanocomposite. This result indicates that the incorporation of nanosilica 
particle would improve the interaction between the molecules. At lower weight 
percentage, the addition of nanosilica in LDPE matrix increases surface interaction 
bonding between the molecules. The nanoparticles may be trapped inside entangle-
ments resulting in a restriction on the polymer overall chain mobility.

Figure 5 shows that both of the stress at break and elongation at break (strain) 
of nanocomposite achieved the highest values with 1 wt% loading of silica particles. 

Material Property Average Std. dev.

LDPE control Maximum load, N 58 4.47

Tensile strength, MPa 8.18 0.60

% elongation at break 250 48

Modulus of elasticity, MPa 64.47 5.1

LDPE 0.5 wt% SiO2 Maximum load, N 60 0

Tensile strength, MPa 7.91 0.22

% elongation at break 307 52

Modulus of elasticity, MPa 95.4 9.2

LDPE 1 wt% SiO2 Maximum load, N 60 0

Tensile strength, MPa 8.78 0.09

% elongation at break 374 40

Modulus of elasticity, MPa 88.4 12

LDPE 2.5 wt% SiO2 Maximum load, N 60 0

Tensile strength, MPa 8.64 0.17

% elongation at break 362 92

Modulus of elasticity, MPa 96 3.5

LDPE 5 wt% SiO2 Maximum load, N 60 0

Tensile strength, MPa 8.27 0.10

% elongation at break 231 71

Modulus of elasticity, MPa 122 11

LDPE 7.5 wt% SiO2 Maximum load, N 60 0

Tensile strength, MPa 8.35 0.07

% elongation at break 253 31

Modulus of elasticity, MPa 112 16

LDPE 10 wt% SiO2 Maximum load, N 60 0

Tensile strength, MPa 8.38 0.19

% elongation at break 118 16

Modulus of elasticity, MPa 122 21

Table 3. 
Summary of tensile data for the control sample and six composites of LDPE.

141

Nanosilica Composite for Greenhouse Application
DOI: http://dx.doi.org/10.5772/intechopen.92181

Above 1 wt% silica loading, both the stress and elongation at break showed a gradual 
drop. These results are attributed to the reinforcing effect of the silica particles.

A higher amount of silica particles would reduce the reinforcing effect and 
mechanical properties of the nanocomposites due to poor dispersion and agglom-
eration of silica particles. The agglomerated silica particles with larger particle size 
would serve as flaws and stress concentration for crack initiation, resulting in poor 
tensile properties.

In this study, the nanoparticles were well dispersed at lower loading (0.5 to 
1 wt%) of silica particles. The reinforcing effect of this small amount of nanopar-
ticle loadings with the huge specific surface area has a dramatically larger total 
interface area for reinforcement efficiency.

In Figure 6 all nanocomposites show the same average tensile strength compared 
to that of LDPE. This is not unexpected as large changes in tensile strength and 
extensibility and cannot be expected at a loading below of 10 wt.% of nanofiller [9]. 
Figure 6 illustrates the effect of nanosilica particles to Young’s modulus of LDPE 
matrix. As shown in Figure 6, Young’s modulus increased with the addition of silica 
nanoparticles. This suggests that the incorporation of silica nanoparticles would 
improve the stiffness of LDPE. At low silica contents of 1 wt%, the nanocomposite 
exhibits an interactive structure with the matrix. Strong interfacial interaction will 
enable the load to be transferred easily across the nanoparticle-matrix interface. 
This will contribute to the increase of Young’s modulus and tensile strength of 
the nanoparticle-reinforced composites. However, the agglomeration of particles 
occurred with the increase of silica loadings. The high amount of nanoparticle load-
ings did not participate in homogeneous interactive bonding with LDPE. The weak 
interaction between particle and matrix has caused lower tensile properties due to 
the debonding of particle from matrix prior to the plastic deformation of the matrix.

3.4 Greenhouses thermal study

We built a mini greenhouse of LDPE without mixing and another of LDPE 
mixed with 2.5 wt% SiO2. We also built a third mini greenhouse of silica glass 

Figure 5. 
Typical stress–strain curves of neat LDPE and LDPE/silica nanocomposites.
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window (glass thickness is 6 mm, the transmittance from 350 to 1100 nm is 88% 
approximately) (see Figure 7). All the three greenhouses are cubic with a side of 
20 cm. Inside each greenhouse, we put a small plant. This plant was previously 
grown under similar conditions.

The temperature inside each greenhouse was measured using identical tem-
perature sensors (Tecnologic with resolution 0.1°C). The external temperature was 
also measured using an identical sensor. All the measurements were made at the 
same moment every 30 minutes starting from 1:00 PM until 6:00 AM the next day. 
Figure 8 shows the temperature variations inside the three greenhouses along with 
the external air temperature. An increase in the temperature inside the greenhouse 
mixed with 2.5 wt% SiO2 is noticed. This increase is estimated to be more than 
2°C than the LDPE greenhouse without mixing (2°C overall and 2.2°C between 
11:00 PM and 5:00 AM). We also noticed that the transmittance of the greenhouse 
mixed with 2.5 wt% SiO2 approaches that of the glass house very much (see the 
green and blue triangles in Figure 8). In fact, the average temperature difference is 
about 0.14°C overall, and the two temperatures between 11:00 PM and at 5:00 AM 
match to each other very well.

By studying the IR transmission in Figures 2, 3, and 9, a decrease in the trans-
mittance near 9 μm with increasing mixture ratios is noticed. This result explains 
the rise in temperature inside the mini greenhouses (shown in Figure 9). The 
LDPE/silica nanocomposite barrier films preserve the thermal radiation of the 
ground. Thus, the internal temperature inside the greenhouse is maintained.

One can also notice that in the vicinity of 9 μm, the transmittance of the sample 
with a ratio of 5 wt% SiO2 is very close to that with a ratio of 2.5 wt% SiO2. We 
deduce that it may not be very beneficial to go beyond a ratio of 2.5 wt% SiO2.

By studying the UV–Vis transmission in Figure 4, a significant decrease is 
noticed in the transmittance of the film with a ratio of 10 wt% SiO2, compared with 
the other films of less ratios (0.5, 1, 2.5, 5, and 7.5 wt% SiO2). These five composite 
barrier films do not have any significant effect on the transmittance compared 
with that of the LDPE without mixing. Thus, the film with a ratio of 2.5 wt% SiO2 
composite film was adopted to build the mini greenhouse. It has no effect on the 
UV–Vis transmission but it reduces a maximum transmission of the IR radiation 
around 9 μm.

Figure 6. 
The tensile strength, elongation at break and Modulus of elasticity as a function of different ratios of SiO2.
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The refractive index of LDPE in the visible domain is 1.51, while the imaginary 
part is 𝑘𝑘 = 0 [19]. It is very close to the real part value of the refractive index of 
SiO2 which is equal to 1.43 [20]. Therefore, there should not be any significant 
change in the transmittance of the LDPE, in the visible range, when mixed with 
SiO2. This is clearly seen in Figure 4 except for the last case where the ratio of the 
SiO2 is 10 wt%. Consequently, there should not be any significant change in the 
greenhouse temperature during sun-shining time. The significant reduction in 
the transmittance in the case where the ratio of SiO2 is 10 wt% is probably due to 
Mie scattering [21–23].

3.5 SEM study

Figure 10 shows the SEM images at a magnification of ×2000 that show no 
obvious signs of agglomeration of the filler. At this magnification, significant 
agglomeration should be discernible. While some idea of the level of dispersion 
might be ascertained by scanning electron microscopy (SEM), the small areas 

Figure 7. 
The three greenhouses. (a) LDPE without mixing, (b) LDPE mixing with 2.5 wt% SiO2, and (c) silica glass.

Figure 8. 
The variations of difference temperature (ΔT), between the temperature inside the greenhouse and the 
temperature in the external air, during the time starting from 1 P.M. (13) until 6 A.M.
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window (glass thickness is 6 mm, the transmittance from 350 to 1100 nm is 88% 
approximately) (see Figure 7). All the three greenhouses are cubic with a side of 
20 cm. Inside each greenhouse, we put a small plant. This plant was previously 
grown under similar conditions.

The temperature inside each greenhouse was measured using identical tem-
perature sensors (Tecnologic with resolution 0.1°C). The external temperature was 
also measured using an identical sensor. All the measurements were made at the 
same moment every 30 minutes starting from 1:00 PM until 6:00 AM the next day. 
Figure 8 shows the temperature variations inside the three greenhouses along with 
the external air temperature. An increase in the temperature inside the greenhouse 
mixed with 2.5 wt% SiO2 is noticed. This increase is estimated to be more than 
2°C than the LDPE greenhouse without mixing (2°C overall and 2.2°C between 
11:00 PM and 5:00 AM). We also noticed that the transmittance of the greenhouse 
mixed with 2.5 wt% SiO2 approaches that of the glass house very much (see the 
green and blue triangles in Figure 8). In fact, the average temperature difference is 
about 0.14°C overall, and the two temperatures between 11:00 PM and at 5:00 AM 
match to each other very well.

By studying the IR transmission in Figures 2, 3, and 9, a decrease in the trans-
mittance near 9 μm with increasing mixture ratios is noticed. This result explains 
the rise in temperature inside the mini greenhouses (shown in Figure 9). The 
LDPE/silica nanocomposite barrier films preserve the thermal radiation of the 
ground. Thus, the internal temperature inside the greenhouse is maintained.

One can also notice that in the vicinity of 9 μm, the transmittance of the sample 
with a ratio of 5 wt% SiO2 is very close to that with a ratio of 2.5 wt% SiO2. We 
deduce that it may not be very beneficial to go beyond a ratio of 2.5 wt% SiO2.

By studying the UV–Vis transmission in Figure 4, a significant decrease is 
noticed in the transmittance of the film with a ratio of 10 wt% SiO2, compared with 
the other films of less ratios (0.5, 1, 2.5, 5, and 7.5 wt% SiO2). These five composite 
barrier films do not have any significant effect on the transmittance compared 
with that of the LDPE without mixing. Thus, the film with a ratio of 2.5 wt% SiO2 
composite film was adopted to build the mini greenhouse. It has no effect on the 
UV–Vis transmission but it reduces a maximum transmission of the IR radiation 
around 9 μm.

Figure 6. 
The tensile strength, elongation at break and Modulus of elasticity as a function of different ratios of SiO2.

143

Nanosilica Composite for Greenhouse Application
DOI: http://dx.doi.org/10.5772/intechopen.92181

The refractive index of LDPE in the visible domain is 1.51, while the imaginary 
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SiO2 which is equal to 1.43 [20]. Therefore, there should not be any significant 
change in the transmittance of the LDPE, in the visible range, when mixed with 
SiO2. This is clearly seen in Figure 4 except for the last case where the ratio of the 
SiO2 is 10 wt%. Consequently, there should not be any significant change in the 
greenhouse temperature during sun-shining time. The significant reduction in 
the transmittance in the case where the ratio of SiO2 is 10 wt% is probably due to 
Mie scattering [21–23].
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Figure 10 shows the SEM images at a magnification of ×2000 that show no 
obvious signs of agglomeration of the filler. At this magnification, significant 
agglomeration should be discernible. While some idea of the level of dispersion 
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sampled by this technique do not yield an average picture of the sample. Also, 
transmission electron microscopy (TEM) is better suited than SEM for studying 
nanoparticle dispersion [9].

3.6 Thermal analysis

The decomposition temperatures (Td) for LDPE and LDPE nanocomposite 
were obtained by thermogravimetric analysis (TGA). Samples (10 mg) placed in 

Figure 9. 
Transmittance at 9 μm as a function of different ratios of SiO2.

Figure 10. 
Scanning electron micrograph of nanocomposite LDPE 2.5 wt% SiO2 sample at ×2000 magnification.

145

Nanosilica Composite for Greenhouse Application
DOI: http://dx.doi.org/10.5772/intechopen.92181

an alumina holder were submitted to a heating cycle at a rate of 10°C/min starting 
from room temperature (25°C) up to 600°C, under nitrogen atmosphere.

Figure 11 shows the decomposition profile (percentage of weight loss with 
temperature) for LDPE and LDPE/silica nanocomposites performed in one step. 
The presence of SiO2 in the nanocomposite confers thermal stability to it shown 
by the continuous shifting of the curve to higher temperatures as the SiO2 content 
increased. These results may be attributed to the silica layers acting as an insula-
tor and a barrier to mass transport from volatile substances generated during the 
decomposition [24].

4. Conclusion

Throughout this study, silicon dioxide films with different ratios (0.5, 1, 2.5, 5, 
7.5, and 10 wt% SiO2) were mixed with low-density polyethylene (LDPE) polymer, 
using melt mixing technique.

The effect of incorporation of 0.5–10 wt% of silica particles to a tensile property 
of LDPE matrix was investigated. The results showed that the addition of 1 wt% 
of nanosilica has successfully enhanced the tensile and elongation at break of the 
nanosilica-filled LDPE material. The incorporation of >1 wt% of nanosilica par-
ticles had caused agglomeration and uneven distribution of the particles throughout 
the LDPE matrix.

These LDPE/silica nanocomposites were used to build a mini greenhouse. SiO2 
reduces the transmission of radiation near 9 μm and allows the transmission of the 
ultraviolet and visible radiations to pass through them during daytime (period of 
sunshine, without being exposed to direct sunshine.) Thus, we were able to pre-
serve the thermal radiation of the ground by raising the internal temperature of the 
greenhouse up to more than 2°C than that of the same greenhouse without mixing. 
The temperature inside the LDPE/silica greenhouse was found to be almost identi-
cal to that inside the glass greenhouse.

Figure 11. 
TGA curves of neat LDPE and LDPE/SiO2 nanocomposites under nitrogen flow.



Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

144

sampled by this technique do not yield an average picture of the sample. Also, 
transmission electron microscopy (TEM) is better suited than SEM for studying 
nanoparticle dispersion [9].

3.6 Thermal analysis

The decomposition temperatures (Td) for LDPE and LDPE nanocomposite 
were obtained by thermogravimetric analysis (TGA). Samples (10 mg) placed in 

Figure 9. 
Transmittance at 9 μm as a function of different ratios of SiO2.

Figure 10. 
Scanning electron micrograph of nanocomposite LDPE 2.5 wt% SiO2 sample at ×2000 magnification.

145

Nanosilica Composite for Greenhouse Application
DOI: http://dx.doi.org/10.5772/intechopen.92181

an alumina holder were submitted to a heating cycle at a rate of 10°C/min starting 
from room temperature (25°C) up to 600°C, under nitrogen atmosphere.

Figure 11 shows the decomposition profile (percentage of weight loss with 
temperature) for LDPE and LDPE/silica nanocomposites performed in one step. 
The presence of SiO2 in the nanocomposite confers thermal stability to it shown 
by the continuous shifting of the curve to higher temperatures as the SiO2 content 
increased. These results may be attributed to the silica layers acting as an insula-
tor and a barrier to mass transport from volatile substances generated during the 
decomposition [24].

4. Conclusion

Throughout this study, silicon dioxide films with different ratios (0.5, 1, 2.5, 5, 
7.5, and 10 wt% SiO2) were mixed with low-density polyethylene (LDPE) polymer, 
using melt mixing technique.

The effect of incorporation of 0.5–10 wt% of silica particles to a tensile property 
of LDPE matrix was investigated. The results showed that the addition of 1 wt% 
of nanosilica has successfully enhanced the tensile and elongation at break of the 
nanosilica-filled LDPE material. The incorporation of >1 wt% of nanosilica par-
ticles had caused agglomeration and uneven distribution of the particles throughout 
the LDPE matrix.

These LDPE/silica nanocomposites were used to build a mini greenhouse. SiO2 
reduces the transmission of radiation near 9 μm and allows the transmission of the 
ultraviolet and visible radiations to pass through them during daytime (period of 
sunshine, without being exposed to direct sunshine.) Thus, we were able to pre-
serve the thermal radiation of the ground by raising the internal temperature of the 
greenhouse up to more than 2°C than that of the same greenhouse without mixing. 
The temperature inside the LDPE/silica greenhouse was found to be almost identi-
cal to that inside the glass greenhouse.

Figure 11. 
TGA curves of neat LDPE and LDPE/SiO2 nanocomposites under nitrogen flow.



Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

146

Author details

Malek Alghdeir*, Khaled Mayya and Mohamed Dib
Applied Physics Department, Higher Institute for Applied Sciences and Technology, 
Damascus, Syria

*Address all correspondence to: malekghdeir@yahoo.com

Statistically speaking the conclusions are acceptable because the experiment was 
replicated many time. The main gain is the fact that the LDPE/silica greenhouse has 
the same temperature as the glass-made greenhouse.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

147

Nanosilica Composite for Greenhouse Application
DOI: http://dx.doi.org/10.5772/intechopen.92181

References

[1] Kuzminova A, Shelemin A, Petr M, 
Kylian O, Biederman H. Barrier coatings 
on polymeric foils for food packaging. 
In: WDS’13 Proceedings of Contributed 
Papers, Part III. 2013. pp. 128-133

[2] Kylián O, Choukourov A, 
Hanyková L, Biederman H. Plasma 
technology for polymer food packaging 
materials. In: Ecosustainable Polymer 
Nanomaterials for Food Packaging: 
Innovative Solutions, Characterization 
Needs, Safety and Environmental Issues. 
CRC Press; 2013. p. 119

[3] Ju S, Chen M, Zhang H, Zhang Z. 
Dielectric properties of nanosilica/low-
density polyethylene composites: The 
surface chemistry of nanoparticles and 
deep traps induced by nanoparticles. 
eXPRESS Polymer Letters. 
2014;8(9):682-691

[4] Fréchette MF, Ghafarizadeh SB, 
Ahn TT, Vadeboncoeur S, Guo M, 
David E. LDPE nanocomposites containing 
functionalized SiO2 molecular 
structures: Properties associated with 
a ball-milled preparation. In: 2017 1st 
International Conference on Electrical 
Materials and Power Equipment 
(ICEMPE). IEEE. 2017. pp. 207-210

[5] Yin Y, Chen J, Yang J, Xiao D, Tu D, 
Yin R, et al. Effect of space charge in 
nanocomposite of LDPE/TiO2. In: 
Proceedings of the 7th International 
Conference on Properties and 
Applications of Dielectric Materials. 
Nagoya, Japan, Vol. 3. 2003. pp. 913-916. 
DOI: 10.1109/ICPADM.2003.1218570

[6] Yang J-M, Wang X, Zheng C-J, 
Zhao H, Lei Q-Q. DC conduction 
properties of SiO2/LDPE 
nanocomposite. In: 10th IEEE 
International Conference on the 
Properties and Applications of 
Dielectric Materials (ICPADM), 
Bangalore, India. 2012. pp. 1-4. DOI: 
10.1109/ICPADM.2012.6318950

[7] Wang W, Li S, Tang F, Li J.  
Characteristics on breakdown 
performance of polyethylene/silica 
dioxide nano-composites. In: 2012 
Annual Report Conference on Electrical 
Insulation and Dielectric Phenomena. 
Montreal, Canada. 2012. pp. 521-524. 
DOI: 10.1109/CEIDP.2012.6378834

[8] Schmidt D, Shah D, Giannelis EP. 
New advances in polymer/layered 
silicate nanocomposites. Current 
Opinion in Solid State and Materials 
Science. 2002;6:205-212. DOI: 10.1016/
s1359-0286(02)00049-9

[9] Redhwi HH, Siddiqui MN, 
Andrady AL, Hussain S. Durability of 
LDPE nanocomposites with clay, silica, 
and zinc oxide—Part I: Mechanical 
properties of the nanocomposite 
materials. Journal of Nanomaterials. 
2013;2013:21

[10] Pal A. Low-Power VLSI 
Circuits and Systems. India: 
Springer; 2015. pp. 19-42. DOI: 
10.1007/978-81-322-1937-8

[11] Yasunas A, Kotov D, 
Shiripov V, Radzionay U. Low-
temperature deposition of silicon 
dioxide films in high-density plasma. 
Semiconductor Physics Quantum 
Electronics & Optoelectronics. 
2013;16(2):216-219

[12] Delimi A, Coffinier Y, Talhi B, 
Boukherroub R, Szunerits S.  
Investigation of the corrosion 
protection of SiOx-like oxide films 
deposited by plasma-enhanced 
chemical vapor deposition onto 
carbon steel. Electrochimica Acta. 
2010;55(28):8921-8927. DOI: 10.1016/j.
electacta.2010.08.008

[13] Li WT, Boswell R, Samoc M, 
Samoc A, Wang RP. Thin Solid Films. 
2008;516:5474-5477



Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

146

Author details

Malek Alghdeir*, Khaled Mayya and Mohamed Dib
Applied Physics Department, Higher Institute for Applied Sciences and Technology, 
Damascus, Syria

*Address all correspondence to: malekghdeir@yahoo.com

Statistically speaking the conclusions are acceptable because the experiment was 
replicated many time. The main gain is the fact that the LDPE/silica greenhouse has 
the same temperature as the glass-made greenhouse.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

147

Nanosilica Composite for Greenhouse Application
DOI: http://dx.doi.org/10.5772/intechopen.92181

References

[1] Kuzminova A, Shelemin A, Petr M, 
Kylian O, Biederman H. Barrier coatings 
on polymeric foils for food packaging. 
In: WDS’13 Proceedings of Contributed 
Papers, Part III. 2013. pp. 128-133

[2] Kylián O, Choukourov A, 
Hanyková L, Biederman H. Plasma 
technology for polymer food packaging 
materials. In: Ecosustainable Polymer 
Nanomaterials for Food Packaging: 
Innovative Solutions, Characterization 
Needs, Safety and Environmental Issues. 
CRC Press; 2013. p. 119

[3] Ju S, Chen M, Zhang H, Zhang Z. 
Dielectric properties of nanosilica/low-
density polyethylene composites: The 
surface chemistry of nanoparticles and 
deep traps induced by nanoparticles. 
eXPRESS Polymer Letters. 
2014;8(9):682-691

[4] Fréchette MF, Ghafarizadeh SB, 
Ahn TT, Vadeboncoeur S, Guo M, 
David E. LDPE nanocomposites containing 
functionalized SiO2 molecular 
structures: Properties associated with 
a ball-milled preparation. In: 2017 1st 
International Conference on Electrical 
Materials and Power Equipment 
(ICEMPE). IEEE. 2017. pp. 207-210

[5] Yin Y, Chen J, Yang J, Xiao D, Tu D, 
Yin R, et al. Effect of space charge in 
nanocomposite of LDPE/TiO2. In: 
Proceedings of the 7th International 
Conference on Properties and 
Applications of Dielectric Materials. 
Nagoya, Japan, Vol. 3. 2003. pp. 913-916. 
DOI: 10.1109/ICPADM.2003.1218570

[6] Yang J-M, Wang X, Zheng C-J, 
Zhao H, Lei Q-Q. DC conduction 
properties of SiO2/LDPE 
nanocomposite. In: 10th IEEE 
International Conference on the 
Properties and Applications of 
Dielectric Materials (ICPADM), 
Bangalore, India. 2012. pp. 1-4. DOI: 
10.1109/ICPADM.2012.6318950

[7] Wang W, Li S, Tang F, Li J.  
Characteristics on breakdown 
performance of polyethylene/silica 
dioxide nano-composites. In: 2012 
Annual Report Conference on Electrical 
Insulation and Dielectric Phenomena. 
Montreal, Canada. 2012. pp. 521-524. 
DOI: 10.1109/CEIDP.2012.6378834

[8] Schmidt D, Shah D, Giannelis EP. 
New advances in polymer/layered 
silicate nanocomposites. Current 
Opinion in Solid State and Materials 
Science. 2002;6:205-212. DOI: 10.1016/
s1359-0286(02)00049-9

[9] Redhwi HH, Siddiqui MN, 
Andrady AL, Hussain S. Durability of 
LDPE nanocomposites with clay, silica, 
and zinc oxide—Part I: Mechanical 
properties of the nanocomposite 
materials. Journal of Nanomaterials. 
2013;2013:21

[10] Pal A. Low-Power VLSI 
Circuits and Systems. India: 
Springer; 2015. pp. 19-42. DOI: 
10.1007/978-81-322-1937-8

[11] Yasunas A, Kotov D, 
Shiripov V, Radzionay U. Low-
temperature deposition of silicon 
dioxide films in high-density plasma. 
Semiconductor Physics Quantum 
Electronics & Optoelectronics. 
2013;16(2):216-219

[12] Delimi A, Coffinier Y, Talhi B, 
Boukherroub R, Szunerits S.  
Investigation of the corrosion 
protection of SiOx-like oxide films 
deposited by plasma-enhanced 
chemical vapor deposition onto 
carbon steel. Electrochimica Acta. 
2010;55(28):8921-8927. DOI: 10.1016/j.
electacta.2010.08.008

[13] Li WT, Boswell R, Samoc M, 
Samoc A, Wang RP. Thin Solid Films. 
2008;516:5474-5477



Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

148

[14] Alghdeir M, Mayya K, Dib M, 
Alghoraibi I. Characterization of SiO2/
LDPE composite barrier films. Journal 
of Materials and Environmental 
Science. 2018;9(7):2042-2050

[15] Liu Z, Sun Z, Ma X, Yang CL. 
Characterization of composite SiOx/
polymer barrier films. Packaging 
Technology and Science. 2013;26:70-79

[16] Lange J, Wyser Y. Recent 
innovations in barrier technologies 
for plastic packaging—A review. 
Packaging Technology and 
Science: An International Journal. 
2003;16(4):149-158

[17] Zou H, Wu S, Shen J. Polymer/
silica nanocomposites: Preparation, 
characterization, properties, and 
applications. Chemical Reviews. 
2008;108(9):3893-3957

[18] Kitamura R, Pilon L, Jonasz M. 
Optical constants of silica glass from 
extreme ultraviolet to far infrared at 
near room temperature. Applied Optics. 
2007;46(33):8118-8133

[19] Mitchell BS. An Introduction to 
Materials Engineering and Science for 
Chemical and Materials Engineers. 
Hoboken, New Jersey: John Wiley & 
Sons, Inc.; All rights reserved. Published 
simultaneously in Canada; 2004. p. 901

[20] Xiong C, Xu W, Zhao Y, Xiao J, 
Zhu X. New design graded refractive 
index antireflection coatings for silicon 
solar cells. Modern Physics Letters B. 
2017;31(19-21):1740028

[21] Iqbal M. An Introduction to Solar 
Radiation. Canada: Academic Press, 
Ontario: Elsevier; 2012. p. 116

[22] Alghdeir M, Mayya K, Dib M. 
Characterization of nanosilica/low-
density polyethylene nanocomposite 
materials. Journal of Nanomaterials. 
2019. p. 7

[23] Alghdeir M, Mayya K, Dib M, 
Alghoraibi I. Development of optical 
barrier films on flexible polymer 
substrates. Moroccan Journal of 
Chemistry. 2019;7(2):354-362

[24] Pavlidou SPC. A review 
on polymer—layered silicate 
nanocomposites. Progress in Polymer 
Science. 2008;33:1119-1198

Section 4

Analysis and Performance
of Composites

149



Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

148

[14] Alghdeir M, Mayya K, Dib M, 
Alghoraibi I. Characterization of SiO2/
LDPE composite barrier films. Journal 
of Materials and Environmental 
Science. 2018;9(7):2042-2050

[15] Liu Z, Sun Z, Ma X, Yang CL. 
Characterization of composite SiOx/
polymer barrier films. Packaging 
Technology and Science. 2013;26:70-79

[16] Lange J, Wyser Y. Recent 
innovations in barrier technologies 
for plastic packaging—A review. 
Packaging Technology and 
Science: An International Journal. 
2003;16(4):149-158

[17] Zou H, Wu S, Shen J. Polymer/
silica nanocomposites: Preparation, 
characterization, properties, and 
applications. Chemical Reviews. 
2008;108(9):3893-3957

[18] Kitamura R, Pilon L, Jonasz M. 
Optical constants of silica glass from 
extreme ultraviolet to far infrared at 
near room temperature. Applied Optics. 
2007;46(33):8118-8133

[19] Mitchell BS. An Introduction to 
Materials Engineering and Science for 
Chemical and Materials Engineers. 
Hoboken, New Jersey: John Wiley & 
Sons, Inc.; All rights reserved. Published 
simultaneously in Canada; 2004. p. 901

[20] Xiong C, Xu W, Zhao Y, Xiao J, 
Zhu X. New design graded refractive 
index antireflection coatings for silicon 
solar cells. Modern Physics Letters B. 
2017;31(19-21):1740028

[21] Iqbal M. An Introduction to Solar 
Radiation. Canada: Academic Press, 
Ontario: Elsevier; 2012. p. 116

[22] Alghdeir M, Mayya K, Dib M. 
Characterization of nanosilica/low-
density polyethylene nanocomposite 
materials. Journal of Nanomaterials. 
2019. p. 7

[23] Alghdeir M, Mayya K, Dib M, 
Alghoraibi I. Development of optical 
barrier films on flexible polymer 
substrates. Moroccan Journal of 
Chemistry. 2019;7(2):354-362

[24] Pavlidou SPC. A review 
on polymer—layered silicate 
nanocomposites. Progress in Polymer 
Science. 2008;33:1119-1198

Section 4

Analysis and Performance
of Composites

149



Chapter 9

Damage Identification and
Assessment Using Lamb Wave
Propagation Parameters and
Material Damping in FRP
Composite Laminates
Beera Satish Ben and Beera Avinash Ben

Abstract

A methodology for identify damage in the fiber reinforced polymer (FRP)
composite has been proposed in this article. The Lamb wave dispersion theory was
used to find the fitted peak frequency and loss less finite element model was used to
find the modal frequencies in the composite laminates. The change in modal
parameters with respect to undamaged and damaged specimen has been considered
for the structural diagnosis. The combined finite element and Lamb wave method
has been used to obtain damping parameters. The damping capacity was calculated
at higher frequency and smaller amplitudes by using hybrid method. The Lamb
waves were generated using ultrasonic pulse generator setup. The proposed method
was implemented on FRP laminates (CFRP and GFRP) and the results were
compared with bandwidth method.

Keywords: carbon fibers, Lamb wave, glass fibers, vibration, damping,
acoustic emission

1. Introduction

Composite materials with advanced properties like, high specific strength and
fatigue resistance are being used for many components of aircraft structures in
recent era. However, they have high chances of failure when they are subjected to
low velocity-impact, which could lead to barely visible impact damage (BVID).
BVID are considered to be internal defects which can lead to catastrophic accidents
in service. Damage is defined as the changes introduced into a system that leads to
affect adversely to its current or future performance. Damage assessment tech-
niques in the structural dynamics have been divided into three categories such as
linear, non-linear and transient vibrational measurements. The change in modal
parameters such as natural frequencies and material damping can be considered as
the prevalent damage detection methods in structural assessment procedure. The
existing damage in a structure, leads to the reduction in stiffness and consequently
decreasing of the natural frequencies of the system.
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According to Doebling et al. [1] damage detection by using vibration
measurement in elastomers has been first reported by Lifshitz and Rotem [2]. They
used the changes in the dynamic moduli and change in the natural frequencies to
detect damage.

Many researchers identified crack depth and location from the dependency of
the first two structural Eigen frequencies and presented contour graph. The super-
posed contour of the frequencies variations between the undamaged and damaged
structures is used to identification the damage. The intersection point of superposed
contour allows identifying both the crack depth and location [3].

According to Gillich and Praisach [4] the change in damping and the friction
between crack surfaces lead to dissipative effects. The advantages of using changes
in damping is that the cracks allows changes in natural frequencies due to
uncertainties and cause important changes in the damping factor allowing
damage detection.

Kyriazoglou and Guild [5] predicted damping parameters of GFRP and CFRP
laminates by using finite element model. Most of the damping related calculations
and experiments were carried out by Berthelot and Sefrani [6–8] for various com-
posites using Ritz Method. They have performed damping analysis of composite
plate and structures by using this method [9–11].

Chen and Gibson [12] have studied damping mechanisms in composites which
involves a variety of energy dissipation mechanisms. The vibrational parameters
such as frequency and amplitude in fiber-reinforced polymers that depend on
energy dissipation mechanisms are studied with nondestructive evaluation.

Many researchers have used nondestructive evaluation (NDE) techniques to
characterize the fiber-reinforced composites [13, 14]. Energy dissipation theory has
been used for measuring damping capacity based on vibration damping method.

Damping measurement techniques often deal with natural frequency or reso-
nant frequency of a system. The experimental setup to find the vibration is catego-
rized as free vibration (or free decay) and forced vibration. Free-free beam
technique and the piezoelectric ultrasonic composite oscillator technique (PUCOT)
are forced vibration techniques. Dynamic mechanical analysis (DMA) uses these
techniques to find damping characteristics of the material. However, the instru-
ment is relatively expensive and it cannot be operated at higher frequency and low
amplitudes where more information from the tested materials can be obtained [15].

Guan and Gibson [16] have developed micromechanical models for damping in
woven fabric-reinforced polymer matrix composites. Where as many other
researchers has published results for continuous FRP composites that show
damping characteristics of composite material come from microplastic or viscoelas-
tic phenomena associated with the matrix and slippage at the interface between the
matrix and the reinforcement [17, 18].

The article presents the methodology to find viscous damping, which is the
dominant mechanism in FRP composites vibrating at small amplitudes. A hybrid
method employing combined finite element and frequency response has been
developed to measure the damping properties of composite material.

2. Experimental setup

2.1 Ultrasonic pulse generator

In this work the specimens are carbon fiber/epoxy (CFRP) and glass fiber/epoxy
(GFRP) laminates. The laminate contains woven fiber with 12 plays with average
epoxy layer thickness of 0.2 mm. Figure 1 shows the specimen with the dimensions
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250 � 50 � 2 mm in damaged state where a cut (30 � 2 � 2 mm) at a distance
120 mm away from free end has been introduced.

Figure 2 shows an experimental setup to develop Lamb waves using ultrasonic
equipment NDT™ EPOCH 4PLUS. The specimen is supported as cantilever;
pitch-catch radio frequency (RF) test method was used. Dual-element transducers
(DIC-0408) where one element transmits and the other element receives the burst
of acoustic waves generated in the specimen. 1 kHz to 4 MHz frequency range
transducers was used and they were placed 80 mm apart from each other. Honey
glycerine couplant made by Panametrics has been used to couple the two sensors on
to the test specimen. The couplant helps to transmit a normal incident shear wave to
propagate across the test piece between the transducer tips. Scanview plus™ soft-
ware was used to acquire and process the data obtained from the test specimens
[19, 20].

2.2 Generation of optimal Lamb wave

Acoustic impedance of the material plays important role in deciding the selec-
tion of transducer frequency, low impedance require lower frequency transducers.
The materials such as carbon fiber or glass fiber have low impedance thus low
frequency transducers will be used to generate Lamb waves. Whereas metal skin
layers have high impedance therefore higher frequencies transducers are used for
thinner and metallic layers.

Figure 1.
Damaged specimen: (a) GFRP and (b) CFRP.

Figure 2.
Experimental setup.
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The Panametrics-NDT™ EPOCH 4 PLUS is used to generate acoustic waves and
the device is equipped with four channels. Optimal Lamb wave propagation
parameters were arrived through calibration of the device using editable parameters
as shown in Table 1.

The parameters have been varied one by one and arrived to a conclusion of
optimal driving frequency for different specimens. Figure 3 shows the optimal
driving frequency of different materials calibrated through ultrasonic pulse gener-
ator test setup. With the help fitted peak value and percentage amplitude at con-
stant gain 55 (db) Lamb waves generation frequency is identified for different
materials. Figure 4 shows the histogram representation of % amplitude of the
waveform with a bin range of 0–820 kHz of pulser [21, 22]. The most effective
range of frequencies to generate Lamb waves is 140–420 kHz. The frequency range
to generate Lamb waves for GFRP is 170–190 kHz where as it is 260–280 kHz for
CFRP and for Aluminum (Al) it is 360–380 kHz.

2.3 Material properties

The Young’s modulus for the specimens is calculated from Eq. 1, the calibrated
experimental setup is used to generate Acoustic Emission (AE) on to the test
specimen. AE velocities travelling in the material are determining from the
instrument EPOCH 4 PLUS [22, 23].

Editable parameters

Pulser Mode
Energy
Wave Type
Frequency

Receiver Gain
Broad band
Low pass
High pass
By pass

Device Unit
Angle
Thickness

Waveform Rang
Rectification
Offset

Table 1.
EPOCH 4 PLUS parameters.

Figure 3.
Optimal driving frequency selection for different materials.
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E1 ¼ V2
T ρ 1þ ν12ð Þ 1� 2ν12ð Þ

1� ν12

E2 ¼ V2
L ρ 1þ ν21ð Þ 1� 2ν21ð Þ

1� ν21

(1)

where VL is longitudinal velocity of AE and VT is transverse velocity of AE
traveling in the material respectively, ρ is material density and υ12 is Poisson’s ratio.
The material properties of specimens arrived from the experimental setup is
presented in Table 2.

3. Methodology

In this work a hybrid method has been proposed for identify change in damping
capacity of a material using combined finite element and Lamb wave method. The
process diagram of the hybrid method for the dynamic mechanical analysis is
shown in Figure 5.

The group velocity (cgn), modal frequency (fn) are determined from Lamb wave
model and loss less finite element model respectively.

3.1 Lamb wave model for laminated composite plate

Lamb waves can be of two groups, symmetric and anti-symmetric, these waves
propagate independently of the other and boundary conditions of the wave equa-
tion are being satisfied by both of them for this problem. Actuating frequency
relating the velocity of Lamb wave propagation has been derived in the following
section. Dispersion curves of Lamb wave in a particular material, which plot the

Table 2.
Material properties arrived from experimental setup.

Figure 4.
Histogram representation of % amplitude of waveform at constant gain.
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phase and group velocities versus the excitation frequency given by Dalton et al.
[24]. The anti-symmetric Lamb wave solution formulated as seen in Eq. 2:

tan qhð Þ
tan phð Þ ¼

k2 þ q2
� �2
4k2qp

(2)

where p2 ¼ ω2

c2l
� k2, q2 ¼ ω2

c2t
� k2, and k ¼ ω

cphase

individual laminate stress-strain relationship is given by

σ1

σ2

τ6

2
64

3
75 ¼

Q11 Q12 0

Q12 Q22 0

0 0 Q66

2
64

3
75

ε1

ε2

γ6

2
64

3
75 (3)

where σ is normal stress, τ represent shear stress, ε is normal strain and ϒ
represent the shear strain. Reduced stiffness components Qij are defined in terms of
the engineering constants as

Figure 5.
Methodology chart for dynamic mechanical analysis by hybrid method.
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Q11 ¼ E1= 1� υ12υ21ð Þ
Q22 ¼ E2= 1� υ12υ21ð Þ

Q12 ¼ υ12E1= 1� υ12υ21ð Þ
(4)

where E1 Young’s moduli in the longitudinal and E2 Young’s moduli in the
transverse directions. The major and minor Poisson’s ratios represented by ν12 and
ν21 respectively. The relation between Poisson’s ratios in Eq. (4) is given by:

υ21 ¼ E2

E1
υ12 (5)

A11 and A22, are in-plane stiffnesses of plate and these are obtained by integrat-
ing the Qij across the thickness of the plate [21]. These stiffness values are given as:

Aij ¼
ðh=2
�h=2

Q 0
ij

� �
k
dz, i, j ¼ 1, 2, (6)

where plate thickness is represented by “h” and “k” represents each individual
lamina. The transformed stiffness coefficients Q 0

ij are defined as

Q 0
11 ¼ m4Q11 þ n4Q22 þ 2m2n2Q12 þ 4m2n2Q66

Q 0
22 ¼ n4Q11 þm4Q22 þ 2m2n2Q12 þ 4m2n2Q66

Q 0
12 ¼ m2n2Q11 þm2n2Q22 þ m4 þ n4ð ÞQ12 � 4m2n2Q66

(7)

where m = cos(θ) and n = sin(θ), the angle θ is taken positive for counterclock-
wise rotation and it is considered from the primed (laminate) axes to the unprimed
(individual lamina) axes. Q 0

ij for the 0° and 90° laminas are given by

Q 0
11

� �
0 deg ¼ Q11 Q 0

11

� �
90 deg ¼ Q22

Q 0
22

� �
0 deg ¼ Q22 Q 0

22

� �
90 deg ¼ Q11

Q 0
12

� �
0 deg ¼ Q12 Q 0

12

� �
90 deg ¼ Q12

(8)

The extensional plate mode velocity is related to the in-plane stiffness of a
composite [14]. A11 and A22 are the stiffnesses propagating in the 0° and 90°
directions respectively. The relation between extensional plate mode velocity and
stiffness is given by:

for 0°direction ct ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A11=ρh

p
(9)

for 90°direction cl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A22=ρh

p
(10)

The inplane stiffnesses A11 and A22 are calculated using Eqs. (4)–(8) by
substituting engineering stiffnesses of the composite. The extensional plate mode
velocities are substituted into Eq. (2) and it is solved numerically for phase velocity
in MathematicaTH. Phase velocity (cphase) is the dependent variable being solved for
the independent variable being iteratively supplied is the frequency-thickness
product, where ω is the driving frequency in radians. Group velocity dispersion
curve, which are derived from the phase velocity curve using Eq. (11):

cgroup ¼ cphase þ
∂cphase
∂k

k ¼ cphase
1� f

cphase
:
∂cphase
∂f

(11)

where f is the frequency in Hz.

157

Damage Identification and Assessment Using LambWave Propagation Parameters and Material…
DOI: http://dx.doi.org/10.5772/intechopen.86134



phase and group velocities versus the excitation frequency given by Dalton et al.
[24]. The anti-symmetric Lamb wave solution formulated as seen in Eq. 2:

tan qhð Þ
tan phð Þ ¼

k2 þ q2
� �2
4k2qp

(2)

where p2 ¼ ω2

c2l
� k2, q2 ¼ ω2

c2t
� k2, and k ¼ ω

cphase

individual laminate stress-strain relationship is given by

σ1

σ2

τ6

2
64

3
75 ¼

Q11 Q12 0

Q12 Q22 0

0 0 Q66

2
64

3
75

ε1

ε2

γ6

2
64

3
75 (3)

where σ is normal stress, τ represent shear stress, ε is normal strain and ϒ
represent the shear strain. Reduced stiffness components Qij are defined in terms of
the engineering constants as

Figure 5.
Methodology chart for dynamic mechanical analysis by hybrid method.

156

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

Q11 ¼ E1= 1� υ12υ21ð Þ
Q22 ¼ E2= 1� υ12υ21ð Þ

Q12 ¼ υ12E1= 1� υ12υ21ð Þ
(4)

where E1 Young’s moduli in the longitudinal and E2 Young’s moduli in the
transverse directions. The major and minor Poisson’s ratios represented by ν12 and
ν21 respectively. The relation between Poisson’s ratios in Eq. (4) is given by:

υ21 ¼ E2

E1
υ12 (5)

A11 and A22, are in-plane stiffnesses of plate and these are obtained by integrat-
ing the Qij across the thickness of the plate [21]. These stiffness values are given as:

Aij ¼
ðh=2
�h=2

Q 0
ij

� �
k
dz, i, j ¼ 1, 2, (6)

where plate thickness is represented by “h” and “k” represents each individual
lamina. The transformed stiffness coefficients Q 0

ij are defined as

Q 0
11 ¼ m4Q11 þ n4Q22 þ 2m2n2Q12 þ 4m2n2Q66

Q 0
22 ¼ n4Q11 þm4Q22 þ 2m2n2Q12 þ 4m2n2Q66

Q 0
12 ¼ m2n2Q11 þm2n2Q22 þ m4 þ n4ð ÞQ12 � 4m2n2Q66

(7)

where m = cos(θ) and n = sin(θ), the angle θ is taken positive for counterclock-
wise rotation and it is considered from the primed (laminate) axes to the unprimed
(individual lamina) axes. Q 0

ij for the 0° and 90° laminas are given by

Q 0
11

� �
0 deg ¼ Q11 Q 0

11

� �
90 deg ¼ Q22

Q 0
22

� �
0 deg ¼ Q22 Q 0

22

� �
90 deg ¼ Q11

Q 0
12

� �
0 deg ¼ Q12 Q 0

12

� �
90 deg ¼ Q12

(8)

The extensional plate mode velocity is related to the in-plane stiffness of a
composite [14]. A11 and A22 are the stiffnesses propagating in the 0° and 90°
directions respectively. The relation between extensional plate mode velocity and
stiffness is given by:

for 0°direction ct ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A11=ρh

p
(9)

for 90°direction cl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A22=ρh

p
(10)

The inplane stiffnesses A11 and A22 are calculated using Eqs. (4)–(8) by
substituting engineering stiffnesses of the composite. The extensional plate mode
velocities are substituted into Eq. (2) and it is solved numerically for phase velocity
in MathematicaTH. Phase velocity (cphase) is the dependent variable being solved for
the independent variable being iteratively supplied is the frequency-thickness
product, where ω is the driving frequency in radians. Group velocity dispersion
curve, which are derived from the phase velocity curve using Eq. (11):

cgroup ¼ cphase þ
∂cphase
∂k

k ¼ cphase
1� f

cphase
:
∂cphase
∂f

(11)

where f is the frequency in Hz.

157

Damage Identification and Assessment Using LambWave Propagation Parameters and Material…
DOI: http://dx.doi.org/10.5772/intechopen.86134



3.2 Finite element model for free vibration of a laminated composite plate

Natural frequency is the phenomenon that occurs with oscillatory motion at
certain frequencies known as characteristic values, and it follows well defined
deformation pattern known as mode shapes or characteristic modes. The study
free vibration is important in finding the dynamic response of elastic structures. It

is assumed that the external force vector P
!
to be zero and the harmonic

displacement as:

Q
! ¼ Q

!
:eiωt (12)

and the free vibration is given by:

k½ � � ω2 M½ �� �
Q
!¼O

!
(13)

where Q
!

is displacement amplitude, Q
!

eigen vector and ω denotes the natural
frequency of vibration. Eq. (12) is a linear algebraic eigenvalue problem where

neither [k] nor [M] is a function of the circular frequency ωð Þ,Q! is nonzero solution
therefore the determinant of coefficient matrix k½ � � ω2 M½ � is zero, i.e.,

k½ � � ω2 M½ � ¼ 0 (14)

where [k] is stiffness matrix and [M] is mass matrix, which are derived through
finite element formulation.

Figure 6 shows the plate bending formulation where x, y, and z describes the
global coordinate of the plate whereas u, v, and w are the displacements, h repre-
sents plate thickness. The xy plane is parallel to the midsurface plane prior to
deflection. The displacements in the plate at any point is expressed as

u ¼ u x; y; zð Þ (15)

v ¼ v x; y; zð Þ (16)

w ¼ w x; y; zð Þ (17)

The plane displacement u and v vary through the plate thickness as well as with
in the xy-plane while the transverse displacement w remains constant through the
plate thickness.

Figure 6.
Plate element with displacement degrees of freedom.
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In order to develop shape functions two different interpolations are used one
interpolation within the xy-plane and the other in the z-axis. For the xy-plane
interpolation, shape function Ni(x,y) are used where subscript i varies depending
on the number of nodes on the xy-plane. Shape function Hj(z) is used for interpo-
lation along the z-axis, where subscript j varies depending on the number of nodes
along the plate thickness. Since two inplane displacement are functions of x, y, and
z, both shape functions are used while the shape functions Ni(x,y) was used for
transverse displacement. The mapping of ξ, η-plane onto xy-plane and ζ-axis to z-
axis, was done using isoparametric element and the three displacements are
expressed as

u ¼
XN1

i¼1

XN2

j¼1

Ni ξ; ηð ÞHj ζð Þuij (18)

v ¼
XN1

i¼1

XN2

j¼1

Ni ξ; ηð ÞHj ζð Þvij (19)

w ¼
XN1

i¼1

Ni ξ; ηð Þwi (20)

where N1 represents the number of nodes in xy-plane (ξ, η-plane) and N2 repre-
sents the number of nodes in z-axis (ζ-axis). The first subscript for u and v denotes
the node numbering in terms of xy-plane (ξ, η-plane) and the second subscript
indicates the node numbering in terms of z-axis (ζ-axis). Four-node quadrilateral
shape function is considered for the xy-plane (ξ, η-plane) interpolation, i.e., N1 = 4
and N2 = 2 that is linear shape function which is considered for the z-axis (ζ-axis)
interpolation. Nodal displacement ui1 and vi1 are displacement on the bottom sur-
face of the plate element and ui2 and vi2 are displacement on the top surface. As seen
in Eqs. (18)–(20), there is no rotational degree of freedom for the present plate
bending element were as both bending strain energy and transverse shear strain
energy are included.

The relation between bending strains and transverse shear strain with respect to
displacements is given by:

εbf g ¼
εx

εy

γxy

8><
>:
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(21)

εsf g ¼ γy z
γx z
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(22)

where εbf g and εsf g are the bending strain and transverse shear strain respec-
tively. The normal strain along the plate thickness εz is not considered.

Substitution of Eqs. (18)–(20), into the Eqs. (25) and (26), with N1 = 4 and
N2 = 2 gives:

εsf g ¼ Bb½ � def g (23)
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where εbf g and εsf g are the bending strain and transverse shear strain respec-
tively. The normal strain along the plate thickness εz is not considered.

Substitution of Eqs. (18)–(20), into the Eqs. (25) and (26), with N1 = 4 and
N2 = 2 gives:

εsf g ¼ Bb½ � def g (23)
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The constitutive equation is

σbf g ¼ Db½ � εbf g (31)
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For the bending components
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where Eq. (33) is for the plane stress condition for the plate bending theory and
for a FRP composite, is given by
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In which

D11 ¼ E1

1� υ12υ21
(38)

D12 ¼ E1υ21
1� υ12υ21

(39)

D22 ¼ E2

1� ν12ν21
(40)
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(42)

Here, the longitudinal direction is represented with 1 and transverse direction is
represented with 2 for the FRP composite. Further Ei and Gij are the elastic modulus
and shear modulus respectively, whereas υij is Poisson’s ratio for strain in the j-
direction. Five independent material properties will be considered for Eqs. (37)–
(42) because of the reciprocal relation

υ12
E1

¼ υ21
E2

(43)

The stiffness matrix of the element k eð Þ
h i

is expressed as:
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where Ω represents the plate domain.
Similarly the mass matrix is given by
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where A is area of the element, t is the element thickness and ρ density of
material. Natural frequencies are arrived for composite plates from the lossless
finite element formulation. The MathematicaTH software has been used to compute
the Eigen values using the inputs taken from the experimental data discussed in the
previous sections. The analytical model developed was correlated ANSYS model.
Block Lancozs method was used to carry out modal analysis in ANSYS. The analysis
was done for 30 subsets and shell-190 has been used as meshing element. Figures 7
and 8 shows the first and twentieth mode of natural frequency of the undamaged
specimen, i.e., GFRP and CFRP respectively and similarly Figures 9 and 10 shows
for damaged specimen.

3.3 Bandwidth method

The damping parameters in FRP composites are based on the energy dissipation
mechanism. Vibrational parameters such as frequency and amplitude are used to
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determine the dynamic characteristics of a system. The best practice to study
vibrational parameters is with nondestructive evaluation. Damping characteristics
of a system can be determined by the maximum response, i.e., the response at the
resonance frequency as indicated by the maximum value of Rv. Figure 11 illustrates
the Bandwidth method of damping measurement where, damping in a system is
indicated by the sharpness or width of the response curve in the vicinity of a
resonance frequency ωr, designating the width as a frequency increment (i.e.,
Δω=Δω2–ω1) measured at the “half-power point” (i.e., at a value (R=

ffiffiffi
2

p
)) and the

damping ratio ζ can be estimated by using band width in the relation given by

Figure 8.
Undamaged CFRP specimen’s first and twentieth mode of natural frequency.

Figure 9.
Damaged GFRP specimen’s first and twentieth mode of natural frequency.

Figure 7.
Undamaged GFRP specimen’s first and twentieth mode of natural frequency.
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ζ ¼ Δω
2ωr

(46)

for ith mode damping ratio is given by

ζi ¼
1
2
Δωi

ωi
(47)

The equation of motion of a system with viscous damping, when the excitation
is a force F ¼ Fo sinωt applied to the system, is given by

mx:: þ cx: þ kx ¼ Fo sinωt (48)

Eq. (48) represents the forced vibration of a damped system and the resulting
motion occurs at the forcing frequency ω. The damping coefficient c is greater than
zero, leads to change in the phase between the force and resulting motion. The
phase change is termed as phase angle δ which is a function of the frequency ratio
ω/ωr and for several values of the fraction of critical damping ζ, given by [25].

δ ¼ tan �1 2ζ ω=ωrð Þ3
1� ω2=ω2

r

� �þ 2ζω=ωrð Þ2 (49)

Figure 10.
Damaged CFRP specimen’s first and twentieth mode of natural frequency.

Figure 11.
Response curve showing bandwidth at half-power point.
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4. Results and discussion

The phenomenon of change in modal parameters has been used to identify the
damage in the specimens. The damage in the specimen is identified by change in
damping capacity with respect to undamaged specimen. The first order Lamb wave
equation is used to determine the storage modulus. Lamb wave propagating is quite
complex to understand, i.e., an increase in modulus slightly speeds the wave veloc-
ity. An increase in the density would have the opposite effect slowing wave velocity,
as it appears in all the same terms as the modulus but on the reciprocal side of the
divisor.

The AE velocities of the specimens were arrived experimentally using ultrasonic
pulse generator test setup and the engineering constants, Young’s modulus and
poison’s ratio were calculated. The engineering constants are substituted in Lamb
wave model discussed in previous sections for finding dispersion characteristics
shown in Figure 12. The same material properties are used for finite element model
to determine natural frequencies.

The group velocity (cgn) at natural frequency (f n) and thickness (h) is
substituted in Eq. (50) to determine the phase shift and thus finding material
damping capacity Tan δð ). Dynamic mechanical analysis can be carried out using
the same procedure by getting the Eo value from group velocity dispersion at
iteratively supplied frequencies.

δ ¼ 2πf nh=cgn (50)

Eo ¼ c2gn :ρ (51)

Damping is the term used in vibration and noise analysis to describe any mech-
anism whereby mechanical energy in the system is dissipated. The damping prop-
erties of so-called damping materials, such as elastomeric materials, are usually
temperature and frequency dependent, so the experimental determination of
damping material properties requires a long and repeating process.

In dynamic mechanical analysis damping measurements is done in temperature
sweep mode whereas in this work frequency sweep mode is used. In the present
work damping measurements were carried out using combined finite element and
Lamb wave method and the results were compared with bandwidth method.

The modal analysis was carried out using developed finite element model and it
was correlated with ANSYS. The waveform from the instrument is processed
through virtual controlling software and the continuous waveform is subjected to

Figure 12.
Lamb wave dispersion curves of CFRP and GFRP.
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fast Fourier transform (FFT) which yield a single peak from the calibrated optimal
driving frequency, however for a few finite cycles, the FFT appears as a Gaussian
curve. The response curve of the undamaged and damaged specimens being tested
for damping capacity using bandwidth method is shown in Figure 13.

The Lamb wave dispersion curves have been obtained from the iterative supply
of the frequency using MathematicaTH code. The group velocity dispersion curve of
the specimens used in this research is shown in Figure 12. The group velocities and
the natural frequencies obtained from modal analysis are used to determine
damping capacity at various mode of interest.

Table 3 shows the damping capacities of the undamaged specimen in compari-
son at critical modes similarly for damaged specimen it has been reported in
Table 4. It is observed that the natural frequencies of the damaged specimen fell
down and the damping capacities have increased slightly with respect to
undamaged specimens. Figure 14 shows the damping capacities and dynamic

Figure 13.
Response curve of GFRP and CFRP showing bandwidth.

Table 3.
Damping capacity of undamaged test specimens.

Table 4.
Damping capacity of damaged test specimens.

165

Damage Identification and Assessment Using LambWave Propagation Parameters and Material…
DOI: http://dx.doi.org/10.5772/intechopen.86134



4. Results and discussion

The phenomenon of change in modal parameters has been used to identify the
damage in the specimens. The damage in the specimen is identified by change in
damping capacity with respect to undamaged specimen. The first order Lamb wave
equation is used to determine the storage modulus. Lamb wave propagating is quite
complex to understand, i.e., an increase in modulus slightly speeds the wave veloc-
ity. An increase in the density would have the opposite effect slowing wave velocity,
as it appears in all the same terms as the modulus but on the reciprocal side of the
divisor.

The AE velocities of the specimens were arrived experimentally using ultrasonic
pulse generator test setup and the engineering constants, Young’s modulus and
poison’s ratio were calculated. The engineering constants are substituted in Lamb
wave model discussed in previous sections for finding dispersion characteristics
shown in Figure 12. The same material properties are used for finite element model
to determine natural frequencies.

The group velocity (cgn) at natural frequency (f n) and thickness (h) is
substituted in Eq. (50) to determine the phase shift and thus finding material
damping capacity Tan δð ). Dynamic mechanical analysis can be carried out using
the same procedure by getting the Eo value from group velocity dispersion at
iteratively supplied frequencies.

δ ¼ 2πf nh=cgn (50)

Eo ¼ c2gn :ρ (51)

Damping is the term used in vibration and noise analysis to describe any mech-
anism whereby mechanical energy in the system is dissipated. The damping prop-
erties of so-called damping materials, such as elastomeric materials, are usually
temperature and frequency dependent, so the experimental determination of
damping material properties requires a long and repeating process.

In dynamic mechanical analysis damping measurements is done in temperature
sweep mode whereas in this work frequency sweep mode is used. In the present
work damping measurements were carried out using combined finite element and
Lamb wave method and the results were compared with bandwidth method.

The modal analysis was carried out using developed finite element model and it
was correlated with ANSYS. The waveform from the instrument is processed
through virtual controlling software and the continuous waveform is subjected to

Figure 12.
Lamb wave dispersion curves of CFRP and GFRP.

164

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

fast Fourier transform (FFT) which yield a single peak from the calibrated optimal
driving frequency, however for a few finite cycles, the FFT appears as a Gaussian
curve. The response curve of the undamaged and damaged specimens being tested
for damping capacity using bandwidth method is shown in Figure 13.

The Lamb wave dispersion curves have been obtained from the iterative supply
of the frequency using MathematicaTH code. The group velocity dispersion curve of
the specimens used in this research is shown in Figure 12. The group velocities and
the natural frequencies obtained from modal analysis are used to determine
damping capacity at various mode of interest.

Table 3 shows the damping capacities of the undamaged specimen in compari-
son at critical modes similarly for damaged specimen it has been reported in
Table 4. It is observed that the natural frequencies of the damaged specimen fell
down and the damping capacities have increased slightly with respect to
undamaged specimens. Figure 14 shows the damping capacities and dynamic

Figure 13.
Response curve of GFRP and CFRP showing bandwidth.

Table 3.
Damping capacity of undamaged test specimens.

Table 4.
Damping capacity of damaged test specimens.

165

Damage Identification and Assessment Using LambWave Propagation Parameters and Material…
DOI: http://dx.doi.org/10.5772/intechopen.86134



storage modulus of the tested specimens with respect to their natural frequencies.
The material GFRP and CFRP exhibits similar damping property to a certain range
of frequency, and in between 2 and 8 kHz GFRP has better damping property
among the two and at higher range of frequencies CFRP is found to be good in
damping characteristics.

5. Conclusions

Dynamic mechanical analysis is a technique used to study and characterize
damping behavior of materials. It is most useful for studying the viscoelastic
behavior of polymers. The tests were conducted on polymer composites CFRP and
GFRP laminates in their undamaged and damaged state. A hybrid method has been
explored in this work and the materials have been characterized for damping
parameters at their mode frequencies. The change in the modal parameters (i.e.,
natural frequencies and damping capacity) can be used to identify and assesses the
health of the structures. It is very advantageous method to obtain damping charac-
teristics of the materials at higher frequency and at relatively low amplitudes.

Figure 14.
Damping capacity and dynamic storage modulus for CFRP and GFRP.

166

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

Author details

Beera Satish Ben1* and Beera Avinash Ben2

1 National Institute of Technology, Warangal, India

2 Avanthi Institute of Engineering and Technology, Visakhapatnam, India

*Address all correspondence to: satishben@nitw.ac.in

© 2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

167

Damage Identification and Assessment Using LambWave Propagation Parameters and Material…
DOI: http://dx.doi.org/10.5772/intechopen.86134



storage modulus of the tested specimens with respect to their natural frequencies.
The material GFRP and CFRP exhibits similar damping property to a certain range
of frequency, and in between 2 and 8 kHz GFRP has better damping property
among the two and at higher range of frequencies CFRP is found to be good in
damping characteristics.

5. Conclusions

Dynamic mechanical analysis is a technique used to study and characterize
damping behavior of materials. It is most useful for studying the viscoelastic
behavior of polymers. The tests were conducted on polymer composites CFRP and
GFRP laminates in their undamaged and damaged state. A hybrid method has been
explored in this work and the materials have been characterized for damping
parameters at their mode frequencies. The change in the modal parameters (i.e.,
natural frequencies and damping capacity) can be used to identify and assesses the
health of the structures. It is very advantageous method to obtain damping charac-
teristics of the materials at higher frequency and at relatively low amplitudes.

Figure 14.
Damping capacity and dynamic storage modulus for CFRP and GFRP.

166

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

Author details

Beera Satish Ben1* and Beera Avinash Ben2

1 National Institute of Technology, Warangal, India

2 Avanthi Institute of Engineering and Technology, Visakhapatnam, India

*Address all correspondence to: satishben@nitw.ac.in

© 2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

167

Damage Identification and Assessment Using LambWave Propagation Parameters and Material…
DOI: http://dx.doi.org/10.5772/intechopen.86134



References

[1] Doebling S, Farrar C, Prime M,
Shevits D. Damage Identification and
Health Monitoring of Structural and
Mechanical Systems from Changes in
Their Vibration Characteristics: A
Literature Review. USA: Los Alamos
National Laboratory; 1996. pp. 1-136

[2] Lifshitz J, Rotem A. Determination of
reinforcement unbonding of composites
by a vibration technique. Journal of
Composite Materials. 1969;3:412-423

[3] Das S, Saha P, Patro SK. Vibration-
based damage detection techniques used
for health monitoring of structures. A
review. Journal of Civil Structural
Health Monitoring. 2016;6:477-507

[4] Gillich GR, Praisach ZI. Modal
identification and damage detection in
beam-like structures using the power
spectrum and time-frequency analysis.
Signal Processing. 2014;96:29-44

[5] Kyriazoglou C, Guild FJ. Finite
element prediction of damping of
composite GFRP and CFRP laminates—
A hybrid formulation-vibration
damping experiments and Rayleigh
damping. Composites Science and
Technology. 2007;67:2643-2654

[6] Berthelot JM, Sefrani Y. Damping
analysis of unidirectional glass and
Kevlar fibre composites. Composites
Science and Technology. 2004;64:
1261-1278

[7] Berthelot JM. Damping analysis of
orthotropic composites with interleaved
viscoelastic layers: Modeling. Journal of
Composite Materials. 2006;40(21):
1889-1909

[8] Berthelot JM, Sefrani Y. Damping
analysis of unidirectional glass fiber
composites with interleaved viscoelastic
layers: Experimental investigation and

discussion. Journal of Composite
Materials. 2006;40(21):1911-1932

[9] Mahi AE, Assarar M, Sefrani Y,
Berthelot JM. Damping analysis of
orthotropic composite materials and
laminates. Composites Part B
Engineering. 2008;39:1069-1076

[10] Berthelot JM. Damping analysis of
laminated beams and plates using the
Ritz method. Composite Structures.
2006;74:186-201

[11] Berthelot JM, Assarar M, Sefrani Y,
Mahi AE. Damping analysis of
composite materials and structures.
Composite Structures. 2008;85:189-204

[12] Chen Y, Gibson RF. Analytical and
experimental studies of composite
isogrid structures with integral passive
damping. Mechanics of Advanced
Materials and Structures. 2003;10(2):
127-143

[13] Montanari L, Basu B, Spagnoli A,
Broderick BM. Damage assessment in a
cracked fiber-reinforced cantilever
beam using Wavelet-Kurtosis
techniques. Key Engineering Materials.
2013;569:1226-1233

[14] Sharma DS, Mungla MJ, Barad KH.
Vibration-based nondestructive
technique to detect crack in multi-span
beam. Nondestructive Testing and
Evaluation. 2015;30:1-21

[15] Botelho EC, Pardini LC,
Rezende MC. Damping behavior of
continuous fiber/metal composite
materials by the free vibration method.
Composites Part B Engineering. 2006;
37:255-264

[16] Guan H, Gibson RF.
Micromechanical models for damping in
woven fabric-reinforced polymer
matrix composites. Journal of

168

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

Composite Materials. 2001;35(16):
1417-1434

[17] Mu B, Wu HC, Yan A,
Warnemuende K, Fu G, Gibson RF,
Kim DW. FEA of complex bridge
system with FRP composite deck.
Journal of Composites for Construction.
2006;10(1):79-86

[18] Cao MS, Sha GG, Gao YF,
Ostachowicz W. Structural damage
identification using damping: A
compendium of uses and features.
Smart Materials and Structures. 2017;
26(4):043001

[19] Ben BS, Ratnam C, Ben BA,
Yang SH. Ultrasonic based method for
damage identification in composites
materials. International Journal of
Mechanics and Materials in Design.
2012;8:297-309

[20] Ben BS, Ratnam C, Ben BA,
Yang SH. Ultrasonic based structural
damage detection using combined finite
element and model Lamb wave
propagation parameters in composite
materials. International Journal of
Advanced Manufacturing Technology.
2013;67:1847-1856

[21] Ben BS, Ratnam C, Ben BA,
Vikram KA, Yang SH. Damage
identification in composite materials
using ultrasonic based Lamb wave
method. Measurement. 2013;46:
904-912

[22] Ben BS, Ben BA, Kweon SH, Yang SH.
Structural damping of composite
materials using combined FE and Lamb
wavemethod. Structural Engineering and
Mechanics. 2014;51:1047-1065

[23] Ratnam C, Ben BS, Ben BA.
Structural damage detection using
combined finite element and model
Lamb wave propagation parameters.
Journal of Mechanical Engineering
Science Part C. 2009;223:769-777

[24] Dalton RP, Cawley P, Lowe MJS.
The potential of guided waves for
monitoring large areas of metallic
aircraft fuselage structure. Journal of
Nondestructive Evaluation. 2001;20:
29-46

[25] Blake RE. Basic vibration theory. In:
Piersol AG, Paez TL, editors. Harris’
Shock and Vibration Handbook. 6th ed.
New York: Mc-Graw Hill; 2010

169

Damage Identification and Assessment Using LambWave Propagation Parameters and Material…
DOI: http://dx.doi.org/10.5772/intechopen.86134



References

[1] Doebling S, Farrar C, Prime M,
Shevits D. Damage Identification and
Health Monitoring of Structural and
Mechanical Systems from Changes in
Their Vibration Characteristics: A
Literature Review. USA: Los Alamos
National Laboratory; 1996. pp. 1-136

[2] Lifshitz J, Rotem A. Determination of
reinforcement unbonding of composites
by a vibration technique. Journal of
Composite Materials. 1969;3:412-423

[3] Das S, Saha P, Patro SK. Vibration-
based damage detection techniques used
for health monitoring of structures. A
review. Journal of Civil Structural
Health Monitoring. 2016;6:477-507

[4] Gillich GR, Praisach ZI. Modal
identification and damage detection in
beam-like structures using the power
spectrum and time-frequency analysis.
Signal Processing. 2014;96:29-44

[5] Kyriazoglou C, Guild FJ. Finite
element prediction of damping of
composite GFRP and CFRP laminates—
A hybrid formulation-vibration
damping experiments and Rayleigh
damping. Composites Science and
Technology. 2007;67:2643-2654

[6] Berthelot JM, Sefrani Y. Damping
analysis of unidirectional glass and
Kevlar fibre composites. Composites
Science and Technology. 2004;64:
1261-1278

[7] Berthelot JM. Damping analysis of
orthotropic composites with interleaved
viscoelastic layers: Modeling. Journal of
Composite Materials. 2006;40(21):
1889-1909

[8] Berthelot JM, Sefrani Y. Damping
analysis of unidirectional glass fiber
composites with interleaved viscoelastic
layers: Experimental investigation and

discussion. Journal of Composite
Materials. 2006;40(21):1911-1932

[9] Mahi AE, Assarar M, Sefrani Y,
Berthelot JM. Damping analysis of
orthotropic composite materials and
laminates. Composites Part B
Engineering. 2008;39:1069-1076

[10] Berthelot JM. Damping analysis of
laminated beams and plates using the
Ritz method. Composite Structures.
2006;74:186-201

[11] Berthelot JM, Assarar M, Sefrani Y,
Mahi AE. Damping analysis of
composite materials and structures.
Composite Structures. 2008;85:189-204

[12] Chen Y, Gibson RF. Analytical and
experimental studies of composite
isogrid structures with integral passive
damping. Mechanics of Advanced
Materials and Structures. 2003;10(2):
127-143

[13] Montanari L, Basu B, Spagnoli A,
Broderick BM. Damage assessment in a
cracked fiber-reinforced cantilever
beam using Wavelet-Kurtosis
techniques. Key Engineering Materials.
2013;569:1226-1233

[14] Sharma DS, Mungla MJ, Barad KH.
Vibration-based nondestructive
technique to detect crack in multi-span
beam. Nondestructive Testing and
Evaluation. 2015;30:1-21

[15] Botelho EC, Pardini LC,
Rezende MC. Damping behavior of
continuous fiber/metal composite
materials by the free vibration method.
Composites Part B Engineering. 2006;
37:255-264

[16] Guan H, Gibson RF.
Micromechanical models for damping in
woven fabric-reinforced polymer
matrix composites. Journal of

168

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

Composite Materials. 2001;35(16):
1417-1434

[17] Mu B, Wu HC, Yan A,
Warnemuende K, Fu G, Gibson RF,
Kim DW. FEA of complex bridge
system with FRP composite deck.
Journal of Composites for Construction.
2006;10(1):79-86

[18] Cao MS, Sha GG, Gao YF,
Ostachowicz W. Structural damage
identification using damping: A
compendium of uses and features.
Smart Materials and Structures. 2017;
26(4):043001

[19] Ben BS, Ratnam C, Ben BA,
Yang SH. Ultrasonic based method for
damage identification in composites
materials. International Journal of
Mechanics and Materials in Design.
2012;8:297-309

[20] Ben BS, Ratnam C, Ben BA,
Yang SH. Ultrasonic based structural
damage detection using combined finite
element and model Lamb wave
propagation parameters in composite
materials. International Journal of
Advanced Manufacturing Technology.
2013;67:1847-1856

[21] Ben BS, Ratnam C, Ben BA,
Vikram KA, Yang SH. Damage
identification in composite materials
using ultrasonic based Lamb wave
method. Measurement. 2013;46:
904-912

[22] Ben BS, Ben BA, Kweon SH, Yang SH.
Structural damping of composite
materials using combined FE and Lamb
wavemethod. Structural Engineering and
Mechanics. 2014;51:1047-1065

[23] Ratnam C, Ben BS, Ben BA.
Structural damage detection using
combined finite element and model
Lamb wave propagation parameters.
Journal of Mechanical Engineering
Science Part C. 2009;223:769-777

[24] Dalton RP, Cawley P, Lowe MJS.
The potential of guided waves for
monitoring large areas of metallic
aircraft fuselage structure. Journal of
Nondestructive Evaluation. 2001;20:
29-46

[25] Blake RE. Basic vibration theory. In:
Piersol AG, Paez TL, editors. Harris’
Shock and Vibration Handbook. 6th ed.
New York: Mc-Graw Hill; 2010

169

Damage Identification and Assessment Using LambWave Propagation Parameters and Material…
DOI: http://dx.doi.org/10.5772/intechopen.86134



171

Chapter 10

Strength Improvement and Stress 
Analysis of E-Glass Laminated 
Plates with Circular Notches Using 
Digital Image Correlation
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Abstract

In the current work, the stress concentration and tensile strength degradation 
of E-glass/epoxy laminates are addressed in the present investigation through a 
combination of both experimental and numerical studies. The numerical study is 
performed using finite element method (FEM). The main aim of this work is to 
improve the ultimate strength of perforated composite plates, by using defense hole 
system (DHS) technique. The samples are manufactured from commercially avail-
able unidirectional (UD) E-glass and clear 1070 resin epoxy. Digital image correla-
tion (DIC) technique is also used to get the full-field surface strain measurements 
in perforated samples with various open hole diameters and DHS configurations, 
in order to show their effects on failure strength. Based on the experimental results, 
the ultimate strength can be improved by introducing two circular auxiliary holes 
along with the principal stress directions.

Keywords: stress concentration, strength, digital image correlation, notches and 
defense hole system

1. Introduction

Composite structures have found widespread applications in aerospace and 
other major industries where weight reduction and directional properties are the 
main criteria. Circular cutouts are unavoidable in these structures to satisfy the 
design requirements. However, these cutouts change the mechanical behavior of 
these structures and produce a high undesirable stress concentration located at the 
vicinity of these notches. If the material strength is not high enough, failure will 
undoubtedly occur, usually from the region near the cutout. Therefore, it is manda-
tory to well identify the stress-strain distributions around the cutout.

Many studies have been done during the past two decades to determine the 
stress-strain distributions at the circumferential of notches in isotropic and aniso-
tropic structures. A variety of methods have been used to estimate the stress con-
centration factor (SCF) values, such as exact and approximate analytical analysis. A 
brief review on current analytical methods for the determination of stress distribu-
tion around holes has been given by Sevenois [1].
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In structural design field, engineers try to optimize various objectives, such 
as strength and structural weight, depending upon some requirements. Within 
the context of optimization, the weight or the strength is the objective function. 
The structural dimensions such as the thickness, length, or width are the design 
variables that can be controlled to achieve the best configuration [2]. In the case of 
composite laminated plates with cutouts, various response mechanisms of these 
structures are not fully understood and are still topics for continuing research.

Based on Sevenois [1] work, most of the research works to solve the stress con-
centration problem focus on the stress distributions in orthotropic plates subjected 
to different loads with different material properties. However, these investigations 
do not address the problem of whether the stress concentration degree is acceptable 
for a certain material strength and how one can improve the stress-strain distribu-
tions and the strength for these types of structures.

From a design point of view, if there is more than one cutout, the stress concen-
tration at the vicinity of the original notch can be reduced, if one determines the 
optimum locations of other corresponding holes. This is known as the defense hole 
theory (DHT). It relies on the following rationale. By introducing small notches 
(auxiliary holes) on both sides of the main hole, it is possible to smooth the flow of 
the principal stress paths past the main notch, and this will reduce the SCF around 
the main notch [3].

This idea is very powerful for reducing the stress concentration. In this con-
text, Erickson and Riley [4] were one of the first investigators to reduce the stress 
concentration around circular notch in isotropic plates under uniaxial loading. 
Durelli et al. [5] tried to obtain an ideal boundary of a discontinuity in perforated 
rectangular plate. They defined this boundary as that boundary along which there is 
no stress concentration. The ideal design of the boundary of the hole in the rectan-
gular plate reduces the maximum stresses by 26%. On the other hand, the response 
of orthotropic laminated plates with circular notches has been also studied by Jain 
[6]. In this study, a FE study was made for reduction of SCF around circular notch 
in infinite isotropic and orthotropic laminates subjected to uniaxial tension. The 
SCF was reduced up to 24.4% in isotropic plates and 31% in orthotropic laminates 
by introducing four auxiliary notches on both sides of the original cutout.

Here, the current investigation addresses the research in the domain of opti-
mization of composites for stress concentration and strength. The main goal of 
the present experimental and numerical studies is to obtain the best optimal size 
and position of defense holes for perforated laminates when they are subjected to 
uniaxial loading condition. For practical industrial applications, the most impor-
tant characteristic to improve is the strength of the particular structure. Thereby, 
one of the aims of this study is to contribute to the minimization of the stress 
concentration and know if there can be a significant improvement in the strength of 
particular perforated composite laminates. Experimental studies investigated using 
E-glass/epoxy laminates to validate the improvement of the behavior of perforated 
laminates with auxiliary holes. Material and specimen preparation steps and differ-
ent material characterization tests are dealt in detail.

2. Materials and sample preparation

During the present work, samples with different opening diameters were fabri-
cated by the hand lay-up method. A mold release agent is first applied to the mold 
for getting a high-quality surface finish and facilitates the release of the laminated 
plates from the metallic mold. When the release agent has cured sufficiently, the 
UD E-glass fibers are manually placed on the metallic mold. After putting the 
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fibers properly, the resin is applied by brushing. A paint roller is used, in order to 
distribute the resin uniformly on the metallic mold surface and also to consolidate 
the lamina, thoroughly wetting the reinforcement and removing the entrapped air. 
Subsequent layers of the UD glass fibers are added to build the required laminate 
thickness. The samples were made of four-ply UD E-glass/epoxy lamina. The 
thickness of each layer is 0.5 mm. The initial materials, E-glass fiber 400 g/m2 and 
clear 1070 resin epoxy with a density of 1.15 g/cm3 and a hardener with a density of 
1.02 g/cm3, were purchased from SF Composites (France).

The completed specimens have been checked to ensure that the final laminates 
are in good quality without defects and then cut into samples with a length of 
L = 250 mm and a width of W = 25 mm. These specimens have been cut using a 
dedicated cutting machine with a diamond-coated blade. Four-layered laminated 
plates, all in the same direction [0]4, were fabricated in this experimental investiga-
tion as perforated specimens.

In order to create circular notches at the center of samples, different sizes of 
drills were used. On the other hand, to limit the delamination effects at the vicin-
ity of the holes, caused by the drilling process, wooden plates under the samples 
and a drill machine with a speed of 2300 rad/min were used. Various diameters 
of drill (2.5, 5, 7.5, and 10 mm) were used in order to obtain various diameter-to-
width (D/W) ratios. The main notch is machined by drilling initially a hole of a 
small diameter and then carefully enlarging it to its final dimension by incremen-
tal drill size.

In addition, the following procedure is followed to create different diameters of 
auxiliary holes in various locations at the vicinity of the main one. The first step is 
to make transparent papers and fix them onto the laminates using adhesive tape. 
These papers show the centers of the auxiliary holes. A needle is used in order to 
mark the center locations of the auxiliary holes on the laminates. Initially, 1 mm 
diameter drill is used for creating the initial holes. Starting with a small size of a 
drill improves the accuracy of the locations of the notches. Then, using a drill of 
sufficient size, a bigger hole centered at the initial hole is created.

Before the testing, the DIC samples were cleaned to remove dirt, and then they 
were prepared and covered using a black paint and sprayed with a white aerosol to 
create a random speckle pattern. The samples tested for the present experimental 
investigation are shown in Figure 1.

Figure 1. 
UD laminated plates with various DHS configurations.
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In structural design field, engineers try to optimize various objectives, such 
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fibers properly, the resin is applied by brushing. A paint roller is used, in order to 
distribute the resin uniformly on the metallic mold surface and also to consolidate 
the lamina, thoroughly wetting the reinforcement and removing the entrapped air. 
Subsequent layers of the UD glass fibers are added to build the required laminate 
thickness. The samples were made of four-ply UD E-glass/epoxy lamina. The 
thickness of each layer is 0.5 mm. The initial materials, E-glass fiber 400 g/m2 and 
clear 1070 resin epoxy with a density of 1.15 g/cm3 and a hardener with a density of 
1.02 g/cm3, were purchased from SF Composites (France).

The completed specimens have been checked to ensure that the final laminates 
are in good quality without defects and then cut into samples with a length of 
L = 250 mm and a width of W = 25 mm. These specimens have been cut using a 
dedicated cutting machine with a diamond-coated blade. Four-layered laminated 
plates, all in the same direction [0]4, were fabricated in this experimental investiga-
tion as perforated specimens.

In order to create circular notches at the center of samples, different sizes of 
drills were used. On the other hand, to limit the delamination effects at the vicin-
ity of the holes, caused by the drilling process, wooden plates under the samples 
and a drill machine with a speed of 2300 rad/min were used. Various diameters 
of drill (2.5, 5, 7.5, and 10 mm) were used in order to obtain various diameter-to-
width (D/W) ratios. The main notch is machined by drilling initially a hole of a 
small diameter and then carefully enlarging it to its final dimension by incremen-
tal drill size.

In addition, the following procedure is followed to create different diameters of 
auxiliary holes in various locations at the vicinity of the main one. The first step is 
to make transparent papers and fix them onto the laminates using adhesive tape. 
These papers show the centers of the auxiliary holes. A needle is used in order to 
mark the center locations of the auxiliary holes on the laminates. Initially, 1 mm 
diameter drill is used for creating the initial holes. Starting with a small size of a 
drill improves the accuracy of the locations of the notches. Then, using a drill of 
sufficient size, a bigger hole centered at the initial hole is created.

Before the testing, the DIC samples were cleaned to remove dirt, and then they 
were prepared and covered using a black paint and sprayed with a white aerosol to 
create a random speckle pattern. The samples tested for the present experimental 
investigation are shown in Figure 1.

Figure 1. 
UD laminated plates with various DHS configurations.
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In order to obtain the in-plane mechanical properties of the present material, the 
following ASTM D3039 [7] and ASTM D3518 [8] for tensile and shear properties, 
respectively, have been used.

The tensile properties of the unnotched samples, such as the laminate Young’s 
modulus E1 and E2, Poisson’s ratio v12, and ultimate strength, were measured by 
static tension testing of longitudinal [0]4 and transverse [90]4 UD samples. The 
shear modulus of the samples was measured by loading the specimens whose 
principal axes are on 45°. Four samples were used in the characterization tests.

The INSTRON-5969 testing machine was used in the present study in order to 
conduct the experimental tests on laminated samples (see Figure 2).

The testing machine is connected with a computer in order to record the stress-
strain curves during the tensile tests. As shown in Figure 2, the samples were illumi-
nated by ordinary white light during the experiments. During the loading process, 
high-resolution images were taken using a digital camera. The experimental results 
obtained in the present study were processed with a 2D-DIC MATLAB code [9]. 
In order to perform the DIC tests, we replicate three experiments for each sample, 
and the results are averaged. This procedure was repeated for all samples to obtain 
correct stress distributions and reduce the errors that can be related to the speckle 
pattern.

Remark: The DHS technique is based on the idea of introducing smaller holes 
(auxiliary holes) on both sides of the main notch, in order to smooth the flow of the 
principal stress paths past the main notch, and this will reduce the stress concentra-
tion developed around the original notch. This process is similar to the topology 
optimization technique which is based on logic of “material should be removed 
from the regions that are less essential for carrying the loads.”

Remark: The DIC is one of the powerful noncontact techniques used for 
measuring the deformations. The DIC technique uses images in order to track the 
relative displacements of a random speckle pattern point. These displacements 
are calculated between an undeformed image (reference image) and the current 
one (the deformed image). In the present work, the authors obtained the full-field 
strain distributions using a 2D-DIC MATLAB code [9].

Figure 2. 
Experimental setup for the DIC analysis.
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3. Finite element modeling

2D finite element models were developed using the open-source FE software 
FreeFem++ [10]. The models were developed using a linear triangular element 
(three nodes with 2 degrees of freedom per node), because these elements are more 
adaptable for meshing plates with circular notches. In order to validate the experi-
mental results, the dimensions and the mechanical properties of the numerical 
models are chosen to be the same as the experimental specimens (a total length 
of L = 250 mm and a width of W = 25 mm). In addition, various sizes of hole 
diameters (2.5, 5, 7.5, and 10 mm) are used in order to obtain different diameter-
to-width (D/W) ratios. The length and width of the plates are divided into 70 and 
5 elements, respectively.

The FE models of all groups of samples are created, and the stress-strain distri-
butions at the vicinity of notches are obtained. Furthermore, in view of the rapid 
change in the stress-strain fields around the holes, a higher mesh density with 
smaller finite elements is adopted and a coarse mesh far from the hole region.

A convergence study is carried out to obtain initial appropriate fine mesh in 
the open hole zone (the initial mesh size was 30 elements around a hole diameter 
of 2.5 mm), and then automatic parametric program was developed in order to 
change the notch size and the mesh refinement automatically, because if one keeps 
the same element number at the vicinity of the notch boundary, the stress-strain 
distributions will be affected by changing the notch diameter (see Figure 3a). All 
the numerical models are subjected to a tensile load.

On the other hand, the introduction of the DHS is dependent on the logic of 
adding auxiliary holes in the areas of low stress near the main cutout. The number 
of the auxiliary holes in this study is two circular holes (see Figure 3b). Various 
finite element models are also developed for different DHS configurations.

Figure 3. 
Finite element models of laminated plates under a tensile loading. (a) A plate with a single hole and  
(b) a plate with DHS.
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3. Finite element modeling
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(three nodes with 2 degrees of freedom per node), because these elements are more 
adaptable for meshing plates with circular notches. In order to validate the experi-
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of L = 250 mm and a width of W = 25 mm). In addition, various sizes of hole 
diameters (2.5, 5, 7.5, and 10 mm) are used in order to obtain different diameter-
to-width (D/W) ratios. The length and width of the plates are divided into 70 and 
5 elements, respectively.

The FE models of all groups of samples are created, and the stress-strain distri-
butions at the vicinity of notches are obtained. Furthermore, in view of the rapid 
change in the stress-strain fields around the holes, a higher mesh density with 
smaller finite elements is adopted and a coarse mesh far from the hole region.

A convergence study is carried out to obtain initial appropriate fine mesh in 
the open hole zone (the initial mesh size was 30 elements around a hole diameter 
of 2.5 mm), and then automatic parametric program was developed in order to 
change the notch size and the mesh refinement automatically, because if one keeps 
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distributions will be affected by changing the notch diameter (see Figure 3a). All 
the numerical models are subjected to a tensile load.

On the other hand, the introduction of the DHS is dependent on the logic of 
adding auxiliary holes in the areas of low stress near the main cutout. The number 
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Figure 3. 
Finite element models of laminated plates under a tensile loading. (a) A plate with a single hole and  
(b) a plate with DHS.
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4. Results and discussion

In this section, the stress concentration factors and the tensile strengths of 
laminated plates with different notch diameters are analyzed. The results will be 
given first for plates with a single hole, and then the same analysis will be done for 
plates with different DHS configurations.

4.1 Stress concentration and strength of specimens with a single hole (SH)

The performed experimental study aimed to determine the ultimate tensile 
strength of unnotched/notched samples as well as the stress-strain distributions in 
laminates weakened by various notch diameters in order to evaluate the stress state. 
The obtained results from the characterization tests are summarized in Table 1.

Table 2 presents the stress concentration and the strength (ultimate stress) 
obtained experimentally for specimens without notches (unnotched plates) and with 
a single hole. It can be clearly seen that the SCF and the degradation in strength values 
are related to the notch dimension. The ultimate strength values vary greatly with the 
notch size, and the laminate strength decreases as the hole size increases. It turned 
out that as the notch diameters increased from 2.5 to 10.0 mm, the strength values 
steadily decreased from 427.57 to 274.86 and the SCF increased from 4.114 to 5.072.

The SCF findings presented in Table 2 are the average of three values obtained for 
each sample. One can see that the numerical results are in good agreement compared 
to the experimental data and the difference between them is considered insignificant.

4.2  Stress concentration and strength of specimens with various DHS 
configurations

The experimental tensile strength results for the unnotched and notched longi-
tudinal [0]4 laminated specimens with different DHS configurations are shown in 
Table 3 and schematically in Figure 4. The present DHS configuration is given as 
(D/(A, A)/(d, d)) where D is the main hole diameter, A is the auxiliary hole diam-
eter, and d is the distance between the centers of the main and the auxiliary holes.

Material Ultimate strength Stress concentration values

(MPa) FEM Experimental results

Unnotched 527.04 — —

2.5 427.57 3.756 4.114

5.0 353.54 3.937 4.025

7.5 314.93 4.194 4.799

10.0 274.86 4.601 5.072

Table 2. 
Strength and SCF values of unnotched and notched specimens with various notch diameters.

Material Elastic properties

E1 (GPa) E2 (GPa) G12 (GPa) v12

E-glass/epoxy 22.54 10.94 3.54 0.30

Table 1. 
E-glass/epoxy laminate properties.
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In this experimental investigation, the obtained strength values were compared 
to plate with a single hole, and the main hole diameter in this case is 5.0 mm.

Figure 4 shows the experimental stress-strain curves, and it can be clearly 
seen that the strength values were related not only to the main notch diameter but 
also the auxiliary notch diameters and their locations. The ultimate strength value 
varies greatly with the auxiliary hole sizes and locations, and the laminate strength 
increases as the auxiliary notch size increases and is located too near to the main one 
(see Table 3).

4.3 Strain distributions using DIC

As discussed earlier, the DIC technique was used in order to get the strain fields 
developed in composite samples with different open hole configurations loaded in 
tension at a rate of 0.5 mm/min. It is shown that the technique provides quantitative 
information that can be used to identify the strain distribution. A speckle pattern 
was applied manually on the specimen surface, and the quality of the speckle pattern 
affects the strain distribution; so it needs to be carefully dropped. The correlation 
subset size was large enough to ensure that there was a sufficiently distinctive pattern 
contained in the area used for correlation. In order to calculate the SCF around the 

Case Strength load (MPa) Improvement

Unnotched plate With 
SH

With 
DHS

%

Case 1-a 5/(4.5,4.5)/(6,6) 527.04 353.54 413.17 16.87

Case 2-a 5/(4.5,4.5)/(7,7) 527.04 353.54 412.39 16.65

Case 3-a 5/(4,4)/(6,6) 527.04 353.54 386.34 09.27

Case 4-a 5/(2.5,2.5)/(6,6) 527.04 353.54 348.57 −1.41

Table 3. 
Experimental strength loads for [0]4 laminates with different DHS configurations.

Figure 4. 
Typical stress-strain curves for (D = 5 mm) laminated plates with different DHS configurations.
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4. Results and discussion
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zone of discontinuities, the stress-strain relationship for planar composite structures 
was used. DIC technique measurements were carried out in all the samples.

The SCF results tabulated in Table 2 are actually the average of three values 
obtained for each specimen. One can see that the experimental results are in good 
agreement with finite element outputs and the difference between them is insig-
nificant. In addition, one can clearly see that the stress concentration near circular 
cutouts can be reduced using two auxiliary holes (see Figure 5). So, it can be 
concluded that the stress concentration reduction explains the tensile strength load 
improvement in specimens with DHS.

5. Conclusion

Notches with different forms and sizes are unavoidable in composite laminates 
to satisfy the needs of some design requirements. The stress developed around these 
notches reduces the load-bearing capacity of these composite structures. The accuracy 
of the analysis of these kinds of structures is based on the choice of an appropriate strat-
egy. In the present investigation, DIC technique was used to the assessment of stress 
distribution taking place in laminates with different notch sizes loaded in tension. In 
addition, FEM is also used to validate the distribution of stresses obtained experimen-
tally and investigate the tensile strength degradation in these laminated plates. It has 
been shown that the ultimate strength degradation and final damage mechanism that 
appear after the final failure are depending on the open hole size and strain distribu-
tion. One can see that the SCF and the damage zones increase and the perforated plate 
strength decreases with the increase in the hole size. Moreover, to improve the ultimate 
strength values, the DHS technique was used. DHS is introduced to these structures as 
a strategy to increase the ultimate strength as well as the weight of the structures. Based 
on the experimental results, the ultimate strength can be improved by introducing two 
circular auxiliary holes along the principal stress directions.

Figure 5. 
Finite element and DIC engineering strain fields for [0]4 notched laminated plate with a 5/(4.5, 4.5)/(7, 7) 
DHS configuration.
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Chapter 11

Strength Analysis and Variation
of Elastic Properties in Plantain
Fiber/Polyester Composites for
Structural Applications
Christian Emeka Okafor and Christopher Chukwutoo Ihueze

Abstract

Plantain fiber-reinforced composite materials have demonstrated significant
properties that are applicable in structural design and development. However, two
major concerns arise in relation to the obvious material anisotropy and challenges
imposed by structural discontinuity encountered as need for use of fasteners arises.
The study assesses the extent of variation of elastic properties (Ex, Ey, Gxy, vxy, vyx,
mx, my) with fiber orientation using MATLAB functions while considering the
extent of variation of the tangential stresses around an idealized functional hole
edge. The tensile strength of 410.15 and 288.1 MPa was recorded at 0° fiber orien-
tation angle, while 37.3397 and 33.133 MPa were obtained at fiber orientation angle
of 90° for Plantain Empty Fruit Bunch Fiber Composite (PEFBFC) and Plantain
Pseudo Stem Fiber Composite (PPSFC), respectively. The tangential stress distri-
bution at hole edge indicated maximum stress value of 119.15 and 100.587 MPa at
angular position ø = 90° for PEFBFC and PPSFC, respectively. Judging from various
failure indices considered, failure will be initiated at ø = 70° for PEFBFC with stress
concentration factor of 2.53 and ø = 65° for PPSFC with stress concentration factor
of 2.13, which are less than the stress concentration around the peak stress when
angular position is 90°. Both PEFBFC and PPSFC showed similar trends in response
to the design scenario considered.

Keywords: elastic properties, structural application, plantain fiber, composites,
matrix

1. Introduction

These days several shortcomings have been observed with respect to the utiliza-
tion of synthetic fiber-reinforced polymers, hence empowering the drive for more
utilization of plant fiber composite in structural designs. The primary weaknesses of
synthetic fiber-reinforced polymers which includes issue in afterlife disposal and
non-biodegradability are completely settled by utilizing plant fibers in polymer
reinforcements. Reinforced composites are prime choice for light weight structural
designs and automotive body parts assembly.

Extensive literature on recent advancements in reinforced composites and its
reliability are reported in classical reports of Dehmous et al. [1], Okafor et al. [2],
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Xie and Wang [3], Beaumont et al. [4], Pei et al. [5], Bittrich et al. [6], Prasad et al.
[7], Wang et al. [8]. The hygrothermal efficiencies has been reported by Foulc et al.
[9], Shettar et al. [10]. In addition, the utilization of reinforced composites predi-
cates the reuse of domestic and agricultural residues. For example, vehicles made
with fiber-reinforced composites are lighter and run on smaller engines which
produce fewer emissions to the environment. Most items produced using natural
fiber composites is a win-win for manufacturers. Most composite material ventures
can utilize their genius green item data to build deals because customers
comprehend the ecological dangers of synthetic assembling.

Due to scarcely available information regarding some new material response to
structural discontinuity, superior properties of those composites are seriously
compromised by the utilization of bizarrely enormous factor of safety in design.
Accordingly, the quick fate of composite materials as a class of innovative materials
may depend more on clear assessment of its performance in various structural
design scenario. All inclusive acknowledgment of composites as eco-friendly mate-
rials will therefore depend especially on the certainty of the designer and client
about the variation of its elastic properties. In a typical fiber-reinforced composites,
the polymer matrix serves as a binder and deforming most times for stress distri-
bution purposes. There are different options in the choice of matrix/fibers and the
general composition of reinforced composites is shown in Figure 1. The figure
identified the three major categories of polymers to include biopolymers, thermo-
plastics and thermosets. Biopolymers are chain like atoms created by organic

Figure 1.
Composition of reinforced composites.
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biomass. Exceptional nontoxicity and biodegradable properties of biopolymers
boosts their applications in composites formulation, hardware and restorative gad-
gets. Fuse of nano-sized support in the biopolymers to improve the properties
contributes to the upgrade functional applications of the matrix.

Though thermosets and thermoplastics sound similar, they have very different
properties and applications [11]. Thermosets typically changes from fluid to solid
state after curing chemical reaction initiated by addition of a catalyst, cross-linker,
and curing agent. In the course of the chemical reaction, the material solidifies as a
result of cross-linking and formation of longer molecular networks. Subsequently,
any further exposure to high heat will cause the material to degrade unlike thermo-
plastic parts that melts and softens whenever exposed to elevated temperature,
thermoset simply become set in their physical and mechanical properties after an
initial treatment and therefore are no longer affected by additional heat exposure.

Again, thermoplastics are dissolvable plastics. At temperature above liquefying
point, the thermoplastic condenses. The thermoplastic sets once again into solid
state when the temperature is reduced and the handling temperature dips under its
melting point. This inherent characteristic of thermoplastics enables its softening
when heated above its melting point and re-forming as the temperature decreases
below the melting point. Most of the times, the expenses of materials for creating
thermoset are lower when contrasted with thermoplastic. Also thermoset is regu-
larly simple for wetting the reinforcements and shaping last composites items.
Thermoplastics will in general be harder than thermosets and require no refrigera-
tion as uncured thermosets as often as possible do, and can be more effectively be
reused and fixed. Elastomers are typically thermosets (requiring vulcanization).

Obviously literature has indicated several approximate relationships between
some reinforced composites elastic constants and the homogenized modules of
elasticity [12–14]. Also recent research have reported the possibility of measuring
variation elastic constants of materials using ultrasonic methods [15–18]. However,
scanty research is available on strength analysis and variation of elastic properties in
plantain fiber/polyester composites, a gap that the present study seeks to fill.

2. Background to plantain cultivation and utilization as reinforcement
in polymer composites

An expanded enthusiasm for the utilization of agricultural wastes in develop-
ment of reinforced composites has been on the increase. Natural fibers extracted
from bio wastes offer a few points of interest over woody biomass, since they are
accessible in huge amounts as leftovers and agricultural wastes [19, 20]. The plan-
tain pseudo stem (PPS) and empty fruit bunch (EFB) strands presented in this
chapter are agricultural by-products that are biodegradable and locally available
from renewable agricultural sources with potentials to contribute to reduction in
environmental pollution when utilized in large scale as polymeric reinforcements.

Plantain fruit is one of the staples in Nigeria and it is mainly cultivated in the
tropics and ethnic enclaves [21]. It is evaluated that 70 million individuals in West
and Central Africa derive most of their nourishment and vitality requirements from
plantain fruit plant [22, 23]. Plantain fruit has a fare potential in the light of its huge
cultivation and consumption in Nigeria and many other African countries.
Akinyemi et al. [24] reported that plantain plant is the third most important plant
grown after cassava and yam in Nigeria; collaborating, Kaine and Okoje [25]
showed that plantain production is a very profitable enterprise as every ₦1 naira
invested in plantain production yields a return on investment of about ₦12.60 kobo.
In a study about economics of plantain production Kainga et al. [26] found that the
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from bio wastes offer a few points of interest over woody biomass, since they are
accessible in huge amounts as leftovers and agricultural wastes [19, 20]. The plan-
tain pseudo stem (PPS) and empty fruit bunch (EFB) strands presented in this
chapter are agricultural by-products that are biodegradable and locally available
from renewable agricultural sources with potentials to contribute to reduction in
environmental pollution when utilized in large scale as polymeric reinforcements.

Plantain fruit is one of the staples in Nigeria and it is mainly cultivated in the
tropics and ethnic enclaves [21]. It is evaluated that 70 million individuals in West
and Central Africa derive most of their nourishment and vitality requirements from
plantain fruit plant [22, 23]. Plantain fruit has a fare potential in the light of its huge
cultivation and consumption in Nigeria and many other African countries.
Akinyemi et al. [24] reported that plantain plant is the third most important plant
grown after cassava and yam in Nigeria; collaborating, Kaine and Okoje [25]
showed that plantain production is a very profitable enterprise as every ₦1 naira
invested in plantain production yields a return on investment of about ₦12.60 kobo.
In a study about economics of plantain production Kainga et al. [26] found that the
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associated high return on investment and short maturity period for plantain con-
tributes to its massive cultivation in Nigeria.

Africa cultivates over 50% of worldwide production of plantain and Nigeria is
one of the biggest plantain producing nations in the planet. Therefore the interest in
plantain plant fiber for polymer reinforcement was as a result of its abundance and
accessibility as it is evaluated that over 15.07 million tons of plantain fruit is pro-
duced each year in Nigeria with about 2.4 million metric tons produced from
southern Nigeria [27, 28]. Plantain fiber also satisfied over 50% conditions for eco-
friendly materials as shown in Figure 2 and can make strong reinforcement in
composites. A composite which can be characterized as a physical blend of at least
two unique materials, has properties that are commonly superior to those of any of
the establishing materials. It is important to utilize blends of materials to tackle
issues in light of the fact that any one material alone cannot suffix effectively in eco-
friendly materials technology at an acceptable performance [29].

Cadena Ch et al. [30] and Adeniyi et al. [31] orchestrated the potentials of natural
fibers from plantain pseudo stem for use in fiber-reinforced composites. It is there-
fore important to assess the extent of variation of elastic properties in plantain fiber-
reinforced polyester composites to guard against out of plane failure during structural
applications. Unfortunately most studies involving plantain fiber-reinforced compos-
ites has dwelt on assessment of tensile, flexural and hardness properties [32], optimi-
zation of hardness strengths [33], effect of water and organic extractives removal
[34], effects of fiber extraction techniques [35], optimization of flexural strength
[36], compressive and impact strength evaluation [37–39], effect of high-frequency
microwave radiation [40], effect of chemical treatment on the morphology [41],
implications of interfacial energetics on mechanical strength [42]. Although Ihueze,
Okafor and Okoye [43] has reported the longitudinal (1) and transverse (2) proper-
ties of plantain fiber-reinforced composites in Figure 1, there is still need to

Figure 2.
Properties of eco-friendly building materials.
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establish the essential elastic constants at directions other than the material axis
directions 1–2.

The present research efforts will further drive the interests of structural
designers in the use of plantain fiber-reinforced composites because the superior
strength of materials are rarely utilized to full as a result of incomplete knowledge
of elastic properties which are related to various fundamental solid-state character-
istics of the composites. In essence, the elastic constants of plantain fiber-reinforced
composites is expected to describe the material response to external stressor and
provide useful information about bonding characteristics and structural stability.
Kenedi et al. [44] assessed the orthotropic elastic properties in a sandwiched com-
posites laminates and proposed models for estimating the orthotropic elastic prop-
erties of composite materials. Hwang and Liu [45] reported that elastic modulus and
Poisson’s ratio vary significantly with different braid angles in carbon fabric/poly-
urethane composites. Ren et al. [46] reported that elastic modulus and tensile
strengths are overly dependent on the angles of fiber orientation. Kumar et al. [47]
studied the influence of�0°,�10°,�30°,�40°,�45°,�55°,�65°,� 75°, and� 90°
angle ply on mechanical properties of glass-polyester composite laminate and found
that that glass/polyester with 0° fiber orientation angle yields’ high strength. Cordin
et al. [48] experimentally examined the effect of 0°,�22.5°,�45°,�67.5° and 90°
fiber orientation angles on the mechanical properties of polypropylene-lyocell
composites. Ihueze et al. [49] optimally determined the tensile strengths of plantain
fiber-reinforced composites considering 30°, 45° and 90° fiber orientation angles.
The application of these previous studies are limited to fiber orientation angles
studied, however failure may be initiated from angles other than those considered
hence the need to verify the variation of important elastic constants within a wide
range of fiber orientation coverage are necessary.

Additionally, researchers have provided various theoretical strategies for deter-
mination of elastic constants in reinforced composites using software codes to cover
the wide range of fabricating conditions. Jules et al. [50] ascertained the effect of
fibers orientation on the predicted elastic properties of long fiber composites using
Monte-Carlo simulation to assign the in plane and out of plane orientation values.
Venetis and Sideridis [51] developed a model to find the approximate elastic con-
stants in unidirectional fiber-reinforced composite materials in terms of the con-
stituent material properties. Cuartas [52] theoretically determined the elastic
properties in CFRP composites which compared favorably with other methods
based on tensile tests and ultrasonic characterization. Rahmani et al. [12] found that
MATLAB codes are capable of predicting the elastic constants of composites with
reasonable confidence.

3. Mathematical framework for assessment of extent of variation of
elastic properties in plantain fiber-reinforced polyester composites

One significant property of composite materials is their plainly visible macro-
scopic anisotropy, which means that the properties estimated in the longitudinal
direction are by far not the same as those measured in transverse direction. There
are no material planes of symmetry, and normal loads create both normal strains
and shear strains. This anisotropic characteristic of reinforced composites results in
low mechanical properties in the out-of-plane orientation where the matrix carries
the primary load. Consequently the application of reinforced composites is limited
in scenarios prone to complex load paths such as lugs and fittings [53].

By implication any endeavor to comprehend the structural application of
plantain fiber-reinforced polyester composite must assess the inborn anisotropy.
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Additionally, researchers have provided various theoretical strategies for deter-
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the wide range of fabricating conditions. Jules et al. [50] ascertained the effect of
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Venetis and Sideridis [51] developed a model to find the approximate elastic con-
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Composites are a subclass of anisotropic materials that are delegated orthotropic.
Orthotropic materials have properties that are unique in three directions with
perpendicular axes of symmetry. In this way, orthotropic mechanical properties
depend heavily on fiber orientation. An orthotropic ply is thus defined as that
having two different material properties in two mutually perpendicular directions
at a point and the two mutually perpendicular directions also form the planes of
material properties symmetry at the point.

3.1 Determination of reduced stiffness matrix and compliance matrix

Considering two possible loading conditions of longitudinal (direction 1) and
transverse (direction 2) in the matrix as shown in Figure 3, the resulting direct
strains from Hooks law are respectively e1 ¼ �v21σ1

E1
and e2 ¼ �v12σ1

E1
where v12 = major

Poisson’s ratio and v21 = minor Poisson’s ratio.
Hence the application of both direct stresses σ1 and σ2 will yield corresponding

strains as follows:

e1 ¼ σ1
E1

� v21σ2
E2

(1)

e2 ¼ σ2
E2

� v12σ1
E1

(2)

Putting Eqs. (1) and (2) in a matrix form, yields

e1

e2

( )
¼

1
E1

�v21
E2

�v12
E1

1
E2

8>><
>>:

9>>=
>>;

σ1

σ2

( )
(3)

σ1

σ2

( )
¼

E1

1� v12v21

v21E1

1� v12v21
v12E2

1� v12v21

E2

1� v12v21

8>><
>>:

9>>=
>>;

e1
e2

� �
(4)

Eq. (3) is symetric about the loading diagonal such that

�v21
E2

¼ �v12
E1

(5)

Figure 3.
Stressed single thin composite lamina. From Ref. [43].

186

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

A combined effect of shear and direct stresses gives the reduced stiffness matrix
as in Eq. (6) and reduced compliance matrix as in Eq. (7)
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Minor Poisson’s ratio is the strain resulting from a stress in the axial direction,
Ihueze et al. (2013) calculated the major Poisson’s ratio v12 for plantain fiber/
polyester composites. However, there is need to further assess the minor Poisson’s
ratio v21 using Eq. (5) and Table 1 as follows

v21, PEFBFRP ¼ E2v12
E1

¼ 7030:962 ∗0:38
14, 922

¼ 0:179

1� v12v21 ¼ 1� 0:38 ∗0:179 ¼ 1� 0:068 ¼ 0:93

v21, PPSFC ¼ E2v12
E1

¼ 6817:175 ∗0:29
13027:5

¼ 0:152

1� v12v21 ¼ 1� 0:29 ∗0:152 ¼ 1� 0:068 ¼ 0:956

The reduced stiffness matrix (ℵ) for PEFBFC and PPSFC is obtained from
Eq. (6).

For PEFBFC

E1

1� v12v21
¼ 14922

1� 0:38 ∗0:179
¼ 16011:07

v21E1

1� v12v21
¼ 0:179 ∗ 16011:07 ¼ 2865:98

E2

1� v12v21
¼ 7030:962

1� 0:38 ∗0:179
¼ 7544:113

Composites Properties

Su1
(MPa)

Su2
(MPa)

Sy
(MPa)

E1

(MPa)
E2

(MPa)
E

(MPa)
v12 τmax

(MPa)
G12

(MPa)

PEFBFC 410.15 37.3397 33.69 14,922 7030.962 9990.10 0.38 19.3100 3622.99

PPSFC 288.10 33.1330 29.24 13027.5 6817.175 9146.305 0.29 15.5700 3332.835

Su1, Su2 are tensile strengths in the longitudinal and transverse directions respectively.

Table 1.
Evaluated mechanical properties of plantain fibers and plantain fibers reinforced polyester composites. From
Ref. [43].
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ℵPEFBFC ¼
16011:07 2865:98 0

2865:98 7544:113 0

0 0 3622:99
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MPa

For PPSFC

E1

1� v12v21
¼ 13027:5

1� 0:29 ∗0:152
¼ 13628:23

v21E1

1� v12v21
¼ 0:152 ∗ 13628:23 ¼ 2071:49

E2

1� v12v21
¼ 6817:175

1� 0:29 ∗0:152
¼ 7131:53

ℵPPSFC ¼
13628:23 2071:49 0

2071:49 7131:53 0

0 0 3332:835

8><
>:

9>=
>;
MPa

The reduced compliance matrix (β) is obtained from Eq. (7).
For PEFBFC

1
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¼ 6:7 � 10�51=MPa

�v21
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1
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1
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For PPSFC
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3.2 Transformation of elastic constants

The know of the stress-strain relationship in the plantain/polyester composite
is completely comprehended by knowing the associated independent engineering
elastic constants (E1, E2, G12 and v12) as previously determined by Ihueze et al.
(2013) as in Tables 1 and 2. However, there is need to further establish these
elastic properties at different directions of fibers other than directions 1 and 2.
Datoo [54] derived various expressions for determination of the elastic properties in
the reference axes x-y for any fiber orientation as expressed in Eqs. (8)–(14) where
c ¼ cosθ, s ¼ sinθ, Ex, Ey, Gxy, vxy, mx and my are the elastic properties at any fiber
orientation θ relative to a reference direction x-y.

1
Ex

¼ c4

E1
þ s4

E2
þ c2s2

1
G12

� 2v12
E1

� �
(8)

1
Ey

¼ s4

E1
þ c4

E2
þ c2s2

1
G12

� 2v12
E1

� �
(9)

1
Gxy

¼ c2s2
4
E1

þ 4
E2

þ 8v12
E1

� �
þ c2 � s2
� � 1

G12
(10)

vxy ¼ Ex c4 þ s4
� � v12

E1
� c2s2

1
E1

þ 1
E2

� 1
G12

� �� �
(11)

Property Polyester resin

Density (g/cm3) 1.2–1.5 (1400 kg/m3)

Young modulus (MPa) 2000–4500

Tensile strength (MPa) 40–90

Compressive strength (MPa) 90–250

Tensile elongation at break (%) 2

Water absorption 24 h at 20°C 0.1–0.3

Flexural modulus (GPa) 11.0

Poisson’s ratio 0.37–0.38

Plantain pseudo stem fibers

Young modulus (MPa) 23,555

UTS (MPa) 536.2

Strain (%) 2.37

Density (kg/m3) 381.966

Plantain empty fruit bunch fibers

Young modulus (MPa) 27,344

UTS (MPa) 780.3

Strain (%) 2.68

Density (kg/m3) 354.151

Table 2.
Mechanical properties of plantain fibers and polyester resin. From Ref. [43].
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3.2 Transformation of elastic constants

The know of the stress-strain relationship in the plantain/polyester composite
is completely comprehended by knowing the associated independent engineering
elastic constants (E1, E2, G12 and v12) as previously determined by Ihueze et al.
(2013) as in Tables 1 and 2. However, there is need to further establish these
elastic properties at different directions of fibers other than directions 1 and 2.
Datoo [54] derived various expressions for determination of the elastic properties in
the reference axes x-y for any fiber orientation as expressed in Eqs. (8)–(14) where
c ¼ cosθ, s ¼ sinθ, Ex, Ey, Gxy, vxy, mx and my are the elastic properties at any fiber
orientation θ relative to a reference direction x-y.

1
Ex
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E1
þ s4

E2
þ c2s2

1
G12

� 2v12
E1

� �
(8)

1
Ey

¼ s4

E1
þ c4

E2
þ c2s2

1
G12

� 2v12
E1

� �
(9)

1
Gxy

¼ c2s2
4
E1

þ 4
E2

þ 8v12
E1

� �
þ c2 � s2
� � 1

G12
(10)

vxy ¼ Ex c4 þ s4
� � v12

E1
� c2s2

1
E1

þ 1
E2

� 1
G12

� �� �
(11)

Property Polyester resin

Density (g/cm3) 1.2–1.5 (1400 kg/m3)

Young modulus (MPa) 2000–4500

Tensile strength (MPa) 40–90

Compressive strength (MPa) 90–250

Tensile elongation at break (%) 2

Water absorption 24 h at 20°C 0.1–0.3

Flexural modulus (GPa) 11.0

Poisson’s ratio 0.37–0.38

Plantain pseudo stem fibers

Young modulus (MPa) 23,555

UTS (MPa) 536.2

Strain (%) 2.37

Density (kg/m3) 381.966

Plantain empty fruit bunch fibers

Young modulus (MPa) 27,344

UTS (MPa) 780.3

Strain (%) 2.68

Density (kg/m3) 354.151

Table 2.
Mechanical properties of plantain fibers and polyester resin. From Ref. [43].
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The minor Poissons ratio with respect to the material reference axes is obtained
from Eq. (5) such that

vxy
Ex

¼ vyx
Ey

(12)

mx ¼ Ex c3s
1
G12

� 2v12
E1

� 2
E1

� �
� cs3

1
G12

� 2v12
E1

� 2
E2

� �� �
(13)

my ¼ Ey cs3
1
G12

� 2v12
E1

� 2
E1

� �
� c3s

1
G12

� 2v12
E1

� 2
E2

� �� �
(14)

3.3 Variation of engineering elastic constants with fiber orientation θ

Considering fiber orientation θ° ranging from 0° to 90° in increments of 5° the
variation of Ex, Ey, Gxy, vxy, mx and my has been assessed Plantain Empty Fruit
Bunch Fiber Composite (PEFBFC) and Plantain Pseudo Stem Fiber Composite
(PPSFC) using Eqs. (8)–(14) and presented in Tables 3 and 4, respectively.

Figure 4 shows the variation of elastic modulus with fiber orientation, it can be
seen that the highest value of 14,922 and 13027.5 MPa in the reference x-direction
(ExÞ is attained in the fiber orientation angle 0° for PEFBFC and PPSFC respectively.
However as fiber orientation angle changes, there is a sharp drop in the value of
elastic modulus in the reference x-direction to a respective lowest value of 7030.96
and 6817.18 MPa as the fiber orientation angle increased to 90°. On the contrary, the
lowest value of 7030.96 and 6817.18 MPa were recorded for elastic modulus in the

S/N θ° Ex Ey Gxy vxy vyx mx my
Ex
E2

Gxy

E2

1 0 14922.000 7030.962 3622.990 0.380 0.179 0.000 0.000 2.122 0.515

2 5 14769.770 7053.373 3629.270 0.378 0.180 0.116 0.037 2.101 0.516

3 10 14337.670 7121.323 3647.477 0.372 0.185 0.221 0.073 2.039 0.519

4 15 13690.480 7236.950 3675.727 0.362 0.191 0.304 0.111 1.947 0.523

5 20 12911.620 7403.786 3710.985 0.350 0.201 0.362 0.150 1.836 0.528

6 25 12081.300 7626.692 3749.256 0.336 0.212 0.395 0.190 1.718 0.533

7 30 11262.730 7911.712 3785.946 0.320 0.225 0.405 0.231 1.602 0.538

8 35 10497.990 8265.787 3816.391 0.304 0.239 0.398 0.271 1.493 0.543

9 40 9810.462 8696.213 3836.528 0.288 0.255 0.377 0.310 1.395 0.546

10 45 9209.655 9209.655 3843.571 0.271 0.271 0.346 0.346 1.310 0.547

11 50 8696.213 9810.462 3836.528 0.255 0.288 0.310 0.377 1.237 0.546

12 55 8265.787 10497.990 3816.391 0.239 0.304 0.271 0.398 1.176 0.543

13 60 7911.712 11262.730 3785.946 0.225 0.320 0.231 0.405 1.125 0.538

14 65 7626.692 12081.300 3749.256 0.212 0.336 0.190 0.395 1.085 0.533

15 70 7403.786 12911.620 3710.985 0.201 0.350 0.150 0.362 1.053 0.528

16 75 7236.950 13690.480 3675.727 0.191 0.362 0.111 0.304 1.029 0.523

17 80 7121.323 14337.670 3647.477 0.185 0.372 0.073 0.221 1.013 0.519

18 85 7053.373 14769.770 3629.270 0.180 0.378 0.037 0.116 1.003 0.516

19 90 7030.962 14922.000 3622.990 0.179 0.380 0.000 0.000 1.000 0.515

Table 3.
Variation of engineering elastic constants with fiber orientation θ in PEFBFC.
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reference y-direction (EyÞas the fiber orientation angle increased from 0° to 90°
reaching a peak value of 14,922 and 13027.5 MPa for PEFBFC and PPSFC respec-
tively. The implication is that reinforcements are required to be aligned in the

S/N θ° Ex Ey Gxy vxy vyx mx my Ex
E2

Gxy

E2

1 0 13027.500 6817.175 3332.835 0.290 0.152 0.000 0.000 1.911 0.489

2 5 12897.620 6830.651 3343.613 0.290 0.154 0.114 0.023 1.892 0.490

3 10 12530.190 6872.014 3375.039 0.291 0.159 0.214 0.047 1.838 0.495

4 15 11983.280 6944.024 3424.350 0.291 0.168 0.293 0.073 1.758 0.502

5 20 11330.960 7051.119 3486.843 0.290 0.180 0.344 0.103 1.662 0.511

6 25 10643.310 7199.198 3555.901 0.287 0.194 0.369 0.136 1.561 0.522

7 30 9974.406 7395.333 3623.334 0.282 0.209 0.371 0.173 1.463 0.532

8 35 9359.192 7647.394 3680.229 0.275 0.224 0.356 0.212 1.373 0.540

9 40 8816.012 7963.509 3718.337 0.265 0.239 0.328 0.252 1.293 0.545

10 45 8351.207 8351.207 3731.758 0.253 0.253 0.292 0.292 1.225 0.547

11 50 7963.509 8816.012 3718.337 0.239 0.265 0.252 0.328 1.168 0.545

12 55 7647.394 9359.192 3680.229 0.224 0.275 0.212 0.356 1.122 0.540

13 60 7395.333 9974.406 3623.334 0.209 0.282 0.173 0.371 1.085 0.532

14 65 7199.198 10643.310 3555.901 0.194 0.287 0.136 0.369 1.056 0.522

15 70 7051.119 11330.960 3486.843 0.180 0.290 0.103 0.344 1.034 0.511

16 75 6944.024 11983.280 3424.350 0.168 0.291 0.073 0.293 1.019 0.502

17 80 6872.014 12530.190 3375.039 0.159 0.291 0.047 0.214 1.008 0.495

18 85 6830.651 12897.620 3343.613 0.154 0.290 0.023 0.114 1.002 0.490

19 90 6817.175 13027.500 3332.835 0.152 0.290 0.000 0.000 1.000 0.489

Table 4.
Variation of engineering elastic constants with fiber orientation θ in PPSFC.

Figure 4.
Variation of elastic modulus with fiber orientation in PEFBFC and PPSFC.
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The minor Poissons ratio with respect to the material reference axes is obtained
from Eq. (5) such that
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3.3 Variation of engineering elastic constants with fiber orientation θ

Considering fiber orientation θ° ranging from 0° to 90° in increments of 5° the
variation of Ex, Ey, Gxy, vxy, mx and my has been assessed Plantain Empty Fruit
Bunch Fiber Composite (PEFBFC) and Plantain Pseudo Stem Fiber Composite
(PPSFC) using Eqs. (8)–(14) and presented in Tables 3 and 4, respectively.

Figure 4 shows the variation of elastic modulus with fiber orientation, it can be
seen that the highest value of 14,922 and 13027.5 MPa in the reference x-direction
(ExÞ is attained in the fiber orientation angle 0° for PEFBFC and PPSFC respectively.
However as fiber orientation angle changes, there is a sharp drop in the value of
elastic modulus in the reference x-direction to a respective lowest value of 7030.96
and 6817.18 MPa as the fiber orientation angle increased to 90°. On the contrary, the
lowest value of 7030.96 and 6817.18 MPa were recorded for elastic modulus in the
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Table 3.
Variation of engineering elastic constants with fiber orientation θ in PEFBFC.
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reference y-direction (EyÞas the fiber orientation angle increased from 0° to 90°
reaching a peak value of 14,922 and 13027.5 MPa for PEFBFC and PPSFC respec-
tively. The implication is that reinforcements are required to be aligned in the
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1 0 13027.500 6817.175 3332.835 0.290 0.152 0.000 0.000 1.911 0.489

2 5 12897.620 6830.651 3343.613 0.290 0.154 0.114 0.023 1.892 0.490

3 10 12530.190 6872.014 3375.039 0.291 0.159 0.214 0.047 1.838 0.495

4 15 11983.280 6944.024 3424.350 0.291 0.168 0.293 0.073 1.758 0.502
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Variation of engineering elastic constants with fiber orientation θ in PPSFC.

Figure 4.
Variation of elastic modulus with fiber orientation in PEFBFC and PPSFC.
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direction of applied load [55]. Although Jones [56] intuitively suggested that highest
value of material properties may not necessarily occur along the principal material
directions, rather it is essential that transverse reinforcement is needed in unidirec-
tional fiber composites which are subjected to multi axial loading [57].

As can be seen in Figure 5 that shear modulus peaked at 45° fiber orientation
and shear modulus was symmetric at about 45° fiber orientation angle for both
PEFBFC and PPSFC considered. This implies that the higher in-plane shear resis-
tance is achievable when fiber orientation is 45°. Also the respective minimum value
of 3622.99 and 3332.83 MPa at fiber orientation 0° for PEFBFC and PPSFC can be
seen to gradually increase to maximum values of 3843.57 and 3731.758 MPa at fiber
orientation 45° and then reversed parabolically at 90° where it again reaches to
3622.99 and 3332.84 MPa. Similar trend was obtained by Farooq and Myler [58]
who developed efficient procedures for determination of mechanical properties of
carbon fiber-reinforced laminated composite panels. This trend in which the value
of Gxy peaks at 45° fiber orientation angle and lowers at 0° and 90° fiber orientation
angle indicates that off-axis reinforcement is very necessary for robust shear stiff-
ness in unidirectional composites [57].

Figure 6 shows variation of Poisson’s ratio with fiber orientation, the graph
depicts a gradual drop of major Poisson’s ratio (vxyÞ for PEFBFC and PPSFC respec-
tively from 0.38 and 0.29 when fibers are aligned at 0° orientation angle to a lowest
value of 0.18 and 0.15 value when fibers were aligned at 90° orientation angle.
Additionally, the minor Poissons ratio (vyxÞ for PEFBFC and PPSFC increased respec-
tively from 0.18 and 0.15 when fibers are aligned at 0° orientation angle to a highest
value of 0.38 and 0.29 value when fibers were aligned at 90° orientation angle.

Figure 7 depicts the variation of shear coupling coefficient with fiber orienta-
tion, equal magnitude of shear coupling effect was obtained at 45° fiber orientation
angle for both PEFBFC and PPSFC considered. Gibson [57] reported that shear
coupling coefficient is a measure of the amount of shear strain developed in the xy
plane per unit normal strain along the direction of the applied normal stress σx.
Figure 7 clearly indicate that the maximum value of the shear coupling coefficient
in the reference x-direction for PEFBFC and PPSFC was attained at 30° fiber
orientation angle while the coefficient in the reference y-direction for PEFBFC and

Figure 5.
Variation of shear modulus with fiber orientation in PEFBFC and PPSFC.
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PPSFC was attained at 60° fiber orientation angle. This is an indication that as the
shear-coupling ratio increases, the amount of shear coupling increases.

4. Tsai-Hill failure criteria assessment of longitudinal tensile strength

Failure theory is essential in determining whether the composite has failed.
Literature review has shown that results of failure prediction depend on failure
criterion applied and one major failure criteria used in the industries is Tsai-Hill and

Figure 7.
Variation of shear coupling coefficient with fiber orientation in PEFBFC and PPSFC.

Figure 6.
Variation of Poisson’s ratio with fiber orientation in PEFBFC and PPSFC.
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PPSFC was attained at 60° fiber orientation angle. This is an indication that as the
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4. Tsai-Hill failure criteria assessment of longitudinal tensile strength
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Literature review has shown that results of failure prediction depend on failure
criterion applied and one major failure criteria used in the industries is Tsai-Hill and

Figure 7.
Variation of shear coupling coefficient with fiber orientation in PEFBFC and PPSFC.

Figure 6.
Variation of Poisson’s ratio with fiber orientation in PEFBFC and PPSFC.
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failure criteria. Additionally, since composites ultimate tensile strength and strain
depend on the fiber orientation, a failure criterion must be used in which the
applied stress system is also in material axis [54]. Tsai-Hill theory considers an
interaction of the stresses in the fiber direction. It postulates that failure can only
occur in reinforced composites when the failure index exceeds 1, hence Eq. (19)
must be satisfied to avoid failure.

By considering an arbitrary positive angle θ with reference to the x-axis in
Figure 3, Ihueze et al. [43] transformed the stresses within the global axes (x-y) into
material axes 1–2 as given in Eq. (15)

σ1

σ2

τ12

8><
>:

9>=
>;

¼
c2 s2 2sc
s2 c2 �2sc
�sc sc c2 � s2ð Þ

2
64

3
75

σx

σy

τxy

8><
>:

9>=
>;

(15)

where c = cosθ and s = sinθ. Taking longitudinal direction stresses as σy ¼ τxy ¼ 0
and thus

σ1 ¼ σx cos 2θ (16)

σ2 ¼ σx sin 2θ (17)

τ12 ¼ �σxcosθsinθ (18)

Considering Tsai-Hill failure criterion and setting the failure index as 1 for the
composite failure to occur:

σ1
Su1

� �2

þ σ2
Su2

� �2

þ τ12
τmax

� �2

� σ1
Su1

� �
σ2
Su1

� �
¼ 1 (19)

Substituting the appropriate value in Eq. (19) we have for PEFBFC

σx cos 2θ
410:15

� �2

þ σx sin 2θ

37:3397

� �2

þ �σxcosθsinθ
19:3100

� �2

� σx cos 2θ
410:15

� �
σx sin 2θ

410:15

� �
¼ 1

σx, PEFBFC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
cos4θ=410:152 þ sin 4θ=37:33972 þ cos 2θ sin 2θ=19:31002 � cos 2θ sin 2θ=410:152
� �

s

And for PPSFC

σx cos 2θ
288:10

� �2

þ σx sin 2θ

33:1330

� �2

þ �σxcosθsinθ
15:5700

� �2

� σx cos 2θ
288:10

� �
σx sin 2θ

288:10

� �
¼ 1

σx, PPSFC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
cos 4θ=288:102 þ sin 4θ=33:13302 þ cos 2θ sin 2θ=15:57002 � cos 2θ sin 2θ=288:102

� �
s

Hence the value for σx is then calculated for orientation ranging from 0° to 90°
as shown in Table 5.

The variation of longitudinal tensile strength with fiber orientation for
PEFBFC and PPSFC has been presented in Figure 8, it can be seen that the tensile
strength equals 410.15 and 288.1 MPa which are the longitudinal tensile strength for
PEFBFC and PPSFC respectively when fiber orientation angle is 0°; on the other
hand, the tensile strength equals 37.3397 and 33.133 MPa which are the transverse
tensile strength for PEFBFC and PPSFC respectively when fiber orientation
angle is 90°.
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5. Variation of tangential stress and modulus around a structural
discontinuity

Structural discontinuity arising from holes in reinforced composites created for
joining or access purposes causes stress concentration at the point of discontinuity [59].

S/N Orientation θ PEFBFC PPSFC

1 0 410.15 288.1

2 5 195.86 152.635

3 10 108.786 86.8937

4 15 75.4556 60.6747

5 20 58.6356 47.3142

6 25 48.8262 39.5106

7 30 42.6439 34.6088

8 35 38.6038 31.4352

9 40 35.9607 29.4005

10 45 34.3043 28.1833

11 50 33.3926 27.5977

12 55 33.0716 27.5303

13 60 33.2311 27.9038

14 65 33.774 28.6492

15 70 34.5913 29.679

16 75 35.5418 30.8595

17 80 36.4447 31.9912

18 85 37.0995 32.8242

19 90 37.3397 33.133

Table 5.
Longitudinal tensile strength variation with fiber orientation angle.

Figure 8.
Variation of longitudinal tensile strength with fiber orientation for PEFBFC and PPSFC.
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failure criteria. Additionally, since composites ultimate tensile strength and strain
depend on the fiber orientation, a failure criterion must be used in which the
applied stress system is also in material axis [54]. Tsai-Hill theory considers an
interaction of the stresses in the fiber direction. It postulates that failure can only
occur in reinforced composites when the failure index exceeds 1, hence Eq. (19)
must be satisfied to avoid failure.

By considering an arbitrary positive angle θ with reference to the x-axis in
Figure 3, Ihueze et al. [43] transformed the stresses within the global axes (x-y) into
material axes 1–2 as given in Eq. (15)
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where c = cosθ and s = sinθ. Taking longitudinal direction stresses as σy ¼ τxy ¼ 0
and thus

σ1 ¼ σx cos 2θ (16)

σ2 ¼ σx sin 2θ (17)

τ12 ¼ �σxcosθsinθ (18)

Considering Tsai-Hill failure criterion and setting the failure index as 1 for the
composite failure to occur:
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� �
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� �
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Substituting the appropriate value in Eq. (19) we have for PEFBFC
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And for PPSFC
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Hence the value for σx is then calculated for orientation ranging from 0° to 90°
as shown in Table 5.

The variation of longitudinal tensile strength with fiber orientation for
PEFBFC and PPSFC has been presented in Figure 8, it can be seen that the tensile
strength equals 410.15 and 288.1 MPa which are the longitudinal tensile strength for
PEFBFC and PPSFC respectively when fiber orientation angle is 0°; on the other
hand, the tensile strength equals 37.3397 and 33.133 MPa which are the transverse
tensile strength for PEFBFC and PPSFC respectively when fiber orientation
angle is 90°.

194

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications
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Structural discontinuity arising from holes in reinforced composites created for
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Adequate comprehension of stress redistribution pattern and concentrations is helpful
for proficient and safe structural designs. Unlike in ductile materials where stress
concentration is of no much ado, plantain fiber-reinforced composites may be suffi-
ciently brittle, hence every form of stress concentration and structural discontinuity
has to be properly designed. In a typical scenario where a circular hole is created in the
composite as shown in Figure 9, assuming no interlaminar stresses exist around the
free edge of the hole, the ply is nominally stressed by σ1, σ2, σ12 some distance away
from the hole as indicated. Lekhnitskii [60] derived various useful expressions for
stress distribution around holes in a composite plate, the tangential elastic modulus E∅
at an angular position∅ is determined using Eq. (20).

E∅ ¼ 1
sin 4∅

E1
þ 1

G12
� 2v12

E1

h i
sin 2∅ cos 2∅þ cos 4∅

E2

� � (20)

Hence the tangential stress σ∅ at the perifery of the hole with an angle ∅ is found
from Eq. (21).

σ∅ ¼ E∅
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where
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Using the stress transformation matrix and replacing the axes system 1–2 by
radial (r)-tangential (∅), we can resolve the tangential stress σ∅ back into the
material axesin Eq. (22) for proper strength evaluation
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Figure 9.
Depiction of hole in the plantain fiber-reinforced composites sample.
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At the edge of the hole, only the tangential stress σ∅ > 0, thus σr ¼ σr∅ ¼ 0 in
Eq. (22), therefore

σ1 ¼ σx ¼ σ∅ sin 2∅ (23)

σ2 ¼ σy ¼ σ∅ cos 2∅ (24)

σ12 ¼ σxy ¼ �σ∅ cos∅ sin∅ (25)

Using the maximum stress criterion, the material will fail when any stress value
in the material axes exceeds their respective ultimate strenght. Such that

σ1
Su1

����
����< 1 (26)

σ2
Su2

����
����< 1 (27)

σ12
τmax

����
����< 1 (28)

S/N Eø σø σ1 σ2 σ12 F.I.1 F.I.2 F.I.12 Stress conc.

0 7030.962 �23.338 0.000 �23.338 0.000 0.000 0.625 0.000 �0.69

5 7053.373 �22.807 �0.173 �22.634 1.980 0.000 0.606 0.103 �0.67

10 7121.323 �21.211 �0.640 �20.571 3.627 0.002 0.551 0.188 �0.62

15 7236.950 �18.542 �1.242 �17.300 4.636 0.003 0.463 0.240 �0.55

20 7403.786 �14.786 �1.730 �13.056 4.752 0.004 0.350 0.246 �0.43

25 7626.692 �9.917 �1.771 �8.146 3.799 0.004 0.218 0.197 �0.29

30 7911.712 �3.903 �0.976 �2.927 1.690 0.002 0.078 0.088 �0.11

35 8265.787 3.303 1.087 2.217 �1.552 0.003 0.059 0.080 0.10

40 8696.213 11.751 4.855 6.896 �5.786 0.012 0.185 0.300 0.35

45 9209.655 21.484 10.742 10.742 �10.742 0.026 0.288 0.556 0.63

50 9810.462 32.515 19.080 13.434 �16.010 0.047 0.360 0.829 0.96

55 10497.994 44.784 30.050 14.733 �21.042 0.073 0.395 1.090 1.32

60 11262.726 58.103 43.577 14.526 �25.159 0.106 0.389 1.303 1.71

65 12081.304 72.076 59.203 12.873 �27.607 0.144 0.345 1.430 2.12

70 12911.622 86.025 75.962 10.063 �27.648 0.185 0.269 1.432 2.53

75 13690.476 98.951 92.323 6.628 �24.738 0.225 0.178 1.281 2.91

80 14337.671 109.599 106.294 3.305 �18.742 0.259 0.089 0.971 3.22

85 14769.765 116.668 115.782 0.886 �10.130 0.282 0.024 0.525 3.43

90 14922.000 119.152 119.152 0.000 0.000 0.291 0.000 0.000 3.50

95 14769.765 116.668 115.782 0.886 10.130 0.282 0.024 0.525 3.43

100 14337.671 109.599 106.294 3.305 18.742 0.259 0.089 0.971 3.22

105 13690.476 98.951 92.323 6.628 24.738 0.225 0.178 1.281 2.91

Table 6.
Variation of tangential stress, material axis stress and tangential modulus at the edge of material discontinuity
in PEFBFC.
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At the edge of the hole, only the tangential stress σ∅ > 0, thus σr ¼ σr∅ ¼ 0 in
Eq. (22), therefore

σ1 ¼ σx ¼ σ∅ sin 2∅ (23)

σ2 ¼ σy ¼ σ∅ cos 2∅ (24)

σ12 ¼ σxy ¼ �σ∅ cos∅ sin∅ (25)

Using the maximum stress criterion, the material will fail when any stress value
in the material axes exceeds their respective ultimate strenght. Such that

σ1
Su1
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����< 1 (26)

σ2
Su2

����
����< 1 (27)

σ12
τmax

����
����< 1 (28)

S/N Eø σø σ1 σ2 σ12 F.I.1 F.I.2 F.I.12 Stress conc.

0 7030.962 �23.338 0.000 �23.338 0.000 0.000 0.625 0.000 �0.69

5 7053.373 �22.807 �0.173 �22.634 1.980 0.000 0.606 0.103 �0.67

10 7121.323 �21.211 �0.640 �20.571 3.627 0.002 0.551 0.188 �0.62

15 7236.950 �18.542 �1.242 �17.300 4.636 0.003 0.463 0.240 �0.55

20 7403.786 �14.786 �1.730 �13.056 4.752 0.004 0.350 0.246 �0.43

25 7626.692 �9.917 �1.771 �8.146 3.799 0.004 0.218 0.197 �0.29

30 7911.712 �3.903 �0.976 �2.927 1.690 0.002 0.078 0.088 �0.11

35 8265.787 3.303 1.087 2.217 �1.552 0.003 0.059 0.080 0.10

40 8696.213 11.751 4.855 6.896 �5.786 0.012 0.185 0.300 0.35

45 9209.655 21.484 10.742 10.742 �10.742 0.026 0.288 0.556 0.63

50 9810.462 32.515 19.080 13.434 �16.010 0.047 0.360 0.829 0.96

55 10497.994 44.784 30.050 14.733 �21.042 0.073 0.395 1.090 1.32

60 11262.726 58.103 43.577 14.526 �25.159 0.106 0.389 1.303 1.71

65 12081.304 72.076 59.203 12.873 �27.607 0.144 0.345 1.430 2.12

70 12911.622 86.025 75.962 10.063 �27.648 0.185 0.269 1.432 2.53

75 13690.476 98.951 92.323 6.628 �24.738 0.225 0.178 1.281 2.91

80 14337.671 109.599 106.294 3.305 �18.742 0.259 0.089 0.971 3.22

85 14769.765 116.668 115.782 0.886 �10.130 0.282 0.024 0.525 3.43

90 14922.000 119.152 119.152 0.000 0.000 0.291 0.000 0.000 3.50

95 14769.765 116.668 115.782 0.886 10.130 0.282 0.024 0.525 3.43

100 14337.671 109.599 106.294 3.305 18.742 0.259 0.089 0.971 3.22

105 13690.476 98.951 92.323 6.628 24.738 0.225 0.178 1.281 2.91

Table 6.
Variation of tangential stress, material axis stress and tangential modulus at the edge of material discontinuity
in PEFBFC.
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The left hand side of Eqs. (26)–(28) represents the failure indices (FI). The
maximum failure index (FI) for the applied stress is factored in to obtain the load
factor. Due to the inherent material orthotropy, the failure zone of the plantain

S/N Eø σø σ1 σ2 σ12 F.I.1 F.I.2 F.I.12 Stress conc.

0 6817.175 �20.978 0.000 �20.978 0.000 0.000 0.633 0.000 �0.72

5 6830.651 �20.459 �0.155 �20.304 1.776 0.001 0.613 0.114 �0.71

10 6872.014 �18.909 �0.570 �18.339 3.234 0.002 0.554 0.208 �0.65

15 6944.024 �16.346 �1.095 �15.251 4.086 0.004 0.460 0.262 �0.56

20 7051.119 �12.791 �1.496 �11.295 4.111 0.005 0.341 0.264 �0.44

25 7199.198 �8.269 �1.477 �6.792 3.167 0.005 0.205 0.203 �0.29

30 7395.333 �2.793 �0.698 �2.095 1.209 0.002 0.063 0.078 �0.10

35 7647.394 3.635 1.196 2.439 �1.708 0.004 0.074 0.110 0.13

40 7963.509 11.024 4.555 6.469 �5.428 0.016 0.195 0.349 0.38

45 8351.207 19.391 9.695 9.695 �9.695 0.034 0.293 0.623 0.67

50 8816.012 28.736 16.863 11.873 �14.150 0.059 0.358 0.909 0.99

55 9359.192 39.014 26.179 12.835 �18.331 0.091 0.387 1.177 1.35

60 9974.406 50.087 37.565 12.522 �21.688 0.130 0.378 1.393 1.73

65 10643.308 61.651 50.640 11.011 �23.614 0.176 0.332 1.517 2.13

70 11330.958 73.175 64.615 8.560 �23.518 0.224 0.258 1.510 2.52

75 11983.277 83.856 78.239 5.617 �20.964 0.272 0.170 1.346 2.89

80 12530.185 92.667 89.873 2.794 �15.847 0.312 0.084 1.018 3.20

85 12897.622 98.526 97.778 0.748 �8.554 0.339 0.023 0.549 3.40

90 13027.500 100.587 100.587 0.000 0.000 0.349 0.000 0.000 3.47

Table 7.
Variation of tangential stress, material axis stress and tangential modulus at the edge of material discontinuity
in PPSFC.

Figure 10.
Tangential stress distribution at a hole edge for PEFBFC and PPSFC.
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fiber-reinforced composite as a result of structural discontinuity may not necessar-
ily occur at the point of maximum stress concentration, therefore it is important to
assess the extent of variation of the tangential stress around the hole edge and the
failure index using maximum stress theory at other points aside the point of maxi-
mum stress concentration. Also in the present consideration we take a simplified
scenario where σ2 ¼ σ12 ¼ 0 such that the ply of dimensions 150 � 19.05 � 3.2 mm
with a circular hole at the center is subjected to only nominal axial stress σPEFBFC ¼
34 MPa and σPPSFC ¼ 29 MPa. Tables 6 and 7 depict the values of tangential stress,
material axis stress and tangential modulus as computed using Eq. (20)–(25).

Tangential stress distribution at hole edge for PEFBFC and PPSFC are shown in
Figure 10, the maximum stress value of 119.15 and 100.587 MPa was attained at
angular position ø = 90° for PEFBFC and PPSFC respectively. However, considering
various failure indices in Tables 5 and 6, failure will be initiated at ø = 70° for
PEFBFC with stress concentration factor of 2.53 and ø = 65° for PPSFC with stress
concentration factor of 2.13 which are less than the stress concentration around the
peak stress when angular position is 90°.

6. Conclusions

The utilization of plantain fiber-reinforced composites in structural applications
empowers architects to acquire huge accomplishments in the usefulness, security
and economy of development. These materials have high proportion of strength-to-
density ratio, can be tailored to posses certain mechanical properties. The elastic
constants of plantain fiber-reinforced composites depend greatly on fiber orienta-
tion with notable anisotropic characteristics which makes it less attractive for
applications involving lugs and fittings. The present report amplified some notable
design procedures in handling such limitations in plantain fiber-reinforced com-
posites using relevant failure theories. Both plantain EFBFRC and PSFRC showed
similar trends in response to the design scenario considered. Be that as it may be,
a proficient utilization of plantain fiber-reinforced composites in structural
applications requires a cautious assessment of all influential factors.
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factor. Due to the inherent material orthotropy, the failure zone of the plantain

S/N Eø σø σ1 σ2 σ12 F.I.1 F.I.2 F.I.12 Stress conc.

0 6817.175 �20.978 0.000 �20.978 0.000 0.000 0.633 0.000 �0.72

5 6830.651 �20.459 �0.155 �20.304 1.776 0.001 0.613 0.114 �0.71

10 6872.014 �18.909 �0.570 �18.339 3.234 0.002 0.554 0.208 �0.65

15 6944.024 �16.346 �1.095 �15.251 4.086 0.004 0.460 0.262 �0.56

20 7051.119 �12.791 �1.496 �11.295 4.111 0.005 0.341 0.264 �0.44

25 7199.198 �8.269 �1.477 �6.792 3.167 0.005 0.205 0.203 �0.29

30 7395.333 �2.793 �0.698 �2.095 1.209 0.002 0.063 0.078 �0.10

35 7647.394 3.635 1.196 2.439 �1.708 0.004 0.074 0.110 0.13

40 7963.509 11.024 4.555 6.469 �5.428 0.016 0.195 0.349 0.38

45 8351.207 19.391 9.695 9.695 �9.695 0.034 0.293 0.623 0.67

50 8816.012 28.736 16.863 11.873 �14.150 0.059 0.358 0.909 0.99

55 9359.192 39.014 26.179 12.835 �18.331 0.091 0.387 1.177 1.35

60 9974.406 50.087 37.565 12.522 �21.688 0.130 0.378 1.393 1.73

65 10643.308 61.651 50.640 11.011 �23.614 0.176 0.332 1.517 2.13

70 11330.958 73.175 64.615 8.560 �23.518 0.224 0.258 1.510 2.52

75 11983.277 83.856 78.239 5.617 �20.964 0.272 0.170 1.346 2.89

80 12530.185 92.667 89.873 2.794 �15.847 0.312 0.084 1.018 3.20

85 12897.622 98.526 97.778 0.748 �8.554 0.339 0.023 0.549 3.40

90 13027.500 100.587 100.587 0.000 0.000 0.349 0.000 0.000 3.47

Table 7.
Variation of tangential stress, material axis stress and tangential modulus at the edge of material discontinuity
in PPSFC.

Figure 10.
Tangential stress distribution at a hole edge for PEFBFC and PPSFC.

198

Composite and Nanocomposite Materials - From Knowledge to Industrial Applications

fiber-reinforced composite as a result of structural discontinuity may not necessar-
ily occur at the point of maximum stress concentration, therefore it is important to
assess the extent of variation of the tangential stress around the hole edge and the
failure index using maximum stress theory at other points aside the point of maxi-
mum stress concentration. Also in the present consideration we take a simplified
scenario where σ2 ¼ σ12 ¼ 0 such that the ply of dimensions 150 � 19.05 � 3.2 mm
with a circular hole at the center is subjected to only nominal axial stress σPEFBFC ¼
34 MPa and σPPSFC ¼ 29 MPa. Tables 6 and 7 depict the values of tangential stress,
material axis stress and tangential modulus as computed using Eq. (20)–(25).

Tangential stress distribution at hole edge for PEFBFC and PPSFC are shown in
Figure 10, the maximum stress value of 119.15 and 100.587 MPa was attained at
angular position ø = 90° for PEFBFC and PPSFC respectively. However, considering
various failure indices in Tables 5 and 6, failure will be initiated at ø = 70° for
PEFBFC with stress concentration factor of 2.53 and ø = 65° for PPSFC with stress
concentration factor of 2.13 which are less than the stress concentration around the
peak stress when angular position is 90°.

6. Conclusions

The utilization of plantain fiber-reinforced composites in structural applications
empowers architects to acquire huge accomplishments in the usefulness, security
and economy of development. These materials have high proportion of strength-to-
density ratio, can be tailored to posses certain mechanical properties. The elastic
constants of plantain fiber-reinforced composites depend greatly on fiber orienta-
tion with notable anisotropic characteristics which makes it less attractive for
applications involving lugs and fittings. The present report amplified some notable
design procedures in handling such limitations in plantain fiber-reinforced com-
posites using relevant failure theories. Both plantain EFBFRC and PSFRC showed
similar trends in response to the design scenario considered. Be that as it may be,
a proficient utilization of plantain fiber-reinforced composites in structural
applications requires a cautious assessment of all influential factors.
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Chapter 12

Surface Measurement
and Evaluation of Fiber
Woven Composites
Bin Lin, Haoji Wang and Jinhua Wei

Abstract

The surfaces of fiber woven composites (FWCs), especially woven ceramic
matrix composites (WCMCs), are obviously anisotropic. Many kinds of damage,
which are different from traditional homogeneous materials, could be caused by the
fabrication and machining process. The old surface evaluation system appropriate
for isotropic materials is no longer suitable to WCMCs, thus causing many difficul-
ties in terms of their wide industrial applications. This chapter presents a grading
surface measurement and evaluation system for WCMCs based on their micro-
structures. The system includes four levels: fiber, fiber bundle, cell body, and the
whole surface. On the fiber level, the typical forms of fiber damage, and their
effects on the surface morphology of WCMCs are analyzed, which lays a foundation
for the measurement and evaluation methods on the next three levels. On each
subsequent level, the system proposes a set of surface measurement sampling
parameter determination methods and surface quality evaluation methods based on
the principle of statistics. As demonstrations, the surface measurement and evalua-
tion on each level were processed on a carbon fiber-reinforced silicon carbide
matrix composite (Cf/SiC) to illustrate the methodology of the system.

Keywords: woven ceramic matrix composites, grading surface evaluation,
surface sampling method, confidence interval, residual error estimate

1. Introduction

Fiber woven composites (FWCs) are a kind of new fiber composites. The fibers
inside are woven to form a preform, and then the matrix grows on the preform to
generate the final composites. The woven fibers can heighten the reinforcing effect
of the fibers and improve the mechanical property of the composite. Therefore,
FWCs could perform better than other fiber composites.

Among FWCs, woven ceramic matrix composites (WCMCs) are star materials,
widely used in aerospace, military, national defense, and some other advanced
fields [1–4], because of their high specific strength and rigidity, corrosion and wear
resistance, and other excellent characteristics [5, 6]. For the industrial application of
WCMCs, it is of vital importance to objectively evaluate the surface processing
quality and, on this basis, judge the type and degree of processing damage. To do so,
it is essential to measure the surface topography both accurately and efficiently and
select proper indexes to evaluate the surface process quality. However, WCMCs are
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far more complicated than traditional materials. On the one hand, their surfaces are
anisotropic and inhomogeneous and have obvious directionality and complex
structures, which means that there are difficulties and challenges in measuring and
evaluating their surfaces. Traditional surface measurement and evaluation
approaches for isotropic materials are no longer suitable to WCMCs [7–9]. On the
other hand, the surfaces of an WCMC present more types of processing damage
than isotropic materials, including fiber pullout, debonding, and matrix cracking
[10]. Each shows a different influence on the composite application, and thus
judging the type and degree of processing damage to a WCMC is a new but
difficult task.

To date, there have been no uniform measurement standards to ensure that
undistorted WCMC surface features are obtained or proper evaluation approaches
accurately assess the surface damage [11, 12]. It is widely believed that only 3D
measurements can obtain the complete surface information [7, 13, 14]. However, a
traditional evaluation method used to assess the isotropic materials is limited to a
quantitative description of the entire surface through some typical surface topogra-
phy parameters, which ignores the subtle details of the surface. Such judgment
standards are brief with respect to the direct relation to the surface damage. More-
over, to date, a majority of composite surface evaluations still use the profile arith-
metic mean error Ra as the only evaluation parameter [15–20], which is fairly
incomplete.

As such, the complexity of a WCMC surface calls for a newer and more targeted
methodology that is tightly connected with the topography characteristic. When
we look into the WCMC surface, it is obvious that its composition sequence is as
follows: fiber -fiber bundle -cell body -whole surface [21]. Here, a fiber is the
smallest composing unit, a fiber bundle is the smallest structural unit, and a cell
body is the smallest repeatable unit. A cell body is made up of fiber bundles and
matrix and has a nearly fixed surface microstructure. The material surface is formed
through its repeating copy and translation [22, 23]. Thus, fiber damage influences
the fiber bundle surface, damage to the fiber bundle surface influences the cell body
surface, and damage to the cell body surface influences the whole surface property.
Merely depicting the entire surface at one time without considering the surface
structure composition of a WCMC is inadvisable.

In this chapter, it is proposed that the measurement and evaluation of a WCMC
surface should adopt a grading evaluation system based on its complex surface
structure, which includes the four levels: fiber, fiber bundle, cell body, and the
whole surface. On the fiber level, the typical forms of fiber damage and their effects
on the surface morphology of WCMCs are analyzed, which lays a foundation for
the measurement and evaluation methods on the next three levels. On each subse-
quent level, the system proposes a set of surface measurement sampling parameter
determination methods and surface quality evaluation methods based on the
principle of statistics.

2. Fundamental concepts, devices, and materials of the research

2.1 The microstructure of a WCMC surface

According to the common fabrication process of WCMCs (shown in Figure 1),
single fibers are surface modified to improve the bonding strength between fibers
and matrix, and then several fibers are twined to form a fiber bundle. Multiple fiber
bundles are woven in a certain way to a preform. The preform is then immersed
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into an environment with the elements or components of the matrix. The matrix
can grow on the preform to generate the final WCMCs.

The schematics of the WCMC surfaces of different woven methods (shown in
Figure 2(a–c)) and process angles (shown in Figure 2(d, e)) indicate that there
exists a minimum repeatable unit, which is marked with a red block in the figures.
The unit is composed of the fiber bundles of every directions and the ceramic
matrix. The whole surface can be formed through its repeating copy and translation.
The unit is defined as the “cell body” in this chapter. It is obvious that the shape of a
cell body is not uniform for a WCMC. In fact, the appearance of a cell body can
change with different woven methods and process angles.

In summary, fiber is the minimum characteristic of a WCMC, which forms fiber
bundle. Fiber bundles are woven to different directions. The cell body consists of
fiber bundles of every directions and the matrix. Eventually, the whole surface is
generated by copy and translation of the cell body. Therefore, fiber is the minimum
evaluable unit of WCMCs. Its damage form can influence the surface state of fiber
bundles. Fiber bundles build a bridge between the “microscale” of the fiber and the

Figure 1.
The fabrication process of an WCMC.

Figure 2.
Schematic diagram of different woven patterns of WCMC. (a) 2D, (b) 2.5D, (c) 3D, and (d) 2D woven style
with a processing angle of 90° and (e) 2D woven style with a processing angle of 45°.
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far more complicated than traditional materials. On the one hand, their surfaces are
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evaluating their surfaces. Traditional surface measurement and evaluation
approaches for isotropic materials are no longer suitable to WCMCs [7–9]. On the
other hand, the surfaces of an WCMC present more types of processing damage
than isotropic materials, including fiber pullout, debonding, and matrix cracking
[10]. Each shows a different influence on the composite application, and thus
judging the type and degree of processing damage to a WCMC is a new but
difficult task.

To date, there have been no uniform measurement standards to ensure that
undistorted WCMC surface features are obtained or proper evaluation approaches
accurately assess the surface damage [11, 12]. It is widely believed that only 3D
measurements can obtain the complete surface information [7, 13, 14]. However, a
traditional evaluation method used to assess the isotropic materials is limited to a
quantitative description of the entire surface through some typical surface topogra-
phy parameters, which ignores the subtle details of the surface. Such judgment
standards are brief with respect to the direct relation to the surface damage. More-
over, to date, a majority of composite surface evaluations still use the profile arith-
metic mean error Ra as the only evaluation parameter [15–20], which is fairly
incomplete.

As such, the complexity of a WCMC surface calls for a newer and more targeted
methodology that is tightly connected with the topography characteristic. When
we look into the WCMC surface, it is obvious that its composition sequence is as
follows: fiber -fiber bundle -cell body -whole surface [21]. Here, a fiber is the
smallest composing unit, a fiber bundle is the smallest structural unit, and a cell
body is the smallest repeatable unit. A cell body is made up of fiber bundles and
matrix and has a nearly fixed surface microstructure. The material surface is formed
through its repeating copy and translation [22, 23]. Thus, fiber damage influences
the fiber bundle surface, damage to the fiber bundle surface influences the cell body
surface, and damage to the cell body surface influences the whole surface property.
Merely depicting the entire surface at one time without considering the surface
structure composition of a WCMC is inadvisable.

In this chapter, it is proposed that the measurement and evaluation of a WCMC
surface should adopt a grading evaluation system based on its complex surface
structure, which includes the four levels: fiber, fiber bundle, cell body, and the
whole surface. On the fiber level, the typical forms of fiber damage and their effects
on the surface morphology of WCMCs are analyzed, which lays a foundation for
the measurement and evaluation methods on the next three levels. On each subse-
quent level, the system proposes a set of surface measurement sampling parameter
determination methods and surface quality evaluation methods based on the
principle of statistics.

2. Fundamental concepts, devices, and materials of the research

2.1 The microstructure of a WCMC surface

According to the common fabrication process of WCMCs (shown in Figure 1),
single fibers are surface modified to improve the bonding strength between fibers
and matrix, and then several fibers are twined to form a fiber bundle. Multiple fiber
bundles are woven in a certain way to a preform. The preform is then immersed
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into an environment with the elements or components of the matrix. The matrix
can grow on the preform to generate the final WCMCs.

The schematics of the WCMC surfaces of different woven methods (shown in
Figure 2(a–c)) and process angles (shown in Figure 2(d, e)) indicate that there
exists a minimum repeatable unit, which is marked with a red block in the figures.
The unit is composed of the fiber bundles of every directions and the ceramic
matrix. The whole surface can be formed through its repeating copy and translation.
The unit is defined as the “cell body” in this chapter. It is obvious that the shape of a
cell body is not uniform for a WCMC. In fact, the appearance of a cell body can
change with different woven methods and process angles.

In summary, fiber is the minimum characteristic of a WCMC, which forms fiber
bundle. Fiber bundles are woven to different directions. The cell body consists of
fiber bundles of every directions and the matrix. Eventually, the whole surface is
generated by copy and translation of the cell body. Therefore, fiber is the minimum
evaluable unit of WCMCs. Its damage form can influence the surface state of fiber
bundles. Fiber bundles build a bridge between the “microscale” of the fiber and the

Figure 1.
The fabrication process of an WCMC.

Figure 2.
Schematic diagram of different woven patterns of WCMC. (a) 2D, (b) 2.5D, (c) 3D, and (d) 2D woven style
with a processing angle of 90° and (e) 2D woven style with a processing angle of 45°.
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“macroscale” of the cell body. Their surfaces include the information of the fibers
and impact the surface quality of the cell body. Cell body is a key feature. On the
one hand, its components are as complicated as the whole surface, which means
that the evaluation results of a cell body can be used to represent and estimate a
certain range of a whole surface. On the other hand, it is obviously affected by the
fiber bundles and matrix inside; thus the analysis of fiber and fiber bundle can be
used to evaluate the cell body.

In this chapter, it is believed that the measurement and evaluation of WCMCs
should employ a grading system. The evaluation of fiber, fiber bundle, cell body,
and the whole surface should be separately researched and then integrated. On the
fiber level, the typical damage forms of fibers should be identified and classified,
and how the damage influence the using properties should be research. On the
subsequent levels, two tasks should be accomplished. The first one is to select
proper sampling methods to acquire the undistorted surface information. And the
second one is to propose and test reliable evaluation indexes to quantitatively
estimate the main damage type and degree of the surfaces. With all the work above,
a grading measurement and evaluation system for the surface of a WCMC can be
eventually built. The following parts of this chapter introduce the methodologies
on each level.

2.2 The effect of fiber damage on the surface measurement and evaluation
of WCMCs

When processed by machining tools, the surfaces of WCMCs interact with the
cutting edges, leading to fiber damage. The damage of fiber on the one hand causes
the removal of fibers and, on the other hand, turns into the machining defects on
the surfaces. The multifarious types of the damage of WCMCs are the main feature
of difference to the traditional homogeneous materials and, meanwhile, are the
main source of technological difficulty of the evaluation of WCMCs.

The typical forms of damage on the surfaces of WCMCs are the following:
Fiber fracture, which is caused by the cutting edges directly cutting the fibers

off, often happens when the fibers at the cutting area are tightly fixed by the matrix
or by other fibers nearby. The cutting section of fiber fracture is V-shape, and the
bottom of the V often appears plastic deformation, which is caused by the friction
and squeezing between the fibers and the cutting edges. Fiber fracture is the most
common material removal form of WCMCs. If the materials are mainly removed
by fiber fracture, the finished surfaces are always of good quality and with low
roughness.

Fiber pulled-off is caused by the cutting edges breaking the matrix without
cutting off the fibers or the cutting edges pulling the fibers out of matrix without
cutting them off. This type of damage can leave fibers exposed or form holes on the
finished surface, which decreases the surface quality. When the finished surface is
assembled with another part, the raised fiber can act as a tiny cutting edge, harming
the counterpart surface. When the finished surface performs as a friction surface,
the holes may help contain lubricating oil and wear debris, alleviating three-body
wear, thus improving its tribological performances.

Fiber debonding, which is caused by the cutting edges removing the entire layer
of fibers, often occurs when the fibers at cutting area are poorly connected with
the matrix. Fiber debonding can result in collapses of large areas on the surface
and greatly reduce the surface quality.

From the analysis above, it is clear that the machining process can cause mani-
fold types of damage on the surface of WCMCs. Each kind of damage can affect
the quality and performance of the surface in its own way. Therefore, the evaluation
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technology of WCMCs is required to recognize the main type of damage on a
surface and quantitatively estimate the degree of the damage.

Moreover, fiber bundles, cell bodies, and the whole surface are, basically speak-
ing, made up of fibers. Because of the directional arrangements of fibers, the height
of the surface of WCMCs could fluctuate with the period of fiber diameter. The
fiber diameter acts as an obvious fundamental frequency on the surface of WCMCs.
It can influence the sampling parameters, such as sampling step, sampling length,
and sampling area, on other levels. Meanwhile, the direction of fibers determines
the direction of the fundamental frequency and can eventually influence the sam-
pling direction. Thus, the direction and diameter of fibers are tightly connected
with the surface measurement technology of WCMCs.

In conclusion, fiber, as the minimum evaluable unit of a WCMC surface, signif-
icantly influences the grading surface measurement and evaluation system of
WCMCs. On the one hand, when considering whether an evaluation index is
appropriate for WCMC surface, it should be checked whether this index can help
recognize and estimate the type and degree of damage. On the other hand, when
determining the proper sampling parameters, the directionality and the diameter of
fibers must be taken into consideration.

2.3 Surface measurement technology and devices

The measurement of a surface is a process that obtains the height information of
the surface. Surface measurement methods are divided into two classes: contact
measurement, which uses a probe to measure the height data of points on the
surface, and non-contact measurement, which uses light to measure. It was always
believed that contact measurement could achieve higher measurement accuracy,
although its efficiency was quite low and the measurement process was time-
consuming. However, thanks to the development of optical theories and technolo-
gies, the non-contact measurement technology based on white light interferometry
can get extremely high level of accuracy now as well. NANOVEA ST400 (shown in
Figure 3), an optical non-contact measurement system, is used to measure the
surface micro-topography in the research of this chapter.

Because the measurement of a surface is in fact the measurement of the points
on the surface, it has to be determined which points are chosen to be measured. This

Figure 3.
Three-dimensional non-contact surface morphometer.
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“macroscale” of the cell body. Their surfaces include the information of the fibers
and impact the surface quality of the cell body. Cell body is a key feature. On the
one hand, its components are as complicated as the whole surface, which means
that the evaluation results of a cell body can be used to represent and estimate a
certain range of a whole surface. On the other hand, it is obviously affected by the
fiber bundles and matrix inside; thus the analysis of fiber and fiber bundle can be
used to evaluate the cell body.

In this chapter, it is believed that the measurement and evaluation of WCMCs
should employ a grading system. The evaluation of fiber, fiber bundle, cell body,
and the whole surface should be separately researched and then integrated. On the
fiber level, the typical damage forms of fibers should be identified and classified,
and how the damage influence the using properties should be research. On the
subsequent levels, two tasks should be accomplished. The first one is to select
proper sampling methods to acquire the undistorted surface information. And the
second one is to propose and test reliable evaluation indexes to quantitatively
estimate the main damage type and degree of the surfaces. With all the work above,
a grading measurement and evaluation system for the surface of a WCMC can be
eventually built. The following parts of this chapter introduce the methodologies
on each level.

2.2 The effect of fiber damage on the surface measurement and evaluation
of WCMCs

When processed by machining tools, the surfaces of WCMCs interact with the
cutting edges, leading to fiber damage. The damage of fiber on the one hand causes
the removal of fibers and, on the other hand, turns into the machining defects on
the surfaces. The multifarious types of the damage of WCMCs are the main feature
of difference to the traditional homogeneous materials and, meanwhile, are the
main source of technological difficulty of the evaluation of WCMCs.

The typical forms of damage on the surfaces of WCMCs are the following:
Fiber fracture, which is caused by the cutting edges directly cutting the fibers

off, often happens when the fibers at the cutting area are tightly fixed by the matrix
or by other fibers nearby. The cutting section of fiber fracture is V-shape, and the
bottom of the V often appears plastic deformation, which is caused by the friction
and squeezing between the fibers and the cutting edges. Fiber fracture is the most
common material removal form of WCMCs. If the materials are mainly removed
by fiber fracture, the finished surfaces are always of good quality and with low
roughness.

Fiber pulled-off is caused by the cutting edges breaking the matrix without
cutting off the fibers or the cutting edges pulling the fibers out of matrix without
cutting them off. This type of damage can leave fibers exposed or form holes on the
finished surface, which decreases the surface quality. When the finished surface is
assembled with another part, the raised fiber can act as a tiny cutting edge, harming
the counterpart surface. When the finished surface performs as a friction surface,
the holes may help contain lubricating oil and wear debris, alleviating three-body
wear, thus improving its tribological performances.

Fiber debonding, which is caused by the cutting edges removing the entire layer
of fibers, often occurs when the fibers at cutting area are poorly connected with
the matrix. Fiber debonding can result in collapses of large areas on the surface
and greatly reduce the surface quality.

From the analysis above, it is clear that the machining process can cause mani-
fold types of damage on the surface of WCMCs. Each kind of damage can affect
the quality and performance of the surface in its own way. Therefore, the evaluation
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technology of WCMCs is required to recognize the main type of damage on a
surface and quantitatively estimate the degree of the damage.

Moreover, fiber bundles, cell bodies, and the whole surface are, basically speak-
ing, made up of fibers. Because of the directional arrangements of fibers, the height
of the surface of WCMCs could fluctuate with the period of fiber diameter. The
fiber diameter acts as an obvious fundamental frequency on the surface of WCMCs.
It can influence the sampling parameters, such as sampling step, sampling length,
and sampling area, on other levels. Meanwhile, the direction of fibers determines
the direction of the fundamental frequency and can eventually influence the sam-
pling direction. Thus, the direction and diameter of fibers are tightly connected
with the surface measurement technology of WCMCs.

In conclusion, fiber, as the minimum evaluable unit of a WCMC surface, signif-
icantly influences the grading surface measurement and evaluation system of
WCMCs. On the one hand, when considering whether an evaluation index is
appropriate for WCMC surface, it should be checked whether this index can help
recognize and estimate the type and degree of damage. On the other hand, when
determining the proper sampling parameters, the directionality and the diameter of
fibers must be taken into consideration.

2.3 Surface measurement technology and devices

The measurement of a surface is a process that obtains the height information of
the surface. Surface measurement methods are divided into two classes: contact
measurement, which uses a probe to measure the height data of points on the
surface, and non-contact measurement, which uses light to measure. It was always
believed that contact measurement could achieve higher measurement accuracy,
although its efficiency was quite low and the measurement process was time-
consuming. However, thanks to the development of optical theories and technolo-
gies, the non-contact measurement technology based on white light interferometry
can get extremely high level of accuracy now as well. NANOVEA ST400 (shown in
Figure 3), an optical non-contact measurement system, is used to measure the
surface micro-topography in the research of this chapter.

Because the measurement of a surface is in fact the measurement of the points
on the surface, it has to be determined which points are chosen to be measured. This

Figure 3.
Three-dimensional non-contact surface morphometer.
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topic is related to the sampling strategy, which means how to choose a proper set of
points to measure, in order to make the measurement results of these samples able
to reflect the information of the entire surface. The first question is to use 2D
measurement or 3D measurement.

If a 2D measurement is adopted, points in a line are measured and calculated as
one data set. In this term, sampling step (the length between two adjacent sampled
points), sampling length (the length of the entire sampling line), and sampling
direction (the angle between the sampling line and the structure of the surface)
should be determined. In most instances of 2D measurement, one line of sampling is
not able to reflect the entire surface because of the measuring error and the random
surface damage. Several lines should be selected and measured in order to improve
the stability of the measurement results. Therefore, sampling number (the number
of the sampling lines) is also to be determined.

If a 3D measurement is adopted, an array of points inside the entire surface are
measured and calculated as one data set. That’s to say, the sampling area is the
area of the entire surface. When sampling step is determined, the points to be
measured are selected. It was believed that 3Dmeasurement was more adaptable for
complex surfaces because it could get more information of the surfaces. However,
the research of this chapter proved that, if the surface to be measured is obviously
directional, 3D measurement will lose its advantages and 2D measurement should
be adopted. On the other side, 3D measurement always means long sampling time,
huge data processing work, and, thus, low efficiency.

Selecting proper sampling parameters, including sampling step, length, direc-
tion, number of 2D measurement, and sampling step of 3D measurement, is a
complex work. Small step and large length and number are always related to higher
measuring accuracy but low efficiency and vice versa. Proper sampling parameters
balance both two sides, maintain undistorted sampling, and, on this basis, reduce
sampling points.

2.4 Surface evaluation technology

The task of surface evaluation technology is to select proper statistical charac-
teristics (defined as evaluation indexes in this chapter), which can be calculated
from the measurement data of the heights of the sampling points. The following are
the indexes adopted in the research of the chapter:

For 2D measurement data:
For each sampling profile j, its average is defined as μ0j, the standard deviation is

σ0j, and the normalized height of every sampling point is Z0ij, and thus

μ0j ¼
XM
i¼1

Zij=M (1)

σ0j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

i¼1
Zij � μ0j

� �2
= M� 1ð Þ

r
(2)

Z0ij ¼ Zij � μ0j

� �
=σ0j (3)

where the height of every sampling point is defined as Zij, j is the jth profile on
the fiber bundle surface, and the number of sampling points within the sampling
profile is M, where M = the sampling length/sampling step.

Based on the above, the four 2D evaluation indexes used in the chapter are
profile arithmetic mean error Ra, profile square root deviation Rq, profile skewness
Rsk, and profile kurtosis Rku, which can be calculated as follows:
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Raj ¼
XM
i¼1

Zij
�� ��=M (4)

Rqj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

i¼1
Zij

2=M

r
(5)

Here, Ra and Rq are quite similar in reflecting the surface roughness,
although Rq is in general more sensitive than Ra to the degree of surface
roughness.

The normalized Rsk0 and Rku0 of the jth profile can be obtained as follows:

Rq0j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

i¼1
Z0ij

2=M

r
(6)

Rsk0j ¼
XM
i¼1

Z0ij
3= MRq0j

3
� �

(7)

Rku0j ¼
XM
i¼1

Z0ij
4= MRq0j

4
� �

(8)

According to the definition of Rsk, the closer it is to 0, the more approximate
the sampling profile is to a Gaussian distribution. When Rsk > 0, the profile
presents a positive peak. This indicates that the profile has more crests or the
crest height is larger than the trough height. In contrast, if a profile has more
troughs, or the trough height is larger than the crest height, it presents a
negative peak.

On the other hand, Rku is compared with 3. The closer it is to 3, the more
approximate the sampling profile is to a Gaussian distribution. That is, the degree of
dispersion of the profile data is similar to a Gaussian distribution profile. The more
Rku is greater than 3, the smaller the degree of data dispersion is, and in contrast,
the more Rku is less than 3, the larger the degree of data dispersion is.

For 3D measurement data:
The four 3D evaluation indexes used in the chapter are surface arithmetic mean

deviation Sa, surface square root deviation Sq, surface skewness Ssk, and surface
kurtosis Sku, which can be calculated as follows:

Sa ¼
XM
i¼1

XN
j¼1

Zij
�� ��=M=N (9)

Sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

i¼1

XN

j¼1
Zij

2=M=N
r

(10)

Ssk ¼
XM
i¼1

XN
j¼1

Zij
3= MNSq3
� �

(11)

Sku ¼
XM
i¼1

XN
j¼1

Zij
4= MNSq4
� �

(12)

where the height of every sampling point is defined as Zij and the number of
sampling points within the sampling area isM andN, whereM andN = the sampling
length (of X and Y direction, respectively)/sampling step.
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topic is related to the sampling strategy, which means how to choose a proper set of
points to measure, in order to make the measurement results of these samples able
to reflect the information of the entire surface. The first question is to use 2D
measurement or 3D measurement.

If a 2D measurement is adopted, points in a line are measured and calculated as
one data set. In this term, sampling step (the length between two adjacent sampled
points), sampling length (the length of the entire sampling line), and sampling
direction (the angle between the sampling line and the structure of the surface)
should be determined. In most instances of 2D measurement, one line of sampling is
not able to reflect the entire surface because of the measuring error and the random
surface damage. Several lines should be selected and measured in order to improve
the stability of the measurement results. Therefore, sampling number (the number
of the sampling lines) is also to be determined.

If a 3D measurement is adopted, an array of points inside the entire surface are
measured and calculated as one data set. That’s to say, the sampling area is the
area of the entire surface. When sampling step is determined, the points to be
measured are selected. It was believed that 3Dmeasurement was more adaptable for
complex surfaces because it could get more information of the surfaces. However,
the research of this chapter proved that, if the surface to be measured is obviously
directional, 3D measurement will lose its advantages and 2D measurement should
be adopted. On the other side, 3D measurement always means long sampling time,
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2.4 Surface evaluation technology

The task of surface evaluation technology is to select proper statistical charac-
teristics (defined as evaluation indexes in this chapter), which can be calculated
from the measurement data of the heights of the sampling points. The following are
the indexes adopted in the research of the chapter:

For 2D measurement data:
For each sampling profile j, its average is defined as μ0j, the standard deviation is

σ0j, and the normalized height of every sampling point is Z0ij, and thus

μ0j ¼
XM
i¼1

Zij=M (1)

σ0j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

i¼1
Zij � μ0j

� �2
= M� 1ð Þ

r
(2)

Z0ij ¼ Zij � μ0j

� �
=σ0j (3)

where the height of every sampling point is defined as Zij, j is the jth profile on
the fiber bundle surface, and the number of sampling points within the sampling
profile is M, where M = the sampling length/sampling step.

Based on the above, the four 2D evaluation indexes used in the chapter are
profile arithmetic mean error Ra, profile square root deviation Rq, profile skewness
Rsk, and profile kurtosis Rku, which can be calculated as follows:
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Raj ¼
XM
i¼1

Zij
�� ��=M (4)

Rqj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

i¼1
Zij

2=M

r
(5)

Here, Ra and Rq are quite similar in reflecting the surface roughness,
although Rq is in general more sensitive than Ra to the degree of surface
roughness.

The normalized Rsk0 and Rku0 of the jth profile can be obtained as follows:

Rq0j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

i¼1
Z0ij

2=M

r
(6)

Rsk0j ¼
XM
i¼1

Z0ij
3= MRq0j

3
� �

(7)
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XM
i¼1

Z0ij
4= MRq0j

4
� �

(8)

According to the definition of Rsk, the closer it is to 0, the more approximate
the sampling profile is to a Gaussian distribution. When Rsk > 0, the profile
presents a positive peak. This indicates that the profile has more crests or the
crest height is larger than the trough height. In contrast, if a profile has more
troughs, or the trough height is larger than the crest height, it presents a
negative peak.

On the other hand, Rku is compared with 3. The closer it is to 3, the more
approximate the sampling profile is to a Gaussian distribution. That is, the degree of
dispersion of the profile data is similar to a Gaussian distribution profile. The more
Rku is greater than 3, the smaller the degree of data dispersion is, and in contrast,
the more Rku is less than 3, the larger the degree of data dispersion is.

For 3D measurement data:
The four 3D evaluation indexes used in the chapter are surface arithmetic mean

deviation Sa, surface square root deviation Sq, surface skewness Ssk, and surface
kurtosis Sku, which can be calculated as follows:

Sa ¼
XM
i¼1

XN
j¼1

Zij
�� ��=M=N (9)

Sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM

i¼1

XN

j¼1
Zij

2=M=N
r

(10)

Ssk ¼
XM
i¼1

XN
j¼1

Zij
3= MNSq3
� �

(11)

Sku ¼
XM
i¼1

XN
j¼1

Zij
4= MNSq4
� �

(12)

where the height of every sampling point is defined as Zij and the number of
sampling points within the sampling area isM andN, whereM andN = the sampling
length (of X and Y direction, respectively)/sampling step.
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2.5 Materials used as examples in the chapter

In order to illustrate the measurement and evaluation method, several materials
were measured and evaluated as examples in this chapter. The information of the
materials is shown as follows:

The carbon fiber-reinforced silicon carbide ceramic matrix composite (Cf/SiC)
was fabricated through chemical vapor infiltration (CVI) combined with a liquid
melt infiltration process (LMI) [24]. The preform was prepared using a 3D needling
method and densified using CVI to form a porous carbon/carbon (C/C) composite.
Next, the porous C/C composite was converted into Cf/SiC during LMI, in which
silicon carbide (SiC) matrix was formed through a reaction with carbon and melted
silicon [25]. The density of the Cf/SiC composite is 1.85 g/cm3.

The fiber diameter of the material is about 7 μm, and size of the cell body is
about 1.6 mm � 1.6 mm.

The Cf/SiC specimens were ground with four different processing angles. For
90° processing angle, the fiber bundles are divided into side fiber bundles and end
fiber bundles, according to their directions (shown in Figure 4).

3. The measurement and evaluation of fiber bundle surfaces

3.1 Measurement strategy and sampling direction

When measuring fiber bundle surfaces, 2D measurement should be adopted
because of the obvious directionality of the surfaces. Here we take the surface of
Cf/SiC with a processing angle of 90° as an example. Owing to the directionality of
the fiber bundles, different sampling directions often result in different numerical
characteristics, as shown in Figures 5 and 6. We can see that no matter what type of
measurement direction is applied, there is no influence on the 3D surface

Figure 4.
Definition of the processing angle of Cf/SiC [26].
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topography. That is, a 3D sampling and evaluation method may not be able to
reflect the surface details of the fiber bundle. The use of one or a group of 3D
evaluation indexes based on a 3D sampled data fails to reflect the damage types
related to the fiber orientation and machining direction.

On the side surface of a fiber bundle, the bonding strength between the fiber and
matrix is weaker than that of the end surface. The most direct reflection of the
machining direction is fiber damage such as fiber debonding, fiber fractures and
delamination. The fiber direction scale is more notable than the machining direction
scale, and the directionality of the surface topography mainly depends on the fiber
orientation. On the end surface of a fiber bundle, the fiber is mainly subjected to a
shear force. The main fiber damage is fiber shearing and fiber pullout. The machining

Figure 5.
Side surface topography of a fiber bundle with a scanning track perpendicular and parallel to the fiber direction
[27]. (a) Surface topography-scanning track perpendicular to the fiber direction. (b) Surface topography-
scanning track parallel to the fiber direction. (c) Original profile 1, scanning track perpendicular to the fiber
direction. (d) Original profile 1, scanning track parallel to the fiber direction. (e) Original profile 2, scanning
track perpendicular to the fiber direction. (f) Original profile 2, scanning track parallel to the fiber direction.

Figure 6.
End surface topography of a fiber bundle with a scanning track perpendicular and parallel to the machining
direction [27]. (a) Surface topography-scanning track perpendicular to the machining direction. (b) Surface
topography-scanning track parallel to the machining direction. (c) Original profile 1, scanning track
perpendicular to the machining direction. (d) Original profile 1, scanning track parallel to the machining
direction. (e) Original profile 2, scanning track perpendicular to the machining direction. (f) Original profile
2, scanning track parallel to the machining direction.
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When measuring fiber bundle surfaces, 2D measurement should be adopted
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measurement direction is applied, there is no influence on the 3D surface
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topography. That is, a 3D sampling and evaluation method may not be able to
reflect the surface details of the fiber bundle. The use of one or a group of 3D
evaluation indexes based on a 3D sampled data fails to reflect the damage types
related to the fiber orientation and machining direction.

On the side surface of a fiber bundle, the bonding strength between the fiber and
matrix is weaker than that of the end surface. The most direct reflection of the
machining direction is fiber damage such as fiber debonding, fiber fractures and
delamination. The fiber direction scale is more notable than the machining direction
scale, and the directionality of the surface topography mainly depends on the fiber
orientation. On the end surface of a fiber bundle, the fiber is mainly subjected to a
shear force. The main fiber damage is fiber shearing and fiber pullout. The machining

Figure 5.
Side surface topography of a fiber bundle with a scanning track perpendicular and parallel to the fiber direction
[27]. (a) Surface topography-scanning track perpendicular to the fiber direction. (b) Surface topography-
scanning track parallel to the fiber direction. (c) Original profile 1, scanning track perpendicular to the fiber
direction. (d) Original profile 1, scanning track parallel to the fiber direction. (e) Original profile 2, scanning
track perpendicular to the fiber direction. (f) Original profile 2, scanning track parallel to the fiber direction.

Figure 6.
End surface topography of a fiber bundle with a scanning track perpendicular and parallel to the machining
direction [27]. (a) Surface topography-scanning track perpendicular to the machining direction. (b) Surface
topography-scanning track parallel to the machining direction. (c) Original profile 1, scanning track
perpendicular to the machining direction. (d) Original profile 1, scanning track parallel to the machining
direction. (e) Original profile 2, scanning track perpendicular to the machining direction. (f) Original profile
2, scanning track parallel to the machining direction.
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direction scale is more notable than the fiber orientation scale, and the directionality
of the surface topography mainly depends on the machining direction.

On the side surface of a fiber bundle, as shown in Figure 5(c, e), when the
scanning track is perpendicular to the fiber direction, the profile shows damage
between fibers, whereas the profiles only show single fiber damage when the
scanning track is parallel to the fiber direction (Figure 5(d, f)), which means that
the profiles cannot reflect the machining effect on the whole fiber bundle surface.
The same phenomenon occurs in the end surface of a fiber bundle. When the
scanning track is perpendicular to the machining direction, the profile shows the
integrated influence of the processing (Figure 6(c, e)); however, when the scan-
ning track is parallel to the machining direction, the profiles simply show the effect
of a single grain on the surface (Figure 6(d, f)).

From the analysis above, it can be seen that the 2D sampling and evaluation
method is more suitable for a fiber bundle scale measurement. To guarantee mea-
surement accuracy and consider the influence of the fiber orientation and machin-
ing direction on the surface topography, the scanning track should be perpendicular
to the fiber orientation on the side surface of a fiber bundle and perpendicular to the
machining direction on the end surface.

According to our research, it may be reasonably inferred that, for planes which
are not truly along the fibers, the influence of the fiber orientation and machining
direction should be considered. When the surface is full of processing traces and the
fiber orientation is so obscure, the sampling direction should be perpendicular to
the machining direction. In other cases, the sampling direction should still be
perpendicular to the projection direction on the vertical plane along the fiber axis.
However, a definite conclusion in this regard still requires further research.

3.2 Determination of sampling length and number

The side surface of Cf/SiC with processing angle of 90° is taken as an example to
illustrate the determination method of sampling length when measuring a fiber
bundle surface. Since the diameters of the fibers are approximately 7 μm, a set
of candidate sampling length are chosen as the integral multiple of 7 μm,
namely, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, 84, 91, 98, 105, 112, 119, 126, 133,
140, and 147 μm. In each sampling length, 1500 surface profiles are measured with
a constant sampling step of 0.1 μm. And 2D surface roughness Ra of each profile is
obtained.

According to the numerical values of 1500 Ra, a frequency histogram is made. It
can be seen that the distribution of 2D surface roughness Ra in every sampling
length is almost of its normal distribution. The result shown in Figure 7 is the one
using normal distribution function to fit the frequency histogram. With the growth
of sampling length (Figure 8(a)), the curves are thinner and higher. Their shapes
do not change any more in the case that sampling length is more than a certain value
(Figure 8(b)). It is known to all that normal distribution has two parameters: the
mean value μ and the standard deviation σ. μ is the location parameter and describes
the central tendency position of the normal distribution. σ demonstrates the dis-
crete degree of data. The larger the σ is, the more decentralized the data is, leading
to a fact that the curve is fatter and lower. On the contrary, the more concentrated
the data is, the thinner and taller is the curve. That is to say, Ra is gradually
convergent and concentrated while the sampling length increases.

Figure 8 clearly shows the changing trends of standard deviation σ and the mean
value Raave of 1500 2D surface roughness Ra under different sampling length. It can
be found that with the increase of sampling length, both σ and Raave are gradually
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decreasing and becoming steady. When the sampling length reaches to 120 μm,
Raave is stable around 1297.3 nm.

Based on the results obtained above, a speculation is proposed that the mean
value of a few number of Ra can steadily estimate the entire surface roughness of
fiber bundle. The average value of Ra under the changing sampling number from 10
to 150 and the constant sampling length 120 μm could be obtained, which is
represented by Raavg. Under every sampling number, the measurement process
repeats 50 times independently. Then the maximum relative error of every sam-
pling number, calculated by Eq. (13), is demonstrated in Figure 9. It is shown that
with the rise of sampling numbers, the maximum relative error would decrease
dramatically. Once the number of Ra reaches to 70 or above, it is stable under 2%,
which is acceptable in terms of accuracy.

δ ¼ Raave � Raavg
�� ��=Raave ∗ 100% (13)

According to the analysis given above, the conclusion can be made that as long
as extracting surface profiles averagely distributed on the side surface of Cf/SiC
composite fiber bundle with the appropriate sampling length and sampling number,
the mean value of Ra is steady and can estimate the whole surface roughness. For

Figure 8.
The changing trends of σ and Raave under different sampling length [24].

Figure 7.
The distribution of 2D surface roughness Ra under different sampling length [24]. (a) With the sampling
lengths of 7,42 84 125 and 147. (b) With the sampling lengths of 119,126 133 140 and 147.
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obtained.
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can be seen that the distribution of 2D surface roughness Ra in every sampling
length is almost of its normal distribution. The result shown in Figure 7 is the one
using normal distribution function to fit the frequency histogram. With the growth
of sampling length (Figure 8(a)), the curves are thinner and higher. Their shapes
do not change any more in the case that sampling length is more than a certain value
(Figure 8(b)). It is known to all that normal distribution has two parameters: the
mean value μ and the standard deviation σ. μ is the location parameter and describes
the central tendency position of the normal distribution. σ demonstrates the dis-
crete degree of data. The larger the σ is, the more decentralized the data is, leading
to a fact that the curve is fatter and lower. On the contrary, the more concentrated
the data is, the thinner and taller is the curve. That is to say, Ra is gradually
convergent and concentrated while the sampling length increases.

Figure 8 clearly shows the changing trends of standard deviation σ and the mean
value Raave of 1500 2D surface roughness Ra under different sampling length. It can
be found that with the increase of sampling length, both σ and Raave are gradually
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decreasing and becoming steady. When the sampling length reaches to 120 μm,
Raave is stable around 1297.3 nm.

Based on the results obtained above, a speculation is proposed that the mean
value of a few number of Ra can steadily estimate the entire surface roughness of
fiber bundle. The average value of Ra under the changing sampling number from 10
to 150 and the constant sampling length 120 μm could be obtained, which is
represented by Raavg. Under every sampling number, the measurement process
repeats 50 times independently. Then the maximum relative error of every sam-
pling number, calculated by Eq. (13), is demonstrated in Figure 9. It is shown that
with the rise of sampling numbers, the maximum relative error would decrease
dramatically. Once the number of Ra reaches to 70 or above, it is stable under 2%,
which is acceptable in terms of accuracy.

δ ¼ Raave � Raavg
�� ��=Raave ∗ 100% (13)

According to the analysis given above, the conclusion can be made that as long
as extracting surface profiles averagely distributed on the side surface of Cf/SiC
composite fiber bundle with the appropriate sampling length and sampling number,
the mean value of Ra is steady and can estimate the whole surface roughness. For
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The changing trends of σ and Raave under different sampling length [24].
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The distribution of 2D surface roughness Ra under different sampling length [24]. (a) With the sampling
lengths of 7,42 84 125 and 147. (b) With the sampling lengths of 119,126 133 140 and 147.
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Cf/SiC composite used in the present work, the critical sampling length is 119 μm,
which is about 17 times of the fiber diameter, and sampling number is 70.

3.3 Determination of sampling step

In this section, the side surface and end surface of Cf/SiC with processing angle
of 90° are taken as an example to illustrate the determination method of sampling
step, under the condition that the critical sampling length is 150 μm and sampling
number is 200. It is clear that using a smaller sampling step can achieve more
accurate surface data, whereas a too small step may cause an unnecessary sampling
time and data processing cost. A method is proposed to determine the maximum
sampling step (MaxSS) that can minimize the data size under the premise of
undistorted surface sampling.

We start from setting the data measured at the step of 0.05 μm as a certain type
of real value μ of surface topography parameters. The data measured using larger
steps are to be compared with the real values μ to determine whether they are
acceptable in terms of accuracy. To set a range of acceptance, the idea of a confi-
dence interval in probability theory is used. If the real value is μ, a measurement
result that is acceptable based on confidence level of 1-αmust fall into a computable
interval. Based on the probability theory, when the mean value of the overall sample
μ is known and the standard deviation σ is unknown, the confidence interval of the
mean value μ with the confidence level (1 � α) is

μ� tα=2 n� 1ð ÞS= ffiffiffi
n

p
, μþ tα=2 n� 1ð ÞS= ffiffiffi

n
p� �

(14)

where S is the standard deviation of the samples and n is the number of the
samples.

By looking up the table-α quantile of the t-distribution, tα=2 n� 1ð Þ is available,
and thus the corresponding confidence intervals are obtained. Therefore, the sam-
pling step gradually increases until the measurement result falls out of the accep-
tance range at that step. This means that this step, and the steps larger than it, can
no longer achieve accurate surface data. The largest permitted sampling step can be
determined under each single evaluation index. Combining all indexes, the global
MaxSS can be determined.

Here, Raave, Rqave, Rskave, and Rkuave on a Cf/SiC fiber bundle surface are taken
as the evaluation standards. For each index, the real value is determined as the value
measured based on a sampling length of 150 μm, sampling number of 200, and
sampling step of 0.05 μm. In addition, tα=2 n� 1ð Þ can be found to be 2.326 when the
confidence coefficient is 98%. After that, μ and S can easily be calculated. The

Figure 9.
The changing trend of the maximum relative error under different number of Ra [24].
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acceptance range of each index is obtained through Eq. (14). The sampling length
and sampling number are invariable, and the sampling step is gradually increased.
All measurement results are shown in Figure 10 (side surface) and Figure 11 (end
surface).

What needs to be mentioned is that the data used in Figures 10 and 11 are
acquired using a sampling direction perpendicular to the fiber orientation on the
side surface and the machining direction on the end surface. For each index, the
upper and lower limits express the acceptance range. The measurement result that
first falls out of range is marked with a red box, and the last sampling step before it
is the MaxSS of this index. Combining all four indexes on each surface, the global
MaxSS is 0.75 μm on a side surface and 1 μm on an end surface, which are approx-
imately 1/10 of the fiber diameter.

3.4 Evaluation indexes

This chapter proposes four indexes for evaluating a fiber bundle surface,
namely, Ra, Rq, Rsk, and Rku. To illustrate how the four indexes can estimate the
main type and degree of damage of a fiber bundle surface, the side surface and end
surface of Cf/SiC with processing angle of 90° are taken as a demonstration. The
surfaces of Cf/SiC were process with three machining methods: a) ground using a
grinding wheel with a wheel speed of 15 m/s, grinding depth of 0.15 mm, feed rate
of 4 m/min, and grain mesh size of 80#; b) polished using a 1200# sandpaper under
a constant force of 5 N, spindle speed of 0.1 m/s, and sliding time of 60s; and c)
friction against a ZrO2 disk under a constant force of 30 N, spindle speed of 0.5 m/s,
and sliding time of 3600 s. The three different methods caused different surface
topographies and damages. Therefore, a proper set of indexes should be able to
reflect the difference of the six kinds of surfaces.

Figure 10.
Changing trends of four evaluation indexes with increasing sampling steps on fiber bundle side surface [27].
(a) Raave, (b) Rqave, (c) Rskave, and (d) Rkuave.
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acceptance range of each index is obtained through Eq. (14). The sampling length
and sampling number are invariable, and the sampling step is gradually increased.
All measurement results are shown in Figure 10 (side surface) and Figure 11 (end
surface).

What needs to be mentioned is that the data used in Figures 10 and 11 are
acquired using a sampling direction perpendicular to the fiber orientation on the
side surface and the machining direction on the end surface. For each index, the
upper and lower limits express the acceptance range. The measurement result that
first falls out of range is marked with a red box, and the last sampling step before it
is the MaxSS of this index. Combining all four indexes on each surface, the global
MaxSS is 0.75 μm on a side surface and 1 μm on an end surface, which are approx-
imately 1/10 of the fiber diameter.

3.4 Evaluation indexes

This chapter proposes four indexes for evaluating a fiber bundle surface,
namely, Ra, Rq, Rsk, and Rku. To illustrate how the four indexes can estimate the
main type and degree of damage of a fiber bundle surface, the side surface and end
surface of Cf/SiC with processing angle of 90° are taken as a demonstration. The
surfaces of Cf/SiC were process with three machining methods: a) ground using a
grinding wheel with a wheel speed of 15 m/s, grinding depth of 0.15 mm, feed rate
of 4 m/min, and grain mesh size of 80#; b) polished using a 1200# sandpaper under
a constant force of 5 N, spindle speed of 0.1 m/s, and sliding time of 60s; and c)
friction against a ZrO2 disk under a constant force of 30 N, spindle speed of 0.5 m/s,
and sliding time of 3600 s. The three different methods caused different surface
topographies and damages. Therefore, a proper set of indexes should be able to
reflect the difference of the six kinds of surfaces.

Figure 10.
Changing trends of four evaluation indexes with increasing sampling steps on fiber bundle side surface [27].
(a) Raave, (b) Rqave, (c) Rskave, and (d) Rkuave.
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After measuring the six surfaces with the sampling length of 280 μm and sam-
pling number of 200, the scanning track perpendicular to the fiber orientation and
machining direction, and the sampling step of 0.5 μm, four indexes can be calcu-
lated for every surface. The results are shown in Table 1.

The data in Table 1 reflect that, regardless of the surface processing method
used, the side surfaces are rougher than the end surfaces, which can be indicated by
all side surfaces having larger Raave and Rqave than the end surfaces. This phenom-
enon can be explained as follows. During the machining process, the anti-shear
strength of the end surface is stronger; it is thus not easy for the fibers to be pulled-
out and form surface damage, and the end surface becomes smoother than the side
surface. However, fiber debonding and fiber delamination are more likely to
appear, leading to more damage and a rougher surface on the side surface. In
addition, for both fiber orientation surfaces, Raave and Rqave of the friction-applied
surfaces are the smallest, followed by sandpaper-polished surfaces, and finally

Figure 11.
Changing trends of four evaluation indexes with increasing sampling steps on fiber bundle end surface [27].
(a) Raave, (b) Rqave, (c) Rskave, and (d) Rkuave.

Fiber bundle surface Raave/μm Rqave/μm Rskave Rkuave

Side surface, ground 1.97 � 0.03 2.44 � 0.03 �0.55 � 0.05 3.29 � 0.10

Side surface, sandpaper polished 0.98 � 0.02 1.41 � 0.05 �2.15 � 0.09 6.48 � 0.59

Side surface, friction 0.56 � 0.02 0.78 � 0.02 �0.84 � 0.07 7.96 � 0.44

End surface, ground 1.23 � 0.02 1.56 � 0.03 �0.31 � 0.04 3.60 � 0.12

End surface, sandpaper polished 0.26 � 0.01 0.36 � 0.01 �1.39 � 0.35 12.80 � 0.55

End surface, friction 0.20 � 0.01 0.24 � 0.01 �0.34 � 0.19 21.14 � 2.88

Table 1.
Fiber bundle surface parameters of three processing methods [27].
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ground surfaces. A conclusion can be made that Raave and Rqave are both valid in
evaluating the degree of surface roughness. The rougher the surface is, the larger
Raave and Rqave are.

As a comparison, Rkuave of either a ground side surface or a ground end surface
is roughly equal to 3. That is, the height distribution approximately obeys a Gauss-
ian distribution on both surfaces. Polishing with sandpaper or sliding against a ZrO2

disk can make the surfaces flat, thus decreasing the amount of surface damage.
Meanwhile, they show larger Rkuave values. It is clear that the surfaces after friction
turn out to have the fewest numbers of surface defects, and Rkuave of the friction
surfaces has the biggest value among the three processing methods on both the side
and end surfaces. It can be seen that Rkuave is related to the amount of surface
damage. The less damage a surface has, the larger Rkuave is.

For both ground surfaces, Rskave is close to 0, which is consistent with their
Gaussian distribution characteristic. For the surfaces polished by a sandpaper, the
crests are chipped off during this processing, with the original troughs remaining,
and thus it is reasonable for these two surfaces to have a larger negative Rskave. After
friction is applied, however, their Rskave values reach closer to 0 again, which can
be explained by the wear debris embedded into the troughs during the friction

Figure 12.
Topographies of the six surfaces [27].

Figure 13.
SEM images of the six surfaces [27].
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ground surfaces. A conclusion can be made that Raave and Rqave are both valid in
evaluating the degree of surface roughness. The rougher the surface is, the larger
Raave and Rqave are.

As a comparison, Rkuave of either a ground side surface or a ground end surface
is roughly equal to 3. That is, the height distribution approximately obeys a Gauss-
ian distribution on both surfaces. Polishing with sandpaper or sliding against a ZrO2

disk can make the surfaces flat, thus decreasing the amount of surface damage.
Meanwhile, they show larger Rkuave values. It is clear that the surfaces after friction
turn out to have the fewest numbers of surface defects, and Rkuave of the friction
surfaces has the biggest value among the three processing methods on both the side
and end surfaces. It can be seen that Rkuave is related to the amount of surface
damage. The less damage a surface has, the larger Rkuave is.

For both ground surfaces, Rskave is close to 0, which is consistent with their
Gaussian distribution characteristic. For the surfaces polished by a sandpaper, the
crests are chipped off during this processing, with the original troughs remaining,
and thus it is reasonable for these two surfaces to have a larger negative Rskave. After
friction is applied, however, their Rskave values reach closer to 0 again, which can
be explained by the wear debris embedded into the troughs during the friction

Figure 12.
Topographies of the six surfaces [27].
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process decreasing the height of the troughs. Thus, it can be inferred that Rskave is
able to reflect the damage type or degree of the surface. A larger negative Rskave
value is caused by a trough-dominant surface, and a larger positive Rskave value is
caused by a crest-dominant surface. The surface state can be inferred by combining
Rskave and Rkuave.

Figure 12 shows the fiber bundle surface topographies of three processing
methods. Figure 13 shows the microscopic surface topography of six surfaces. It is
clear that the values of the four proposed indexes have a strong and direct connec-
tion with the surface damage and, thus, have a good feasibility and interpretability
for a surface evaluation.

4. The measurement and evaluation of cell body surfaces and the whole
surfaces

4.1 Measurement strategy

Cell body contains different fiber bundle orientations, and the whole surface is
composed of cell bodies; thus standard procedures designated to 2D profile sam-
pling at fiber bundle are in general not applicable for 3D topography measurement
for cell body and the whole surfaces, because 2D measurement is of directionality
which mainly reflects the damage between fibers, the fiber, and the matrix.
Whereas for cell body and the whole surfaces, the scales are bigger, thus the
measurement and evaluation mainly reflect the damage between fiber bundles and
the matrix, which cannot consider the integrated effect of the fiber orientation and
the processing direction simultaneously. Therefore, a 3D surface measurement and
evaluation method should be adopted at these two grades.

4.2 Determination of MaxSS on cell body surfaces

A proper sampling step can make the surface information of a cell body
extracted accurately and meanwhile save the cost of data collection and processing.
MaxSS refers to the balance point of the accuracy and sampling cost. If a sampling
step larger than the MaxSS is adopted, the information of a surface is distorted; if a
sampling step larger than the MaxSS is adopted, unnecessary data sampling cost is
spent. Therefore, how to determine the MaxSS on a cell body surface is very
important. This section proposes a method for this topic, based on the principle of
residual estimation.

For a cell body surface, the following steps can be executed to determine the
MaxSS:

Sample the surface using a small sampling step of the measurement device
which is at least one third of the WCMC fiber diameter.

Calculate Sa, Sq, Ssk, and Sku based on the sampling results, and set them as
surface standard values θ (the standard value here does not refer to the ideal
measurement result which has no error, rather, it means a standard which can be
used to check whether other measurement results are acceptable).

Generally speaking, this standard value θ, containing measurement error, can be
regarded as a random variable, which obeys Normal distribution, so, θ� N (μ1, σ1

2).
A measurement result θ that is obtained from a larger sampling step obeys Normal
distribution as well, so, θ � N (μ2, σ2

2). Because θ and θ are both the measurement
results of the same surface, their expectation is equal to the ideal real value (with no
errors) of the surface. Therefore,
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μ1 ¼ μ2 (15)

Set e as the difference between θ and θ,

e ¼ θ � θ (16)

Since θ and θ are independent identically distributed (IID), their difference e
obeys Normal distribution too:

e � N μ2 � μ1, σ1
2 þ σ2

2� �
(17)

Combining Eqs. (16) and (17) together,

e � N 0, σ12 þ σ2
2� �

(18)

Based on the analysis above, for a set of measurement results obtained from
different sampling steps, the Residual Errors (REs) between each of them and the
standard value θ are IID to Normal distribution, so

RE � N 0, σ2
� �

(19)

For every actual engineering question, it is reasonable to find an acceptable
range of RE according to the actual requirements of measurement. For example, if
the �15% smallest REs are acceptable, the acceptable measurement results fall into
the range of

θ‐0:39σ, θ þ 0:39σ½ � (20)

When the sampling step is small enough, the measurement result is in the range
above. However, if the sampling step grows larger, the measurement result will go
out of the range sooner or later. The largest sampling step that holds the measure-
ment result within the range of Eq. (20) can be defined as the MaxSS for cell body
surface measurement.

Here we take the measurement of a cell body of the Cf/SiC with processing angle
of 90° as an example. The sampling steps of 1–45 μm were adopted to measure the
cell body. The measurement results of 1 μmwere set as the standard values. The rest
of the results were compared with the standard values to calculate the REs. The
acceptable ranges of measurement results are available through Eq. (20).

The changing trends of the measurement results of the four evaluation indexes
under different sampling steps are illustrated in Figure 14. The red and blue lines
refer to the boundaries of the acceptable ranges calculated from Eq. (20). It is clear
that when the sampling steps exceed a certain value (in red blocks), the
corresponding results begin to go out of the ranges. Then the MaxSS can be deter-
mined for each index. Combining the four MaxSSs together, the MaxSS is available
and for this material, it is 7 μm.

It can also be proved that the MaxSS of a cell body is approximately equal to the
diameter of its reinforcing fiber.

4.3 Relationship between the measurement of cell body and the whole surface

The whole surface of a WCMC consists of many cell bodies. Some cell bodies
nearby each other faced the same fabrication and machining process and may
perform similar surface quality. Therefore, the measurement and evaluation of a
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Figure 14.
The changing trends of (a) Sa (b) Sq (c) Ssk and (d) Sku with sampling steps on cell body surface [28].

Figure 15.
Evaluation parameters with processing angles on cell body surface of Cf/SiC (a) Sa, (b) Sq, (c) Ssk,
and (d) Sku.
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cell body can be used to estimate the surface quality state of a certain area nearby it.
It has been proved that, for the exampled Cf/SiC with processing angles of 0°, 30°,
45°, and 90°, the measurement results of the four indexes of one cell body have the
similar values with the results of the nearby four cell bodies (shown in Figure 15).

5. Conclusions

This chapter aims at providing a grading surface measurement and evaluation
system for woven ceramic matrix composites. The system contains four grading of
fiber, fiber bundle, cell body, and the whole surface. The main conclusions are as
follows:

1.The type and degree of the damage on fibers influence the processing quality
and property of the surface. The diameter and the direction of the fibers
determine the measurement parameters when sampling fiber bundle or cell
body surfaces.

2.2D measurement should be adopted on fiber bundle surfaces. Sampling
parameters, including sampling length, number, step, and direction should be
determined carefully to balance the accuracy and the efficiency. Four
evaluation indexes, namely, Ra, Rq, Rsk, and Rku, are usable for fiber bundle
surface evaluation.

3.3D measurement should be adopted on cell body surfaces. Maximum sampling
step can be determined with the principle of residual estimate. Sa, Sq, Ssk, and
Sku are usable on this grade.

4.The whole surface is consist of many cell bodies. Therefore, a small number of
cell bodies can be used to represent a larger area nearby. This idea can help
reduce the workload when measuring and evaluating a large area of WCMC
surface.
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