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Abstract Fibre reinforced polymer (FRP) composites are attractive engineering
materials because they have excellent properties, such as high strength-to-weight,
modulus-to-weight, magnetic and corrosion resistance. FRPs are formed by
combining the fibres and polymer matrix, providing properties that could not be
obtained from a single material component alone. Categories of fibre include carbon
fibre, glass fibre, boron fibre, aramid fibre and others. The resin matrixes used are
mainly thermosetting resin and thermoplastic resin. Besides, laminated and cylin-
drical FRPs are two common forms used in structural applications. Due to their excel-
lent usability, FRPs have seen extensive applications in a wide range of industries
including aerospace, aircraft, military, mobile phone, automobiles, infrastructure and
sporting goods. Additionally, FRPs will be essential materials in many fields in the
future.

1 Introduction

Fibre reinforced polymer composites (FRPs) are formed by a combination of the
fibres and polymer matrix. In the FRPs, both fibres and matrix retain their physical
and chemical identities. Still, they produce an excellent performance that cannot be
achieved with either of the constituents acting alone. FRPs have many advantages,
such as strength-to-weight (longitudinal tensile strength/density), high modulus-to-
weight (longitudinal tensile modulus/density), fatigue strength, as well as fatigue
damage tolerance. Categories of fibre mainly include carbon fibre, glass fibre, boron
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fibre and aramid fibre. The resin matrixes used are mainly thermosetting resin (e.g.
epoxy resin) and thermoplastic resin (e.g. PE-polyethylene). Since most of FRPs are
laminated by prepregs through interweaving or layered pavement. FRPs are being
applied in an increasing range of fields, especially in aerospace applications. The
number of composite applications has become an important index used to measure
the aerospace industry’s advancement. Due to their excellent usability, polymeric
composites have also been increasingly applied to automobiles, infrastructure and
sporting good. FRPs will be an essential material in many fields in the future.

The prime components of fibre reinforced composites (FPRs) are long and thin
fibres possessing high strength and stiffness. The fibres are bound with a matrix
material whose volume fraction in a composite is usually less than 50%. FRPs
have high strength-to-weight, highmodulus-to-weight, strong fatigue-cracking resis-
tance, good designability, corrosion resistance and are convenient for large-scale
shaping. They also have unique electromagnetic and wave-absorbing stealth char-
acteristics [1]. FRPs have an evident characteristic of integrating structural bearing
and function and have been widely applied in various fields, including in aerospace
and automotive. They are vital to the creation of lightweight and high-performance
components.

The performance of composites is closely related to the type of fibre and resin
matrix used. Fibres are the principal load-carrying members. The matrix plays a
minor role in the tensile load-carrying capacity of a composite structure. However,
the resin matrix keeps fibres in the desired location and orientation, acts as a load
transfer medium between fibres, and protect fibres from environmental damages.
Therefore, even though the fibres reinforce the matrix, both of them serve essential
functions in FRPs.

New fibre and resin matrixes are continuously being developed. Currently, carbon
fibre, glass fibre and aramid fibre are the widely used fibre types. This chapter
discusses the types and characteristics of commonly used reinforced fibres, resin
matrixes and composites. Their fields of application are also explored.

2 Classification of Polymer Matrix Composites

Fibres have significantly higher strength and stiffness in the length direction than in
the other directions. This limits their use in a stand-alone form and underscores the
need for a rigid matrix in the composite structure. The main fibre types are glass,
carbon, aramid, boron, silicon carbide and alumina. The fibres also can be classified
according to the shape and size into continuous, short and chopped fibres. According
to the equivalent inclusion theory, the length-to-diameter ratio and volume content
of fibre significantly influence the matrix reinforcement effect: the higher volume
content and larger fibre length-to-diameter ratio strengthening effect to the matrix
was more significantly [2]. Therefore, continuous fibres are mainly discussed in the
following sections.
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The matrix binds together the reinforcing fibres. The microstructure of a polymer
matrix composite is shown in Fig. 1. The matrix resin protects the fibres from prema-
ture failure as a result of abrasion or environmental corrosion. More importantly, the
matrix distributes an applied load and acts as a stress transfer medium so that when
an individual fibre fails, the composite structure does not lose its load-carrying capa-
bility. Classification of FRPs is shown in Fig. 2. Typical mechanical and physical
properties of fibres are shown in Table 1.

Fig. 1 The microstructure of a polymer matrix composite

Fig. 2 Classification of FRPs
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Table 1 Properties of
different fibres [3]

Density
(g/cm3)

Tensile strength
(GPa)

Tensile
modulus
(GPa)

E-type glass
fibre

2.54 3.45 72.4

Carbon fibre
(T300)

1.76 3.65 231

Aramid fibre
(Kevlar 49)

1.45 3.62 131

Boron fibre 2.7 3.1 393

2.1 Glass Fibre

Glass fibres are the most common of all reinforcing fibres for polymeric matrix
composites, as shown in Fig. 3. Glass fibre provides good insulation, strong thermal
endurance, high corrosion resistance, relatively low stiffness, high chemical and
biological resistance and mechanical strength. However, it is brittle, sensitive to
surface damage and has low abrasion resistance. Essential properties of glass as a
reinforced fibre are their high strength which is maintained in humid environments
but degrades under elevated temperatures [4].

Glass fibres are made from pyrophyllite, quartz sand, limestone, dolomite, boro-
calcite and camsellite using high-temperature melting. A molten mixture of silica
(SiO2) and other oxides is drawn through small holes in a platinum-alloy bushing.
The fibres emerging from the bushing are drawn to size a constant speed and then
quenched by air or water spray. A protective coating, or size, is applied to the

Fig. 3 Morphology of glass fibres [5]
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fibres to protect their surface and enhance their binding to the polymer matrix.
Glass is an amorphous material. Thus, it does not develop a preferred orientation
in microstructure when drawn. It is, therefore considered isotropic. The diameter of
glass fibre monofilament ranges from several to more than 20 µm. Fibre diameters
for composites applications are in the range from 10 to 20 µm [6].

Glass is also highly abrasive, which poses a significant challenge whenmachining
GFRPs. Commonly used fibres include E-type glass fibre and S-shaped glass fibre.
E-type glass fibre has the lowest cost of all commercially available reinforcing fibres,
which is why its widespread use in the FRPs. S-shaped glass fibre has a higher tensile
strength than that of E-type glass fibre. However, the compositional difference and
higher manufacturing cost make it more expensive than E-type glass fibre [7].

2.2 Carbon Fibre

Development of carbon fibre was a natural step aiming at a rise of fibre stiffness
which was not exhibited by glass fibre. Modern carbon fibre demonstrates much
higher modulus than that of glass fibre.

Carbon fibre has many outstanding properties, including high axial strength and
modulus, low density, high-temperature resistance in oxidizing environments, good
fatigue durability, specific heat and conductivity between those of non-metals and
metals, low coefficient of thermal expansion (which provides dimensional stability
over a wide range of temperatures), excellent corrosion resistance, good X-ray
permeability, high heat conductivity, and adequate electromagnetic shielding. Their
cons include the low strain-to-failure, low impact resistance and electrical conduc-
tivity. Their electrical conductivity is harmful during machining, as fibre chips may
penetrate machine tool controls and cause short circuit electrical equipment.

Carbon fibre is a microlite graphite material created by the carbonization and
graphitizing of piled organic fibres, like flake graphite, along the fibres’ axial direc-
tion. They are anisotropic (transversely isotropic), and their properties are mainly
affected by the degree of orientation of the graphite layers concerning the fibre axis.
Carbon fibre is an inorganic polymer fibre with a carbon content of more than 90%.
With more than 99% carbon content, the fibre is called graphite fibre. The diameter
of carbon fibre monofilament ranges is about 5–7 µm. Carbon fibre in a CFRP after
machining is shown in Fig. 4.

Carbon fibres can be divided into polyacrylonitrile (PAN)-based carbon fibre
and pitch-based, depending on the raw material type. The pitch-based fibres have a
higher modulus, but lower strength than the PAN-based fibres. For PAN-based fibre,
the process consists of three stages: stabilization, carbonization and graphitization.

The tensile modulus values of carbon fibre vary in a large area, ranging from
207 GPa on the low side to 1035 GPa on the high side [3]. Carbon fibres can also
be divided into universal, high-strength, middle-modulus, high-modulus and ultra-
modulus carbon fibres according to performance. The middle-modulus and high-
strength grades are almost universally PAN-based. Higher-modulus fibres with much
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Fig. 4 Carbon fibre in a
CFRP after machining

lower strength are most pitch-based produced at a lower cost. Generally, the low-
modulus fibres have low density, low cost, higher tensile and compressive strength
and higher tensile strains-to-failure than the high-modulus fibres.

The high stiffness and strength combined with low density and intermediate cost
have made carbon fibres the second to glass fibre in use. However, their high cost has
so far excluded them from widespread commercial applications. They are widely
used mainly in the aerospace industry in the last century, where weight saving is
considered more critical than the cost. Today, the cost of carbon fibre has decreased
a lot. Decreased costs will allow penetration into more cost-sensitive markets such
as automotive and sports goods.

2.3 Aramid Fibre

Aramid fibres are highly crystalline aromatic polyamide fibres with the lowest
density and the highest tensile strength-to-weight ratio among the current reinforcing
fibres [8]. Aramid fibres are organic fibres manufactured from aromatic polyamides
(Aramids) by solution spinning. Polymer solution in sulfuric acid is extruded by
spinning through small holes into fibres in which the molecules are aligned with the
direction of shear. Further alignment of the fibres can be achieved by washing in a
cold-water bath and stretching under heating.

Aramid fibres offer higher strength and stiffness relative to glass coupled with
lightweight, high tensile strength, but lower compressive strength. As components
of advanced composites for engineering applications, aramid fibres are characterized
by low density providing strength-to-weight and stiffness, low thermal conductivity
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resulting in high heat insulation. Like carbon fibres, they also have a negative coeffi-
cient of thermal expansion in the longitudinal direction, which is used to design low
thermal expansion composite panels and construct hybrid composite elements that do
not change their dimensions under heating. It consists of very thin filaments (fibrils)
for a system, and aramid fibres have very high damage tolerance. It tends to respond
under impact in a ductile manner instead of carbon fibre, which tends to fail in a
more brittle manner. Their high strength in a longitudinal direction is accompanied
with relatively low strength under tension in a transverse direction. Aramid fibres
are characterized by pronounced temperature and time dependence for stiffness and
strength [9]. The main disadvantages of AFRPs are their low compressive strengths.
The outstanding toughness of aramid fibres also creates a problem duringmachining.
The fibres are difficult to cut, and special tooling and techniques are required. Aramid
fibre in an AFRP after machining is shown in Fig. 5.

Due to variations in the polymer structure, the aramid fibre family covers many
categories. Meta-position aramid fibre and para-position aramid fibre are the most
representative aramid fibres and have the highest practical value. Generally, para-
position aramid fibre is used as a reinforcing material in composites. Para-position
aramid fibre has a range of excellent characteristics, including lightweight, high
strength, high modulus, high robustness, high-temperature resistance, good insu-
lation and anti-ageing performance. Currently, aramid fibre is mainly produced in
America and Japan. Manufacturers and brands of para-position aramid fibre mainly
include Kevlar® fibre (DuPont, USA), Twaron® fibre and Technora® fibre (Teijin,
Japan), Heracron® fibre (Kolon, Korea) and Armos® fibre (Tver, Russia).

Kevlar 49 is the trade name of one of the aramid fibres available in the market,
most widely used in AFRP composites. It is a kind of para-position aramid fibre.
During the filament drawing process, Kevlar 49 molecules become highly oriented
in the filament axis direction. Weak hydrogen bonds between hydrogen and oxygen

Fig. 5 Aramid fibre in an
AFRP after machining
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atoms in adjacent molecules hold them together in the transverse direction. As a
result, the filament is highly anisotropic, with much better physical and mechanical
properties in the longitudinal direction than in the radial direction. Especially, Kevlar
49 fibres exhibit a high degree of yielding on the compression side during bending.
One application of this characteristic is found in soft, lightweight body armours and
helmets [3].

2.4 Boron Fibre

Boron fibres are manufactured by chemical vapour deposition (CVD) of boron onto
about 12µm diameter a heated substrate (either a tungsten wire or a carbon monofil-
ament). When the substrate is a tungsten wire, hydrogen and boron trichloride reacts
on a hot tungsten filament to replace the amorphous boron deposition on the tung-
sten surface. Boron fibres have a relatively large diameter, 100–200 µm, shown in
Fig. 6. According to this, boron fibres offer excellent resistance to buckling, which
contributes to high compressive strength for the BFRP composites. Boron fibre has
good high-temperature resistance in inert gas. However, its tensile and compressive
strength decreases significantly at air temperatures above 500 °C. To prevent this
degradation, chemical vapour deposition covers the fibre surface with about 5 µm
thick layer of silicon carbide or boron carbide. Comparing to carbon fibre, glass and
aramid fibres, boron fibres have now somewhat limited applications [10].

Fig. 6 Morphology of a
boron fibre (with B4C
coating) [11]
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2.5 Resin Matrix

Matrix materials provide the final shape of the composite structure and govern the
parameters of the manufacturing process. The resin matrix fulfils a variety of critical
functions and merely maintains the shape of the composite structure and aligns the
reinforcingfibres.Resinmatrixes canbedivided into thermoplastic and thermosetting
resins. Optimal combination of fibre and matrix properties should satisfy a set of
operational and manufacturing requirements. Fibre reinforced composites mainly
use thermosetting resin, while the use of thermoplastic is in a gradual increase.

Thermosetting resin undergoes a chemical reaction under heating and pressuriza-
tion, or a curing agent and ultraviolet light. The components further react into a single
type of insoluble and in-fusible synthesized resin through cross-linking curing. Such
resin is generally a solid or viscous liquid with low molecular weight before curing
and can be softened or flowed in the forming process. It is plastic and can be shaped,
accompanied by chemical reaction and cross-linking curing. Cured resin cannot be
softened or flowed even upon pressurization and heating. Instead, the resin is decom-
posed or carbonized under excessive temperature. After thermosetting the resin, it
forms a reticulate structure due to intermolecular cross-linking. Therefore, the ther-
mosetting resin has the characteristics of high rigidity, high hardness, inflammability,
but has the disadvantages of high brittleness and low mechanical properties. Ther-
mosetting resins include phenolic aldehyde, epoxy, amino, unsaturated polyester and
silicon ether resins.

The thermoplastic resin is a high-molecular-weight solid at room temperature. It
is a linear polymer with a few branched chains and without intermolecular cross-
linking. The thermosetting resin is only mutually attracted by Van Der Waals forces
or hydrogen bonds. The resin is softened or flowed under pressure and heating (as
shown in Fig. 7). As it makes no chemical cross-links, it can be shaped in a mould,

Fig. 7 The moulding process of resin [12]
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Table 2 Maximum service
temperature for some
polymeric matrices [3]

Polymer Tg (°C) Maximum service
temperature (°C)

DGEBA epoxy 180 125

TGDDM epoxy 240–260 190

PMR-15 340 316

Polyether ether ketone
(PEEK)

143 250

Polyphenylene sulfide
(PPS)

85 240

Polysulfone 185 160

with the finished product obtained after cooling. In a repeated heating process, the
molecular structures remain constant. Thermoplastic resin can be degraded or decom-
posed under high temperatures for long durations; it has the characteristics of simple
shaping and high mechanical energy but has low heat resistance and rigidity. Ther-
moplastic resins include polyethene (PE), polypropylene (PP), polyvinyl chloride
(PVC), polystyrene (PS), polyamide (PA), polyformaldehyde (POM), polycarbonate
(PC), polyphenyl ether, polysulfone and rubber.

For laminated composites, the mechanical properties of the interfaces between
layers can be described by interlaminar shear strength or interlaminar fracture tough-
ness. The interlaminar shear strength is an important design consideration for struc-
tures under bending loads, whereas the in-plane shear strength is essential under
torsional loads. Matrix has a significant influence on the interlaminar shear strength,
compressive strength, and in-plane shear strength of the FRPs. Besides, the interac-
tion between fibres and matrix is essential in designing damage-tolerant structures.
Therefore, the selection of a resin matrix has a significant influence on the properties
of FRPs. Additionally, the manufacturing and machining of FRPs depend strongly
on the processing characteristics of the matrix. Maximum service temperature for
some polymeric matrices is shown in Table 2.

3 Properties of FRP Composites

Compared with traditional materials, composites have many advantages, including
high strength-to-weight, highmodulus-to-weight, anti-fatigue performance and good
vibration damping performance. The components of the composites develop syner-
gistic performance. In other words, the composite material properties are better than
the property of each component, where the composite has new properties. Hence,
the composite performs significantly better than the components alone.

Composite performance is related to many factors, including fibre direction, fibre
content, resin type and curing technique. Compared with conventional metal mate-
rials, composites have outstanding mechanical properties. Composites composed of
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different fibres andmatrixmaterials havedifferent performances.Generally, strength-
to-weight and modulus-to-weight are used to compare the significant mechanical
properties, mainly expressed as the materials’ bearing capacity and rigidity under
equal weights. High strength-to-weight and high modulus-to-weight imply high
performance. Strength-to-weight and modulus-to-weight are determined according
to the strength and elongation measured at a single stretching test. The structural
bearing conditions and failure modes are diverse. Under this circumstance, mechan-
ical properties cannot be measured entirely by strength-to-weight and modulus-to-
weight. Therefore, strength-to-weight and modulus-to-weight are only two coarse
qualitative performance indexes. Properties of different FRP composites are shown
in Table 3.

GFRPs have high strength-to-weight, corrosion resistance, electric insulation,
easy manufacturing and low cost. They have a long history of application and are
extensively used nowadays. However, glass fibre reinforced composites have the
characteristics of high modulus-to-weight.

CFRPs have relatively high strength-to-weight and highmodulus-to-weight, high-
temperature resistance, anti-fatigue performance and good thermostability. They are
high cost and have been increasingly used [7].

AFRPs are a type of composite with high strength-to-weight and high modulus-
to-weight. Although they have a higher cost than GFRPs, they have a lower cost than
CFRPs. AFRPs are becoming a popular material.

Generally, FRPs have advantages shown as following:

(1) High strength-to-weight: especially high-strength carbon fibre and aramid fibre
reinforced composites.

(2) High modulus-to-weight: except for GFRPs, composites have significantly
higher modulus-to-weight than metals, especially high-modulus carbon fibre
reinforced composites.

(3) Designability of materials: composites have significant differences compared
with metallic materials. Composite performance is determined by fibre content
and pavement and the performance of the fibre and matrix. Hence, fibres
in composites can be designed in appropriate amounts and good pavements
according to the loading conditions and structural shape. This aims to meet
the design requirements with the least material used and maximum material
performance.

Table 3 Properties of different FRP composites [3]

Density (g/cm3) Tensile strength (GPa) Tensile modulus (GPa)

CFRP (unidirectional) 1.55 1550 137.8

GFRP (unidirectional) 1.85 965 39.3

AFRP (unidirectional) 1.38 1378 75.8
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(4) Simple manufacturing techniques and low cost: composite components gener-
ally do not require complicated machining equipment and require few produc-
tion procedures. Thin-walled components with complicated shapes can be
manufactured with low consumption of materials and processes.

(5) Some composites have good thermostability. For example, carbon fibre and
aramid fibre have a negative coefficient of thermal expansion. Composites
with a minimal thermal expansion coefficient can be prepared by combining
carbon fibre or aramid fibre with a matrix material with a positive coefficient of
thermal expansion. Structures only have minimal thermal stresses and thermal
deformation upon changes in the environmental temperature.

Besides, various composites have many different useful characteristics, such
as fatigue resistance, impact resistance, electromagnetic permeability, damping
properties and corrosion resistance.

Generally, FRPs have disadvantages shown as following:

(1) Serious anisotropy. Although composites have good performance along the
fibre direction, their performance perpendicular to it is mainly determined by
the performance of the matrix material as well as the bonding strength between
the matrix and fibres. Generally, the mechanical properties perpendicular to
the fibre direction is lacking. In particular, the interlayer shearing strength is
deficient in laminated composites.

(2) Composites have a great range of properties, making it challenging to realize
quality control and detection. However, material quality can be improved
by improving processing and detection technologies, which will also reduce
performance disparities.

(3) Composites have high costs. At present, boron fibre reinforced composites are
the most expensive. Carbon fibre reinforced composites are more expensive
than metals, while glass fibre reinforced composite is low-cost.

(4) Some composites have low robustness and difficult mechanical jointing.

Based on the above disadvantages, some disadvantages can be mitigated through
the design of thematerial. This is why composites are extensively used inmany fields
and have promising development prospects.

The interface is the region with a certain thickness (several angstroms to hundreds
of angstroms) formed by physical and chemical interactions between fibres and the
resinmatrix [13]. The structural, chemical and physical properties of the interface are
different from those of the fibres and resin. The interface is also called the interface
phase or interface layer. However, the notion of interface or interphase remains
relatively vague, as the interfacial zone does not exist in itself but is created during
the implementation of the composite.

Properties affected by the interface include strength, modulus, and toughness. A
weak interface also reduces fatigue enduranceof alignedfibre composites.High adhe-
sion betweenfibres and resin providing is a necessary condition for high-performance
composites. The properties of the interface layer are affected by the reinforcement
materials, matrix material, curing technique (e.g. pressure, temperature and density)
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and service conditions [14, 15]. Proper adhesion can be reached for properly selected
combinations of fibre and matrix materials under some additional conditions. Based
on this, the fibre-matrix interface can transfer the stresses efficiently so that these
excellent properties are maintained, and are not degraded by the environmental and
other factors encountered in use.

Currently, various mixed fibre reinforced composites have been manufactured,
which have better mechanical properties than single fibre reinforced compos-
ites. Hybrid composites, a class of composite material, have two or more high-
performance reinforcements combined at the micrometres or molecular level [16].
When hybrid composites contain two types of reinforcing fibres, it is called hybrid
fibre composites. The three most basic configurations are shown in Fig. 8 [17].

The purpose of bringing two fibre types in a single composite is to maintain both
fibres’ advantages and alleviate some disadvantages. In other words, it is considered
that some of the individual components are a more favourable balance between the
inherent advantages and disadvantages. Therefore, the hybrid composite containing
two or more fibre types will beneficially complement what is deficient in the other.
The hybrid composite strength depends on the fibre content’s properties, length
of distinct fibres, fibres orientation, fibre to matrix bonding and fibres sequence
arrangement of both the fibres.

The hybrid structure is amixture of eachmaterial’s required properties, such as the
ratio of strength-to-weight, modulus-to-weight, fatigue strength, and fatigue damage
tolerance. The goal is to increase the failure strain, ductility, and toughness. The
failure strain of individual fibres will justify the strength of the hybrid composite
and highly strain compatible fibres will determine the maximum hybrid results.
For example, replacing carbon fibres in the middle of a laminate by cheaper glass
fibres can significantly reduce the cost, while the flexural properties remain almost
unaffected [17]. If a hybrid composite is loaded in the fibre direction in tension, then
the more brittle fibres will fail before the more ductile fibres.

Composites can improve material properties, prolong service life and strengthen
functionality. Figure 9 shows the product life cycle of FRPs, beginningwith fibres and
polymers and ending with recycling the material [18]. To obtain an automated high

(a) (b) (c)

Laminate 
composite fiber A

Laminate 
composite fiber B

Fiber A

Fiber B

Fig. 8 The three main hybrid configurations a interlayer or layer-by-layer, b intralayer or yarn-by-
yarn, c intrayarn or fibre-by-fibre [17]
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Fig. 9 The product life cycle for composite materials parts manufacturing [18]

volume FRPs in the future, considerable challenges in production technology still
need to be mastered. Much attention is focused on conventional and unconventional
machining technologies of FRP composites.

Recycling of FRPs has a significant impact on production processes. The resin
will produce plastic flow, and the resin matrix size will be reduced when FRP is
recycled, decomposed and reproduced. It will lead the FRP properties decreased on
reprocessing. Hence, attention should be paid to the recyclability of composite parts.
The use of FRPs has created an immediate legacy problem and business opportunity
regarding the waste produced from manufacturing and end of life products.

The recycling of composite parts is complicated, and they can cause adverse
impacts on the environment. Polymer-based composites are mainly inflammable
substances and may release abundant toxic gases during combustion that pollutes the
environment.Moreover, volatile components such asmatrix solventsmay be diffused
into the air during moulding. Composites are composed of multiple components and
are multi-phase materials. Composite parts should be degraded into single-material
parts, but it is difficult to grind, thin, melt and degrades. As a result, such decompo-
sition techniques have high costs, and the regeneration cost is relatively high. It is
challenging to recover the original properties.

Different recycling processes are needed for thermoset and thermoplastic.Mostly,
thermosetting resin composites cannot be melted and remoulded due to three-
dimensional cross-linking structure. Recycling of thermosetting resin composites is
more complicated than that of thermoplastic resin composites.Because thermosetting
composites are widely used, unique high-efficient recycling technology is required.
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Easy disassembly of parts is one of the major requirements for recycling. Recycling
requires single materials as much as possible. Composites should be comprised of
as few material categories as possible.

Considering the above principles, the usage rate of thermoplastic polyolefin and
polypropylene foam material may be increased significantly. On the contrary, the
usage rate of thermosetting resins is restricted. Currently, significant progress is
achieved in regeneration and degradation under thermoset and thermoplastic of
thermosetting resin composites.

4 Manufacturing Techniques of FRP Composites

Transformation of uncured or partially cured fibre-reinforced matrix into composite
parts or structures involves curing thematerial at elevated temperatures and pressures
for a period. High cure temperatures are required to initiate and sustain the chemical
reaction that transforms the uncured or partially cured material into a fully cured
solid. High pressures are used to provide the force needed for the flow of the highly
viscous resin or fibre–resin mixture in the mould, as well as to remove volatiles and
excess air, to facilitate the consolidation of the laminate, and to apply temperature
and pressure to ensure good bonding during cure. For example, the most critical
processing characteristics include the liquid viscosity, the curing temperature, and
the curing time for epoxy resin polymers.

There are numerousmethods for fabricating composite components. The selection
of the fabricationmethod for a particular part is themost crucial before the part design
and end-use or application. The first manufacturing method for FRPs structural parts
used a hand lay-up technique. Recently, there is more emphasis on the development
of manufacturing methods that can support mass production. Modern techniques
of fabrication are developed such as vacuum bagging, autoclaves, Resin Transfer
Moulding (RTM),Vacuum-AssistedResinTransferMoulding (VARTM),Resin Film
Infusion (RFI), injection moulding, filament winding, pultrusion, and many other to
produce a reliable and robust composite structure or component in primary composite
fibres [19–21].

Different techniques can manufacture composites according to the structural
shape required. Rotating components, such as pressure vessels and shells, can be
prepared by fibre interweaving techniques. However, large plane structures can use
the autoclave moulding technique.

4.1 Laminated Composites

Composites formed by the layered pavement of prepregs are called laminated
composites. The laminate composite is produced by stacking several thin layers
of fibres and matrix (called prepreg) and laying them into the desired thickness. The
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ply consists of several fibres through the thickness that is aligned and continuous.
Typical volume fractions of fibre are on the order of 60% [4]. In the preparation
of composites, an epoxy resin matrix is infiltrated into the fibre and then dried into
prepregs used to manufacture various products with a variety of specific manufac-
turing techniques. The structure of continuous fibre reinforced resin composites is
shown in Fig. 10.

Unidirectional fibre prepregs are paved according to the designed angle and
number of layers to manufacture plate or large-curvature components. Next, the
material is put between platforms or moulds for pressurization and curing shaping
with heat. Consequently, laminated-structured composites are formed. Thermoset-
ting prepreg must be kept refrigerated until they are assembled and placed in the
curing process. Thermoplastic prepreg, on the other hand, does not have to be stored
under refrigeration. They tend to be stiff and are usually softened before assembly.
The final manufacture could involve heating and form inmatchedmoulds. The unidi-
rectional prepreg can be cut and stacked to form the final product. Because the indi-
vidual fibres are relatively straight, the use of a unidirectional prepreg provides a
method, along with filament winding, of achieving finished products with excellent
mechanical properties.

Laminating moulding is done to pave prepregs in different layers and then mould
them at a specific temperature and pressure. After chemical curing, no plastic forma-
bility remains for thermosetting matrix FRPs. However, a subsequent plastic defor-
mation is possible for thermoplastic matrix FRPs by reheating after cooling down.
The modulus and strength of the thermoplastic matrix FRPs are lower compared
to the thermosetting matrix FRPs. Besides, creeping is easily generated on thermo-
plasticmatrix FRPs caused by long-term loads. Furthermore, the curing temperatures
of thermoplastic polymers are higher than those of thermoset polymers.

Fibre direction in each layer and the stacking sequence of different layers in a lami-
nate can be designed to produce a wide range of physical and mechanical properties
for the laminated composite. The characteristics of the manufactured FRPs can be
quasi-isotropic or anisotropic depending on the fibre orientation inside the composite.
With fibre reinforcements, quasi-isotropic semi-structural FRPs can be produced by
highly automated production processes. If fibres in the laminated composites are

Fiber

Resin

Longitudinal

Transverse

Fig. 10 Structure of monolayer fibre reinforced composites [22]
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paved in the same direction, they are called a unidirectional composite. If fibres are
paved in different directions, it is called a multidirectional composite.

Due to the fibre lay-up direction, unidirectional composites generally have high
strength and modulus along with the fibre directions, but low mechanical properties
perpendicular to them. In the preparation of FRPs, the fibre’s lay-up direction can
be chosen according to the stresses expected in the components, thus improving the
usability of components.

Also, a relatively sizeable residual stress is generated in the curing process due to
the significant difference in the coefficients of thermal expansion of fibre and resin.
To reducematerial deformation caused by stress, laminated prepregs are generally set
symmetrically. A typical lay-up mode of laminated FRPs is shown in Fig. 11a. The
cross-section microstructure of a multidirectional CFRP profile is shown in Fig. 11b.

According to the properties expected for FPRs, sometimes fibres are weaved in
two orthogonal directions, in which the weft alternatingly crosses over and under
the warp. This creates the highest crimp with the tightest fabric and poorest drape
ability and the most resistant to in-plane shear movement. A typical lay-up mode
of FRPs is shown in Fig. 12a. Furthermore, the cross-section microstructure of a
multidirectional AFRP profile is shown in Fig. 12b.

4.2 Cylindrical Structures

The typical method for fabricating cylindrical composite structures is filament
winding. Filament winding is an efficient automated process of placing resin-
impregnated roving or monofilaments onto a rotating mandrel removed after curing
the composite part. The matrix may be added to the fibre by running the fibre tow

Fig. 11 Structure of a CFRP composite a stacking sequence, b cross-section



32 B. Wang and H. Gao

Fig. 12 Structure of an AFRP composite a stacking sequence, b cross-section

through a matrix bath at the time of placement, or else the roving may be prepregged
before winding. The filament winding process consists of winding continuous-fibre
tow, yarn, or tape around a form ormandrel to form the structure. Usually, the compo-
nent’s cure is done at room temperature or by applying heat without vacuum bagging
or autoclave consolidation. Filament winding is typically a low-cost method because
of the use of fibres and resins in their lowest-cost form, as well as highly automated
and repeatable.

Preliminary tension applied to the roving in winding induces pressure between
the layers providing compaction of the material. Varying the winding angle, it is
possible to control material strength and stiffness within the layer and through the
laminate thickness.

Filament winding processes can be subdivided into two groups regarding the basic
design and themachinekinematics.On theonehand, themandrel itself rotates. Simul-
taneously, the fibre placement is controlled to move longitudinally in a prescribed
way to generate the required fibre inclination angle to the axis of rotation. Themotion
may be synchronized using CNC machines or by conventional machines similar to
the lathe. On the other hand, there is a flexible robot winding.

Filament winding is a continuous fabrication method which has emerged as the
primary process for composite cylindrical structures and axisymmetric hollow parts.
Filament winding has been widely used for making automotive drive shafts, heli-
copter blades, oxygen tanks, pipelines, spherical pressure vessels, conical rocket
motor cases, glass-fibre pipe, rocket motor cases, golf shafts, drilling risers, energy
absorption tube, large underground gasoline storage tanks and other similar products.

Thefilament-winding process is also used tomanufacture prepreg sheets or contin-
uous fibre-reinforced sheet-moulding compounds. The most advantageous of fila-
ment winding is manufacturing thin-walled shells of revolution, though it can be
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Fig. 13 Filament winding setup [23]

Fig. 14 GFRP cylindrical
shells [23]

used in building composite structureswithmore complicated shapes. Besides, several
specialized techniques are being considered for more complicated shapes. Filament
winding setup and GFRP cylindrical shells are shown as in Figs. 13 and 14.

5 Applications of FRP Composites

Material selection is one of the most important and critical steps in the structural
or mechanical design process. The properties of FRPs (especially strength and
modulus) should be considered in the selectionprocess dependingon the performance
requirements and possible mode of failure.
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FRP composites have proven to be flexible and adaptable engineering material for
many applications, including aerospace, aircraft, automotive, construction, marine,
commodity, and sports. Commercial and industrial applications of FRP composites
are so varied that it is impossible to list them all. Here, several application areas
are given, including aircraft and military, automotive, infrastructure, and sporting
goods. FRP composites are also used in electronics, building construction, furniture,
power industry, oil industry, medical industry, and many industrial products, such
as oxygen tanks, and power transmission shafts. The potential use of FRPs exists in
many engineering fields, based on their unique mechanical, physical, and thermal
characteristics.

Large-scale research projects undertaken in 1993 in the USA and Canada
involving CFRP/GFRP composites confirmed the decision to use such materials in
construction [24]. The USA is the largest producer and user of FRP composites and
leads the world’s composite technology development and implementation. The US
composite industry is expanding despite the overall slow-down in the US economy
in the past couple of years. FRP manufacturing is predicted to rise at a yearly rate of
4–5% over the next five years [25].

5.1 Aircraft and Aerospace Applications

Composites are the most typical materials used in the aerospace field. Using
advanced composites in aerospace structures can reduce weight by 20–30%, which
is beyond other advanced technologies. Advanced composites have become one of
four structural materials used in the aerospace field after aluminium alloy, titanium
alloy and high-strength steel. The increasing amount of advanced composites used
has become an essential symbol of aircraft advancement. Composites for aircraft
commenced with non-load-bearing components (e.g. cabin doors and antenna hous-
ings). Then they were used for secondary and principal load-bearing components
(e.g., empennages and wing boxes) over the last 50 years [26].

The number of composite applications has become an important index used
to measure the aerospace industry’s advancement. Two iconic enterprises in the
aerospace field, Boeing and Airbus, have given much attention to composites’ use.
In 1985, Airbus first used composites in aircraft manufacturing for the empennage
of the A310 passenger plane. Subsequently, Airbus used composites in the wings
of the A350 passenger plane. The Boeing 787 aircraft includes many technological
innovations. The most attractive is that the main body structure (including wings
and fuselage) uses about 50% composites [27, 28]. It is the first jetliner for civil use
that uses composite in the main structure. To maintain competitiveness with Boeing,
the Airbus A350 is also extensively comprised of composites. About 25% of the
primary members of the A380 are made of advanced lightweight materials, and the
mass of composites is about 32 tons, accounting for 22% of the total weight [26]. The
components made of CFRPs used in Airbus 350 aircraft is shown in Fig. 15 [29]. It
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Fig. 15 Large-size CFRP composite components used in Airbus 350 [30]

is a fact that, rather than metals, composites have become the primary material used
in aircraft structures.

Advanced composites have made outstanding contributions to the aerospace tech-
nological field and will occupy a vital role in aerospace technologies’ future devel-
opment. Since a satellite launch may cost tens of millions of dollars, it is important
to use light structural materials with high performance. Therefore, composites play
an irreplaceable role in launchers, missiles, satellites and aircraft.

5.2 Military Applications

Advanced composites have promising application prospects in weapon equipment.
Increasing the use of composites is crucial to reduce weight and improve perfor-
mance. For instance, the range of a strategic missile can be increased by 16 km for
each 1 kg reduction in weight, and the range of a warhead can be increased by 20 km
for each 1 kg reduction. The weight of a missile launcher can be reduced by more
than 20% by using advanced composites, which increases its manoeuvrability and
improves its fatigue and corrosion resistance.

With their outstanding impact resistance, aramid fibre reinforced composites have
been highly useful in bulletproof equipment. After long-term perfection and develop-
ment, the successful application of aramid fibre reinforced materials has become an
important milestone in the strengthening and lightweight, protective armour design.

The traditional homogeneous armour used in tanks cannot resist attack by
advanced antitank weapons, whose destructive power gradually increases. Although
thickening armour can enhance the protection of tanks, it also may restrict their
manoeuvrability. Composite armour is a kind of heterogeneous armour composed of
multiple layers of protective materials with different properties. AFRP is an essential
component of the multilayer structure of composite armour. Composite armour is
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widely used in the third generation of main battle tanks to improve protection. For
instance, Kevlar fibre reinforced composites are used in the interlayered composite
armour structure in the M1A1 (as shown in Fig. 16) main battle tank (United States).

AFRP composites have replaced traditional massivemetals in the physical armour
field and become the primary material used in bulletproof helmets and personnel
armour. In the 1970s, Natick Research Lab first produced a type of soft personnel
armour using Kevlar fibre reinforced composites to replace steel materials and
named it the Personnel Armour System for Ground Troops (PASGT). With ongoing
development, PASGT has been improved and perfected continuously. Currently, the
Advanced Combat Helmet (ACH), shown in Fig. 17, and Improved Outer Tactical
Vest (IOTV), issued to US ground forces, as well as the Lightweight Helmet (LWH)
and Modular Tactical Vest (MTV) used by the US Marine Corps, are all updated
versions of PASGT. They all use Kevlar fibre reinforced composites as the primary
bulletproof materials.

Aramid fibre reinforced materials have been widely used in the aerospace field as
an advanced composite. In the 1970s, the L-1011 TriStar wide-body passenger plane
developed by Lockheed Corporation (USA) used 1135 kg of Kevlar fibre reinforced
composite. In 1977, themain body of the S-76 Spirit civil helicoptermanufactured by
Sikorsky Aircraft Corporation (USA) applied Kevlar fibre reinforced composites for
as much as 50% of the aircraft’s’ area. In 1980, the An-124 heavy transport machine
designed by Antonov Design Bureau of the Soviet Union mainly used aramid fibre
reinforced materials in the main body, and the total weight was 3000 kg.

Tomanufacture high-pressure vessel structures similar to solid rocket engine casts,
aramid fibre composite has become the first choice for replacing glass fibre reinforced
composites. The three-stage solid rocket engine casts of the Trident submarine-
based ballistic missiles and Peacekeeper ground-to-ground ballistic missiles, made
in the USA in 1970, were all manufactured with interwoven Kevlar fibre reinforced

Fig. 16 Aramid composite armour [31]
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Fig. 17 Aramid composite
helmet [32]

composites. These casts were 50% lighter than the same size of glass fibre reinforced
composite cast. Besides, aramid fibre reinforcedmaterials are widely used in antenna
structures for their excellent heat-insulating properties and electromagnetic wave
permeability.

5.3 Mobile Phone Applications

Aramid fibre composites were viewed as strategic materials in the armour, aerospace
andmilitary industries.With the end of the cold war and rapid technological develop-
ment, the market for aramid fibre reinforced composites in civil services opened and
expanded quickly. In the competitive mobile phone industry, some mobile phones’
rear shells use aramid fibre reinforced composites. Due to their strong robustness
and friction resistance, aramid fibre gives mobile phones an excellent appearance
and outstanding user experiences. The application of aramid fibre in the mobile
phone is shown in Fig. 18.

5.4 Automotive Applications

Currently, there is increasing concern about the relationship between humans and
nature. Environmental and energy challenges have become the key to each country’s
survival and development in the world. With the increasing consciousness of envi-
ronmental protection and increasing environmental protection laws, green cars have
become an essential trend in automobile development. Therefore, making cars that



38 B. Wang and H. Gao

Fig. 18 Mobile phone case of aramid fibre [33]

meet environmental protection requirements is on the agenda of automobile manu-
facturers. As the mainstream material used in cars, composites will play a vital role
in future automobile development.

Composites can meet the requirements of lightweight car bodies. In the automo-
bile field, composites are used in auto-body panels, interior trim parts, structural
components and functional components. Replacing steel components with compos-
ites can reduce the structural weight by 40–60%, thus improving energy efficiency
significantly.

Manufacturing and design of fibre-reinforced composite materials for automo-
tive applications are significantly different from those for aircraft applications. One
noticeable difference is in the production volume, which may range from 100 to 200
pieces per hour for automotive components compared with a few hundred pieces per
year for aircraft components [3].

Composites can also lower fuel consumption and improve safety. Traditional
car bodies mainly use thin steel plates alone, which cannot adapt to high speed
and lightweight pursuit. Many automobile manufacturers have been researching and
using new materials to reduce the weight of car bodies and fuel consumption and
improve wind resistance coefficients. The driving distance attained with 1 L of fuel
can be increased by 2 km if the car’s weight is decreased by 50 kg. Fuel economy
can be improved by about 5.5% if the car weight is decreased by only 10%. Many
types of composites have been used successfully to achieve lightweight car bodies.

Moreover, racing cars made of CFRP maintain good stability even under high
wind resistance, attributed to composites’ higher rigidity than steel. Energy-saving,
environmental-friendly and safe electric vehicles are a global development trend in
the automobile industry. The main structure and energy storage flywheel can also be
made of composites. A composite component is shown in Fig. 19.
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Fig. 19 The surface geometry of a composite component is checked [34]

Boat structures and hulls incorporate composites to a large extent. GFRPs domi-
nate in pleasure boat building because of its lightweight and resistance to corrosion.
CFRP composites are also used in high-performance race boats.

5.5 Infrastructure Applications

In the industrial field, composites can be applied in various infrastructure fields,
including roofs, bridges, tunnels and relevant concrete projects. Several reinforced
concrete specimens are shown in Fig. 20. Replacing ordinary steel rebars with fibre
reinforcedpolymer rebars increases the strength and fatigue resistance of the structure
and can also offset ordinary rebars’ ready corrosion. Also, composites are extensively
used in the fences of drilling platforms, tunnels, drill collars and drilling tubes due
to their strong corrosion and friction resistance.

Fig. 20 Crack patterns and the measured maximum crack width of different reinforced concrete
specimens [35]
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Development of newenergy resources and energy-saving and energy-storage tech-
nologies is an essential part of the current high-tech field. Energy technologies also
need lightweight materials with high strength and resistance to high temperature
and corrosion. For example, a single generator capacity has to be increased continu-
ously (reaching about 1.5–2.5MW) to lower wind power generation costs. The blade
length can reach 50 m, which requires blades to have lightweight, high strength and
high modulus. CFRP are the ideal material for this. Moreover, composites have
promising application prospects in solar energy, atomic energy, ocean energy and
super-conduction equipment [36–38].

5.6 Sporting Goods Applications

Composites have also been widely applied in the sports and leisure fields, after
the aerospace and aircraft industries. Brassies, tennis rackets and fishing poles are
three main composite products. Besides, composites have been used in bicycles,
automobile racing, speed boats, skis and stay bars. Composite softball and baseball
bats are shown in Fig. 21. CFRP composites dominate in sports applications because
of its extraordinary strength and stiffness.

The lightweight, high strength and damping performance of composites can
significantly improve the usability of sports products and help athletes achieve good
performance. The advantages of using fibre-reinforced polymers are weight reduc-
tion, vibration damping, and design flexibility. Weight reduction achieved by substi-
tuting carbon fibre-reinforced epoxies for metals leads to higher speeds and quick
manoeuvrings in competitive sports, such as bicycle races and canoe races. Some
applications, such as tennis rackets or snow skis, sandwich constructions of carbon or
boron fibre-reinforced epoxies as the skin material and a soft, lighter weight urethane

Fig. 21 Composite softball
and baseball bats [39]
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foam as the corematerial produces a higherweight reductionwithout sacrificing stiff-
ness. Faster damping of vibrations provided by fibre-reinforced polymers reduces
the shock transmitted to the player’s arm in tennis or racketball games and provides
a better feel for the ball. In archery bows and pole-vault poles, the high stiffness–
weight ratio of fibre-reinforced composites is used to store high elastic energy per
unit weight, which propels the arrow over a longer distance or the pole-vaulter to
jump a greater height. It is an ongoing trend to apply fibre reinforced composites to
sports products in the future.

6 Review Questions

(1) How do you select the appropriate preparation technique for composite
components with different structures?

(2) In addition to carbon fibre, glass fibre and aramid fibre, what are some other
new reinforced fibres and their mechanical properties and applications?

(3) What are the advantages and disadvantages of different types of composites?
(4) What are the major problems in the development of resin-based composites?
(5) Discuss the design and material selection consideration for drive shaft of an

automobile, and why FRPs can be a good candidate material.
(6) Design a composite beam that is 30% lighter than the steel beam but has the

same tensile strength.
(7) Discuss the use of FRP material components in human health in the future.
(8) Discuss the influence of fibre direction on the tensile strength of CFRP.
(9) What are the major impediments to widespread adoption of AFRP in the

aircraft industry?
(10) Describe the major differences between thermosets and thermoplastics in the

processing methods.
(11) Discuss the major differences between two composite material manufac-

turing with the same method, but the matrices are different (thermosets and
thermoplastics).

(12) Discuss the terms isotropic and anisotropic as it applies to the matrix and
fibres.

(13) Discuss the microstructure of the interface between carbon fibre and ther-
moset.

(14) Discuss the influence of FRP on the environment during manufacturing and
machining.

(15) Discuss the development of environmentally friendly composite products.
(16) Indicate the general-purpose fulfilled by thematrix in fibre reinforced polymer

composites.
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