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Preface

Composite materials have matured during my scientific career. When I joined Scott
Bader and Co. in 1960 as a laboratory technician, glass fibre or fibreglass was a novel
material for contact moulding using hand lay-up processing. Typically, boat hulls
were manufactured using this technology. However, with the discovery of high-
strength carbon fibre in the early 1960s by William Watt and colleagues at the
Royal Aircraft Establishment, carbon-fibre plastics or CFRP stimulated the develop-
ment of reinforced plastics or composites because the reinforcement enabled high
performance and low weight to be achieved together. In parallel, Akio Shindo in Japan
had also prepared strong carbon fibres, but the properties were inferior. It is considered
that the constraint used in Farnborough during carbonization was critical. Metal
matrix (MMC) and ceramic matrix (CMC) composites also benefited from the discov-
ery of fine (small diameter) high-strength fibres that could resist the process tempera-
tures. Boron fibres were first reported by C. P. Talley in 1959. In 1978, S. Yajima
reported the synthesis of ‘silicon carbide’ fibres from a polymeric precursor, which
encouraged the development of CMCs. Derek Birchall showed in the early 1980s how
fine alumina fibres could be spun from an aqueous sol-gel precursor. These discover-
ies stimulated interest in metal reinforcement. Prior to these developments, boron
fibres and silicon carbide fibres were available from chemical vapour deposition onto
tungsten wire, and as such meant that the fibres had diameters of 2–300 μm, which
limited composite manufacturing processes and shapes. We should not forget that
fibrous reinforcements have been used since biblical times, when straw-reinforced
clay was used for bricks.

This book has been written as a student text and concentrates on the needs of
individual scientists, technologists, and engineers, providing a wide-ranging interdis-
ciplinary understanding. It is not intended to provide a detailed engineering solution
for complex loading arrangements.

The book attempts to provide scientists and engineers with the understanding of the
choice of materials and fabrication techniques. To achieve this, a brief historical
perspective is given in Chapter 1, and descriptions of available fibres and matrices
are given in Chapters 2 and 3. In Chapter 2, the discussion aims to provide the
advantages and disadvantages of use of differing fibres. Particulate reinforcements
are also reviewed. In Chapter 3, available resins are discussed in the context of their
properties and curing chemistry. This is presented in a style intended to inform
technologists about how to select the polymer or resin or other matrix materials.
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The text explains why control of curing schedules is essential for achieving the
required performance. The author recognizes that metal and ceramic matrices are also
used in specific applications, but polymeric materials provide the range of potential
uses. As a result, the choice of polymeric matrix dominates the discussion.

Chapter 4 reviews the choice of manufacturing methods and explains the techno-
logical need to compromise between mechanical properties and performance and
shape. We see that fibres provide high stiffness and strength in the direction of their
alignment, which limits the shapes that can be achieved. Moulded artefacts will
therefore tend to employ a random distribution of fibres and hence have a poorer
mechanical performance than a flat lamina with unidirectional continuous fibres.

Chapter 5 describes the micromechanics of failure of composites with simple
arrangements ranging from continuous to discontinuous fibres. We describe the
models used to understand stress transfer between matrix and fibre, explaining the
role of interfacial bond strength and how this influences the fracture behaviour.

Chapter 6 extends the understanding to laminates. The fracture processes of a
laminate as a function of ply angle are discussed. The contributing factors such as
thermal strains are also included. The relationship between multiple matrix cracking
and transverse cracking in laminates is described. The accumulation of damage under
complex loads such as impact is also described. The cascade of damage under impact
is used to explain the phenomenon of barely visible impact damage (BVID). The book
is intended to be used as a textbook, so simple stress transfer models are employed.
It is beyond the scope of the text to extend the description to the complex stress
situations that exist in loaded laminates. Thus, edge stresses and the statistical models
of transverse cracking are not included. Consideration of complex stresses arising in
laminated materials under load is adequately covered in a number of other texts.

Chapter 7 describes the fatigue loading of laminated composites and shows how the
load–life curves are affected. The basics of life prediction are considered with regard
to the fibre–matrix combinations and the lay-up of the laminate. Clearly this is a
complex problem, and more detailed discussions are outside the scope of this text.

Chapter 8 describes the environmental factors crucial to the employment of a
particular composite system in a specific application. Thus, moisture absorption by
matrix resins under a variety conditions is considered. Resins, which are more prone
to high moisture absorption, are discussed. The design of a durable glass-reinforced
plastic artefact for corrosive environments is also described.

Chapter 9 considers joining, repair, self-healing, and recycling strategies, providing
up-to-date potential for the use, repair, and recovery of composite materials.

Chapter 10 describes a number of case histories and future applications.
Interestingly, confidence in applications in aerospace has initiated many applications
in automotive and civil engineering, which are discussed. The aim of this chapter is to
provide the reader with information about future applications.

The text includes a number of ‘Discussion Points’, which are designed to prompt
the reader to re-read in detail the appropriate sections. The ‘Solutions’ are available to
lecturers at www.cambridge.org/CompositesScience.

xiv Preface
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Frank R. Jones was Emeritus Professor of Polymers and Composites at the
University of Sheffield, UK. He studied chemistry and polymer technology while
working at Scott Bader and Co., a pioneering company in reinforced plastics. The
company encouraged him to undertake post-graduate studies for a PhD. After post-
doctoral research and a spell as a teacher in a technical college, he joined the
University of Surrey, where as a lecturer he began research into environmental and
interfacial aspects of composites. A move to the University of Sheffield enabled the
broadening of research into interdisciplinary studies in the fracture of composite
materials. He was a pioneer in research linking matrix chemistry and structure with
mechanical performance and composites failure using surface analytical techniques.
He was a World Fellow of the International Committee of Composite Materials.

xvPreface

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.001
https://www.cambridge.org/core


                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.001
https://www.cambridge.org/core


1 Introduction

Fibrous reinforcement of materials has been employed over many centuries to increase
performance. Many early plastics materials of the late nineteenth and early twentieth
centuries relied on ‘fibrous’ inclusions, while the development of glass fibres for
polymer reinforcement in the 1930s introduced the material known as fibreglass.
Eventually, with the development of boron fibres for metal reinforcement and the
discovery of high-strength carbon fibres in 1964, the term composites came into
general use. More recently, carbon nanotubes and related materials and graphene have
led to the development of nano-composites. The Composites Age has arrived.

1.1 Historical Context

Composite materials have played their part in structural artefacts since biblical days.
At that time straw was used to reinforce clay in bricks. This was an early form of
natural fibre composite. More recently, the term ‘composite’ arose from the discovery
of high-strength fibres (boron, carbon) in the mid-1960s. Prior to that, the terms ‘glass
fibre’, ‘fibreglass’, and ‘GRP’ (glass-reinforced plastic) were used to describe
reinforced plastics, which are now referred to as composite materials. While glass
fibres have been known for centuries (the first glass-fibre textile was shown in Paris in
1713; Napoleon’s coffin was drawn by a horse adorned with glass-fibre cloth in 1840;
in Sheffield, UK, the second Mrs W.E.S. Turner’s wedding dress and trousseau, made
from glass fibre in 1943, are exhibited [1]), it was not until the 1930s that continuous
fibres suitable for reinforcing plastics were manufactured, in Newark, Ohio in the
USA [2–4]. Suitable resins for supporting the strong fibres were developed in the late
1940s and the 1950s. The most important resins for this application were the unsatur-
ated polyester resins because their low viscosity enabled the fibres to be readily
impregnated by hand. Cold curing with the use of catalysts and accelerators is
possible. Control over the impregnation time was possible by choosing the concen-
trations of catalysts and accelerators. The curing regime could be tailored to the
manufacturing process, with hot or cold curing options.

One of the earliest applications of glass-fibre reinforced plastics was the hand-lay
manufacture of boat hulls [5–7]. Figure 1.1 shows a boat hull produced in this way.
With the development of the industry, more advanced structures were possible,
including naval ships such as the minesweeper shown in Figure 1.2.
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However, the use of reinforcements in plastics to improve strength and stiffness
goes back to the beginnings of the plastics industry. While early plastics were
developed in the mid-1800s (celluloid in 1862 was an early mouldable material),
the first truly synthetic plastic, Bakelite, discovered by Leo Baekeland in 1909, led
to the development of reinforced plastics. Phenolic or phenol formaldehyde plas-
tics could be moulded into complex shapes, but the material needed to be
reinforced with a variety of particulate and fibrous fillers. Figure 1.3 shows an
early mass-produced moulding for a TV set. While this represents an early use of a
discontinuous fibre-reinforced plastic, the foundations of the concept of lamination

Figure 1.2 GRP minesweeper: an example of scale-up of early techniques for larger ships.

Figure 1.1 A GRP boat during manufacture (courtesy of www.bavariayachts.com).

2 Introduction
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came, in 1904, with the use of phenolic-resin-impregnated paper for electrical
insulators. Further, celluloid ‘dopes’ were laminated and cut to create plastic
materials that imitated ‘tortoise shell’.

More recently, glass- and carbon-fibre based composites have gained the confi-
dence of structural engineers, who have introduced large volumes into commercial
airliners. The Airbus A380 comprises 50% composites by volume in its structure. The
fuselage employs the material ‘Glare’, which is a glass-fibre/aluminium laminate,
while the centre wing box was the largest carbon-fibre structural composite in use at
the time it was introduced. The applications are summarized in Figure 1.4. In 2013,
the Boeing 787 Dreamliner was launched with composites comprising 90% by
volume (>50% by weight), of which the fuselage and wings were manufactured from

Figure 1.3 Phenolic composite (Bakelite) application: the casing of an early
mass-produced TV (1953).

Upper floor beams

Vertical stabilizer

Aft fuselage

Horizontal stabilizer

Outer landing flaps

J-nose

Centre wing box Keel beam
Pressure bulkhead
(FST)

Figure 1.4 Composite applications in the Airbus A380 commercial aircraft [8].

31.1 Historical Context
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carbon fibre. Figure 1.5 shows the section of the Dreamliner fuselage manufactured
from carbon-fibre composites.

1.2 Definition of a Composite

The range of composite materials has to be considered from the historical develop-
ment of reinforced plastics and related materials. The definition embraces some
natural as well as synthetic materials.

Figure 1.5 Fuselage of the Boeing 787 Dreamliner made from carbon-fibre composite. (a)
Constructed on a rotating mandrel using automated tape laying; (b) the resulting monocoque
shell has (c) built-in internal longitudinal stiffeners. The highly integrated internal structure
requires fewer fasteners than conventional airframes [9].

4 Introduction
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Composites materials are best described as either:

Materials in which the individual components are physically distinct but for which the
mechanical properties are synergistically enhanced in combination;

or

A discrete dispersion of one phase in another, to provide a superior performance.

These definitions embrace a number of materials, as follows.

1.2.1 Natural Composites

Natural composites have evolved over time and act as an opportunity to mimic natural
materials synthetically. Typically, these are wood, bone, muscle tissue, and bamboo.

1.2.2 Micro-composites

Micro-composites generally utilize reinforcements in one dimension, ranging from
0.01 to 100 µm. Typical examples are: carbon black particles in rubber for tyres and
belting; short-fibre-reinforced plastics (SFRP); long-fibre-reinforced plastics, often
referred to as ‘carbon fibre’ (CFRP) or ‘glass fibre’ (GRP); and straw-reinforced clay.

1.2.3 Macro-composites

In macro-composites the reinforcement is on a larger scale. This concept embraces
laminates of dissimilar plies, such as plywood (a laminate of fibrous wooden
boards). In conventional composites, fibres are oriented at different angles in the
individual plies.

Another example of a macro-composite is steel-reinforced concrete, using reinfor-
cing rods (‘rebar’) of 1–5 cm diameter (typically 2–3 cm). Currently, steel rebar is
being replaced by fibre-reinforced composite rods, which also have a multiscale
microstructure.

1.3 Types of Composites

Composites should be considered with respect to their structural properties. Since
fibres tend to be strong in the fibre direction, once they are impregnated in a matrix to
form a composite, the mechanical properties will be highly anisotropic – that is, there
could be large difference in stiffness when the load is applied at different angles. This
means there are many configurations of fibre arrangement available to meet the
differing requirements of the structure. These might be optimum strength, stiffness,
or ease of manufacture. Principally the fibres can be continuous or discontinuous,
leading to a range of composite materials.
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1.3.1 Laminates

In order to achieve high performance, a common arrangement of continuous fibres
would be in the form of a laminate. Figure 1.6 shows a schematic of a laminate
illustrating the principal loading angles. The fibres are unidirectionally aligned in each
ply so that they can be arranged at different angles to one another. The 0� angle refers
to plies with fibres aligned to the principal stress; 45� and 90� plies are used in the lay-
up to achieve quasi-isotropy. A typical lay-up is given schematically in Figure 1.7. It
is usual to arrange the plies symmetrically to ensure the artefact is not warped.
Alternative lay-ups are given in Figure 1.8. A discussion of the theoretical consider-
ations of this phenomenon is given later. This manufacturing approach leads to
relatively simple 2D shapes; one way of improving the complexity of achievable
shapes is to employ woven fibres in the plies.

1.3.2 Discontinuous Fibrous Materials

The arrangement of fibres discussed in Section 1.3.1 will lead to simple shapes;
however, for the moulding of more complex shapes the fibres will need to flow around

45°

0°

90°

Figure 1.6 Schematic of composite unidirectional laminate structure showing definitions of
loading angles.

0°

0°

+45°

+45°

–45°

–45°

90°

Figure 1.7 Schematic of an expanded lay-up of unidirectional plies at differing angles in a
typical quasi-isotropic laminate, defined as 0�/�45�/90�/�45�/0�, illustrating the principles
employed in designing structural composites.
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the mould with the resin, in the case of a polymer matrix. Clearly the shorter the fibres
the more easily the ‘plastic’ can flow around the mould. However, we shall see later
that this is at the expense of the average mechanical properties of the composite
material.

It can be recognized that four arrangements of fibres are possible: (1) aligned; (2)
random in-plane; (3) random 3D; and (4) a mixture of these fibre configurations.
Process technology is often tuned to achieve the optimum arrangement of the fibres.

1.3.3 Particulate Materials

Inorganic particles, generally referred to as fillers, are often added to matrices such as
a polymer to reduce cost. This is often at the expense of mechanical performance.
Some fillers are reinforcing, and these materials can be considered to be composites.
Reinforcing fillers comprise the family of additives, which are either acicular (i.e.
elongated in shape) or, if spherical, they will have been surface-treated to optimize the
interfacial bonds between the matrix and the ‘reinforcement’. The nature of such
treatments is discussed in Chapter 2.

1.3.4 Multicomponent Materials

In order to ensure that discontinuous or short fibres are randomly dispersed in a
moulding, it is common to include a reinforcing filler in the formulation to provide
the correct flow properties. Thus, many reinforced plastics are multicomponent
composite materials.

In polymer matrix composites (PMCs), the low modulus of the matrix limits the
stiffness of a fibre composite at 90� to the fibres; therefore, using a reinforcing filler in
the matrix phase of a laminate has many advantages.

0°

(a) (b) (c)

0°

0°

0°

0°

0°

0°

0°

0°

0°

–45°

+45°

+45°

–45°

0°

0°

0°

0°

90°

90°

90°

90°

90°

90°

Figure 1.8 Alternative lay-ups illustrating differing laminate structures: (a) unidirectional;
(b) cross-ply, 0�/90�/0�/90�2/0�/90�/0�; (c) quasi-isotropic, �45�/0�/+45�/90�2/+45�/0�/�45�
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Other multicomponent materials that can be considered as composites as similar
mechanics apply are: (1) interpenetrating network polymers, which can be considered
to be molecular composites and (2) dispersion-strengthened polymers and metals,
where the reinforcing phase is a directionally solidified crystal.

Table 1.1 summarizes the applications and structures of these materials. In order to
understand the choice of fibre arrangement we must consider a number of factors in
the following discussion.

1.4 Why Do Fibres Dominate Structural Composites?

Fibres are the preferred reinforcement for composite materials. In order to understand
why, we can consider the strengths of materials.

1.4.1 Theoretical Strength

According to Orowan [10,11], the theoretical strength (ơt) of a solid is given by

σt ¼ Eγ
a

� �1
2

, (1.1)

σt � E

10
, (1.2)

where

γ ¼ surface free energy;
a ¼ interplane spacing in a crystal.

Therefore, the highest strength will be found in dense (i.e. high modulus) crystalline
materials with covalent or metallic bonds, such as ceramics and metals.

1.4.2 Actual Strength

Bulk materials contain flaws of length c, often referred to as ‘Griffith flaws’. This
means the strength of a material will be significantly less than the theoretical strength
as given by the Griffith equation [12]. The actual strength (σu) will be typically half the
theoretical strength:

σu ¼
ffiffiffiffiffi
Eγ
πc

r
� E

20
: (1.3)

To maximize the strength of a material we need to maximize the modulus and reduce
the number and size of flaws present in the material. Fibres achieve this because an
oriented molecular structure is obtained in the drawing process. The covalent bonds
are aligned to the fibre direction. This is why textile fibres have superior mechanical
properties in the fibre direction.
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Table 1.1. Typical applications of composites materials with fibre arrangements

Typical application Reinforcement
Volume
(%) Manufacturing technique Method

GRP boat hull and similar artefacts CSM or woven mat (G)
• Random in-plane
• Continuous fibres

13–30 Hand lay-up Resin impregnation by hand

GRP boat hull and similar artefacts Chopped GF
• Random in-plane

15–30 Spray-up Spray application of chopped
rovings and resin

Aircraft wing, rotor blade, or fuselage Continuous fibres (G, C, A)
• Aligned
• Controlled geometry

60 Autoclave Forming of stacked prepreg in
vacuum bag

Pipes and containers Continuous GF with possible added
particulate fillers
• Continuous CF/GF/AF

50 Filament winding 1. Fibres wound onto mandrel
with resin

2. Prepreg tape
3. Fibre preform

Pipes Chopped rovings (G), with particulate
fillers (e.g. sand)
• Random or aligned in-plane
Polyester and related resins
Alkali-resistant GF in cement

40–60 Centrifugal casting Rotating cylindrical mould

I-beam or rods Continuous fibres and/or CSM and
fillers (G)
• Aligned

60–80 Pultrusion Wet resin impregnation in a die
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Table 1.1. (cont.)

Typical application Reinforcement
Volume
(%) Manufacturing technique Method

Medium-sized complex mouldings (e.g.
lorry body panels)

Luggage/suitcases

Chopped or continuous and fillers
(G, A, C)
• Random
Continuous HM thermoplastic fibres
(HM PE or HM PP)

10–60 Compression moulding SMC, DMC,

Self-reinforced composites

Medium-sized thermoplastic mouldings
(e.g. car fascias)

Continuous and discontinuous
fibres (G)
• Random

15–50 Hot stamping of
thermoplastics

Fibrous thermoplastic paper

GRP car body panels Continuous or discontinuous fibres
(G, C, A)
• Random

25–30 Resin injection or transfer
moulding

Woven or CSM preform

Large, complex parts (e.g. auto parts for
impact resistance but with low stiffness)

Short-milled glass fibre or fibre
preform (G)
• Random

5–20 Reinforced reaction
injection moulding

Rapid mixing for PU

Numerous small to medium domestic
and automotive mouldings

Short glass fibres
• Random

5–20 Injection moulding DMC, BMC, FRTP, FRTS

Compressor blade for jet engines Directionally crystalline titanium
(MMC)
Aligned CF in resin

60 Casting Directional solidification
casting
Prepreg or tow placement

AF, aramid fibre; BMC, bulk moulding compound; C, carbon; CF carbon fibre; CSM, chopped strand mat; DMC, dough moulding compound; FRTP, fibre-
reinforced thermoplastic; FRTS, fibre-reinforced thermoset; G, glass; GF, glass fibre, A, aramid; HM, high modulus; PE, polyethylene; PP, polypropylene;
PU, polyurethane.
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Figures 1.9 and 1.10 give the moduli and strengths of available reinforcing fibres in
comparison to typical plastics and metals (aluminium and steel). We see that fibres
have larger properties than bulk materials, especially aluminium, which is a major
competitor of composites.

The highest modulus will be achieved when covalent bonds are oriented in the
direction of applied stress. Graphite has a structure of stacked planar graphene sheets;
since the in-plane bonding consists of efficiently linked π bonded aromatic carbon
rings, the in-plane modulus is 1,000 GPa. Through thickness, the modulus is much
lower since the only bonding is of a van der Waals nature. Carbon fibres or ‘graphite’
fibres consist of turbostratic graphite in the fibre direction, where the degree of
orientation determines the actual modulus in the fibre direction. They also have a
‘low’ density and high specific modulus. This leads to the range of carbon fibres and
their domination in applications for high stiffness at low weight. Fibres are stronger

Figure 1.9 Comparison of the typical moduli of reinforcing fibres with plastics, aluminium,
and steel.

Figure 1.10 Comparison of the typical strengths of reinforcing fibres with plastics, aluminium,
and steel.
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because of a lower probability of a critical flaw being present compared to a bulk
material. Flaws introduced into the surface of a fibre will cause a reduction in strength.
Therefore, fibres need to be coated with a protective material, usually polymeric and
referred to as a ‘size’.

Fibres do not have a single strength, but exhibit a range of strengths. For example,
glass fibres will exhibit a distribution of strengths characterized by flaws of different
size. As shown in Figure 1.11 [13–17], three levels of strength are observed, which are
typical of three characteristic flaw sizes. The strength populations are σ1, which is the
population with the lowest strength; σ2, that of intermediate strength, and σ3, that with
the highest strength. σ2 was considered by Bartenev and Izmailova [14,15] to be
characteristic of flawless glass, while σ3 represented glass with a tempered 10 nm
layer. Metcalfe and Schmitz [18] considered that the fibres had populations of flaws of
differing severity and statistically a strength of 4.5 GPa was attributed to flaws of
0.1 mm, while a strength of 3 GPa could be attributed to flaws spaced at 20 mm. An
average strength of 5 GPa was considered to be representative of glass with internal
flaws of 10–4 mm spacing and an uninterrupted surface layer. The presence of a
tempered layer is considered unlikely for commercial glass fibres, which are prepared
under ultra-fast cooling conditions.

Figure 1.11 Distribution of strengths of filaments within industrial 10 μm diameter glass fibres as
a function of test length. (1) 40 mm with average strength of 1.48 GPa (x). (2) 25 mm and
1.76 GPa (O) (3) 25 mm and 1.89 GPa (●), after Bartenev and Izmailova [14,15]. Reproduced
from McCrum [16] and Jones [17]. This illustrates populations of differing fibre strengths.
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Recent developments in nanotechnology attempt to exploit the concept of
theoretical strength by ensuring the alignment of the molecular structure and
reducing the density of flaws. Carbon nanotubes (CNTs) and graphene represent
an opportunity to achieve reinforcement with a strength that can approach theoret-
ical values. From a practical viewpoint, to realize this strength the CNTs need to
be dispersed into a matrix with precision and at sufficiently high volume fraction.
Single-walled CNTs are preferred because the graphene tube can be loaded
through the interface between the wall and the matrix. Multi-walled CNTs exhibit
a telescopic sliding failure and cannot be loaded to fracture. Similar practical
difficulties exist with monomolecular graphene sheets. Composites based on these
reinforcements therefore utilize the significant benefits in electrical and electronic
performance, which arise from the perfection in graphite structure and can be
exploited at volume fractions <1%. The exploitation of CNTs and related
reinforcements for mechanical performance is in its infancy, since many engineer-
ing difficulties need to be solved practically. Recent work has used exfoliated
graphite or exfoliated nano-clay minerals to provide plate-like reinforcement on
the nano scale. The materials have largely random dispersion, so improvements in
strength are not as great as might be anticipated.

1.5 The Concept of Specific Strength and Stiffness

For lightweight structures, the strength of the material is a definitive requirement, so to
select the reinforcement we need to consider the densities of the fibres, reinforcing
particles, and the matrix.

Many applications require lightweight materials; thus, the strength-to-weight ratio,
which is referred to as the specific strength, is a useful design parameter:

Specific strength ¼ σu=ρ (1.4)

and

Specific modulus ¼ E=ρ, (1.5)

where ρ is the density.
By plotting specific tensile strength against specific modulus we can identify the

materials that offer the highest performance at the lowest weight. Figure 1.12 shows
this plot for a range of fibres made from differing classes of materials. The highest
reinforcing effect in terms of stiffness (modulus) and strength is provided by poly-
meric and carbon fibres. The benefits of composite materials are demonstrated by
comparison with the specific properties of bulk aluminium, which is a common
metallic competitor. The disadvantage of using fibres is the need to combine them
with a support matrix, which is most often a polymeric resin. This means the specific
properties are lowered by the addition of the matrix.
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Figures 1.13 and 1.14 compare the actual and specific moduli and strengths of
plastics and composite materials. The benefits of composites over monolithic metals
and plastics are demonstrated. It is shown that long, continuous, unidirectional
reinforced plastic composites exhibit the highest strength at the lowest weight.
The case for composites is apparently less advantageous in terms of modulus.
Aluminium has a similar specific modulus to GRP. Thus, designs based on strength
are ideally manufactured from composites. Both GRP and CFRP provide strength at
low weight. Figure 1.15 compares the relative costs of materials at a thickness
required for achieving the same strength as that of BS 4340 steel [17,18].
Figure 1.16 also provides the relative costs for achieving the same rigidity as BS
4340 steel. While the discontinuous fibrous plastics are strong competitors to the
metals, the high-performance unidirectional fibre composites tend to be expensive.
Therefore, unfortunately the cost of utilizing a high specific modulus material can be
prohibitive. However, from a strength perspective the composite design solution can
be price-competitive. This means that designing structures for rigidity at low weight
may not be the best philosophy, whereas design for high strength at low weight is
more efficient.

The overall cost of a manufacturing process may, however, be lower because of
reduced processing costs. For example, a moulding can be manufactured in one

Figure 1.12 Specific strength (σfu /ρ) versus specific modulus (Ef /ρ) for a series of fibres
and bulk aluminium [17].
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step, whereas the equivalent metal design may require assembly of several indi-
vidually manufactured components. Figure 1.17 illustrates the fact that composite
materials can be more expensive than traditional materials, such as metals (in this
case aluminium), but the additional costs can be offset by reduced machining,

Figure 1.14 Specific modulus (in 10–1 Mm) of composite materials in comparison to
competitor materials.

Figure 1.13 Specific strength (in 10–1 km) of composite materials in comparison to
competitor materials.
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assembly, and wastage costs. Metal artefacts can also be manufactured in new
processing routes that have arisen from the competition coming from plastics
and composites.

1.6 Choice of Material and Process

The selection of reinforcement and matrix for processing into a specific article has a
number of interrelated requirements:

1. design and function
2. manufacturing volume
3. mechanical properties
4. complexity of shape
5. costs.

Figure 1.15 Relative costs of materials to achieve the same rigidity as BS 4340 steel [19,20].
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Table 1.1 provides a number of products prepared from either continuous or discon-
tinuous glass and carbon fibres and the range of composite moulding materials. The
fibres in these materials have a differing arrangement, depending on the application. High
performance requires the fibres to be organized so that the principal stress is directed
along the continuous fibres, which dictates that a simple shape should be designed. There
is clearly a compromise between the required shape and the efficiency of reinforcement
of the fibres. A complex-shaped component such as a drill housing (Figure 1.18a) or inlet
manifold (Figure 1.18b) would be best manufactured by a plastics injection moulding
process, but the fibres will be relatively short and randomly distributed. The performance
of the material then dictates the thickness of the walls needed to provide the desired
rigidity and weight. A high-performance structure such as a satellite dish requires a
relatively high stiffness and a zero thermal expansion coefficient. This can be achieved
using high-modulus carbon fibres arranged in a configuration that provides dimensional
stability in space where the large thermal excursions in temperature occur.

Carbon fibres are mainly used in structures in which they are arranged in precise
continuous geometries to maximize the efficient use of their mechanical performance.
Glass fibres, on the other hand, are used in a wider range of applications and a variety
of shapes. Table 1.1 shows the arrangement of glass fibres achieved in a number glass-
fibre reinforced plastics. There is a great deal of diversity of fibre arrangement and

Figure 1.16 Relative costs of materials at a thickness to achieve the same strength as BS 4340
steel [19,20].
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length in this class of materials. To provide a key to the selection of material and
process, here we concentrate on glass-fibre artefacts. Carbon and other polymeric
fibres are less likely to be incorporated into the matrix as a short or discontinuous
reinforcement because the higher cost of reinforcement inhibits their use in less
efficient forms. Carbon and high-performance polymer fibres would be preferably
used in a continuous form, either as tows or as woven textiles.

Table 1.1 shows that manufactured glass-fibre composites can contain fibres from
<5 mm to >20 mm in length, and because of the manufacturing process they are

Figure 1.17 Relative costs of the manufacture of a complex component from either aluminium or
a carbon-fibre composite, illustrating the different stages and costs and weight savings.

Figure 1.18 Typical complex-shaped mouldings of discontinuous composites: (a) electric drill
housing; (b) inlet manifold for automotive engines.
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randomly oriented within the moulded artefact. Further discussion of this is given in
Chapter 4. The reinforcing efficiency of a discontinuous fibre is significantly lower
than that of a continuous fibre (see Section 5.2). The length of a discontinuous fibre
needs to be >10Lc, where Lc is the critical length for that combination of fibre and
matrix. High performance is achieved by ensuring that the fibres are continuous and
aligned precisely to the direction of maximum stress.

Apart from fibre alignment, the other aspect that determines the properties of a
discontinuous fibre composite is the fibre volume fraction (Vf) that can be achieved
with that moulding compound during manufacture. Clearly, fewer fibres can be
efficiently dispersed randomly into a matrix. The benefit of short (or discontinuous)
fibres is the ease with which they flow around a mould so that more complex shapes
can be formed. With good fibre alignment, higher Vf can be obtained in the artefact,
but only relatively simple shapes can be moulded. As a result, we can consider the
selection of reinforcement and process using mechanical performance as a criterion.

In Chapter 4, a plot of the tensile modulus and strength as a function of Vf is given.
The performance of a moulding is determined by the efficiency of reinforcement with
fibre length and Vf. Therefore, the choice of reinforcement depends on a number of
factors, which means there is a compromise between the complexity of the shape and
the mechanical performance required. Complex shapes can be made using techniques
such as injection moulding (see Chapter 4), whereas high performance can only be
achieved with simple shapes manufactured by relatively slow techniques that ensure
that fibre alignment is accurately maintained. This requires the use of prepreg tech-
nologies, which employ autoclaves for consolidation (see Chapter 4). The required
volume of production and the mechanical performance needed in the product deter-
mines the choice of reinforcement. Glass fibres are relatively inexpensive and are
therefore used extensively in the manufacture of complex-shaped mouldings such as
casings for electric drills (Figure 1.18a). On the other hand, carbon fibres are used for
simple-shaped, high-performance artefacts, such as those introduced into commercial
and military aircraft (Figures 1.4 and 1.5). Advanced polymer fibres such as aramid
(e.g. Kevlar, Twaron) are mostly used in specific applications where high impact
strength is required.

1.7 Summary

This chapter has set the scene for the following discussion. The following aspects have
been highlighted:

1. the scope of the subject with respect to the nature of materials with regard to the
range of reinforcements;

2. the reasons for the choice of fibres as reinforcements for composite materials;
3. the arrangement of the fibres, which is determined by mechanical performance

required and the economics of processing; and
4. the concept of specific strength and specific stiffness.
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1.8 Discussion Points

1. What is the difference between the construction of the fuselage of the Airbus A380
and Boeing 787 airliners?

2. Why is the theoretical strength of a material not realized? Which form of material
provides an opportunity to obtain values that approach those for the highest
available values?

3. Which parameters best provide a selection of material from a mechanical
performance perspective?

4. What aspects of a manufacturing process for composite artefacts need to be
considered when choosing a material and manufacturing technology?
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2 Fibres and Particulate
Reinforcements

This chapter describes the synthesis of the principal fibres and provides the range of
acicular reinforcing particles, nanofibres, nanotubes, and nanosheets. The properties
of the most common fibres – carbon, glass, ceramics, and natural and advanced
polymers – are considered. The differing grades and their structural property relation-
ships are also discussed. Surface treatments for adhesion and compatibility are
described.

2.1 Introduction

The term composite now embraces a range of materials based on impregnated fibres
with high performance and ‘modified’ plastic, ceramic, or metal matrices. The
polymer matrices may also be polymer blends and contain so-called fillers, which
provide some enhancement to the mechanical properties of the matrix. Fillers and
reinforcing fillers can be mainly spherical particles or acicular particles, which are
non-spherical with an elongated shape. But these ‘reinforced’ plastics can be
moulded rapidly into complex-shaped artefacts. Generally, the term ‘filler’ refers
to an agent intended to reduce the cost of the material. However, we are mainly
concerned with so-called reinforcing fillers that have been surface-treated to
provide adhesion to the polymer or, in the case of metal and ceramic matrices, to
prevent powerful embrittling reactions at the interface that occur at the
processing temperatures.

Table 2.1 shows the range of fibres available for use in high-performance compos-
ites. Of those listed, carbon, glass, and aramid fibres provide the major reinforcements
for use in engineering applications. As discussed in Chapters 1 and 4, we can see that
glass fibres tend to be used where cost is a critical design factor. These composites are
often referred to as ‘industrial’ composites. Carbon fibres provide better mechanical
properties at a cost penalty, and are used in ‘high performance’ or ‘advanced’
composites. Advanced polymer fibres such as the aramids introduce specialist proper-
ties such as absorption of impact energy. Other reinforcements, such as carbon
nanotubes, introduce functional properties such as electrical conductivity. We discuss
the major classes of fibres in detail where this understanding is essential to the choice
of reinforcement for good design.
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Table 2.1. Typical properties of reinforcing fibres and bulk materials [1]

Material Grade
Relative
density

Young’s modulus
(GPa)

Tensile strength
(GPa)

Failure strain
(%)

Fibre diameter
(μm)

Fibres
Glass E 2.55 72 1.5–3.0 1.8–3.2 10–16

S 2.5 87 3.5 4.0 12
S2 2.49 86 4.0 5.4 10

Carbon Mesophase Pitch 2.02 380–800 2.0–2.4 0.5 10
Carbon PAN

High strength 1.8 220–240 3.0–3.3 1.3–1.4 7
High performance 1.8 220–240 3.3–3.6 1.4–1.5 7
High strain 1.8 220–240 3.7 1.5–1.7 7
Intermediate modulus 1.9 280–300 2.9–3.2 1.0 5
High modulus 2.0 330–440 2.3–2.6 0.7 7

Silicon carbide SiCO continuous 2.5 200 3.0 1.5 10–15
SiC whisker 3.2 480 7.0 – 1–50
SiTiCO continuous 2.35 200 2.8 1.4 8–10

Boron 2.6 410 3.4 0.8 100
Alumina

α-αlumina FP 3.9 380 1.7 0.4 20
β-alumina Saffil 3.3 300 2.0 0.5 3
δ/θ-alumina Safimax SD 3.3 250 2.0 – 3.1
η-alumina Safimax LD 2.0 200 2.0 – 3.2

Aramid Poly p-phenylene paraphthalamide
High modulus 1.47 180 3.45 1.90 12
Intermediate modulus 1.46 128 2.65 2.4 12
Low modulus 1.44 60 2.65 4.0 12
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Table 2.1. (cont.)

Material Grade
Relative
density

Young’s modulus
(GPa)

Tensile strength
(GPa)

Failure strain
(%)

Fibre diameter
(μm)

Aramid staple
fibre

Poly m-phenylene isophthalamide 1.4 17.3 0.7 22.0 12

PBT Poly p-phenylene benzothiazole 1.5 250 2.4 1.5 20
Polyamide 66 1.44 5.0 0.9 13.5 �10
Polyethylene Theoretical – >200 – – –

Solution spun 1.0 100–120 1.0–3.0 – –

Drawn (Tenfor) �1 60 1.3 5 –

Bulk
materials

Steel 7.8 210 0.34–2.1 – –

Aluminium
alloys

2.7 70 0.14–0.62 – –

Inorganic
glass

2.6 60 - – –

Resins Phenolic 1.4 7 – �0.5
Epoxy 1.2 2–3.5 0.05–0.09 1.5–6.0 –

Unsaturated polyester 1.4 2–3.0 0.04–0.085 1–25 –

Thermoplastics Nylon 66 1.4 2.0 0.07 60 –

High-density polyethylene 0.96 1.3 – – –

Low-density polyethylene 0.91 0.25 – – –
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2.2 Carbon Fibres

Carbon fibres (CFs) are manufactured from three different precursors: polyacryloni-
trile (PAN) homo- and copolymers, rayon, and pitch. Rayon has been used for many
years to make carbon filaments, but the discovery of the technology to convert PAN
into high-strength CF [2–4] led to the growth of composites applications. Thus,
industrial glass-fibre reinforced plastics (GRP) or ‘glass fibre’ were included in the
range of composite materials, which now includes high-performance glass, aramid,
and CF composites, as well as specialist products such as self-reinforced polyethylene
and polypropylene. Pitch-based CF, which have a different microstructure to PAN-
based fibres, have also found some niche applications.

2.2.1 Carbon Fibres from PAN Precursors

Most high-strength CFs are manufactured from PAN precursors. The starting point is
a polymer fibre, which has been wet-spun from a polymer solution, or ‘dope’, into a
fibre, which can then be drawn to provide the molecular orientation required for
stabilization and graphitization. PAN is only soluble in powerful polar solvents such
as dimethyl formamide (DMF), which is only removed from the spun fibre with
difficulty. Historically the ‘Courtelle’ process for polymerization of acrylonitrile to
PAN was conducted in an aqueous salt (sodium thiocyanate) solution (NaSCN),
where the polymer remained in solution and could be wet-spun directly into a fibre.
The PAN fibre from this technique used a copolymer containing 6 mol% methyl
acrylate and 1 mol% itaconic acid. The former reduced the glass transition temperature
(Tg) from 100 �C to 90 �C. This means that the copolymer fibre can be drawn in steam
(at 100 �C) to the draw ratio required to ensure the carbonization achieves a strong CF.
The homopolymer PAN fibre could only be drawn at higher temperatures in, for
example, a glycerol bath.

The formation of CFs is described in Figure 2.1. Figure 2.2 describes the effect of
the heat treatment temperature on the strength and modulus of CF achieved. Also
included is the benefit associated with use of filtered dope for spinning the PAN fibres.
Special acrylic fibre (SAF) differs from textile grade in three respects: the degree of

Special
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(PAN)
fibre

(SAF)
Additional

Oxidation
2,00 °C
under

restraint
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Figure 2.1 Schematic of the stages involved in the manufacture of CF from PAN precursors.
A, Type A (7 μm diameter); HM, high modulus (7 μm); HS, high strength (7 μm);
IM ¼ intermediate modulus (5 μm) [8].
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draw (spin–stretch factor), the careful filtration of the polymer dope, and spinning in a
clean room. In this way the number and size of strength-reducing defects in the CF are
limited. This was demonstrated by Reynolds, Sharp, and Moreton [5–7], who showed
that high strength could be achieved by carbonization at 1,100 �C as opposed to
1,500 �C. Carbon fibres produced at 1,500 �C were originally known as high strength,
whereas those produced at 1,200 �C are referred to as Type A. High modulus (HM)
CF is produced by graphitization at higher temperatures, approaching 2,500 �C.
Intermediate modulus (IM) CF is formed at a similar temperature to Type A from a
PAN yarn that has received an additional drawing to a higher spin–stretch factor. Watt
[4] showed that the modulus of the CF was directly proportional to the spin–stretch
factor of the yarn. Figure 2.3 illustrates the importance of the spin–draw factor of the
PAN precursor for the tensile modulus of the CF. For HM CF, a precursor with a large
spin–draw factor is required.

2.2.1.1 The Chemistry of CF Synthesis from PAN
The spin–stretch factor applied to the PAN precursor fibre is an important factor in the
conversion of the polymer fibre into a high-strength CF. An understanding of the
chemical changes occurring explains this observation. The process involves five
stages:

1. oxidation (200–220 �C)
2. carbonization (400–600 �C)
3 graphitization (600–2,500 �C)
4. fibre surface treatment
5. sizing or coating.

The oxidation stage is undertaken in an oxygen atmosphere. It is critical since the
molecular orientation induced in the precursor in the drawing stage is stabilized. This
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Figure 2.2 The effect of heat treatment temperature and clean-room conditions on the strength
and modulus of CFs from PAN precursor [2,5–7].
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determines the size and number of nuclei, which initiate the growth of the graphite
crystals in the carbonization and graphitization stages.

The PAN polymer is atactic. That means the molecular structure contains random
short sequences of syndiotactic and isotactic nitrile (CN) side-groups on the chain
(Figure 2.4). An extended syndiotactic polymer chain has the CN groups on alterna-
tive sides, whereas on an isotactic chain they are on the same side. This explains why
the degree of draw of the PAN fibre determines the modulus of CF because the first
stage involves self-polymerization of the CN groups to create sequences of ladder
polymer. Polymer molecules are normally arranged in random coils so only the
extended isotactic sequences, in the drawn polymer, are in a reaction volume for
thermal polymerization of the pendant CN groups to occur.

To avoid the relaxation of the extended molecular arrangement, the oxidation stage
is carried out with the fibre under restraint. The thermal polymerization of the pendant
CN groups is initiated by the comonomer, itaconic acid, as shown in Figure 2.5.

According to Watt [4], the thermal polymerization of the CN groups precedes the
oxidation stage. The ladder polymer created has a structure of short sequences of
‘puckered’ rings. Therefore, the oxygen is considered to catalyse the conversion of the
puckered ladder sequence into a planar aromatic structure. Some oxygen-containing
groups are also introduced into some of the rings, which aid the condensation of these
aromatic ring structures in the carbonization stage. Since the PAN precursor is atactic,
with short sequences of isotactic pendant CN groups, the cyclized sequences of the ladder
polymer will be limited to 5–15 groups. Thus, the nuclei for the subsequent carbonization
are of similar size, with relatively low numbers of aromatic rings. It can also be envisaged
that the involvement of syndiotactic CN groups will cause the molecular chains in the so-
called ‘oxidized PAN’ to take on a curvature rather than the planar ribbon-like form.

Figure 2.3 The effect of draw ratio applied to PAN precursor on the tensile modulus of CF [4].
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The carbonization stage is carried out in an inert atmosphere over the temperature
range 400–600 �C. In this stage, hydrogen and water are evolved in the condensation
of the aromatic ladder sequences.

The graphitization stage is also carried out in an inert atmosphere at temperatures
of 600–1,300 �C. Further condensation occurs with the loss of nitrogen (N2), hydro-
gen cyanide (HCN), and oxygen-containing molecules. The fibres obtained after heat
treatment to 1,200 or 1,300 �C are usually referred to as Type A, and have high
tensile strength.

Further heat treatment to temperatures as high as 2,500 �C increases the dimensions
of the graphitic domains and crystals because the C atoms become mobile at around
1,100�C. The increase in the degree of graphitization leads to a higher modulus. Thus,
HM fibres are usually subjected to temperatures near 2,500 �C. Unfortunately, the
fibre strength tends to decrease when the graphitization temperature exceeds 1,200 �C.
Johnson [11] showed that the critical flaw size for failure of CF is always larger than
the measured crystallite dimensions. Thus, the strength-reducing flaws arise from the
catalysed graphitization around inclusions, which leads to sufficient continuity within
crystals with highly mis-oriented angles (to the fibre axis) to form a flaw of critical
size. Typical inclusions are poorly dissolved polymer precursor nodules and other

Figure 2.4 Tacticity in a polymer; isotactic is where the pendant side-groups are on one side of
the fully extended chain; syndiotactic is where the side-groups alternate; atactic is where a
random arrangement leads to short sequences of each. For PAN –(CH2-CHCN)–, R ¼ CN.
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foreign particulate matter. Hence, the essential use of SAF for CF production. The
SAF is spun from filtered PAN dopes under clean-room conditions to reduce the
probability of inclusions, which can promote the formation of continuous off-axis
graphitized regions in the carbonized fibre with sufficient continuity for crack growth
into a flaw of critical size. This is the explanation for the reduced strength of CFs not
prepared from SAF precursor. Hence the difference between CFs synthesized from
industrial and SAF precursors.

Fibre surface treatment is an essential stage in the production of CF. The graphitic
structure of CF differs for high-modulus or high-strength versions. In the former the
orientation of the graphene sheets to the fibre axis is more perfect than in the high-strength
fibre. The theoretical modulus of graphite in the plane is 1,000 GPa, so the perfect
graphite orientation is ~20% (high strength) to 40% (high modulus), so that the edges of
the graphene planes exit the surface to differing degrees. The surface is complicated by
the apparent core–skin structure whereby the degree of graphite perfection is higher in the
skin. Thus, the surface of the fibres oxidize to differing degrees on exiting the graphitiza-
tion oven. Control of the atmosphere in the process is therefore important.

The fibre surface is insufficiently polar for wetting by the matrix resins; therefore,
the surface of the fibre needs to be oxidized to ensure a strong interface between fibre
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Figure 2.5 Structure of ladder polymers and carbonization structures [9,10].
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and matrix is formed in the cured composite. Several surface treatment techniques
have been described [3], but generally electrolytic oxidation is employed.

It is easier to treat HS fibres because the oxidation occurs at the edges of the
graphene sheets, where they reach the surface (Figure 2.6). Also, the thin, more highly
ordered skin on HS fibres can be removed to expose the graphene sheet edges where
oxidation occurs. HM fibres have a much more ordered structure, with the graphene
planes more highly oriented to the fibre axis. In this case, oxidation occurs at the
crystalline tilt boundaries, as shown in Figure 2.7.

Once the fibres are surface-treated they are washed, dried, and coated with a protective
size. This is the fibre sizing and coating stage. A size is a polymer, which is usually
deposited from an aqueous emulsion, and is used to prevent the introduction of strength-
reducing flaws during handling. It should also enable the impregnation of the fibres with
resin during processing. Since many matrices for composites are based on epoxy resins
(see Chapter 3), sizing polymers have similar epoxy-like chemical structures.

Figure 2.8 shows a schematic of the electrolytic surface treatment process. The
important point is that the CF makes up the anode, and carbon electrodes are used as
cathodes for applying a voltage. The electrolyte is generally either aqueous NH4HCO3

or NH4SO4. Morgan [3] has reviewed the literature and other aqueous electrolytes
have been examined. The degree of oxidation is quantified by the current density
flowing through the cell, which is typically 10–100 C m–2.

In mild alkaline conditions the following half-reactions are involved. Nascent
oxygen (O) forms at the anode, facilitating oxidation:

H2O ! HO� þ Hþ þ e

2HO� ! H2Oþ O�

2O� ! O2:

(2.1)

Figure 2.6 Axial cross-sections of Type A CFs showing the mechanisms of electrolytic
oxidation; etching, activation, and functionalization of the edges of the graphite basal planes,
which reach the fibre surface with the formation of micropores. (a) Before oxidation; (b) after
oxidation [1,8,12,13].
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The reaction of the CF surface with O leads to the introduction of a number of
functional groups: –COOH, ¼C¼O, –OH, and their reaction products such as ester,
anhydride, lactone, and amide (–COONH), which arises by reaction with the NH3 in
the electrolyte. As with other carbon surfaces, active sites will be introduced into the

(a)

(b)

Skin

Core

6–8 nm

Axis

–CO2

Figure 2.7 Electrolytic oxidation of HM CFs showing the formation of micropores,
functionalized and adsorbent sites, by etching at crystal boundaries. • is an active site or
functional group, ο is an adsorbate molecule such as water. (a) Before oxidation; (b) after
oxidation [12,13].
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Figure 2.8 Schematic of the electrolytic oxidation surface treatment process for CF [13].
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fibre surface during oxidation. These sites occur in micropores and will chemisorb
water and also contribute to formation of the interface in a composite, as shown in
Figure 2.7. The presence of nitrogen (N) in the fibre surface analysis has led to
speculation that this arises from exposure and oxidation of residual CN from the
precursor, but a significant fraction seems to arise from reaction of the active surface
with the electrolyte [14]. Other functional groups are also reported. The complex
nature of the surface-treated fibres has led to attempts to control the chemistry at the
surface with alternative techniques. These include plasma treatment [15] in selected
gases or the deposition of a functional plasma polymer coating [16].

2.2.2 Carbon Fibres from Pitch Precursors

While PAN copolymer and homopolymer precursors are commonly used for manu-
facturing high-strength CFs, other precursors have been used. Early CF filaments were
prepared from cellulose fibres, but these did not achieve high strength. Pitch precur-
sors, however, could be carbonized into high modulus CF [17,18]. Unfortunately, the
strength was relatively low because of their low failure strain. Despite the low cost of
petroleum pitch (a waste product from oil refining), the process required several
complex stages, which added significantly to the price of the CFs. The following five
stages are required:

1. transformation of isotropic pitch into anisotropic or mesophase pitch
2. melt-spinning
3. oxidative stabilization
4. carbonization at temperatures of 1,500–2,800 �C
5. surface treatment and sizing.

Formation of a mesophase pitch is the most important stage because it introduces
the nuclei for the growth of graphitic regions in the fibres. Thus, the isotropic pitch
needs to be heat-soaked for long periods for it to be converted into a liquid crystalline
morphology. The process is encouraged by bubbling through an inert gas such as
nitrogen to eliminate small molecular volatiles, which originate from the aliphatic
pendant groups on the aromatic elements. This occurs with an increase in the
molecular weight of the planar polyaromatic moieties, which crystallize to form
mesophase regions.

Melt-spinning of the pitch into fibres is possible once the optimum mesophase
content is achieved. The fibres are melt-spun with a diameter of 100–500 μm and then
drawn down to 10–30 μm. The presence of the crystalline polyaromatic regions
embedded in the amorphous ‘matrix’ means that the spinning involves the organiza-
tion of these disc-like regions. Therefore, the transverse morphology of CFs obtained
from these precursors is strongly determined by shear forces developed in the die. As a
result, the radial textures of the graphitic regions can be classified as either random,
radial, or circumferential or onion-skin. Figure 2.9 illustrates the structures of pitch-
based CFs. In reality, a wide variety of hybrid structures will result. The viscosity of
the mesophase pitch will determine the shear forces in the die and hence the structure
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and mechanical properties of the CFs. Since pitch has a variable structure, it is clear
that the effectiveness of the transformation stage will determine the final CF
properties.

Oxidative stabilization of the melt-spun fibres is required before the fibres can be
carbonized. Morgan [3] reports that temperatures in the range of 275–350 �C are
needed for gas-phase oxidation. The as-spun fibre is extremely brittle, with low
strength, so oxidation is used to introduce crosslinks into the molecular structure to
render it infusible and handleable in the graphitization stage. Oxygen is chemically
incorporated into the molecular structure as crosslinks and stabilizes the orientational
order of the crystalline polyaromatic domains. This order is retained in the CF
after carbonization.

Carbonization occurs at temperatures of 1,500–2,800 �C. On heating to this
temperature, oxygen incorporated during stabilization is evolved as molecular frag-
ments with the remaining pendant aliphatic hydrocarbons resulting from the continued
polymerization of the polyaromatic elements. As shown in Figure 2.10, above
1,500�C the planar polyaromatic layers grow and become extensive, but the graphitic
structure is distorted by lattice defects and special dislocations parallel to the layer

(a)

10kV; 2 �m

10kV; 2 �m

15kV; 2 �m

(b)

(c)

Figure 2.9 Typical cross-section textures of CFs spun from pitch precursors, illustrating the
crystalline arrangements achieved in drawn liquid crystal fibres: (a) random; (b) radial;
(c) circumferential. This is also applicable to other liquid crystal spun fibres such as aramid [19].
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planes and is turbostratic. Above 2,000�C, the C atoms are sufficiently mobile for true
graphitization to take place, producing extensive regions of graphitic structure. At the
higher temperatures the extent of graphitization increases and fibres with modulus of
894 GPa, approaching the theoretical value for in-plane graphite of 1,060 GPa, can be
achieved.

Surface treatment and sizing: the literature and information on surface treat-
ment is limited. Since the graphitic structure is more extensive, the oxidation
chemistry needs to be more vigorous. Furthermore, the transverse strength of the
fibres is lower than that of PAN-based CF, so interfacial failure could occur within
the fibre surface even with a mild surface treatment. A weak interfacial bond could
be beneficial.

2.2.3 Interface and Interphase in CF Composites

The interface refers to the distinct region between the fibre surface and the matrix,
which is usually a cured resin, where there is an instantaneous change in properties. In
the early development of PAN-based composites the electrolytic oxidation was used
to change the micromechanics of failure at the interface from complete debonding to
partial debonding at a fibre-break. With a strong interfacial bond the fibre-break
propagates across the interface into the matrix. The latter composites fail in a brittle

1,100 K

1,500 K

1,700 K

2,000 K

Figure 2.10 Development structure occurring in mesophase CF during graphitization at different
temperatures [17,20].
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manner. Therefore, the degree of fibre surface treatment was optimized to maximize
the impact strength, where partial debonding of the interface dominates the micro-
mechanics. This is illustrated schematically in Figure 2.11 [2,21].

Currently, all CFs will be coated with a polymer size after fibre surface treatment.
The surface oxidation treatment creates a highly ‘active’ carbon surface so that the
polymer coatings are strongly adsorbed. Consequently, during composite manufac-
ture, the sizing will dissolve to differing degrees into the matrix while remaining
bonded to the fibre surface, and a ‘bonded interphase’ will form. With matrix-
compatible sizings this is a graded interphase; with low compatibility the interphase
can be referred to as distinct. Figure 2.12 illustrates the differing interphase structures,
which were confirmed from a comparison of the interfacial characteristics of CF
composites from the thermoplastic matrix, polyether sulphone (PES), with that from
an epoxy resin matrix [22].

2.2.4 Mechanical Properties of Carbon Fibres

The range of manufacturers of CFs and the available grades is extensive. Within
the group of PAN-based fibres the modulus varies from 230 to >500 GPa. Rather
than provide a comprehensive list of the mechanical properties of the differing
grades, we will provide data from two major manufacturers. A comprehensive set
of data is given elsewhere by Morgan [3]. Table 2.2 gives the properties of the
range of fibres available from Hexcel, while Table 2.3 details the range of fibres
available from Toray. The author apologizes to other manufactures for the select-
ive choice of data. The choice illustrates that the maximum modulus obtained from
PAN precursors is 588 GPa (Table 2.3), which has been achieved by additional
drawing of the precursor with a consequence of a diameter of <5 μm and reduced
strength.

Figure 2.11 The effect of the degree of fibre surface treatment (DFT) on the mechanical
performance of Type II CF composites. DFT is defined as 100% from the optimal performance.
(1) Interlaminar shear strength of a unidirectional composite; (2) impact strength; (3) notched
tensile strength of a (0�/�45�/0�)S laminate [13,21].
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Similarly, a selection of the properties of pitch-based CFs is presented in Table 2.4.
Of note is the higher moduli of pitch-based CF, but at the expense of the failure strain.
Since the micromechanics of polymer matrix composites are dominated by matrix
failure, the failure strain of the fibre needs to be as high as possible. Pitch-based CF
finds application in low-failure-strain matrices such as ceramics.

PES
Fracture

Br

S

Carbon
fibre

Carbon
fibre

Physisorbed
layer

Chemisorbed
layer

Epoxy

Sizing
layer

Fracture

Interphase

(a) (b)

Penetration

Figure 2.12 The concept of the interphase structure in the preparation of CF composites.
(a) Graded interphase from brominated epoxy resin sized fibre in thermoplastic PES matrix and
(b) distinct interphase from brominated epoxy resin sized fibre in a thermoset epoxy resin
matrix. The locations of the fracture crack are also indicated [2,22,23].

Table 2.2. The mechanical properties of CFs manufactured from PAN precursors by Hexcel (tradename
HexTow) [24]

Designation
Diameter
(μm)

Density
(g cm–3)

Modulus
(GPa)

Strength
(GPa)

Failure
strain (%)

Tow filament
no. (k)

AS4 7.1
7.1

1.79
1.79

231
231

4.62
4.41

1.8
1.7

3,6,12

AS4C 6.9 1.78
1.78
1.78

231
231
231

4.65
4.45
4.48

1.8
1.7
1.8

3
6
12

AS4D 6.7 1.79 241 4.83 1.8 12
AS7 6.9 1.79 248 4.9 1.7 12
IM2A 5.2 1.78 276 5.31 1.7 12
IM2C 5.2 1.78 296 5.72 1.8 12
IM6 5.2 1.76 279 5.72 1.9 12
IM7 5.2

5.2
1.78
1.78

276
276

5.52
5.65

1.9
1.9

6
12

IM8 5.2 1.78 310 6.07 1.8 12
IM9 4.4 1.80 304 6.14 1.9 12
IM10 4.4 1.79 310 6.96 2.0 12
HM63 4.9 1.83 441 4.68 1.0 12
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2.3 Glass Fibres

A glass in this context is essentially a soda–lime–silica glass similar to the glass used
for bottles and flat glass. It has a low tensile strength and chemical durability,
especially in acidic media. AF glasses, which are used for fibrous thermal insulators
and sound absorbers, have a similar composition with the inclusion of 2–10% B2O3 to

Table 2.3. The mechanical properties of CFs manufactured from PAN precursors by Toray (tradename
Torayca) [25]

Designation
Diameter
(μm)

Density
(g cm–3)

Modulus
(GPa)

Strength
(GPa)

Failure
strain (%)

Tow filament
no. (k)

T300 7.0 1.76 230 3.53 1.5 1,3,6,12
T300J 7.0 1.78 230 4.21 1.8 3,6,12
T400H 7.0 1.80 250 4.41 1.8 3,6
T600S 7.0 1.79 230 4.31 1.9 24
T700S 7.0 1.80 230 4.90 2.1 12,24
T700G 7.0 1.80 240 4.90 2.1 12,24
T800H 5.0 1.81 294 5.49 1.9 6,12
T1000G 5.0 1.80 294 6.37 2.2 12
M35J 6.0 1.75 343 4.70 1.4 6,12
M40J 5.0 1.77 377 4.41 1.2 6,12
M46J 5.0 1.84 436 4.21 1.0 6,12
M50J 5.0 1.88 475 4.12 0.8 6
M55J 5.0 1.91 540 4.02 0.8 6
M60J 4.7 1.94 588 3.82 0.7 3,6
M30S 6.5 1.73 294 5.49 1.9 18
M40 6.5 1.81 392 2.74 0.7 1,3,6,12

Table 2.4. The mechanical properties of CFs manufactured from pitch precursors by Nippon Graphite
Fiber Corp. (tradename Granoc) [26]

Designation
Diameter
(μm)

Density
(g cm–3)

Modulus
(GPa)

Strength
(GPa)

Failure
strain (%)

Tow filament
no. (k)

YSH-70A 7 2.14 720 3.63 0.5 1,3,6
YSH-60A 7 2.12 630 3.9 0.6 1,3,6,12
YSH-50A 7 2.10 520 3.9 0.7 1,3,6
YS-90A 7 2.18 880 3.53 0.3 3,6
YS-80A 7 2.17 785 3.63 0.5 3,6
XN-90–60S 10 2.19 860 3.43 0.4 6
XN-80-A2S 10 2.17 780 3.43 0.5 12
XN-80–60S 10 2.17 780 3.43 0.5 6
XN-60-A2S 10 2.12 620 3.43 0.6 12
XN-60–60S 10 2.12 620 3.43 0.6 6
XN-15–30S 10 1.85 155 2.4 1.5 3
XN-10–30S 10 1.7 110 1.7 1.6 3
XN-05–30S 10 1.65 64 1.1 2.0 3
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improve the spinning characteristics. Historically, basalt glasses have been used in
these applications (often called mineral wool). The method of producing these wool
glasses is quite different. However, recently some basalt compositions have also been
used in the production of continuous roving for use in reinforcement applications. The
composition of basalt glass varies significantly with geographical region and has a
tendency to form crystals. This has limited their use in composites. Jones and Huff
[27,28] have discussed the manufacture and properties of glass fibres in detail.
Table 2.5 provides a list of the glass fibres available for use in composites. These
have different applications, ranging from conventional E-glass to the low-dielectric
D-glass for application in fast-response electrical circuit boards.

2.3.1 E-Glass

Table 2.6 illustrates the composition of a range of E-glass fibres [27–29]. E-glass is
primarily used for fibre reinforcements in polymers in both rubbers and plastics. The
term E-glass originates from its early use as reinforcement in electrical applications
such as printed circuit boards because of its very high electrical resistivity at room
temperature. The main oxides used in these glasses are silica, calcia, and alumina.
They also contain boron (B). However, E-type glasses without B or fluorine (F) are
becoming widespread, despite the higher melt viscosities, because of lower batch
costs and process emissions. Moreover, they have even higher chemical durability to
acidic solutions than the B-containing E-glass and can be considered a type of ECR
(chemically resistant) glass. The B-free E-glass Advantex was introduced by Owens
Corning Company in 1998 for environmental manufacturing reasons and because it
has improved chemical resistance to acidic aqueous environments. Many plants for E-
glass are being converted to Advantex production.

Table 2.5. Compositions (in wt%) of a range of glasses used for fibres [27,28]

Constituent E ECR Advantex C A S-2 R Cemfil AR1 AR2 D

SiO2 55.2 58.4 59–62 65 71.8 65.0 60 71 60.7 61.0 75.5
Al2O3 14.8 11.0 12–15 4 1.0 25.0 25 1 – 0.5 0.5
B2O3 7.3 0.09 – 5 – – – – – – 20.0
ZrO2 – – – – – – – 16 21.5 13.0 –

MgO 3.3 2.2 1–4 3 3.8 10.0 6 – – 0.05 0.5
CaO 18.7 22.0 20–24 14 8.8 – 9 – – 5.0 0.5
ZnO – 3.0 – – – – – – – – –

TiO2 – 2.1 <1 – – – – – – 5.5 –

Na2O 0.3 – 0.1–2 8.5 13.6 – – 11 14.5 – }3.0K2O 0.2 0.9 <2 – 0.6 – – – 2.0 14.0
Li2O – – – – – – – – 1.3 – –

Fe2O3 0.3 0.26 <0.5 0.3 0.5 Trace Trace Trace – –

F2 0.3 – <0.5 – – 0 – – – – –

AR, alkali-resistant.
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It is important to understand the development of E-glass compositions as shown in
Table 2.6 so that the whole literature on glass fibres can be put into the context of the
growth of the application of composite materials.

2.3.2 AR Glass

AR (alkali-resistant) glass fibres were developed for use in alkaline environments as
reinforcement of cementitious products such as concrete. It is a speciality glass, but
the polymer size is essential to ensuring long-term durability. These glasses are all
zirconia-based. Cemfil was an early commercial fibre for reinforcement of cementi-
tious products. The polymer coating is essential for good durability in these highly
alkaline materials (pH ¼ 13.5) [30].

2.3.3 High-Strength Glass (R- and S-Glasses)

High-strength glasses have higher concentrations of SiO2 than the other types of
fibreglass (Table 2.5). As a result, these glasses have higher melting temperatures
than conventional E-glasses. In Europe this glass is referred to as R glass, but the
highest tensile strength glass available in relatively large tonnages is called S-2 glass
(AGY Holding Corp.). This is a magnesia–alumina–silica glass with a tensile strength
�50% higher than that of standard E-glasses (Table 2.7). It is relatively expensive
because it is melted in small volumes at higher temperatures. Recently, a magnesia–
alumina–silicate glass with significantly higher tensile strength than E-glass has been
developed which can be processed in a modified conventional E-glass melter.
A relatively high throughput is therefore achievable, providing the potential for
greatly increasing the use of glass fibre as a reinforcement material in high-
performance applications.

Table 2.6. Development of the composition (wt%) of E-glass fibres

Constituent
date

E-glass
original
1940

Improved
E-glass
1943

621
glass
1951

MgO-
free
glass

816
glass
1979

F-free
glass
1987

B- and
F-free
glass
1987

Advantex
1998

Low ηD
glass
1989

SiO2 60.0 54.3 54.0 54.3 58.0 55.3 59.0 60.0 55.8
Al2O3 9.0 14.0 14.0 15.1 11.0 13.9 12.1 13.5 14.8
B2O3 – 10.0 10.0 7.4 – 6.8 – – 5.2
MgO 4.0 4.5 – 0.1 2.6 1.8 3.4 3.0 –

CaO 27.0 17.5 22.0 22.1 22.5 21.4 22.6 22.5 21.0
ZnO – – – – 2.6 – – – –

TiO2 – – – – 2.4 0.2 1.5 – –

Na2O/ K2O – 1.0 1.0 0.1 1.0 0.4 0.9 1.0 1.4
Fe2O3 – Trace Trace 0.2 0.1 0.2 0.2 – n.d.
F2 – 0.5 0.5 0.6 0.01 – – – 0.5

n.d., not detected.
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2.3.4 D-Glass

For the specific requirements of fast-response electronic circuit boards, D-glass with a
low dielectric constant is available, as shown in Table 2.7. A typical composition for
D-glass is given in Table 2.5.

2.3.5 Fibre Manufacture

The manufacture of glass fibres is described in detail by Mohr and Rowe [31] and
Loewenstein [29] and only a brief description is given here.

2.3.5.1 Continuous Filament Process
Figure 2.13 shows a schematic of the spinning of continuous glass fibres. They are
formed at bushings (or spinnerets) with up to several thousand small tubes (or tips) in
the bottom plate, which is made from a platinum–rhodium alloy. One fibre forms at

Table 2.7. Typical physical and mechanical properties of glass fibres

Property E ECR Advantex C A S-2 R Cemfil AR1 AR2 D

σfu (GPa) 3.7 3.4 3.8 3.4 3.1 4.7 4.5 2.9 3.24 2.5 2.4
Ef (GPa) 76.0 73.0 – – 72.0 85.0 85.0 – 73.0 80 52
ρf (g cm–3) 2.53 2.6 2.62 2.49 2.46 2.48 2.55 – 2.74 2.74 2.1
ηD 1.55 1.58 1.56 – 1.541 1.523 – – 1.562 1.561 1.465
a Fiberizing temp. (�C) 1,200 – 1,250 – 1,280 – – 1,470 1,290 – –

Dielectric constant at
25 �C and 106 Hz

6.6 6.9 – 6.9 6.2 5.3 6.2 5.21b 8.1 – 3.85

σfu, single filament strength at 25 �C; Ef, single filament modulus; ρf, density, ηD, refractive index.
a Temperature at which the viscosity of the glass is 103 poise; b dielectric constant at 25 �C at 1010 Hz.

Size

Filaments
cooling

Spinning holes

BushingGlass melt feed
approx. 1250 ºC

Assembler

Strand

Traversing and
winding

Figure 2.13 Schematic of glass-fibre spinning.
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each tip. The temperature of the glass exiting the tip is in the range of 1,150–1,300 �C,
depending upon its composition. For direct rovings, the higher number of tips dictates
the need for a more rigid plate and the use of reinforced bushings.

The molten glass flows out of the bushing under gravity as fibres of 1 mm diameter,
where it is drawn under tension to the final diameter. The ‘pull speed’ and glass
viscosity (i.e. temperature) are used to control the desired diameter. The fiberizing
temperature is defined as the temperature at which the viscosity is 1 poise. The ‘pull
speed’ is determined by the rate of winding of the fibres around a rotating tube (collet)
placed 1–4 m below the bushing. In some processes the continuous filaments are
chopped in-line into short lengths at a large wheel in contact with a smaller rotating
bladed wheel. These blades cut (or more precisely break) the continuous filaments into
bundles of the appropriate length.

Clean air and water in a fine mist are used to cool the individual fibres just below
the bushing at a quench rate of 500,000–1,000,000 K s–1. As a result, the larger-
diameter fibres (of the same glass composition) will be cooled more slowly and tend to
have a higher density than those with a small diameter.

2.3.5.2 The Marble Process
In the early days of continuous fibres, the glass was made into marbles, which were
remelted in specially designed bushings and drawn into continuous filaments.
Originally, the marble process produced higher-quality glass of good chemical homo-
geneity and low bubble populations. Now comparable glass quality can be obtained
with large continuous melt furnaces, so the marble process is being phased out.
However, for smaller specialist fibre drawing, the marble process is still used. One
advantage of remelting on a smaller scale is that the fibres exiting the bushing can be
quenched rapidly without the need for water spray. More details are given elsewhere
[29,31,32].

2.3.6 Strength of Glass Fibres

Table 2.7 gives the typical properties of a range of glass fibres. The modulus of
E-glass is very much a function of the chemical forces operating within the amorphous
network. As the number and strength of the chemical bonds in the 3D network
decrease and/or become weaker, the modulus of the glass will decrease. Therefore,
the introduction of network modifiers such as alkali or alkaline earth oxides will
decrease the modulus. Glass formulations used for continuous filaments have a
Young’s modulus of 70–80 GPa. The tensile strength will vary with composition,
and typically E-glass has a value of �3.5 GPa. Pure silica glass filaments collected in
the same way can exhibit values of up to �7 GPa. Alkali network modifiers reduce the
tensile strength of the fibres to around 2.5–3 GPa. Borate glasses, phosphate glasses,
and lead silicate glasses typically have strengths of �1–2 GPa.

Although tensile strength is a function of composition, it is not a fundamental
property of the material because it depends strongly on the presence of defects and
flaws within the structure. The nature of the flaw(s), which determines the strength of a
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glass, is still uncertain, but molecular dynamics simulations are providing insights into
the mechanism of brittle fracture [33].

2.3.6.1 Griffith Theory of Strength
Griffith [34] validated his theory of strength using glass fibres and demonstrated that
strength is a strong function of the presence of flaws or defects. Equation (2.2) defines
the critical stress (σk) before fracture, where γ is the surface free energy of a solid, E is
the modulus, and c is the crack length. If the microcrack exists at the surface (i.e. a
flaw), its half-depth can be substituted for the crack length, c, in eq. (2.2) to obtain eq.
(2.3) for the maximum technical strength (σm) of the glass:

σk ¼ 2
γE
cπ

� �1
2

, (2.2)

σm ¼ 2γE
πl

� �1
2

, (2.3)

where ℓ is the depth of a surface crack which is half that of an inner flaw.
Thus, strength is a function of the surface free energy created when the crack

propagates. The surface free energy of glass changes from 122 erg cm–2 to 290 erg cm–2

in the presence of water, which may explain static fatigue. Thus, in the presence of flaws,
the theoretical strength of �E/10 is reduced further. Thus, a glass with a Young’s
modulus of 70 GPa would have a theoretical strength of 7 GPa, but its practical strength
could be as low as 0.07 GPa [35] for bulk glass. Converting bulk glass into fibres reduces
the probability of the presence of a strength-reducing flaw, bringing the actual strength
closer to the theoretical value. To reduce the introduction of surface flaws, the fibres are
coated with a polymer to protect it from damage and attack by moisture.

2.3.6.2 Determining the Strength of Glass Fibres
Identifying the strength of fibres is not simple, as the value will be an average of a
population. Glass fibres were used to test these ideas, but equally these could apply to
other fibres. The distribution of strengths in a population of glass fibres has been
discussed by Metcalfe and Schmitz [36] and Bartenev [37].

Figure 1.11 [10,38] illustrates the observation that glass fibres may exhibit three
strength levels [37,38]. Metcalfe and Schmitz [36] used a statistical analysis to
conclude that the fibres had a distribution of flaws of different severities causing the
differing populations of strength. The fibres of average strength of 3 GPa could be
attributed to severe surface flaws of 20 mm spacing. The population of average
strength of 4.5 GPa could be attributed to flaws of 0.1 mm spacing. The population
of average strength of 5 GPa could be attributed to internal defects of 10–4 mm
spacing, characteristic of a defect-free filament with an uninterrupted surface layer.
Bartenev [37] also reported three strength populations in alkaline-free aluminium
borosilicate glass fibres of diameter 10 μm at gauge lengths of 25 and 40 mm. σ1 is
the lowest strength, σ2 the intermediate strength, and σ3 the maximum strength. The
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population of highest strength, at 3 GPa, was considered to result from the presence of
a tempered surface layer of 10 nm thickness, because after treatment with hydrogen
fluoride to remove a 10 nm surface layer, the strength decreased to the σ2 level of
2.0 GPa. The tempered layer was considered to either exhibit a compressive thermal
stress or to have a more uniform molecular structure. The role of a tempered surface
layer is not generally accepted because the temperature gradient across a 10 μm fibre is
calculated to be less than 5 K, which is considered be insufficient to introduce a
tempered layer. Therefore, the drawing of fibres under clean conditions with a very
low concentration of surface flaws is probably more important. This can also explain
the diameter-dependence of strength [39–41]. Low tensile strength can be attributed to
significant flaws, such as partially melted batch material.

2.3.6.3 Weibull Statistics of Strength
It is clear from Figure 1.11 that the distribution of strengths within one continuous
fibre or within a bundle of glass fibres needs a statistical method. The Weibull
statistical method is commonly used to describe the distribution of strengths [42–
44]. This can be used to enable the strengths of fibres at different lengths to be
calculated. First, the strength is strongly dependent on the gauge length of the fibre
under test, and this can lead to uncertainty about the correct value of strength to be
used in any predictive analyses of mechanical properties. Weibull statistics are an
example of a ‘weakest link’ model. The probability of failure curve is obtained by
ranking the strengths of the individual glass filaments in the population in order.
Figure 2.14 is a schematic plot of the probability of failure (P(σ)) against the strength
of the individual filaments, σfu, of given length L. Since this is a generic analysis we
use σu in the following analysis.

The probability curve can be described by eq. (2.4):

PðσÞ ¼ 1� exp �L
σu
σo

� �m� �
, (2.4)

where m ¼Weibull modulus or shape parameter, L ¼ fibre length, σu ¼ fibre strength,
and σ0 ¼ characteristic strength or scale parameter. The values of σ0 and m are

1

0

P (s )

s

Figure 2.14 Probability of failure (P(σ)) against σu.
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determined from a plot of eq. (2.5), which is obtained by taking logs twice. Taking
logs of eq. (2.4) gives:

ln
1
L
ln

1
1� PðσÞ

� �� �
¼ mlnσu � mlnσo: (2.5)

Figure 2.15 shows a plot of eq. (2.5) of the strength of two populations (1 and 2),
illustrating how the Weibull modulus and characteristic strength (or scale parameter)
are defined. A narrow distribution of strength is identified by a high value for m (say,
>20) and a broad distribution would exhibit a low value of m (�2–5).

For fibres with a unique strength, equal to σo, the value of m would be very large,
approaching infinity. Typically glass fibres have a broad distribution of strengths and
m has a low value of �5.

The distribution in strength of glass fibres is not always precisely captured, and a
bimodal distribution of strength has been proposed. This can provide a better descrip-
tion of the distribution of strengths. (Note that Figure 1.11 could imply that a trimodal
distribution function might be preferred.) Equation (2.6) is the equation for a bimodal
Weibull distribution:

Pf ¼ 1� q exp �L
σu1
σ01

� �m1
� �

� ð1� qÞ exp �L
σu2
σ02

� �m2
� �� �

, (2.6)

where q is a mixing parameter, the fraction of fractures in population (1) is defined by
the Weibull modulus, m1, and characteristic strength, σ01. Population (2) is defined by
the parameters m2 and σo2.

2.3.6.4 Static Fatigue of Glass Fibres
Glass fibres suffer from time-dependent fracture under a constant load, which is
referred to as static fatigue [45,46]. This differs from conventional use of the term
fatigue, where a dynamic load is implied. Figure 2.16 shows the time-dependence of
fibre strength as a function of time at a constant temperature in distilled water. In high

Figure 2.15 Weibull plots of two fibre-strength populations illustrating the Weibull moduli m1

and m2 (slope of the lines) and definition of the characteristic strengths, σ0 1ð Þ and σ0 2ð Þ: m2 is a
description of a broader distribution of strengths relative to that given by m1. A high value of m
demonstrates a narrow distribution of strengths.
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vacuum, the time-dependence of strength is absent so static fatigue is really a stress
corrosion phenomenon in the presence of water. In alkali glasses the sodium ion, Na+

(and potassium, K+), acts as a catalyst for the hydrolysis of the silica network as
shown in eq. (2.7), where the OH– is the active species.

Si O– Na+ + H2O

O– Si

Si

SiO Si+ HO

O– + H2O

Si

Si

OH + Na+ + HO–

Si OH + OH–

+ OH–
(2.7)

Three stages are observed in static fatigue, depending on the load applied. In stage
1, at high loads, fracture is dominated by the rate of crack growth, which is a function
of the rate of diffusion of sodium ions to the surface. In stage 2, the stress corrosion
region, a synergism exists between the applied load and the environment because the
rate of crack growth is equal to the rate of corrosion. Thus, the crack always remains
sharp and propagates into the weakened material. Stage 3 is stress-assisted corrosion,
where the effect of stress on the failure time is much less significant, because the rate
of hydrolysis of the silica network is higher than the rate of crack growth. From the
theory of Charles [47], the crack tip is blunted by corrosion so that the stress concen-
tration at the crack tip is reduced. Therefore, according to eq. (2.8), a higher load is
required for the crack to propagate at the same rate:

σmax ¼ 2σa
x

ρ

� �1
2

, (2.8)

where x is the crack length and ρ is the radius of the crack tip. σmax is the maximum
stress (or stress concentration) at the crack tip under an applied stress of σa.

Figure 2.16 Static fatigue of E-glass strands in distilled water. A load of 2 kg provides a strain of
0.5% [45,46].
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Ghosh et al. [48] studied the subcritical crack growth in E-glass and obtained the
static fatigue limit. The threshold stress intensity factor (Kth) was found to be
0.15� 0.04 MNm–3/2, while the critical stress intensity factor (K1c) was
0.93� 0.03 MNm–3/2 under monotonic mode I loading. To predict the time-to-
failure of a filament by calculating the crack growth rate, the stress corrosion
exponent of Kth is required. This can be estimated from the strain rate dependence
on fibre strength.

The static fatigue of glass fibres will determine the maximum life of a structural
composite material. In a well-manufactured composite the resin matrix will extend the
life of the structure significantly because diffusion of moisture through the resin is
rate-determining. A good and durable interfacial bond is essential to avoid rapid
capillary transport.

2.3.6.5 Environmental Stress Corrosion of Glass Fibres
In low-pH environments brittle fracture of E-glass fibres occurs (Figure 2.17). This is
referred to as environmental stress corrosion (ESC). In this case, the rate of corrosion

Figure 2.17 Stress corrosion failure times of single E-glass filaments (●) in comparison to
equivalent 0� epoxy composites (■) in 0.5 M aqueous sulphuric acid at room temperature [49].
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is increased so that the load at which a brittle crack propagates at the same rate is
reduced relative to static fatigue.

In acidic environments the corrosion is highly pH dependent because the glass
modifiers are soluble. As a result, the fracture of the glass could occur at strains as low
as 0.1%. The network modifiers involved are Ca2+, Al3+, Mg2+, Na+, and K+. Thus,
glasses with compositions containing low concentrations of aluminium, alkaline
earths, sodium, and potassium will have higher resistance to ESC. ECR glass
(chemical-resistant E-glass) is an example of this. High-strength glasses, such as S-2,
also show good resistance to stress corrosion cracking. Owens Corning has recently
replaced E-glass with Advantex for glass-fibre production, which is a boron- and
fluorine-free E-glass composition (Tables 2.5 and 2.6).

2.3.6.6 Corrosion of E-Glass Fibres
Figure 2.18 shows how the retained strength of unloaded E-glass fibres is affected by
the pH of the environment [50]. E-glass fibres have the least durability in an acidic pH
of 0.5. At high pH, in alkaline environments, the rate of corrosion is relatively low and
stress-assisted corrosion, rather than ESC, occurs. It is strongly dependent on the pH
of the environment. At a pH of 7–10 the solubility of the network modifiers decreases,
while above pH 10 the O–Si–O bonds in the silica network are hydrolysable, becom-
ing soluble as various silicate salts. The ionization of silicic acid provides the
mechanism. This leads to an increase in the rate of corrosion of the glass in highly
alkaline environments. But reaction with network modifiers leads to the precipitation

Figure 2.18 Retained strength of unloaded E-glass fibres after immersion in aqueous
environments of differing pH [28,50].
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of aluminosilicate salts at the crack tip, inhibiting brittle crack growth so ESC at high
pH is not observed. However, an analogous fracture of the matrix induced by the
crystallization pressure has been observed [51]. A similar failure mechanism also
operates at low applied strains in acidic environments whereby a degraded interface
leads to ESC fracture above the liquid in half-immersed specimens when ‘alum’ salts
crystallized at the junction between the wet and dry halves of the specimen [52].

2.3.7 Sizings and Binders

To facilitate their commercial production, it is essential to coat glass fibres with a
polymeric size at the bushing. Thomason [53] has reviewed the patent literature in this
area to give an insight into the approach used commercially. An aqueous-based
emulsion is generally applied by contact with a rubber or graphite roller.

The sizing protects the fibre surface, maintaining fibre strength during spinning and
haul-off and during handling, weaving of textiles, and manufacture of preforms and
composite materials. In addition, the sizing is chosen to ensure compatibility with the
selected matrix and the composite manufacturing process. For example, where slow
wet-out is needed for the maintenance of strand integrity, hard-sized fibres (with
reduced sizing solubility) are used. For preforms or fibre mats, a secondary binder is
used to hold the fibres together during manufacture.

The finish, applied to a glass fibre, typically consists of:

1. an adhesion promoter, which is often a silane coupling agent;
2. a protective polymeric film former;
3. lubricants of different composition to aid the flow of the fibres through machinery

without damage;
4. surfactants used in the emulsification of the polymeric film former; and
5. an optional polymeric binder.

A typical emulsion applied to the glass fibre will have a solids content of approxi-
mately 10%, of which 0.3–0.6% will be the silane coupling agent. In addition, 0–0.3%
lubricant, 0–0.5% surfactant, and 0–0.3% optional antistatic agent may also be used.

The term sizing can refer to the film former or the compounded finish, with or
without the adhesion promoter or silane coupling agent. The generic term finish
universally refers to the deposited solids on the glass fibre and will include any
optional binder for fibre mats and textiles. The film former imparts good handleability
and controls the wet-out of the resin during manufacture of composite materials
[54,55].

2.3.7.1 Silane Coupling Agents and the Structure of Hydrolysed Silanes on
Glass Surfaces
Adhesion promoters are included in the sizing emulsion to provide the glass with
compatibility and chemical reactivity to the chosen matrix. The silane needs to
displace adsorbed water from the glass surface to create a hydrophobic surface with
the correct thermodynamic characteristics for complete wetting by the matrix resin.

48 Fibres and Particulate Reinforcements

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.003
https://www.cambridge.org/core


This aids the development of a strong interfacial bond between the fibre and
the matrix.

Table 2.8 lists some typical silane coupling agents [32,56] for promoting adhesion
between polymers and the glass fibres. Most are trialkoxy organo silanes with the
generic structure

R0

j
RO�Si�OR

j
OR,

where R0 is a polymer-compatible or reactable organic group. R is either ethyl
or methyl.

The alkoxy (OR) groups in the silane molecule are hydrolysed by the water in the
emulsion into hydroxyl groups. The rate of hydrolysis depends on the pH of the
emulsion, which is chosen to be slightly acidic (pH ¼ 4). The OH and OR can
condense into polymers of hydrolysed silane. The rates of hydrolysis and polycon-
densation ensure that a mixture of oligomeric siloxane polymers and monomers are
deposited onto the glass-fibre surface. The deposit on glass fibre is a complex cross-
linked polymer containing oligomers of varying degrees of polymerization
(Figure 2.19).

The polycondensation of the alkoxy groups is an equilibrium polymerization whose
floor concentration is of the order of 0.1%, depending on the structure of R0. At typical
silane concentrations of 0.5%, oligomeric polysiloxanes will be deposited. Since the
floor concentrations of the various hydrolysed silanes differ, their concentration in the
sizing emulsion can be used to optimize the performance of a composite.

An E-glass-fibre surface can be considered to be silica-rich, with hydroxyl groups
introduced by reaction with the cooling water. These silanol groups on the surface
react with those formed from hydrolysis of the alkoxy silane. There is competition for

Table 2.8. Typical functional silanes for different matrices

Active functional group Structure Abbreviation
Matrix
application

Amino �NH2 NH2 � CH2ð Þ3 � Si OC2H5ð Þ3 γ-APS Epoxy general

Epoxy

CH2–CH–

O

CH2–CH–CH2–O–(CH2)3–Si(OCH3)3

O γ-GPS Epoxy

Vinyl CH2 ¼ CH� CH2 ¼ CH� Si OCH3ð Þ3 VTS Unsaturated
polyester and
related resins

Vinyl CH2 ¼ C CH3ð Þ� CH3

j
CH2 ¼ C� COOCH2CH2CH2SiðOCH3Þ3

γ-MPS Unsaturated
resins
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condensation between the monomeric and oligomeric triols and the glass surface. On
drying, the concentration of the silanol groups in the sizing increases, promoting
polycondensation [57,58]. Therefore, the deposit on the surface of E-glass fibres will
have typically around 100 molecular layers, of which 90% can be extracted into the
matrix on fabrication of the composite. The remaining crosslinked component can
then accept the penetration of the matrix resin to form an interpenetrating
network (IPN).

The presence or absence of boron in the glass composition influences the concen-
tration of silanols on the fibre surface, so the sizing compositions needed to be re-
optimized for Advantex [59,60].

2.3.7.2 Interface and Interphase in Glass-Fibre Composites
As discussed above, the coating on a glass fibre is complex, consisting of a bonded
crosslinked, functional polysiloxane containing dissolved oligomeric silanols together
with the sizing polymer and other process aids. Therefore, during processing the resin
will penetrate the hydrolysed silane polymer. For this to happen the film former and
silanol oligomers will diffuse into the resin. On curing of the resin, an interphase
region will form at the fibre–matrix interface, which consists of a bonded semi-
interpenetrating network between the silane and the matrix, together with the mono-
meric and oligomeric silanols and surfactants, which have diffused over a longer
distance. The interphase region, therefore, has a dimension determined not just by the
thickness of the silanol deposit, but also on the diffusional length scale of the other
additives, which includes the film former. Figure 2.20 illustrates schematically the
structure of the interphase that forms in a composite [23]. A distinct interface is
unlikely because it is reported [58] that certain elements in the glass surface may be
extracted during sizing and incorporated into the ‘polymeric hydrolysed silane’
deposit. The silane can penetrate the subsurface of the denuded glass so that the
interphase can be considered to extend into the fibre surface.

Si
+H2O

+H2O +H2O

–H2O –H2O
Si Si

Si

Si
Glass

Si SiSi

Si

OR

Triol Oligomer Network

Multicomponent cross-linked
mixed oligomeric/polymeric

siloxane deposit

OH

–ROH

OH

OH

O

O

O

n n

O

O

O

O

O

OHORRO HO

R̍´ R̍´ R̍´

R̍´

R̍´

Figure 2.19 The complex molecular structure of the silane deposit on glass fibres.
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2.3.7.3 Selection of Silane
The silane is usually chosen from the ‘chemical bonding’ model of adhesion. The
assumption is that R0 reacts with the matrix and that RO reacts with the fibre surface.
Hence, they are referred to as coupling agents. Table 2.8 gives typical structures of
amino, glycidyl, and vinyl silanes. The former two react directly with epoxy groups in
epoxy resins, whereas the latter has a vinyl group that reacts with unsaturated groups
in unsaturated polyester and vinyl ester resins.

It is shown in Table 2.8 that R can usually vary between C2H5– and CH3– because
the rates of hydrolysis differ and provide a variable for affecting the structure of the
deposit. There is a variety of commercially available silane coupling agents that can be

Bonded 3D
crosslinked
'silane'
interlayer

Bonded IPN
between
matrix resin
and 3D 'silane'

Silane/glass
surface
interaction
region

Glass fibre

Film former

Matrix

Matrix

R

O O

O O

O
O OOH OH

Silane

Glass/silane
interaction zone

Glass surface

Silane

H

H

R R
R

Si
Si Si

Si

Crosslinked matrix with
dissolved size and
oligomeric 'silane'

(a)

(b)

Figure 2.20 Schematic example of the structure of the interphase that forms in glass-fibre
composites. (a) A graded interphase formed from the diffusion of the polymeric film former and
silane oligomers into the matrix resin. (b) A schematic of the bonded semi-interpenetrating
network at the interface [23].
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used to optimize the interfacial response of the fibres and hence the mechanical
properties of the composite.

2.3.7.4 Adhesion Mechanisms
The following hypothetical adhesion mechanisms of silanized glass fibre in compos-
ites have been proposed [56]:

1. chemical bonding or coupling – molecular bridge formation;
2. deformable layer theory – a ductile tough layer between fibre and matrix;
3. restrained layer theory – highly crosslinked interphase of intermediate modulus;
4. wettability theory – silanes improve wetting of the fibre surface by the polymer;
5. acid–base theory – silane modifies the acidity of the fibre surface;
6. weak boundary layer theory – coupling agents eliminate weak boundary layers;
7. button down theory – the formation of ‘silane’ islands on the fibre surface and a

buttoning-type mechanical mechanism;
8. reversible hydrolytic bonding theory – hydrolysis of –Si–O–Si– interfacial

chemical bonds during water contact with reformation on drying to explain
recovery in performance;

9. bonded interpenetrating network theory – interphase is a bonded IPN.

As discussed above, an interphase forms in a glass-fibre composite through the
diffusion of matrix resin into a partially crosslinked ‘silane’ layer which is chemically
bonded to the fibre surface. Other additives and sizing polymers diffuse into the
matrix. On resin curing, copolymerization with the functional silane group (R0) occurs
to create a bonded IPN. Therefore, the interfacial micromechanics involve mechanism
9. As a result, mechanisms 2 and 3 could also apply to the deformation of the
interphase during failure. In this case mechanism 8 does not need to be invoked to
explain the recovery in interfacial performance after moisture conditioning followed
by drying. Reversible plasticization by water modifies the deformation behaviour of
the interphase.

In special cases, such as electrical artefacts and components, a starch or similar size
is used for the fibre spinning and is removed after preform manufacture so that direct
silanization is possible. In these applications monomolecular silane layers are antici-
pated so that the chemical bonding/coupling (mechanism 1) may apply.

2.3.7.5 Selection of Sizings and Binders
Sizings [55] are applied directly at the bushing, whereas the binders are used in
secondary processes to bind the fibres into a variety of textiles. They are used for
the following:

1. handleability of fibres during processing;
2. controlled wet-out with matrix resin during fabrication;
3. protection of fibres from mechanical damage

Typical sizings are based on aqueous emulsions of (1) polyvinyl acetate (general);
(2) epoxy resin; and (3) polyurethane. They are selected based on the following:
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compatibility with the matrix; process requirements (e.g. textile, moulding technique);
and environmental durability of the laminate or moulding.

An additional polymeric binder is required for the manufacture of a random
discontinuous or continuous fibre mat or cloth. Typically, a polyvinyl acetate emul-
sion (PVAc) is used for general-purpose reinforcement, but it has limited compatibil-
ity with many matrices. Composites may therefore not be durable in aqueous
environments. Powder-bound mats offer higher performance and durability.
A variety of thermoplastic polymers are available in powder form for binding the
fibres in textiles and preforms.

2.3.7.6 Glass-Fibre Form
Glass fibres are available in a range of forms for use as reinforcement for the
manufacture of composite materials. Figure 2.21 shows typical forms of commercial
reinforcements. These forms of glass fibre are typically available for subsequent use in
the fabrication routes indicated in Figure 2.22.

Continuous fibres are collected immediately at the collet or in-line chopped for
incorporation into moulding compounds. In conventional plant each bushing has
200–204 spinnerets or tips. Filaments from �10 bushings are gathered into a strand
and wound onto the collet. The product has a structure determined by assembling

Figure 2.21 Available forms of glass fibres for composite manufacture: (a) chopped strands;
(b) chopped strand mat; (c) woven rovings; (d) continuous rovings [32].
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tows with �200 filaments into strands containing �2,000 filaments. Individual
manufacturing processes require reinforcements with higher total linear density or
tex (eq. 2.9) so that multiple strands are assembled in a separate operation into
rovings. The process introduces a slight twist, which keeps the strands in a stable
structure. The reinforcement can be unwound from the centre, as illustrated in
Figure 2.21.

The rigidity of the bushing limits the number of filaments that can be drawn. Recent
improvements in the properties of bushing materials have enabled the number of
filaments, which can be spun, to be increased to 4,000–6,000. These filaments are
collected at the bushing and used directly. They are referred to as direct rovings and
are intended primarily for advanced composite applications such as prepreg, where
precise fibre alignment is essential. Direct rovings do not have the twist that is
introduced in assembled rovings (Figure 2.21).

The rovings are normally designated by the total linear density or tex (T), which is
defined by the average filament diameter and the number of filaments per strand. Tex
is the number of grams per kilometre:

1 Tex ¼ g=1,000 m: (2.9)

In the non-SI system the linear density was defined by the older denier unit:

1 denier ¼ g=9,000 m: (2.10)

Chop and spray

CSM

DMC, BMC

FRTP, FRTS, RRIM

FRTS, RRIM

R = random D = directional
CR = continuous randomC = continuous

CRM = continuous (filament) random mat
CSM = chopped strand mat
DMC = dough moulding compound
BMC = bulk moulding compound
SMC = sheet moulding compound
FRTP = fibre reinforced thermoplastics
FRTS = fibre reinforced thermosets
RRIM = reinforced resin injection moduling

Milled fibre
Filamentized bundles

Chop <5 mm

Chop 10-20 mm

Chop >20 mm
Sheet moulding
compound SMC

SMC-R random

SMC-C
continuous aligned

SMC-CR
continuous random

Woven fabric

Hybrid cloth

Woven tape

Three-dimensional braided
or woven preforms

Filament windings

Unidirectional
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Triaxial
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Prepreg manufacture Tape

Combination of
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Chop to discontinuous
fibre reinforcement

Tow, strand, roving

Continuous fibres

SMC-D directional
aligned chopped strand

Figure 2.22 The range of glass-fibre forms and moulding compounds used for manufacturing
composites. Continuous rovings and fabrics are directly impregnated during pultrusion and
‘wet’ filament winding and chop-and-spray fabrication routes [32].
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In the American system an alphabetic letter is followed by the count, which is the
number of hundred yards per pound. The relationship between this is given by:

Count ¼ 4,961=T: (2.11)

The fibre diameter df (in μm) is given by:

df ¼ 15:8ðT=0:4961 NÞ2, (2.12)

where N is the number of filaments/strand.
Typically in the metric system of designation, EC14 160 refers to E-glass with

filaments of nominal diameter 14 μm and a tex 160. The American designation is
K 31. The number of filaments per strand is 400. The tow is the smallest unitary
element of a strand, which represents the number of filaments drawn from a single
bushing. Rovings are reassembled from a number of strand-cakes, typically 30
strands, to give a tex of 2,300.

Continuous rovings can be woven into a reinforcement fabric or textile in a range
of patterns, depending on the arrangement of the fibres required for the fabricated
composite part. Continuous fibres can also be formed into a continuous random mat
or used directly in several processes such as filament winding or pultrusion.
Figure 2.22 lists the available configurations of glass fibres.

The strands can also be chopped either in-line or off-line into relatively long
discontinuous fibre strands and assembled into an in-plane random arrangement bound
together with a polymeric binder; this is a chopped strand mat (CSM). They can also
be chopped into different lengths for incorporation into moulding compounds such as
dough moulding compound (DMC) or sheet moulding compound (SMC).

Glass fibres are used in a variety of products, some of which are pre-mixed with the
polymeric matrix. Figure 2.22 shows the range of available reinforcements and pre-
compounded moulding materials as a function of fibre length.

2.4 Advanced Polymer Fibres

The major reinforcements for composite materials are currently glass and carbon
fibres. There are many polymer fibres that are used for textiles. The drawing of a
polymer during spinning aligns the molecular structure to the fibre axis. The enhance-
ment in modulus and strength over the bulk polymer explains the benefits for
textile usage.

We are interested in HM polymer fibres, which can be employed to reinforce a
composite. The most popular are the aramids: Kevlar, Nomex, Twaron, and Technora.
High modulus polyethylene and xylon (poly(p-phenylene benzobisoxazole, or PBO)
are also significant players. Because of the nature of the spinning technology the
crystals are highly ordered to the fibre direction, which means that the properties are
highly anisotropic with relatively low radial performance. Therefore, the applications
of these fibres tend to differ from those for the PAN-based carbon and glass fibres.
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2.4.1 Aramid Fibres [61–63]

The term aramid arises from a contraction of aromatic polyamide. The structures of
aromatic polymers are shown in Figure 2.23.

The meta-aramid (Figure 2.23b) with the tradename Nomex (DuPont) and has been
commercially available in discontinuous form since the 1960s, whereas the para-aramid
(Figure 2.23a) with the tradename Kevlar (DuPont) has been available in continuous
form since 1971. The para-aramid with the tradename Twaron (Akzo now Teijin) has
been available in continuous form since the 1980s. A meta-aramid, Teijin-Conex, is
also available from Teijin. Technora is a copolymer of the meta- and para-aramids
(Figure 2.23c) available from Teijin. Since Technora is a copolymer it can be spun from
the isotropic polymerization solution, whereas the homopolymers Kevlar and Twaron
are rigid rod polymers, which are insoluble in conventional solvents. Therefore, they
are spun from anisotropic liquid crystal solutions. The latter can be spun into highly
oriented crystalline fibres with high modulus, as described below.

The para-aramid is dissolved in 100% sulphuric acid. It needs to be water-free
otherwise hydrolysis of the polymer can occur at the required temperature of
80–90 �C. At a concentration of 10%, ‘rigid segments’ of the polymer become ordered
into a nematic or liquid crystal solution and the viscosity falls. The ‘solubility’ limit is
20%; above this concentration, insoluble polymers can be transferred into the spun
fibre, causing defects that reduce the fibre strength. Therefore, these fibres are spun
from nematic solutions at concentrations �20%. Dry jet wet-spinning into water, as
coagulant, is used because the orientation of the crystalline domains occurs in the
spinneret with further extension of the soluble segments in the dry jet region. The
ordering of the liquid crystalline domains in the spinneret is analogous to spinning of

Figure 2.23 Aramid structures: (a) poly(p-phenylene terephthalamide); (b) poly(m-phenylene
isophthalamide); (c) copolymer of p-phenylene/3,4-oxydiphenylene ether terephthalamide.
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mesophase pitch for CF production, as shown in Figure 2.24. The schematics of the
fibre cross-sections, in Figure 2.25, show how the microstructure reflects the induced
orientation of the crystallites. Therefore, the cross-section of the fibres can show either
random, radial, or tangential orientation of the crystallites. The radial microstructure
can only be achieved using the dry jet technique.

Amorphous
core and voids

Pleated sheets of
radial p-aramid
molecules

Higher
surface
orientation

Figure 2.25 Schematic of the pleated structure of a para-aramid fibre [64].

Figure 2.24 Schematic of dry jet spinning illustrating the alignment of crystallites [63].
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The axial orientation of the crystalline regions in the as-spun fibres can be signifi-
cantly improved by a brief (a few seconds) heat treatment under tension at 500 �C. The
orientation angle of the crystallites decreases from 12–15� to �9�. This increases the
modulus of the fibres from �60 to >150 GPa.

The para-aramid fibres are generally accepted as one of a pleated microstructure
in which the molecules are arranged axially in radial crystalline sheets. Figure 2.25
shows the pleated structure, which reflects the shape of the para-aramid molecule
within the crystallites. The centre of the fibre tends to be dominated by the
presence of elongated voids of dimension 5–10 � 25 nm, whereas the skin exhibits
a much less perfect arrangement to accommodate the radial stacking of the
crystallites. The longitudinal arrangement of the molecular sheets ensures that
the chemical bonds can carry their maximum load, which explains the high
modulus that can be achieved with these fibres. However, only weak intermolecu-
lar forces operate between the molecular sheets, resulting in low transverse modu-
lus and strength. Table 2.9 shows that the degree of longitudinal organization
determines the modulus of the fibre. Aramid fibre composites provide impact
energy absorption because of the large number of micromechanisms of fracture
available through transverse and shear failure of the fibres. Composite applications
usually reflect these attributes.

2.4.1.1 Surface Treatment and Sizing
Adhesion of the fibre to the polymer matrix can be improved by plasma treatment, but
the transverse fibre strength is low and treatments are apparently not very effective.
This is because the locus of failure will simply move from interfacial to within the
fibre, where the bonding between individual crystalline sheets is weak. Any treatments
are usually bonded coatings, which improve the integrity, moisture resistance, and
processability of the fibres.

2.4.2 Other High-Performance Polymer Fibres

A complete review of HM fibres is beyond the scope of this book and full details are
given elsewhere [63,65]. Therefore, we will only identify fibres with potential for use
in composite applications and indicate their advantages.

Table 2.9. Typical mechanical properties of aramid fibres

Property
Kevlar
29

Kevlar
49

Kevlar
149 Twaron Nomex Teijin-Conex Technora

Modulus (GPa) 60 128 180 60–120 17 – 78
Strength (GPa) 2.65 2.65 3.45 2.4–3.6 0.7 0.62–0.69 3.4
Failure strain (%) 4.0 2.4 1.9 2.2–4.4 22.0 35–45 4.6
Density (g cm–3) 1.44 1.45 1.49 1.44–1.45 1.4 1.38 1.39
Tenacity (N/tex) 2.03 2.08 1.68 1.65–2.5 0.485 0.45–0.5 2.5
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2.4.2.1 Poly(P-Phenylene Benzobisoxazole) and Related Fibres
Poly(p-phenylene benzobisoxazole) and the related fibre poly(p-phenylene benzo-
bisthiazole) (PBT) (Figure 2.26) were originally developed at the Wright Patterson
Air Force Laboratory, USA. The aim was to exploit the stiffness and heat resistance of
fused aromatic heterocyclic polymer structures. PBO has been commercialized as
Zylon by Toyobo in Japan [66]. The spinning technique is analogous to that for the
aramids, whereby dry jet wet-spinning technology is used. A subsequent heat treat-
ment in nitrogen at 500–700 �C for a few seconds is used to achieve the optimum
modulus. The molecular structure within the crystallites is arranged axially along the
fibre and perfected by the heat treatment. A non-aqueous coagulation technique has
been developed by Toyobo to produce the Zylon HM+ fibre of higher modulus
(360 GPa). The properties of Zylon are given in Table 2.10

Table 2.10. Tensile properties of advanced polymer fibres [65].

Fibre
Modulus
(GPa)

Strength
(GPa)

Tenacity
(N/tex)

Failure
strain (%)

Density
(g cm–3)

Compressive
strength (GPa)

PBT 325 4.1 1.5 1.58 0.26–0.41
PBO Zylon AS 180 5.8 3.7 3.5 1.54
PBO Zylon HM 270 5.8 3.7 2.5 1.56 0.2
PBO Zylon HM+ 360
M5 330 4.0 2.3 1.5 1.7 1.0–1.7
PE theoretical 240 32 33
PE HM 75–120 3.6 2.6–3.7 2.9–3.5 0.97 0.1
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Figure 2.26. The chemical structures of ladder polymers used in continuous fibres.
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These are examples of the use of liquid crystalline aromatic heterocyclic polymers
as high-performance fibres. Good mechanical performance is achieved by aligning
these rigid rod polymers into liquid crystals prior to ordering them further by dry jet
spinning. In this way the strong chemical bonding of the polymer skeleton is axially
aligned to the fibre axis so that it can take the applied mechanical load. However, in
contrast, in the transverse direction of the fibre only the weak intermolecular bonds
can carry a load so that the properties are significantly lower. Poly(2,6-diimidazo 4,5-
b:40,50-pyridinylene-(2,5-dihydroxy) phenylene) (PIPD) or M5 is a development by
Akzo Nobel intended to improve the off-axis properties of a HM polymer fibre
[67,68]. This was achieved by introducing hydrogen bonding between the molecules
through pendant hydroxyl groups. The high compressive strength of up to 1.7 GPa
reflects the shear modulus of 7 GPa. The M5 fibre is not currently commercially
available. Many other high-performance polymer fibres are available, but do not find
application in structural composites. Readers are referred to the work of Eichhorn
et al. [65,69].

2.5 High Modulus Polyethylene (HMPE) Fibres [70,71]

There are a number of potential composites applications that employ polyethylene and
polypropylene fibres. For completeness we will briefly review these and provide their
advantages and disadvantages.

Polymer molecules normally exist in the state of a random coil, where intermo-
lecular forces dominate. This state arises from rotation about the individual skeletal
bonds that make up a polymer or macromolecule. A linear polymer could have a
typical average molecular weight of �100,000 g mol–1 with �10,000 skeletal bonds.
As a result, the dimensions of the random coil, defined by the end-to-end distance of
the chain, r (given by the average root mean square end-to-end distance,< r2>1=2) are
significantly smaller than the extended chain length. This is given by

C∞ ¼ < r2 >1=2
o

nl2
, (2.13)

where C∞ is the characteristic ratio and < r2 >1=2
o is the unperturbed average root

mean square end-to-end distance of the molecular chain with n links of bond length l.
Bulk plastics exhibit a maximum modulus in the glassy state of 4 GPa, where the

intermolecular bonds are responsible for resistance to deformation. An elastomer has a
modulus of <1 MPa because the intermolecular forces are absent and rotational
uncoiling occurs. In order to utilize the rigidity of the skeletal bonds, the molecules
need to be in an extended conformation. An approximate estimate from eq. (2.13)
shows that a draw ratio of �100 is needed to achieve an extended chain conformation.
This can be achieved by drawing in the solid state or by enabling the crystallization of
the molecular segments in an extended conformation, which can be aligned with the
fibre axis. Mesophase pitch and liquid crystal solutions of high-performance polymers
are examples of the latter.
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In a fully extended state the polyethylene chain has a theoretical modulus of
180 GPa, obtained from a summation of the resistance to deformation of the skeletal
bonds and bond angles (valence force field (VFF) estimate) [71]. More sophisticated
models that include intramolecular interactions give values of 257 GPa and 340 GPa.
X-ray measurements on single crystals provide a value of 240 GPa. The latter is
generally accepted as the maximum achievable.

Three methods are employed commercially to produce high-performance poly-
ethylene (HPPE) fibres. Ward and coworkers [72] pioneered the development of
HPPE fibres using melt-spinning with subsequent hot drawing. Tenfor (Snia) and
Certran (Hoechst Celanese) fibres have moduli in the range of 40–60 GPa. The
limitation of the process is the molecular weight of the polymer that can be processed.
In particular, the draw ratio was highly sensitive to the average molecular weight (Mw)
of the polymer. Mw is a measure of the distribution in chain lengths of the polymer.
Ultrahigh molecular weight (UHMW) polymers have a very narrow distribution in
chain length and were examined by Lemstra et al. [73] as potential precursors for
HPPE fibres. UHMW polyethylene has a molecular weight of 3–5 million g mol–1 and
cannot be melt-spun. However, the melt-spun fibres have found applications in self-
reinforced composites. In this application the surface of the fibres melts in the
compaction process to form a matrix. A classic application is in ultra-light high-
strength structures.

Dyneema (DSM) and Spectra (Honeywell) fibres are manufactured using gel-
spinning, in which UHMW polyethylene is dissolved in a solvent, which gels on
cooling through the crystallization of segments with extended conformations. These
liquid crystal gels can be super-drawn to extension ratios of 50–100 to ensure a high
modulus is achieved. The modulus achieved by gel-spinning is 100–120 GPa. The
spinning process is discussed in detail by van Dingenen [71].

Solid-state extrusion (SSE) is also used for the manufacture of HPPE fibres.
Zacharides et al. [74] reported the methodology for the solid-state drawing of
UHMW polyethylene. In this technique it is critical that the precursor polymer has
few chain entanglements, and this is achieved using low-temperature polymerization
and ensuring that the polymer product has not been exposed to melting temperatures at
which entanglements would be introduced. The powder is converted into a HPPE fibre
in a multistage process: (1) powder compression and compaction; (2) rolling; and (3)
ultra-drawing to a draw ratio of 12–13 between hot plates at a temperature below the
melting point. The total draw ratio of the process is 85–100. The highly drawn tape
fibrillates to provide a range of products from tapes and yarns. The SSE process
produces Tensylon fibres (Integrated Textile Systems) with a tensile modulus of
�120 GPa and tensile strength of �1.9 GPa and elongation to failure of 2.6%.

2.5.1 Surface Treatment

For inclusion in composite materials polyethylene fibres need to be surface-treated to
increase their wettability by potential matrices. For these applications surface oxida-
tion using corona discharge and/or plasma processing have been employed. Similar
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techniques are used to provide polyethylene and related materials with print capability
[75]. However, these fibres readily fibrillate so that improving the adhesion of the
surface to other polymer matrices does not provide a significant increase in interfacial
shear strength because the locus of failure moves from the interface to the fibre
subsurface.

2.5.2 Other Polymer Fibres: Polypropylene Fibres [76]

The theoretical modulus of polypropylene, which is estimated to be 49 GPa, is lower
than that for polyethylene because of the helical conformation the molecule adopts
within a crystal. The lower modulus reflects the rotation of the skeletal bonds, which
occurs before the skeletal bonds can take up the load. These fibres find applications in
hot-compacted composites where the conventional co-extrusion melt-spinning with
hot drawing enables the fibre ‘surface material’ to be designed to have a lower melt
temperature and hence a wider processing window for hot compaction compared to
polyethylene [77]. Polypropylene also has a higher use-temperature.

Polypropylene fibres have many applications as strings and ropes. Fibrillation
occurs readily and this has been exploited in the manufacture of reinforced cementi-
tious composites. In the material described by Hannant [78,79], polypropylene string
is transversely strained to create a random network that could be readily infiltrated by
ordinary Portland cement paste (Figure 2.27).

Figure 2.27 Fibrillated drawn polypropylene fibres provides a random reinforcing network under
a transverse strain for reinforcing cementitious matrices. Mechanical fibre–matrix bonding
arises from the fibre entanglements within the network [78].
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The composite was intended as a replacement for asbestos cement. This is illus-
trated in Figure 2.27. The technical problem of transverse loading of the polypropyl-
ene string during infiltration limited the commercial exploitation of the Netcem
process. However, the research spurred the development of a variety of polypropylene
reinforcements for cement, some of which are discontinuous fibres [80].

2.6 Natural Fibres

2.6.1 Bio-cellulose Fibres

A range of natural fibres are available, many of which have been used in textiles and
related products for many years. Recently their application as reinforcements for
composite materials has grown, largely for cost and ecological reasons. In particular,
the automotive industry has shown much interest because of their recycling potential.
However, the fibres need to be extracted from the source and treated for compatibility
with organic polymer matrices. The fibres are generally discontinuous in nature and can
be used as strands for reinforcements or fully defibrillated for dispersion in the matrix.

The cost implications of these treatments determine the use of these natural fibres.
The other aspect to be considered is the variability in mechanical properties from a
grown resource. Table 2.11 provides a list of potential fibres and their chemical
compositions. They are all cellulosic in character, so the surface treatment to make
them wettable by potential matrix polymers is an issue, and the reader is advised to
research this because current knowledge is rapidly changing. Table 2.12 gives the

Table 2.11. Structure of bio-cellulose natural fibres [81]

Bio-fibre
Cellulose
(wt%)

Hemicellulose
(wt %)

Lignin
(wt%)

Wax
(wt%)

Pectin
(wt%)

Jute 61–71.5 13.6–20–4 12–13 0.5 0.2
Flax 71 18.6–20.6 2.2 1.5–1.7 2.3
Hemp 68–74.4 15–22.4 3.7–10 0.8 0.9
Kenaf 72 20.3–21.5 9–19 – 3–5
Ramie 68.6–76.2 13.1–16.7 0.6–0.7 0.3 1.9
Sisal 60–78 10–14.2 8–12 2 10
Abaca 56–63 20–25 7–9 3 1
Pineapple leaf 70–82 – 5–12.7 – –

Date palm leaf 46 28 20 – –

Curaua 73.6 9.9 7.5 – –

Coir 32–43 0.15–0.25 40–45 – 3–4
Oil palm 42.7–65 17.1–33.5 13.2–25.3 – –

Wheat straw 38–48.8 15–35.4 12–23 – 8
Cornhusk 42.3 41 12.6 – –

Rice straw 64 23 8–19 8 –

Sugar cane bagasse 55.2 16.8 25.3 – –

Bamboo 26–43 30 21–31 – –
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typical mechanical properties of these bio-fibres; in comparison to glass fibres, their
lower density is an advantage for use in lightweight structures.

2.6.2 Silk Fibres

Silk fibres [82–84] represent a more appropriate option for high-performance com-
posites since they are continuous. Silk has a protein chemical structure and fibres are
spun by the Bombyx mori moth caterpillar or the Argiope aurentia spider, which
produces a dragline of higher modulus. Proteins are essentially polyamides, so
Table 2.13 compares the mechanical properties of different silks to aliphatic (nylon
6) and aromatic (Kevlar 29) polyamide fibres. Silk has a low density (1.31 g cm–3), so
the specific properties favourably compete with synthetic reinforcing fibres. Given
that σfu ¼ 0.45–1.97 GPa, specific strength of 34–150 km and specific modulus of
10–26 Mm compare favourably with the specific properties of HM CFs. The surface
of silk fibres may need treating to achieve optimum bonding with matrices.

2.7 Ceramic Fibres

The fibres described above do not resist the temperatures employed in the manufacture
of metal matrix composites (MMCs) and ceramic matrix composites (CMCs). Low-
temperature impregnation routes such as sol-gel or pitch processing still require an
elevated temperature to consolidate the matrix. Therefore, these composites need

Table 2.12. The mechanical properties of bio-cellulose fibres in comparison to E-glass [81]

Fibre
Young’s
modulus (GPa)

Tensile
strength (MPa)

Failure
strain (%)

Diameter
(μm)

Density
(g cm–3)

Jute 13–26.5 393–800 1.5–1.8 25–250 1.3–1.5
Flax 27–39 345–1,500 2.7–3.2 40–600 1.5
Hemp 38–70 550–900 1.6–4 25–250 1.5
Kenaf 40–53 350–930 1.6 260–400 1.5–1.6
Ramie 24.5–128 400–938 1.3–3.8 34–49 1.5–1.6
Sisal 9.4–22 468–640 2–7 50–200 1.5
Abaca 12 400 3–10 – 1.5
Pineapple leaf 34.5–82.5 400–1,627 1.6 20–80 1.4
Date palm leaf 9 233 2–19 100–1,000 0.9–1.2
Curaua 11.8 500–1,150 3.7–4.3 500–1,150 1.4
Coir 4–6 175 15–51.4 10–460 1.2–1.5
Oil palm 0.5–9 50–400 4–18 150–500 0.7–1.6
Sugar cane bagasse 17 290 – – 1.25
Bamboo 11–17 140–230 – – 0.6–1.1
Wheat straw 13 273 2.7 94 1.6
Rice straw 26 449 2.2 – –

Cornhusk 9.1 351 15.3 20 –

E-glass 70–73 2,000–3,500 2.5–3.7 15–25 2.5
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high-performance reinforcements that can resist the processing temperature and
environment.

Early ceramic fibres (1960s) were manufactured by chemical vapour deposition
(CVD) onto a support fibre [85]. Boron and silicon carbide (SiC) fibres had a tungsten
wire (or CF) core so their diameters were >100 μm. The properties of these CVD fibres
are given in Table 2.14, which describes the range of fibres available. Clearly these
large-diameter fibres cannot be woven into applicable reinforcements, but they are being
considered as a reinforcement for titanium. Mono-crystalline SiC whiskers were also
developed in the 1980s. These were grown at high temperature from a mixture of rice
husks and a carbon source such as petroleum pitch. With a typical diameter of 1 μm,
they were difficult to handle and presented potential health concerns.

Table 2.14. Mechanical properties and composition of SiC and related fibres

Fibre Manufacturer Composition (%)
Diameter
(μm)

Density
(g cm–3)

Modulus
(GPa)

Tensile
strength
(GPa)

Hi Nicalon S Nippon
Carbon

68.9Si/30.9C/0.2O 12 3.1 420 2.6
Hi Nicalon 63.7Si/ 35.8C/0.5O 14 2.74 270 2.8
Nicalon NL
200/201

56.5Si/31.2C/12.3O 14 2.55 220 3.0

Tyranno SA 3 Ube 67.8Si/34.2C/0.3O/<2.0Al 7.5/10 3.1 380 2.8
Tyranno ZMI 56.1Si/34.2C/8.7C/1.0Zr 11 2.48 200 3.4
Tyranno Lox-M 55.4Si/32.4C/10.2O/2.0Ti 11 2.48 187 3.3
Tyranno S 50.4Si/29.7C/17.9O/2.0Ti 8.5/11 2.35 170 3.3
Sylramic-iBN ATK COI SiC/BN 10 3.00 400 3.0
Sylramic 96.0SiC/3.0TiB2/

1.0B4C/0.3O
10 2.95 310 2.7

SCS-Ultra Speciality
Materials

SiC on C core 140 3.0 415 5.87
SCS-9A SiC on CF core 78 2.8 307 3.45
SCS-6 SiC on CF core 140 3.0 380 3.45
Sigma Tisics SiC on W wire core 100/140 3.4 400 4.0

Table 2.13. Typical mechanical properties of silk and wool fibres in comparison to synthetic polyamide fibres [82]

Fibre
σu
(GPa)

df
(µm)

El

(GPa)
Et

(GPa)
Gl

(GPa) El/Et El/Gl

Argiope aurentia spider silk 0.9 3.57 34.0 – – – –

Nephila clavipe spider silk 12.15 4.2 12.71 0.579 2.38 21.95 5.34
Bombyx mori cocoon silk (silkworm) 0.6* 12.9* 9.90* – 3.81* – 4.93*

Merino sheep wool 0.2 25.5 3.50 0.93 1.31 3.76 2.67
Nylon filament 0.95 16.2 2.71 1.01 0.52 2.68 5.21
Kevlar 29 2.6 13.8 79.80 2.59 2.17 30.81 36.77

* Silkworm silk has a triangular cross-section and df is an average of bottom and height measurements. σu, El,
Et, Gl, df are the strength, longitudinal, transverse, shear moduli, and diameter, respectively.
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2.7.1 Non-oxide Small-Diameter Fibres

The above SiC fibres have been largely superseded by the development of polymer
precursors that can be melt-spun and converted into ‘SiC’ fibres with diameters of
10–15 μm [86]. The fundamental studies of Yajima in the 1970s led directly to the
commercialization of Nicalon fibres by Nippon Carbon in 1982. The first generation
of Nicalon fibres were synthesized in the following stages (Figure 2.28):

1. Synthesis of polysilane by condensation of a dichlorosilane using sodium metal.
2. Rearrangement of the polysilane into a polycarbosilane: the polysilane

(Figure 2.28a) with Si–Si bonds was converted into a polycarbosilane
(Figure 2.28b) with C–Si bonds in the skeleton in an autoclave at 470 �C.

3. Melt-spinning into a fibre: the original polycarbosilane could only be spun at
350 �C. Further work showed that the reaction product of the polysilane with borax,
namely polyborodiphenylsiloxane, promoted the transformation to polycarbosilane
at �300 �C without the need for an autoclave. Fibre spinning also became possible
at 250 �C.

4. Stabilization of the polycarbosilane fibre for pyrolysis: the polycarbosilane fibre
was crosslinked (cured) in air at 110 �C. Oxygen bridges between the
polycarbosilane molecules were created.

5. Conversion of the crosslinked polycarbosilane fibre into an SiC fibre: this occurred
at 1,000–1,300 �C in an inert atmosphere, but SiCO was formed with an oxygen
content of 15–20%. The presence of O and inclusions of free carbon in the fibre
structure was responsible for their limited thermal stability. In particular, at
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Figure 2.28 Synthesis of the polycarbosilane precursor for the first generation of SiC fibres
according to Yajima [86].

66 Fibres and Particulate Reinforcements

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.003
https://www.cambridge.org/core


>1,100 �C β-SiC crystal growth occurred, reducing the fibre strength. The fibres
also had a passivating SiO2 layer, which promoted strong bonding with potential
matrices and led to loss of composite ‘toughness’.

The mechanical properties and composition of these fibres is given in Table 2.14.

2.7.1.2 Hi Nicalon Fibres
These fibres have improved thermal stability resulting from a reduction in the
O content to �1%. This was achieved by curing the spun polycarbosilane fibres in
an inert atmosphere using an electron beam or γ-radiation. Thermal stability is
increased to 1,400–1,500 �C. A further benefit of radiation curing is that the pyrolysis
temperature could be increased to 1,300 �C, which reduces the free carbon and the
SiCO contents. Hi Nicalon S fibres have a near unity Si:C ratio arising from the use of
H2 atmospheres in the pyrolysis process.

2.7.1.3 Tyranno Fibres
These fibres, from Ube Industries, have a composition of SiTiCO and are manufac-
tured similarly to Nicalon, except titanium tetraisopropoxide is included in production
of the polycarbosilane. As with Nicalon, radiation curing reduces the O content from
�20% to 5% (Tyranno LOX-M).

2.7.1.4 Tyranno SA Fibres
These fibres have a composition of SiAlCO as a result of a modified polycarbosilane,
which incorporated aluminium (III) acetyl acetonate. The ceramic fibre, which has
been sintered at 1,800 �C, has an Al content of <2% and O content of �0.5%.
A tensile modulus of >300 GPa and a strength >2.5 GPa can be achieved.

2.7.1.5 Sylramic Fibres
These fibres are a near-stoichiometric SiC fibre originally developed by Dow Corning
in a related technique, and now available from ATK COI Ceramics, who use an in-situ
boron nitride (BN) sintering agent that provides improved creep resistance at
higher temperatures.

A number of attempts to synthesize small-diameter SiN fibres have been reported in
the literature, but the presence of free Si has limited the development of the mechan-
ical properties for high-temperature performance. The author is unaware of commer-
cial availability.

2.7.2 Surface Finish of Small-Diameter Fibres

Nicalon and related fibres need to be handled in a variety of textile processes and are
therefore sized with an appropriate finish for the impregnation technique and matrix.
Typical coatings are epoxy, PVAc, polyvinyl alcohol (PVAl), polyimide (PI), and
carbon or graphite. The latter is used to prevent the formation of strong interfaces
during high-temperature processing as a result of reactions of an SiO2-rich surface
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with ceramic matrices. More recently, BN coatings [87] have been shown to provide
the correct interfacial response for optimum toughness in SiC–SiC composites.

2.7.3 Oxide Fibres

Early attempts employed melt-spinning of aluminosilicates with alumina concentra-
tions of 45–60%. These glass-like fibres are manufactured in discontinuous form and
find applications as high-temperature insulation and asbestos replacements. The form
of the material is not really suitable for composite manufacture, but the demand for
reinforcement of metals and ceramics led to the development of continuous high-
performance ceramic fibres [88,89]. Essentially, alumina provided the potential mech-
anical and thermal performance and high-content materials were explored.

An early approach employed an aqueous slurry of alumina (Al2O3) particles, whose
viscosity was controlled with dissolved polymers, to extrude a fibre that could be
calcined and sintered to obtain a 20 μm α-Al2O3 fibre (99.9%), which was marketed
by DuPont as Fiber FP. The modulus was 380 GPa, but a maximum strength of
1.5 GPa limited applications. Fiber-PD166 included 20% tetragonal zirconia (ZrO2)
with 80% Al2O3 to achieve a higher strength of 2.2 GPa, resulting from a finer grain
size. These fibres are no longer commercially available. Sol-gel processing has been
employed in the manufacture of discontinuous fibres (e.g. Saffil and Saffimax
(Unifrax)) and a range of continuous fibres (e.g. Nextel (3M)).

Saffil fibres have a diameter of 3–3.5 μm and are in the form of a fibre mat, but have
found applications in MMC by liquid metal infiltration. Typical application is the
reinforcement of piston crowns in automotive engines [89,90]. Nextel fibres are
available with a diameter of 10–12 μm in a continuous form.

In the sol-gel process aqueous solutions of soluble aluminium salts or alkoxides are
prepared which increase in viscosity for spinning as the salts or alkoxides hydrolyse
and polymerize and eventually gel into an Al2O3 precursor. Silica is also added to
control the crystalline structure. The composition of Nextel fibres is given in
Table 2.15.

Altex (Sumitomo) is a 17 μm 85% Al2O3/15% SiO2 fibre spun from a non-aqueous
solution of the polyaluminoxane/siloxane precursor (from aluminium and silicon
alkoxides) in glacial acetic acid [89,91]. These fibres are reported to have a modulus
of 210 GPa and strength of 1.8 GPa. The reader is referred to more detailed reviews of
ceramic fibres and their performance [88,89].

Almax fibres (Mitsui) are also available, but details of their manufacture are
unknown. However, the reported properties are attractive.

2.8 Particulate Fillers and Reinforcements

There is a range of mineral particles that are used as fillers for plastics. Most of these are
used to reduce material costs. The surfaces need to be modified for compatibility with
polymers. For silica and silicate minerals, silane coupling agents are used to provide the
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Table 2.15. Mechanical properties of oxide ceramic fibres

Fibre Manufacturer
Composition
(%) Process

Diameter
(μm)

Density
(g cm–3)

Modulus
(GPa)

Strength
(GPa)

Saffil Saffil 96–97 Al2O3/3–4 SiO2 Sol-gel staple 3–3.5 3.3–3.4 300 1.5–2.0
Saffimax 96–97 Al2O3/3–4 SiO2 Sol-gel semi-continuous 3–3.5 3.3–3.4 300 2.0
SaffilNextel 720 3M 85 Al2O3/15 SiO2 Sol-gel 10–12 3.4 260 2.1
Nextel 610 >99 Al2O3 Sol-gel 10–12 3.9 380 3.1
Nextel 550 73 Al2O3/27 SiO2 Sol-gel 10–12 3.03 193 2.0
Nextel 440 70 Al2O3/28 SiO2/2 B2O3 Sol-gel 10–12 3.05 190 2.0
Nextel 312 62.5 Al2O3/24.5 SiO2/13 B2O3 Sol-gel 10–12 2.7 150 1.7
Altex Sumitomo 85 Al2O3/15 SiO2 Polyaluminoxane/siloxane 10–15 3.3 210 1.8
ALF Nitivy 72 Al2O3/28 SiO2 Sol-gel 7 2.9 170 2.0
Almax-B Mitsui 60–80 Al2O3/40–20 SiO2 Unknown 7–10 2.9 – –

Almax Mitsui >99.5 Al2O3 Unknown 10 3.6 323 1.8

Table 2.16. Principal synthetic acicular reinforcing minerals

Properties

Graphene/
graphene
oxide Carbon nanotubes

Aragonite
(Maruo)

Anhydrite
(US
Gypsum)

Phosphate
(Monsanto)

Dawsonite
(Alcoa)

Brucite
(Kyowa)

Magnesium
oxysulphate
(Ube)

Structure properties C C (graphite) CaCO3 CaSO4 CaNa(PO3)3 NaAl(OH)2CO2 Mg(OH)2 MgSO4·5MgO ·8H2O
Aspect ratio (l/d) Plate >106 40 30 20 30 40 50–100
Diameter (μm) N/A *SW: 0.001

†MW: 0.005–0.05
1 2 1–5 0.5 <1 <1

Density (g cm–3) 1.3–2.0 2.9 3.0 2.9 2.4 2.4 2.3

* Single-wall; †multi-wall.
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mineral surface with matrix-matching chemistry. Since the interfacial bond is improved,
these ‘fillers’ are usually referred to as ‘reinforcing fillers’. In the case of chalk fillers,
stearic acid is used to provide the surface with hydrocarbon (CH3 (CH2)16 COO–)
chains, which can dissolve in polyethylene and polypropylene matrices.

To provide composite-like properties, the minerals should be fibre-like (i.e.
needles) so there has been much interest in acicular crystals with high aspect ratio
(length/diameter). Natural products such as asbestos, which are hydrated silicates, are
examples of acicular particles. A natural low-toxicity acicular mineral is wollastonite
(calcium metasilicate), but the maximum aspect ratio is 20. Synthetic minerals have
become available as described in Table 2.16 [92,93].

Carbon nanotubes (CNTs) have largely superseded these acicular minerals
because of (1) the higher modulus of CNTs (1,000 GPa) and (2) the higher aspect
ratio. The major difficulty with CNTs is the random arrangement arising from the
high aspect ratio. This is partially overcome by synthesizing CNT forests on
catalysed substrates [94].

In composites technology fillers or particulate reinforcements are mainly used to
provide different functionalities. Aluminium trihydrate is used to provide fire retar-
dancy; CNTs or carbon black are used for thermal or electrical conductivity (carbon
black is a reinforcement for elastomers such as natural rubber); and reinforcing fillers
are used as matrix modifiers to reduce expansion coefficients and laminate
thermal stresses.

2.9 Summary

Fibres and other fibrous materials available as reinforcements in composite materials
are reviewed. The major players such as glass and carbon are described in detail, and
sufficient details of the less important fibrous materials are given to enable
further research.

2.10 Discussion Points

1. Which aspects of the structure of polyacrylonitrile (PAN) fibre control the
achievable modulus of a CF?

2. What processing factor for the PAN precursor fibre is employed for the
manufacture of intermediate modulus CF?

3. What processing factor for the carbonization of PAN fibre is responsible for
HM CF?

4. Which factors determine the strength of Type A carbon fibre and which
parameters are used to maximize the strength?

5. Which surface property of CF is modified to optimize the fracture toughness of a
composite? How is this achieved?

6. Briefly discuss the manufacture of glass fibres.
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7. Why are glass fibres sized during manufacture?
8. What component is included in the sizing to provide interfacial durability?
9. In which composite applications are aramid fibres preferred and why?

10. Which fibres can be employed for reinforcing ceramics?
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3 Matrices

In this chapter we describe the resins used for the manufacture of composite artefacts.
The concept of curing is discussed with respect to the chemistry of typical polymer
matrices. The advantages and disadvantages of thermosets and thermoplastics are
also discussed.

In the case of thermosets, the importance of thermoplastic and rubber toughening is
considered. While we concentrate on polymer matrix materials, ceramic and metal
matrices are referred to for completeness.

3.1 Introduction

Most reinforcing fibres have moduli that are at least 10 times the moduli of glassy
polymers, so the role of the matrix is to maintain their orientation and transfer loads to
the fibres. The rate of transfer of load between the fibres and matrix is a critical aspect,
especially for discontinuous fibre systems and at fibre and/or matrix breaks in continu-
ous fibre composites.

3.1.1 Mechanisms of Viscoelasticity in Polymers

The modulus of a polymer is strongly dependent on the mechanism of deformation
available [1]. Depending on the molecular structure of the polymer, it can exist at
room temperature as either

a. glass
b. retarded high elastic material (‘leathery material’)
c. rubber
d. viscoelastic fluid.

All polymers can exist in either state, depending on the temperature. Thus, a glassy
polymer will go through four stages of viscoelasticity on heating. The glassy and
rubbery states can be characterized by unique values of modulus, whereas within the
transition regions (b) and (d) the properties are time-dependent. Of these, the glass
transition temperature (Tg) is a critical parameter as it defines the service temperature
of a rigid structural composite. Figure 3.1 provides a schematic showing the change in
relaxation modulus with temperature. The modulus changes over several decades as
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the glassy material becomes rubbery. Tg is defined conventionally as the maximum in
tanδ, which occurs at the temperature for maximum damping and is shown in
Figure 3.1 at the inflection point of the storage modulus versus temperature curve.
In the transition region the material exhibits ‘leather-like’ properties. The presence of
crystallites increases the modulus in an analogous way to the incorporation of
particulate fillers. Crosslinking of the polymer chains also enhances the modulus
above Tg. Light crosslinking also extends the rubbery plateau (temperature range)
and is often referred to as vulcanization. In aerospace engineering the onset of the loss
of a glassy modulus is often used to define the value of Tg, which in Figure 3.1 occurs
at approximately 5–10 �C lower.

3.1.2 Magnitude of the Modulus (E) of a Glassy Polymer

In a polymer glass the only forces resisting deformation are the intermolecular
forces between molecular segments. These range from van der Waals through to
hydrogen bonding. Crosslinking introduces irreversible covalent bonds in addition
to the intermolecular forces. To have a major effect on modulus, crosslinking
needs to be extensive. With linear polymers of regular structure, such as polypro-
pylene or polyethylene, crystallization enhances the modulus because of the higher
density. In the latter, the modulus can be modelled using composite mechanics. As
discussed in Chapter 2, polymer molecules are randomly coiled through rotation
about skeletal bonds so that under an applied load the forces of interaction
between the molecules carry the load. Therefore, a simple estimate of modulus
can be obtained from consideration of a simple frozen hydrocarbon gas, such as
methane (CH4) glass.
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Figure 3.1 The relaxation modulus (ER) of a polymer as a function of morphology (crystallization
and crosslinking) and temperature. An illustration of the mechanical properties at different
temperatures relative to the glass transition temperature.
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The intermolecular energy ðϕpÞ between molecules as a function of distance, R is
described by the Lennard–Jones potential:

ϕp ¼ BR�n � AR�6, (3.1)

where A and B are constants and n ¼ 12 for the simple methane molecule.
As the molecules move together there is an attractive force, which has a maximum

value (negative by convention) of εo at a fixed distance Ro. When pushed closer a
repulsive force develops and the value of ϕp becomes progressively more positive.
Therefore eq. (3.1) can be normalized to provide the potential energy between two
methane molecules:

ϕp
εo

¼ R

Ro

� ��12

� 2
R

Ro

� ��6

: (3.2)

For a close-packed structure in which the molecule has 12 neighbours, eq. (3.2) can be
simplified in terms of molar volume, V, since Rα 1

V

� �3
:

ϕp
ϕo

¼ Vo

V

� �4

� 2
Vo

V

� �2

, (3.3)

where ϕo ¼ 12NAεo.
Under compression, the change in molar volume of the glassy methane is given by

dE ¼ PdV , assuming the change in entropy (dS) is zero. Differentiation gives

dP

dV
¼ d2Ei

dV2 ,

where Ei is the interaction energy. Therefore, the bulk modulus, K, is given by

K ¼ �V
dP

dV
¼ �V

d2Ei

dV2

� �
: (3.4)

Thus, eq. (3.3) becomes

K ¼ 4
ϕo
Vo

� �
5

Vo

V

� �6

� 3
Vo

V

� �4
" #

, (3.5)

where ϕo ¼ 12NAεo.
Since V � Vo, eq. (3.5) becomes

K ¼ 8
ϕo
Vo

¼ 96
εoNA

Vo
: (3.6)

For methane, εo ¼ 0:0127 eV.
The molar volume, Vo, is given by molecular weight/density. For CH4, this is:

Vo ¼ 16� 10�3

547
kg mol�1

kg m�3
¼ 29� 10�6m3 mol�1:

Therefore, K � 4 GPa.
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The bulk modulus, K, is related to Young’s modulus, E, according to eq. (3.7):

E ¼ 3Kð1� 2n Þ, (3.7)

where n is Poisson’s ratio. For a polymer, n ¼ 0:3� 0:4. Therefore,
E � 2:4�4:8 GPa.

The estimate of Young’s modulus for glassy methane is �4 GPa, and the typical
maximum value for a glassy polymer will be similar when other deformation mech-
anisms are absent. Covalent crosslinking between polymer molecules can add resist-
ance to deformation, but the maximum achievable is �7 GPa. This value has only
been approached in highly crosslinked phenolic resins, but these have very low failure
strains because ductile mechanisms, which reduce stress concentrations at a crack tip,
are not available. Matrix resins such as epoxies have moduli of 2–3.5 GPa and failure
strains of 1.5–6% because cooperative skeletal rotation within the bridging network
chains provides the mechanism of ductility.

3.1.3 Magnitude of the Modulus of a Rubber

The thermodynamic and statistical analysis of the deformation of a rubber by Treloar
[2] provides the magnitude of the modulus. Deformation of a rubber or elastomer
involves flow, so a shear modulus, G, is given by:

G ¼ ρRT
Mc

, (3.8)

where ρ is the density, R is the gas constant, T is the temperature, and Mc is the
number-average molecular weight of a network chain.

Unvulcanized or non-crosslinked rubbers deform by a reptation mechanism involv-
ing rotation about skeletal bonds leading to non-recoverable flow. To stabilize the
flow of rubbers they are vulcanized or crosslinked. Natural and many synthetic
rubbers employ sulphur for crosslinking, hence the term vulcanization. The degree
of crosslinking determines the shear modulus of a rubber, as shown by eq. (3.8). As
the degree of crosslinking increases, the length (defined by Mc) of the network chains
decreases and G increases.

Real vulcanized rubbers are not perfectly crosslinked, so network defects will exist.
These include ineffective network chains such as loops, entanglements, and incom-
plete network chains or network-ends. Equation (3.8) therefore needs to be corrected:

G ¼ <r2c>

<r20>

� �
ρRT
Mc

1� 2
Mc

M

� �
, (3.9)

where <r2c> is the average square end-to-end distance of a network chain and <r20>
is the unperturbed value for a free chain. This correction represents the influence of the
molecular structure of the network chain. M is the number-average molecular weight
of the polymer (before crosslinking) and (1–2 Mc/M) represents the effects of
network defects.
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A typical value of G for a rubber is �0.4 MPa, and a low strain elastic modulus
(i.e. tensile) would be �1 MPa. Poly(butadiene) rubber exhibits ideal high elastic
behaviour at room temperature, as indicated by zero hysteresis in the load–extension
curve. Natural rubber (poly(isoprene)), however, exhibits significant hysteresis. This
arises from the energy restriction imposed on the skeletal rotations by the pendant
methyl group, but also at high extensions by strain-induced crystallization of the
chain. The tensile modulus then has a contribution from loading of the molecular
chain bonds.

3.2 Polymeric Matrices for Composites

The fabrication of a composite artefact involves the impregnation of fibres with either a
thermosetting resin or a thermoplastic. Both thermoplastics and thermosets are used, but
thermosets are preferred because they are liquid and ‘monomeric’ and have low viscosity
so that fibre impregnation is easy and possible at room temperature. They are ‘cured’ into
crosslinked polymers, either thermally or with hardeners and/or catalysts. Thermoplastics
are linear polymers that on heating can become viscoelastic fluids for infiltration of
continuous fibres or mats, or mixed with discontinuous fibres under pressure. The critical
aspect of the latter is the high temperatures required for impregnation, and as a conse-
quence the reproducibility of morphology of the polymer on cooling.

The advantages of a thermoset (relative to thermoplastics) are:

� low viscosity for impregnation and wetting of fibres;
� availability of a large number of fabrication processes; and
� the length of the fibres employed in the process is maximized.

The disadvantages of thermosets are also worth considering:

� material and artefact are formed simultaneously during curing;
� cast resins have low failure strain (εmu) and fracture toughness (K1c, G1c);
� curing times can be extremely long; and
� the critical length (Lc) of a reinforcing fibre tends to be longer when embedded in

thermosets (see Chapter 5).

The advantages of thermoplastic matrices (relative to thermosets) are:

� higher ductility;
� no chemistry is involved in the process;
� more rapid composite processing arising from the need for only heating and

cooling;
� Lc tends to be lower and short fibre composites can be manufactured by standard

thermoplastic moulding techniques such as injection moulding;
� low moisture absorption; and
� good hot/wet props.
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These benefits are offset by the following disadvantages:

� high melt viscosity for fibre impregnation;
� high impregnation temperatures;
� crystalline morphology may vary;
� continuous fibre composites present complications to fabrication processes;
� uses mainly short-fibre-reinforced material, which has low mechanical performance

arising from the reduced reinforcement efficiency of load transfer to discontinuous
and randomly aligned fibres;

� the polymer has a low Tg, which is often offset by the presence of crystallites of
high melting point (Tm);

� service temperatures are generally lower for thermoplastics-based structural
composites because a small loss of rigidity will still occur at Tg; and

� thermoplastics have a lower modulus (Em).

3.2.1 Requirements of a Resin Matrix

The following aspects of a resin intended for composite manufacture are desirable:

� low viscosity for impregnation;
� high tensile modulus, Em (a maximum of 4 GPa for a cured thermoset resin matrix);
� high failure strain, εmu;
� controllable curing for a thermoset; and
� controllable microstructure for a thermoplastic.

Typical thermosets resins employed as matrices are phenolics; unsaturated polyester
and related resins (vinyl esters, urethane acrylates), which are mainly used in indus-
trial applications; epoxy resins, which are used for structural and high-performance
applications; advanced resins, including polyimides, bismaleimides, cyanate esters,
and other specialist resins used in high-temperature applications.

Typical thermoplastics include most injection mouldable plastics, providing the
reinforcements are compatible. The limitation is that the fibres need to be discontinu-
ous in order to flow around the mould (i.e. short fibre composites). More advanced
thermoplastics include polyether ether ketone (PEEK), polyether sulphone (PES), and
polyetherimide (PEI), which can be used with continuous fibres as well for discontinu-
ous fibre mouldings. The continuous fibres have dominated applications because only
high performance can justify their high cost. Polypropene is an interesting matrix
polymer; because of its low cost it can be used in mouldings but also as a matrix for
continuous glass fibres (continuous and long glass fibres). Its limitations are deter-
mined by its compatibility with the reinforcements, but mainly by its low glass
transition temperature.

The fabrication of a composite involves the impregnation and wet-out of the fibres,
so thermosetting resins are preferred because a large number of manufacturing
processes are available for ‘long’ and continuous fibres.
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3.3 Curing of Thermoset Resins

The formation of most polymer composites involves the ‘curing’ of the resin after the
fibres have been impregnated. Curing either occurs by 3D step-growth polymeriza-
tion; addition copolymerization of unsaturated resin with a reactive diluent or mono-
mer; addition polymerization of cyclic monomers; or addition copolymerization of
cyclic monomers.

3.3.1 3D Step-Growth Polymerization

As the name implies, the molecular weight of the matrix builds in a step-wise manner
until it becomes infinite as the resin gels into a network. To achieve the rigidity of the
matrix for load bearing, further crosslinking needs to occur by diffusion of oligomers
to reaction sites, as shown in Box 3.1.

From the above it can be seen that the functionality (the number of reactive groups)
of the monomers will determine the extent of reaction of these groups for gelation.
With highly functional monomers, gelation occurs at low extents of reaction but the
potential degree of crosslinking is higher. To obtain matrices with high moduli and
glass transition temperatures, large degrees of crosslinking are required. From the
perspective of composite manufacture the above discussion explains the need for post-
curing.

The Carothers theory [3] predicts the molecular weight of a polymer obtained by
this mechanism as a function of the extent of reaction. For bi-functional monomers,
linear polymers are formed and the number-average degree of polymerization of the
chain, Pn, is given by:

Pn ¼ 1=ð1� ρÞ, (3.10)

where ρ is the extent of reaction of functional groups and Pn ¼Mn/Mo, whereMn is the
number-average molecular weight of the polymer from a monomer of molecular
weight Mo.

Box 3.1
Monomers

#
Dimers, trimers

#
Highly branched oligomers (broad distribution)

#
Network formation (gelation)

#
Network crosslinking (by diffusion and reaction of oligomers)
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For the purposes of this discussion, we are interested in the gelation point for curing
of multifunctional monomers. By applying eq. (3.10) we get

Pn ¼ 2=ð2� ρf avÞ, (3.11)

where fav is the average functionality of the mixture of monomers. For linear poly-
merization with bi-functional monomers, fav ¼ 2 and eq. (3.11) reduces to eq. (3.10).

At gelation, Mn approaches ∞; thus,

ρc ¼ 2=f av, (3.12)

where ρc is the critical extent of reaction for gelation or gel point.
From eq. (3.12) we see that the gelation occurs at lower extents of cure for systems

with high functionality.
The Carothers theory can be extended to include an imbalance in the concen-

trations of reactive groups. The Flory statistical theory of gelation considers the
probability of reaction of functional groups to predict the gel point. This is beyond
the scope of this book, but is of fundamental interest to process engineers modelling
matrix curing.

Step-growth polymerization often involves the loss of a small molecule (often
water), in which case it is referred to as condensation polymerization. Phenolic resins
are an example of condensation or step-growth curing, and demonstrate how curing
can be interrupted. It is used here to illustrate the fundamentals or prepreg technology.

3.3.2 Phenolic Resins

Phenolic resins represent the first truly synthetic polymer, which became available at
the turn of the twentieth century. Before then the early plastics were modified natural
products. The starting reactants are formaldehyde (H2CO) and phenol (C6H6OH).
There are two synthetic routes: resole and novolak.

3.3.3 Resole Resins

When an excess of formaldehyde is used, resoles are formed; the chemistry is
illustrated Figure 3.2.

Under alkaline conditions, trihydroxy methyl phenol forms initially, which has a
functionality of 3. The phenolic hydroxyl is not involved in the reaction. This product
is referred to as resole or A-stage resin. Since the resin is monomeric, it has a low
viscosity and can be used to readily impregnate the reinforcement. In early applica-
tions the reinforcement was paper, which is a discontinuous cellulose fibrous matt. As
shown in Figure 3.2, on further heating the trihydroxy methyl phenol monomers react
with the loss of water and build up into a crosslinked polymer. The reaction can be
interrupted at any stage to provide a resitol or B-stage resin. The resitol properties can
be adjusted in this way, but it retains its reactivity and the volatile condensation water
is removed in a controlled manner. Thus, a pre-impregnated reinforced layer (or ply)
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with residual reactivity can be prepared. A laminate can be prepared by stacking the
pre-impregnated plies for consolidation under pressure and heat. Curing occurs by a
continuation of the reaction when an insoluble or infusible resit or C-stage resin is
formed. This technique was developed to ensure that the volatile condensate could be
controlled and voidage limited. Paper laminates were used in the electrical applica-
tions and subsequently as a means of manufacturing decorative laminates. Phenolic
resins tend to yellow and brown to differing degrees, so water white resins were
needed for the latter. These are usually the analogous urea–formaldehyde (UF) or
melamine–formaldehyde (MF) resins. Figure 3.3 illustrates the manufacture of a
decorative laminate.

HOCH2

CH2OH

f=3

CH2

CH2

CH2 Resit (C-stage)
(insoluble, infusible)

Resitol (B-stage)
(soluble, fusible)

Resole (A-stage)

OH

OH

CH2OH

Gradual increase
in melt and
solution viscosities
prior to gelation

Gradual
increase
degree of
branching

Heating

-H2O

Figure 3.2 Schematic of the chemistry of phenol formaldehyde resole resins (alkali catalysed).

Figure 3.3 Schematic of ply lamination of resole impregnated sheets for decorative laminate
manufacture: an early example of ‘prepreg’ technology.
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Resole resins are used for high-performance laminates from glass and carbon fibres,
mainly as textile reinforcements where fire resistance is the main requirement. The main
difficulties for structural composites revolves around the need for low voidage, which is
not easy to achieve due to the water released during cure. To achieve low voidage, high
pressures are employed to prevent bubble formation by keeping the water solubilized.
This has the knock-on effect of reducing the matrix Tg by plasticization.

Because of the potential high-temperature and fire resistance of phenolic matrix
composites, other related systems have been evaluated. For example bisoxazoline and
benzoxazine resins (Figure 3.4) have been developed to meet these disadvantages.

Ishida and Agag [4] have recently reviewed the range of resins available. Figure 3.4
shows the structure of a commercial resin for homo- and copolymerization with epoxy
resins (see Section 3.4) into a cured resin with a highly aromatic molecular structure
akin to the phenolics.

Resole-type phenolics are also used as a precursor for a carbon or graphite matrix
for so-called carbon (fibre)–carbon ceramic composites.

3.3.4 Novolak Resins

The paper laminates described above were the basis of the electrical industry when it
developed in the late nineteenth and early twentieth centuries, but the technology was
limited to simple shapes. There was a need to develop moulding compounds for
moulding into more complex shapes. Baekeland is credited with the development of
the technology in 1909 (the first patent was in 1907), which was invented in Belgium
and commercialized in the USA. Swinburne, who had developed the resole approach,
carried out similar research in the UK, but missed out on the patent by days.

In this approach the phenol is reacted with a deficiency of formaldehyde so that a
material with only short linear molecules is formed. Acidic catalysis is employed to
control the chemistry. The product is referred to as a novolak (Figure 3.5).

The novolaks have 5–7 phenolic groups per chain as a result of the excess phenol
used in the reaction. The deficiency in formaldehyde content is addressed by adding
hexamethylenetetramine (HMTA), the condensation product of formaldehyde and
ammonia. The compound can be thermally shaped in a mould. The degree of flow
in the tooling and hence complexity of the shape can be adjusted by pre-reacting the
novolak with HMTA in the compounding stage, usually on a hot two-roll mill, to
produce a moulding powder. The pressures employed in the moulding process are

Figure 3.4 Bisphenol-A-based benzoxazine resin (Araldite MT 35600).
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determined by the extent to which the ‘cure’ volatiles are lost in the compounding
stage. The volatiles released are water and ammonia. Some HMTA residues are also
retained in the molecular structure of the resin, which explains the colour that
develops during curing. The other critical additive is the reinforcement, which can
be either fibrous (e.g. cotton flock, wood flour, or glass fibre) or particulate (e.g.
ground minerals or glass beads). The early synthetic plastics utilized composite
concepts, as discussed in Chapter 1.

3.3.5 Resins for Composite Manufacture

The phenolic resins have much potential for use for fibre composites, but there are
severe disadvantages: (1) curing chemistry is a condensation reaction involving the
loss of H2O, which is difficult to control; (2) moulding under high pressure is used to
keep the water in solution and prevent bubble formation – therefore, the manufacture
of void-free laminates is difficult; and (3) the resin is brittle and not easily toughened.
Two resin systems that cure without the loss of water or other volatiles have developed
alongside the application of fibre-composite materials. These are the unsaturated
polyester and related resins and epoxy resins. The latter can be cured by a variety of
mechanisms, without volatile formation, using step-growth or chain-growth polymer-
ization. The unsaturated polyester resins were responsible for the development of
‘glass fibre’ or ‘fibreglass’ reinforced plastics because they could be cold cured using
addition polymerization.

3.3.6 Addition Polymerization

The curing of unsaturated polyester, vinyl ester, and urethane acrylate/methacrylate
resins, as well as some epoxies employing catalytic systems, occurs by addition
polymerization. Addition polymerization is a chain reaction with the following steps:

Initiation : I ¼ 2R�

Propagation : R� þM ¼ P1
�

P1
� þM ¼ P2

� up to Pn
�

Transfer : Pn
� þ SH ¼ PnH þ S�

Termination : Pn
� þ Pm

� ¼ Pnþm or Pn þ Pm,

(3.13)

where I is an initiator (often referred to incorrectly as a catalyst); R* is an active
species (free radical ðR�Þ, cation ðRþÞ, anion ðR�Þ, or complex) formed from the

Figure 3.5 Simplified structure of a novolak phenolic resin showing ortho- or 2-substitution.
The –CH2– groups can also be attached at para- or 4-position of the phenol ring. n has a value
of 2–5.
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dissociation (or reaction) of the initiator; P� is the propagating active polymer; Pn, Pm,
and Pnþm are unactive polymers of degree of polymerization n, m, and n + m,
respectively; SH is a transfer agent, which could be a monomer, polymer, initiator,
or additive; S� is an active species formed from the transfer agent after the transfer of
the H atom to the growing active polymer to form an non-active polymer, PnH. Added
transfer agents are used to control the molecular weight of the resulting polymer.

The reason for including this chemistry in the book is to ensure that composite
engineers understand how the nature of the curing of resins used as matrices deter-
mines the structure and properties. For example, the step-growth systems usually need
a post-cure stage to achieve the degree of crosslinking. On the other hand, with
addition polymerization each initiated chain grows until it is terminated so that
unreacted monomer is always present, which is in contrast to step-growth polymer-
ization. Post-cure is required to ensure that the free monomer concentration is
minimized. Furthermore, the differing reactivity of the chain active centres towards
co-monomers leads to a range of molecular structures from alternating to homopoly-
mer blocks. The differing fracture properties of unsaturated polyesters and vinyl esters
can in part be attributed to this phenomenon.

3.4 Epoxy Resins

Epoxy resins is a generic term for resins that contain the epoxy or epoxide groups that
can react with a ‘hardener’ in a step-growth manner or polymerize catalytically in an
addition polymerization.

There are two principal types of epoxy resin, glycidyl ethers or glycidyl amines,
represented by the common examples shown in Figure 3.6.

The glycidyl ether DGEBA is available with differing degrees of polymerization
and with n ¼ 0–34. The mechanical properties of these resins vary significantly
across the range because the molecular length between the reactive epoxy groups
increases with n. Thus, the crosslink density is reduced, as is the resin modulus, but
the failure strain increases. Since DGEBA is difunctional in epoxy groups, the
thermomechanical properties Tg, Em, and Gm are low in magnitude, while the linear
thermal expansion coefficient, αm, will be high because of the low crosslink dens-
ities. As a result, these resins are used mainly in industrial composites. The presence
of high concentrations of –OH groups in DGEBA resins means they find applica-
tions as adhesives.

The cured glycidyl amines such as TGDDM have higher crosslink densities and
therefore superior thermomechanical performance. As a result, they find application in
aerospace structural composites.

Higher crosslink density can be achieved with multifunctional glycidyl ethers such
as the novolak epoxy resin (which is a reaction product of epichlorohydrin and a
novolak phenolic resin; epichlorohydrin is the standard reactant for synthesizing
epoxy resins). There are also a range of mixed glycidyl ether and glycidyl amines,
of which the most common is triglycidyl p-aminophenol (TGAP).
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3.4.1 Curing of Epoxy Resins

The epoxy group can be polymerized either by a chain polymerization initiated by a
curing agent or by step-growth copolymerization with a hardener.

3.4.1.1 Curing Agents
Often referred to as catalytic curing agents, these molecules open the epoxy group in
the initiation step and chain growth occurs by either anionic (negative) or cationic
(positive) addition polymerization, as described in Section 3.3.6. The product has a
relatively non-polar molecular structure, which is a ‘polyether’. A classic curing agent
is boron trifluoride, as an etherate or amine adduct, which initiates cationic chain
propagation, as shown in Figure 3.7.

Tertiary amines initiate anionic polymerization of the epoxy groups, but this is
often employed in combination with a co-curing agent (Figure 3.8). A typical example
is the tertiary amine-initiated anhydride systems, such as nadicmethylene tetrahy-
drophthalic anhydride (NMA). Please note that anhydride curing agents alone require
trace concentrations of water in the initiation stage, whereby the anhydride reacts to
form the analogous acid which initiates an anionic chain reaction. The cured structure
of the network is one of a ‘polyester’ type. A common tertiary amine used with NMA
is benzyl dimethylamine (BDMA).

The cationic homopolymerization of the epoxy groups using a tertiary amine
creates a polyether crosslinked structure (Figure 3.9). Addition polymerization tends
to provide relatively low-polar cured structures so that intermolecular cohesive forces

o

O
O

O

n

O O
O

o

o

CH2

CH2

CH2

CHCH2O
CH2CH

-CH2-CH-CH2

CH2

Novolak epoxy resin

Triglycidyl p-aminophenol (TGAP)

CH2

-CH2-CH-CH2 -CH2-CH-CH2

CH2CH

N

Figure 3.6 The structures of five common epoxy resins: diglycidyl ether of bisphenol A
(DGEBA), where n ¼ 0–34; diglycidyl ether of bisphenol F (DGEBF); tetraglycidyl 4,40-
diaminodiphenylmethane (TGDDM); novolak epoxy resin; triglycidyl p-aminophenol (TGAP).
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tend to ensure that the thermomechanics of the cured resins have low values unless
high degrees of crosslinking are introduced by post-curing at elevated temperatures.
We see in the next section that hardeners in general introduce polar groups into the
molecular structures of cured epoxy resins.

BF3:NH2Et

H+ +
O+

O

O

OH

CH
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O O
+

O

OH

H+ + [BF3NR2]–

CH2

CH CH

OH

CH2 CH2

Figure 3.7 The catalytic cure of an epoxy resin using cationic initiator, BF3 amine adduct, to form
a polyether chain crosslink structure.
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Figure 3.8 Tertiary amine-initiated anionic copolymerization of anhydride ring and epoxy groups
during anhydride curing. A polyester chain is formed.
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3.4.1.2 Hardeners
Curing with hardeners occurs by step-growth addition reaction with amines, carbox-
ylic acids, thiols, and cyanate esters. Typical hardeners are either aliphatic multifunc-
tional amines or aromatic diamines. Dicyandiamide (DICY) is a multifunctional
hardener that is commonly used as a latent ‘curing’ agent for epoxy resins and
especially for prepreg applications.

A common curing agent for epoxies often used for adhesives is a diamine.
Figure 3.10 gives the simplest, ethylene diamine, which is a typical representative
of the range of available and common hardeners. A hardener differs from a catalytic
curing agent because the mechanism involves step-growth addition reactions, as
shown in Figure 3.10.

Cure of epoxy resin using step-growth addition of ethylene diamine (an example
of an aliphatic diamine hardener) involves initial reaction with a primary amine,
–NH2, followed by a subsequent reaction with the secondary amine, –NH–CH2–,

R3N:

R3N⊕

CH2–CH

CH2–CH

CH2–CH

CH2–CH

O–CH2–CH

OΘ A ‘polyether’ structure

OΘ

O

O

Figure 3.9 Catalytic curing of epoxy resin using tertiary amine-initiated anionic polymerization.
A polyether structure is formed.

H H
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CH2 – CH–

CH – CH2

CH – CH2

CH2 – CH–

CH2 – CH

CH2 – CH
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N – CH2CH2 – N

N – CH2CH2 – N
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Figure 3.10 Typical cure reaction of epoxy groups with a diamine hardener. The first stage
involves a primary amine and subsequently with the remaining secondary amine groups. The
latter are less reactive so complete reaction (i.e. full crosslinking) as shown is unlikely.
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which is formed. Reaction of the secondary amines with epoxy groups occurs at a
lower rate so that post-curing at higher temperatures can increase the degree of
crosslinking. This is also accompanied by the formation of β-hydroxyl groups
(–CH2CH(OH)–) so that the molecular structure of the crosslinked resin is polar,
providing hydrogen bonding sites for absorbed water. Therefore, these resins are
susceptible to moisture absorption.

Aliphatic diamines such as that shown in Figure 3.10 are highly reactive, enabling
curing at room temperature. Extending the aliphatic chain or introducing aromatic
groups into the structure can modify the rate of cure. Diamino diphenylsulphone
(DDS) is often used as a hardener for high-performance epoxy resins and can be used
in prepreg systems for high-temperature autoclave processing. The reactivity of 1,3
DDS and 1,4 DDS (Figure 3.11) also differ, which increases the opportunities for
designing epoxy resins with controlled curing.

3.4.1.3 Latent Curing Systems
For prepreg systems, a latent curing system is required so that the pre-impregnated
fibre sheet can be stored and the curing of the resin can be thermally initiated. Early
systems employed mixed curing agents such as the BF3 adducts in combination with
DDS, which becomes active at about 160 �C. The viscosity of the resin and hence the
tack of the prepreg could be adjusted by advancing the DDS/ epoxy reaction in situ.
Dicyandiamide (DICY) is also used to provide latency of cure in a prepreg.
Micronized DICY is dispersed into the liquid resin. Since the hardener is not soluble
at room temperature, prepreg with improved shelf life can be obtained. The viscosity
and tack of the prepreg is adjusted by dissolving a ‘thermoplastic’ such as polyether
sulphone (PES) at temperatures below that of the DICY. In this way the fibres can be
impregnated with a low-viscosity resin to maintain their alignment.

The cure temperature is determined by the melting point of DICY, which occurs at
165 �C. High- and low-temperature curing systems are available: ‘diuron’ or ‘mon-
uron’ amine accelerators can be added to reduce the curing temperature to 120 �C.
Low-temperature systems have clear advantages, such as control of the exotherm
during curing. Careful control of the cure schedule is required for the production of
good-quality void-free laminates. Thus, a dwell at the temperature of minimum resin
viscosity should be included at typically �90 �C. A disadvantage of low-temperature
cure of DICY-based systems is the increased possibility of residual DICY. There is
also a potential for inconsistent resin microstructures, which can be improved by
ensuring that the DICY is micronized into a uniform fine particle size. DICY is used at

Figure 3.11 1,4 Diamino diphenylsulphone (1,4 DDS): an example of an aromatic diamine
hardener.
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concentrations of 4–6 phr, indicating that the mechanism of cure involves its multi-
functionality. Dicyandiamide exists in two molecular tautomers:

H2N

NH2 NH

NH2 NHCNC C CNN

(3.14)

Reaction with an epoxy group is therefore complex (Figure 3.12) and involves the
nitrile as well as the primary amine groups. It is also likely to involve other
crosslinking mechanisms.

3.4.1.4 Co-curing and Other Curing Agents
There is a large range of curing agents for epoxy resins, many of which are employed
for adhesives and/or coatings. It is beyond the scope of this book to provide complete
details. Relevant examples used for composite matrices only are included. Full details
of epoxy resin systems are given elsewhere [5,6]. Here, we list additional curing
agents that are commonly employed for composite manufacture.

Tertiary Amines
For industrial composites, BDMA and tris(dimethylaminomethyl) phenol (Figure 3.13)
are often used in combination with other curing agents, such as NMA. BDMA is also
used as a co-catalyst with polysulphides and polymercaptans, which tend to have
relatively long chain lengths and enable the crosslink density to be controlled.
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Figure 3.12 The reactions involved in the cure of epoxy resins with dicyandiamide (DICY).
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Imidazoles
These activators introduce high reactivity and promote curing at lower temperatures.
On the other hand, trisubstituted ureas or urons, which are reaction products of
isocyanates with dimethylamine, exhibit outstanding latency of cure and find applica-
tion in one-pack adhesives.

Carboxylic acids and anhydrides and related carboxylic functional polyester resins
are also employed to cure epoxy resins as discussed above.

Sulphur-containing curing agents such as mercaptan-terminated polysulphides can
be used as co-curing agents with other long-chain polyamides and cycloaliphatic
amines, and introduce high degrees of flexibility because of the low crosslink density.
In this way, the extensibility and toughness of the resin can be improved.

Quaternary phosphonium salts such as alkyl and triphenylphosphonium halides are
effective latent accelerators for anhydride and phenolic resin-cured epoxy resins. The
latter systems are effective at advancing the cure.

Cationic salts such as triarylsulphonium are used as photoinitiators.

3.4.1.5 Reactive Diluents
Diluents are added to epoxy resins as process aids to reduce the viscosity for fibre
impregnation. They can be either unreactive or reactive. The former have limited
value in composites technology since the properties of the cured resin will be reduced
by the presence of a non-bound diluent. Reactive diluents are small molecules that
enable the viscosity to be reduced but on curing they are involved in the reaction with
the epoxy resin. While the reactive functionality can be other than epoxy, the majority
are mono-functional epoxies that can be reacted into the network crosslinks. Examples
include glycidyl ethers such as butyl glycidyl ether and phenyl glycidyl ether, or
oxiraine compounds such as styrene oxide or octylene oxide.

3.4.1.6 Toughening Techniques
Cured epoxy resins can exhibit high fracture toughness, but this is generally at the
expense of the achievable Young’s modulus. For composite materials we generally
require the matrix to have the highest stiffness, which is obtained from high degrees of

(a) (b)

Figure 3.13 Commonly used tertiary amines employed as co-curing agents: (a) BDMA; (b) tris
(dimethylaminomethyl) phenol.
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crosslinking, but these systems will have relatively low fracture toughness. The
fracture toughness of these resins can be improved by adding either mineral fillers,
rubber particles, or thermoplastic particles, or introducing a soluble thermoplastic or
linear polymer which phase-separates during curing to provide the morphology with
the highest fracture toughness.

Mineral fillers are particles that increase the fracture toughness of epoxy resins; the
mechanism is considered to arise from (1) crack pinning, (2) bowing of the crack
front, and (3) break-away. Thus, K1c increases with particle volume fraction, Vp,
reaching a plateau then decreasing; i.e. an optimum Vp can be expected. The effect
of particle size is unclear because as the diameter decreases the surface area becomes
more significant and influences the structure of the glassy polymer in the
interphase region.

For composite materials, recent research has concentrated on increasing the modu-
lus of the matrix resin within a laminate in order to improve the compression strength
of the material by preventing fibre buckling. A reduction in the thermal strains arises
from the lower thermal expansion coefficient of the ‘filled matrix’.

Rubber particles are typically carboxyl-terminated butadiene–acrylonitrile rubber
(CTBN), and are employed at <20% by weight. The terminal carboxylic acid groups
provide a mechanism of interfacial bonding to the rubber particles. Butadiene rubber
has a Tg of –75 �C and therefore exhibits high resilience at room temperature.
Butadiene–acrylonitrile rubber, generally referred to as nitrile rubber, has a typical
Tg of –38 �C (for a copolymer with 18% acrylonitrile) and is much less resilient at
room temperature.

Efficient toughening is achieved with the correct two-phase morphology. Simple
dispersion does not provide the required microstructure, so it is necessary to dissolve
the rubber in the epoxy for dispersion at the molecular level. Phase separation occurs
during curing as the molecular weight of the epoxy increases through crosslinking.
The rubber phase is finely dispersed and bonded to the epoxy continuous phase.

In thermoplastic modification epoxy resins used as matrices for composites can be
toughened using appropriate linear polymers, which phase-separate into a co-
continuous morphology. Three differing morphologies are possible, depending on
the concentration of the modifier: (1) epoxy continuous phase with dispersed thermo-
plastic ‘particles’ (2) co-continuous morphology; and (3) thermoplastic continuous
phase with dispersed epoxy ‘particles’. To achieve a co-continuous morphology a
precise concentration of thermoplastic of defined molecular weight and structure is
required. Typically, end-capped linear PES or polyether ether sulphone (PEES) meet
these requirements. To understand this we will consider the thermodynamics of
polymer solubility.

3.4.2 Compatibility of Polymers

The compatibility of a resin with a linear polymer can be understood using the concept
of solubility parameters based on the thermodynamics of mixing described in the
Gibbs equation:
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ΔGm ¼ ΔHm � TΔSm, (3.15)

where ΔGm, ΔHm, and ΔSm are the changes in free energy, enthalpy, and entropy of
mixing, respectively.

For complete mixing, ΔGm has to be negative, while ΔSm will tend to be positive.
For small molecules, ΔSm will be large and positive so that –TΔSm will readily ensure
mixing when there is no interaction between the components and ΔHm ¼ 0. With
polymer–polymer mixing the change in entropy is small and close to zero so that for
polymer–polymer compatibility, ΔHm should be negative. This arises when the two
components interact, which can be defined by eq. (3.16):

ΔHm ¼ n 1n 2ðδ1 � δ2Þ2V , (3.16)

where δ1 and δ2 are the solubility parameters of components 1 and 2, n 1, n 2 are the
volume fractions of the two components, V is the total volume of the system, and δ is
defined as the square root of cohesive energy density representing the energy of
interaction between like molecules. Polar molecules will have high values of δ. For
mixing, the interaction between components 1 and 2 must equal that between com-
ponents (1 and 1) and (2 and 2), otherwise the molecules will prefer themselves. Thus,
for mixing ðδ1 � δ2Þ and hence ΔHm will be zero. This simply describes the maxim
‘like dissolves like’.

The solubility parameter can be readily calculated from its molecular structure
according to the simple equation

δ ¼ ρ
X G

M
, (3.17)

where ρ is the density, M is the molecular weight, and G is the molar attraction
constant for an individual ‘molecular’ element of the molecule. The sum of the
contributions from the structural elements provides the attraction energy density for
that molecule.

Equation (3.17) needs a correction factor for polar molecules and a more accurate
value needs to include all the molecular interaction components of cohesive energy:
dipole, polar, and hydrogen bonding. The total solubility parameter δt is given by

δ1 ¼ ðδ2d þ δ2p þ δ2hÞ1=2, (3.18)

where δd, δp, and δh are the dipole, polar, and hydrogen bonding contributions to the
solubility parameter, respectively.

Calculation of solubility parameters according to Hoy [7] and van Krevelen and Te
Nijenhuis [8] enables the individual contributions to the total solubility parameter to
be obtained. The total solubility parameter, δt, of DGEBA is in the range
20.6–21.24 MPa½, depending on the molecular weight. The dipole component, δd,
decreases from 16.47 to 16.22 MPa½ with molecular weight, while the polar compon-
ent increases because of the higher number of polar OH groups. Table 3.1 shows that
after curing the value of δt tends to be higher, at 22–24 MPa½. The hydrogen bonding
component is fairly constant at 8–10 MPa½.
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The general rule of thumb for identifying compatible pairs is given by:

δ1 ¼ δ2 � 2 MPa1=2: (3.19)

Therefore, for the rubber to dissolve in the epoxy resin it needs a value δt in the range
20–26 MPa½. As shown in Table 3.1, butadiene rubber has a value of δt outside of this
range. However, we see that polyacrylonitrile has a value of 26.3 MPa½, so that nitrile
rubber, which is an acrylonitrile–butadiene copolymer, will have a closer solubility
parameter and compatible with a typical epoxy resin. We see that PES has a similar
value to advanced epoxy resins.

Solubility parameters have additive characteristics so that compatibility can be
achieved using mixed systems, as indicated by eq. (3.20):

δm ¼ x1δ1 þ x2δ2, (3.20)

where δm is the solubility parameter of a mixture of components 1 and 2 at mole
fractions of x1 and x2.

3.4.2.1 Phase Separation in Polymer Blends
Flory and Huggins’ polymer solution theory [3] is a statistical model in which a
polymer segment is placed, statistically, into a lattice of solvent molecules. The

Table 3.1. Calculated solubility parameters (δt) and the hydrogen bonding components (δh) of selected epoxy
monomers, hardener (DDS), and typical cured epoxy networks [9] and comparative polymers

Epoxy monomer segment/polymer Function
δt (MPa½)
(calculated)

δt (MPa½)
(measured)

δh
(MPa½)

DGEBF Monomer segment 22.36 – 9.75
DGEBA Monomer segment 21.26 – 8.13
TGAP Monomer segment 22.92 – 10.34
TGDDM Monomer segment 21.84 – 8.88
4,4’, DDS Monomer segment 27.18 – 9.18
TGAP/DDS (2:1) Cured epoxy resin 24.06 – 10.25
TGDDM/DDS (5:1) Cured epoxy resin 22.30 – 8.95
TGDDM/ TGAP /DDS (19:13:10) Cured epoxy resin 22.89 – 9.4
DEGBA/NMA (1:2) Cured epoxy resin 24.0 – –

PES Thermoplastic flow control
and toughening agent

24.7 23.0 –

PEE) Thermoplastic flow control
and toughening agent

23.5 – –

Poly bisphenol A sulphone Comparative thermoplastic 21.7 21.2 –

Polycarbonate Comparative thermoplastic 20.3 20.4 –

Polybutadiene Component of nitrile rubber
toughening agent (CTBN)

16.8 17.0 –

Polyacrylonitrile Component of nitrile rubber
toughening agent (CTBN)

26.3 26.2 –
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assumption is that the segment of a polymer chain has a similar molecular size to the
solvent molecule. Equation (3.21) describes the free energy of mixing, ΔGm:

ΔGm ¼ RT ½n1lnϕ1 þ n2lnϕ2 þ n1ϕ2χ	, (3.21)

where n1 is the number of solvent molecules, n2 is the number of segments in the
polymer, and ϕ1 and ϕ2 are the mole fractions of sites 1 and 2. χ is the Flory interaction
parameter, which has both enthalpic (χH) and entropic (χS) components:

χ ¼ χH þ χS: (3.22)

The enthalpic component is related to the solubility parameter according to eq. (3.23):

χH ¼ V1ðδ1 � δ2Þ2
RT

, (3.23)

where V1 is the molar volume of the solvent.
The development of eq. (3.21) to understand the criteria for solubility of a polymer

is beyond the scope of this book. However, for solubility it is understood that χ has a
value of ½ when the entropic and enthalpic components are in balance and the
solution can be considered to be a mixture at the molecular level. We also see in eq.
(3.23) that χH is temperature-dependent. As a result, a polymer–solvent blend will
exhibit a temperature above which it has one phase (i.e. a solution), which is referred
to as the theta temperature, θ. Below this temperature the polymer will not be soluble.
Theta conditions refer to a dilute solution at the theta temperature, Tθ and χ ¼ ½, and
are considered to be ideal.

In the context of polymers employed for composite matrices it is relevant to
highlight the effect of molecular weight of components on phase separation in
polymer blends. The Flory–Huggins theory can be applied to binary polymer–polymer
systems, as discussed by Scott [10], who estimated the partial free energies of mixing:

ΔFm1 ¼ RT lnn 1 þ 1� m1

m2

� �
n 2 þ m1χn 2

2

� �
, (3.24)

ΔFm2 ¼ RT lnn 2 þ 1� m2

m1

� �
n 2 þ m2χn 2

1

� �
, (3.25)

where ΔFm1 and ΔFm2 are the partial molar free energies of mixing for a polymer-1–
polymer-2 binary system. m1 and m2 are essentially the degrees of polymerization of
the two components at volume fractions of v1 and v2.

The critical value of the Flory interaction parameter for solubility/phase separation,
χc, can be obtained by differentiation and setting ΔFm ¼ 0:

χc ¼
1
2

1

m½
1

� �
þ 1

m½
2

� �� �2
: (3.26)

For polymer–solvent systems χc ¼ 0.5, but for polymer–polymer systems χc � 0.01.
Thus, polymers of infinite molecular weight will tend to be incompatible unless there
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is a specific interaction (i.e. ΔHm is negative). In the context of matrices for fibre
composites, which are mainly crosslinked network polymers such as epoxy resins,
curing causes the molecular weight to increase and eventually become infinite. As a
result, any dissolved linear polymer will tend to phase-separate during cure. This is
referred to as reaction-induced phase separation and is the basis for creating the
correct morphology for high fracture toughness when thermoplastics are blended into
thermosetting resins. For example, when PES is employed as the flow control and/or
toughening agent at a concentration of about 20%, a co-continuous microstructure
forms during cure, while below that the PES will phase-separate with a continuous
epoxy resin phase. At higher concentrations the epoxy component will be discontinu-
ous. Examination of the thermodynamics above demonstrates that the morphology
achieved can be dependent on the cure schedule and the temperatures employed, as
well as the molecular weight of the toughening agent.

3.4.3 Cure Property Diagrams

The glass transition temperature, Tg, of a thermosetting resin is not so easy to measure
because two major parameters contribute to the formation of a glass: the rates of
crosslinking and cooling. As shown in Figure 3.14, a linear polymer will exhibit a
linear change in volume with temperature on cooling until the glass transition tem-
perature is reached, when the rate of contraction decreases. On rapid cooling, a glass
will form at a higher temperature. A polymeric material consists of randomly coiled
molecular chains so that the reorganization of segments in the chain occurs with
cooling. To achieve the lowest statistically possible structural arrangement an infini-
tesimally slow cooling rate is required. Some polymers have a regular structural

Temperature

Glass

Fast cool

Liquid

V
o

lu
m

e

Slow cool

Tg1 Tg2

Figure 3.14 Schematic showing the effect of cooling rate on the glass transition
temperature, Tg, of a linear polymer.
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arrangement at the segmental dimension and will crystallize. Irregularly structured
polymers cannot crystallize and form a glass.

Since most polymers do not normally crystallize completely (i.e. 100%), they
exhibit melting and glass transition temperatures. Typically, Tg occurs in the range
0.5–0.8 Tm. Thus, a glass with the lowest possible Tg will exhibit the smallest
‘unoccupied’ volume, which is referred to as free volume and defined as the statistical
volume for chain–chain crossover, unperturbed by interactions [11]. Therefore, the
unoccupied volume in a polymer will consist of free volume and nano-voids [12].

However, a thermosetting polymer such as an epoxy resin differs from a linear
polymer in that they are generally non-polymeric, becoming polymeric only during
curing. There is an additional shrinkage mechanism, resulting from the crosslinking of
the molecules during curing. This results in a different behaviour on cooling, as shown
in Figure 3.15. A glass forms at a higher transition temperature, Tg2, with a larger
unoccupied volume when a resin with a higher extent of crosslinking (degree of cure)
is cooled. The cured resin can have a lower density despite a higher glass transition
temperature. Thus, the resin in the as-cured state will be in a non-equilibrium state. We
see in Chapter 9 that this is responsible for the anomalous moisture absorption of some
resin systems, which occurs under thermal cycling.

Gillham and coworkers [13–15] have studied in detail the properties of matrix
resins during representative cure schedules using thermal analysis. In particular,
torsional braid analysis enables the conversion of a liquid resin into a solid during
curing and subsequent cooling. From these studies, time transformation diagrams and
cure–temperature property diagrams could be derived.

As discussed in Section 3.3.1, the cure of an epoxy resin involves the gradual
increase in average molecular weight as the relatively low molecular weight
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Figure 3.15 Schematic showing the effect of cooling and degree of cure on the glass transition
temperature, Tg, of a thermosetting polymer. Tc is the cure temperature.
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monomers or oligomers react with the hardeners. The following events occur during a
cure schedule with rising temperature:

1. gelation
2. phase separation
3. vitrification (glass formation)
4. devitrification (occurs when the temperature exceeds the lowest Tg0, the lowest Tg

of the system)
5. degradation (at high temperatures thermal chain bond scission is possible: resin cure is

exothermic and control of cure and hence the actual temperature of the part is essential).

Since cure reactions are exothermic, the temperatures of the part, especially in thick
sections and at different positions in the moulding, can vary and be significantly
elevated above the cure temperature, Tc. As a result, to avoid excessive rises in
temperature from exothermic processes, the initial cure temperature is often kept
relatively ‘low’, then followed by a post-cure at an elevated temperature to achieve
full cure. The temperature schedule will depend on the resin system employed.

A time–temperature–transformation (TTT) diagram can be obtained from the experi-
mental determination of the times to gelation, tgel, and vitrification, tvit, under isothermal
conditions. Full details are beyond the scope of this text, but a complete description is
given elsewhere [5,16–18]. Figure 3.16 gives an example of a TTT diagram.

Sol/gel
rubber

Tc

Tg∞

Tg0

gel Tg

Liquid

Sol glass

log (tc, gel) log (tc)

Char

Sol/gel glass

Gel glass

Gel
rubber

G
elation Vitrification

Devitrification

Vitrification

Full cure

Phase separation

Figure 3.16 Time–temperature–transformation (TTT) diagram. Tc and tc are the cure temperature
and time, respectively. Tg, Tg0, Tg∞ are the glass transition temperatures at times tc, t0 (the resin/
curing agent mixture) and the fully cured resin (tc ¼ t∞). gel Tg is the Tg at tc,gel ¼ tc,vit, the cure
times for gelation and vitrification, respectively (the gelation and vitrification lines). Sol glass is
soluble, whereas gel glass is crosslinked and only swells in a solvent. The liquid region is
represented by iso-viscosity contours (differing by 10) for a homogeneous system. Char
represents the degradation region [16].
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A TTT diagram describes the complexity of the cure of the resin. Initially the cure
temperature needs to exceed sol Tg (Tg0) for the reactions to proceed. As the complex-
ity of the molecular structure increases with cure, so does the Tg (tc) (tc is the cure time
at a constant temperature, Tc) until it reaches the cure temperature Tc, when it vitrifies.
As Tc approaches Tg (tc) the molecular mobility decreases and the rate of cure
decreases according to a ‘second’ or higher-order kinetic law, eventually becoming
diffusion-controlled. Subsequently, the cure reactions are quenched, despite the pres-
ence of reactive functional groups. These occluded reactive sites provide a latent cure
mechanism because, as discussed in Section 3.3.3, the cure mechanisms can be
reactivated on raising the temperature.

The TTT curve shows the relationship between gelation and glass formation during
curing and provides the time and temperature dependence and demonstrates how full
cure can be achieved. Thus, it is common practice to employ a post-cure at an elevated
temperature. Phase separation of a rubber or thermoplastic modifier occurs as the cure
progresses, as shown by the increased viscosity identified by a series of iso-
viscous lines.

Gillham and coworkers [13–15] have discussed the TTT diagrams for epoxy resins.
However, Prime [18] has reviewed the application of TTT concepts to the cure of
other thermosets, phenolic, amino, allyl, and unsaturated polyester resins.

Wang and Gillham [19] have extended the concept to the cure–temperature prop-
erty diagrams to represent structural changes (Figure 3.17). In particular, they include
β-transitions, which strongly influence the fracture toughness of the cast resin and the
elastic modulus. The cure parameter, C, is given by

C ¼ Tg � Tg0

Tg∞ � Tg0
: (3.27)

Tg0

Tg∞

cTg

Gel Tβ

Tβ∞

Tβ0

0 1

Gelation
gel Tg

Ungelled glass
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Glass transition
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Sol fluid region

Te
m

p
e
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tu
re

Cure parameter, C

Sol/gel rubber region

Gelled glass region I

Vitrification

Gelled glass region II

β-transition

Figure 3.17 Cure–temperature property (CTP) diagram illustrating the influence of the
temperature range for the glass–rubber transition and the β transition. cTg is the onset
temperature [16].
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Figure 3.18 shows a typical dynamic mechanical thermal analysis (DMTA) spectrum
for a DDS-cured epoxy resin showing the β-transition, which occurs at –50 �C. The Tg
appears to have two components after cure at 180 �C. The so-called post-curing peak
is not present after cure at 200 �C. The origin of the low-temperature peak is not clear,
but could arise from the presence of ‘incompletely’ reacted components of the MY721
epoxy [20].

The low-temperature beta peak provides a molecular energy absorption mechanism
and therefore introduces a degree of fracture toughness to the resin casting.
Furthermore, the modulus of the glass is also affected. Group interaction modelling
extends eq. (3.1) into a methodology for predicting the thermal and mechanical
properties of polymers [21] from the molecular structure. The model has been applied
to aerospace epoxy resins [22].

3.5 Unsaturated Polyesters Resins for Lamination

Unsaturated polyester resins (UPE) represent a milestone in the development of the
composites industry. These resins are solutions of an unsaturated polyester dissolved
in a reactive diluent, which is mainly styrene. The curing of early resins was subject to
air inhibition, which limited their introduction. This issue (air inhibition) was solved
by ground-breaking work at Scott Bader and Co. Ltd by incorporating paraffin wax in
ppm (parts per million) quantities to provide an oxygen barrier at the moulding surface
[23]. There are two main classes of resin, casting and laminating, and the latter are
most relevant to this discussion.
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Figure 3.18 Dynamic mechanical thermal analysis (DMTA) spectrum of a DDS-cured
TGDDM (MY721). The post-curing peak is present after 180 �C cure but absent after 200 �C
cure. The beta peak at Tβ is also demonstrated (from J. P. Foreman).
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Polyester laminating resins are viscous, pale-yellow liquids. These resins are
solutions of unsaturated ‘oligomeric’ polyester of low degree of polymerization,
8–10 (i.e. MW � 2,000) in an unsaturated reactive diluent, which is commonly
styrene. These resins cure into a crosslinked network polymer by rapid addition
copolymerization of the unsaturated groups in the polyester with those of the reactive
diluent. To tune the thermomechanical properties of the cured resin, the crosslink
density is controlled in two ways:

1. the spacing of the unsaturated groups (–C¼C–) in the oligomeric polyester by
incorporating saturated monomeric units via copolymerization with a
saturated acid;

2. varying the reactivity of the unsaturated groups to styrene during curing by
changing the glycol component in the synthesis, which provides an important
means of controlling the rate of cure during composite manufacture [24–27].

The structure of a cured UPE is often represented schematically, as shown in
Figure 3.19.

While the cured structure given in Figure 3.19 is commonly used, Figure 3.20 is a
better representation because of the average length of the polystyrene bridges
(n � 2–3). This is a consequence of the kinetics of the copolymerization, which are
discussed below.

3.5.1 The Synthesis of Unsaturated Polyester

Figure 3.21 provides the molecular structures of the common monomers employed for
the synthesis of polyester.

Maleic anhydride and propylene glycol together with phthalic anhydride are the
most common starting materials. The choice of anhydrides, as opposed to diacids, is
determined by the more rapid esterification and lower number of moles of H2O that
evolve during the polycondensation, as illustrated in Figure 3.22.

The esterification reaction is a slow process involving the distillation of the water of
condensation over 12–20 hours at temperatures up to 200 �C in a nitrogen atmosphere.
In batch reactors this is achieved with a nitrogen purge that means the diol often distils
out with the condensate. Esterification is acid-catalysed, but sulphuric acid cannot be
used because of side reactions that result in coloured products. The other common

Figure 3.19 Schematic description of a cured unsaturated polyester resin; –A–B– is the polyester,
S is the reactive diluent (styrene) built into a copolymer network.
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Figure 3.20 Schematics of (a) the structure of uncured unsaturated polyester resin
containing (A) unsaturated PE oligomer, (B) reactive diluent styrene, and (C)
‘catalyst’ system-initiator fragment ‘I’; and (b) the structure of the cured resin
illustrating a ‘simple’ model of the network (n � 2–3) [24,28].
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esterification catalyst is butyl titanate, but unfortunately it hydrolyses to titania, which
results in a white-pigmented resin that is generally unsuitable for the synthesis of
laminating resins. Therefore, self-catalysed conditions are employed. The reaction is
continued until an acid value of 30–40 mg KOH/g (of resin) is achieved. From 1 mol
of diol and 1 mol of diacid this is equivalent to an extent of reaction of p ¼ 0.95,
which equates to Pn � 20 (see eq. 3.10), but in reality Pn � 10 (Mn ¼ 1,400–1,850)
because a 5–10% excess of diol is used. Therefore, a typical recipe might be:

� 1 mol phthalic anhydride
� 1 mol maleic anhydride
� 2.2 mol propylene glycol (1,2 propane diol).

The chemistry of the synthesis is shown in Figure 3.22.
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Figure 3.21 Chemical structures of the acids, anhydrides, and glycols used in the synthesis of a
UPE resin [26].
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The excess diol can be lost during synthesis in the following ways:

1. the diol distils as an azeotrope with the water;
2. self-condensation of the diol into volatile cyclic ethers; and
3. self-condensation into higher ether diols (e.g. diethylene glycol from ethylene

glycol), which can be incorporated into the resin structure.

The acidity of the mixture and the temperature reached by the reactants determine the
structure of the polyester because of the extent of cis–trans isomerization of maleic
anhydride.

3.5.1.1 Cis–Trans Isomerization of Maleate to Fumarate
During Polycondensation
The most significant aspect of the synthesis that impacts on the reactivity of the resin
and the thermomechanical properties of the cured resin is the extent of the cis–trans
isomerization of the maleic anhydride into fumaric acid (Figure 3.23), which is
incorporated as fumarate unsaturated groups in the polyester chain. The trans
–C¼C– bonds of the fumarate groups in the UPE chain have a higher reactivity to
the styrene diluent in free radical copolymerization. Fumaric acid is also used to
synthesize resins with higher reactivity during curing, but the additional costs associ-
ated with removing the extra mole of water is not always justified by the benefits.
Therefore, controlling the isomerization of maleate to fumarate is an important factor
in resin production. Figure 3.24 shows how the degree of isomerization differs with
the glycol selected. Propylene glycol is most effective. The cis–trans isomerization is
acid-catalysed so the acidity of the component diacid is an important consideration. To
promote isomerization in diethylene glycol resins it is essential to include phthalic
anhydride in the recipe because ortho-phthalic is the strongest acid (other than maleic).
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Figure 3.22 Synthesis of unsaturated polyester from phthalic anhydride, maleic anhydride, and
propylene glycol.
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Table 3.2 gives the values of pKa for the phthalic acids with comparatively strong and
weak acids. A strong acid has a low pKa, so we see that the alternative phthalic acids
are less able to promote isomerization.

3.5.2 Formulation of Unsaturated Polyester Ester Resins

The unsaturated polyester with the correct acid value is blended with a reactive
diluent, which is mainly styrene (at 30% w/w) in the presence of an inhibitor or free
radical scavenger, usually hydroquinone. The latter stabilizes the resin, providing a
good shelf life and control over the induction period or ‘working time’ before
gelation, after addition of catalysts and accelerators. In some applications a more
complex inhibitor system is employed. Therefore, a typical recipe is given in
Table 3.3 [28].
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Figure 3.24 Degree of cis–trans isomerization in glycol maleate polyesters [25,26].
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Figure 3.23 Maleic anhydride and subsequent acid-catalysed cis–trans isomerization of maleic
acid to fumaric acid.
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The paraffin wax is added as an air inhibitor, which migrates to the free surface to
act as an oxygen barrier and prevent reaction with the propagating species involved in
the cure of the resin. It prevents the formation of tacky surfaces.

3.5.3 Polyester Formulation

The formulation of the polyester has a number of variants: the nature of the diol or
glycol; the choice of unsaturated or saturated acids; and the degree of isomerization of
maleate to fumarate esters, which is a function of the choice of glycol (Figure 3.24).
Thus, the crosslink density of the cured resin is strongly dependent on the choice of
components, synthesis conditions, and the reactivity and concentration of the
unsaturated groups.

Maleic anhydride is preferred for general-purpose resins, while fumaric acid-
based resins have superior reactivity during cure and hence the achievable thermo-
mechanical properties. Resins with high fumarate content achieve high crosslink
densities after curing and therefore good temperature and environmental resistance,
but tend to be brittle. Fracture toughness and impact strength can be improved by

Table 3.3. Typical composition of an unsaturated polyester resin

Component Function
Polyester
structure

Resin
composition

Resin
composition
(parts by
weight)

Polyester 2.1 mol 170 parts
Propylene glycol Diol 1.1 mol
Maleic anhydride Unsaturated acid 0.67 mol
Phthalic anhydride Saturated acid 0.33 mol
Styrene Reactive diluent 0.92 mol 100 parts
Benzyl trimethylammonium chloride Inhibitor 1.4 mmol 0.26 parts
Hydroquinone Inhibitor 0.3 mmol 0.034 parts
Quinone Inhibitor 0.03 mmol 0.0034 parts
Paraffin wax Oxygen barrier for cure 100 ppm 0.027 parts

Table 3.2. The acidity of maleic and phthalic acids

Acid pKa Strength

HCl –7 High
Maleic 1.92
Ortho-phthalic 2.98
Isophthalic 3.46
Terephthalic 3.51
Formic 3.77
Acetic 4.76 Low
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optimizing the crosslink density using ‘flexible’ chain glycols and the ratio of
saturated to unsaturated acids in the synthesis. High-performance systems often
include polymeric toughening agents. The beauty of some fabrication techniques
is that their compatibility can be used to tailor the fracture toughness of the exposed
surface in, for example, a pipe.

Isophthalates generally have superior properties to the orthophalates, especially in
environments exposed to water, chemicals, and weathering. Residual phthalic anhyd-
ride can result from in-service hydrolysis of mono-phthalate chain ends.

Higher temperature resistance, durability, and chemical resistance akin to epoxy
resins can be obtained by introducing ethoxylated bisphenol A into the formulation.

Fire retardancy is another important property, which is achieved by incorporating
halogenated compounds such as HET acid (chlorendic acid) (Figure 3.25) and/or
dibromoneopentyl glycol. HET acid is commonly used to introduce high chlorine
content for self-extinguishing properties. However, the thermochemical properties of
these resins are inferior to isophthalic resins because the –C¼C– is unreactive and
fumaric acid is often used to provide the crosslinking mechanism, so careful molecular
design is employed for fire-retardant resins.

Fire retardancy can also be achieved or enhanced by adding inorganic fillers such as
antimony oxide and/or alumina trihydrate, but at the expense of resin transparency.

3.5.4 Reactive Diluents

Generally, the reactive diluent is styrene, but for translucent sheeting a fraction can be
replaced with methyl methacrylate. It cannot be used alone because it does not readily
copolymerize with the unsaturated polyester, but provides higher light transmission.
Alternative diluents such as vinyl toluene, α-methyl styrene, and diallyl phthalate can
be employed in specialist applications. The limitation to the use of styrene is its
volatility, and care is needed for safe use. The technological solution is to ensure a low
partial pressure of styrene above a moulding during manufacture. This can be
achieved in an analogous methodology to air inhibition during curing, whereby ppm
quantities of wax or equivalent are added, which migrates to the surface of the
moulding.
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Figure 3.25 (a) Chlorendic or HET acid and (b) chlorendic anhydride used to introduce fire
retardancy into unsaturated polyester resins.
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3.6 Curing of Polyester Resins

These liquid resins can be converted into mechanically stable solid materials without
the release of volatiles, and are often referred to as contact resins because the
composite and the material are formed simultaneously. Curing is achieved by free
radical addition copolymerization of the unsaturated polyester with the reactive
diluent, which is commonly styrene. As shown in Figure 3.26, the copolymerization
of the maleate groups (and/or fumarate groups) in the polyester with styrene is
initiated by a free radical R•, which is generated either by thermal dissociation of a
peroxide ‘catalyst’ (it is not a true catalyst but an initiator) in hot curing systems, or by
reaction with an accelerator in cold curing systems.

Typical peroxide catalysts are shown in Table 3.4. Methyl ethyl ketone peroxide
(MEKP) is commonly used for cold curing, while benzoyl peroxide (BP) is employed
in hot curing systems. MEKP is available in differing reactivities achieved by altering
its concentration in the phthalate ester solution. Hydroperoxide is an impurity arising
from the presence of adventitious water, which also affects the reactivity. The Scott
Bader handbook [29] differentiates reactivity, which controls the gelation and cure
times, from activity, which is responsible for under-cure of an artefact. Storage of
MEKP in dry conditions reduces the loss of its activity. MEKP is commonly used in
cold cure formulations with a cobalt accelerator. Free radical formation can also be
accelerated for cold curing with dimethyl aniline (DMA). BP is dispersed in a
phthalate ester for use as a paste. It is thermally activated above 70 �C. Table 3.4
summarizes the principles for selection of the catalyst.

Figure 3.26 Copolymerization of maleate groups in unsaturated polyesters with styrene during
curing. The crosslinks involve on average two styrene molecules. R• is a free radical generated
from the peroxide initiator.
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Table 3.4. Peroxides used as ‘catalysts’ in polyester resin cure

Peroxide ‘catalyst’ Form Reactivity

Critical
temperature
(�C) Accelerator

Concentration
(%)

Dosing
concentration
(%)

Benzoyl peroxide (BP) Paste in a phthalate*
plasticizer

Thermal cure 70 Diethyl
aniline

50 2–4

Cyclohexanone peroxide (CHP) Paste in a phthalate**
plasticizer

Slow gel +
rapid hardening
rates

90 Cobalt or
vanadium

50 0.5–4

Methyl ethyl ketone peroxide (MEKP)
(various reactivity grades may contain
hydroperoxide impurity)

Solution in a
phthalate plasticizer

Medium + rapid gel
+ medium
hardening rates

80 Cobalt or
manganese

60 1–2

Acetyl acetone peroxide (AAP) Rapid reactivity for
RTM and cold press

65 50 (2–4 active O) 1–3

Tertiary butyl peroctoate (TBPO) Hot-press
moulding/pultrusion

70 Cobalt >50 1–3

Tertiary butyl perbenzoate (TBPB) Hot-press
moulding/pultrusion

90 Cobalt 50 1–3

* Dimethyl phthalate; ** dimethyl phthalate or dibutyl phthalate.
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Table 3.5 gives some typical accelerators. Cobalt naphthenate and dimethyl aniline
as solutions in styrene are commonly used. Mixing the catalyst and accelerator can be
explosive, so for safety reasons pre-accelerated resins, which have the accelerator
added, are available. This is often indicated by the term ‘PA’. Gel times should be
adjusted by varying the accelerator concentration and not the peroxide catalyst, so it is
important to heed manufacturers’ recommendations.

3.6.1 Curing Chemistry

It is essential to understand cure mechanisms because the material and artefact form at
the same time. Therefore, the manufacturing process can be optimized to achieve
consistent properties. Curing involves the initiation of a copolymerization of styrene
with the UPE. The rate of reaction is a function of the molecular location of the –

C¼C–, which strongly influences microstructures of cured UPE resin and related vinyl
ester resins, and hence their mechanical properties.

Curing involves three stages:

Stage 1 Production of Free Radicals

1. Generation of free radicals from the peroxide (R–O–O–R):
a. Hot cure:

R�O�O�R ¼ R�Oo þ oO� R or ROo þ oOR:

b. Cold cure:

R�O�O�Rþ Co2þ ¼ ROo þ ROo� þ Co3þ:

2. Reaction with inhibitor (hydroquinone, HQ):
a. HQ controls the shelf life and working time of the catalysed resin:

ROo þ HQ ¼ ROHþ Qo,

where Qo is a stable radical unable to initiate curing.

Table 3.5. Accelerators for use in the cure of polyester resins

Accelerator Solvent

Cobalt
concentration
(%)

Dosing
concentration
(%) Application

Cobalt naphthenate Styrene 0.5–6.0 0.5–4.0
(100 ppm)

Glass fibre contact
moulding

Cobalt octoate Dimethyl phthalate 0.5–1.0 0.5–2.0

Vanadium
naphthenate/ octoate

Styrene (or
naphthenic acid)

2.8–3.2 (by
volume)

0.5–2.0

Dimethyl aniline DMP/styrene 0.5–2.0 Rapid curing with BP for
‘filler’ compounds
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3. Polymer chain growth:
a. Initiation:

ROo þ S ¼ So1,

where S is styrene.

b. Propagation:

So1 þ S ¼ So2,
So1 þ P ¼ SPo etc:,

where P is polyester.

4. Air inhibition

So1!n þ O2 ¼ S�O�Oo,

where So1!n represents a styrene free radical of varying molecular size from degree
of polymerization of 1 to n:

S�O�Oo þ S ¼ S�O�O�So

S�O�O�So þ nSþ mP ¼ SnPmSn�O�O�SnPmSn�O�O�Son:

The rate of reaction of a styrene radical, S•, with O2 is ~10
7 greater than the reaction

with styrene for continued cure. The product is also thermally unstable, releasing
free radicals in an uncontrollable mechanism that can initiate further reaction with
styrene and O2.

Stage 2 Copolymerization of UPE Through Reaction of Maleate (M) and
Fumarate (F) Groups with Styrene (S)

Figure 3.26 illustrates the copolymerization of the maleate groups with styrene, but in
reality we need to consider the relative rates of reaction of the maleate and fumarate
groups with styrene, and styrene with styrene [30,31].

The following reactions occur with the given individual rate constants (k):

Ro þ S ¼ So ki,

So þ S ¼ So2 þ nS ¼ Snþ2 kSS,

So þM ¼ Mo kSM ,

Mo þM ¼ Mo
2 þ nM ¼ Mo

nþ2 kMM ,

So þ F ¼ Fo kSF ,

So þ F ¼ Fo2 þ nF ¼ Fonþ2 kFF:

The relative rates of styrene-to-styrene radicals, styrene-to-maleate radicals,
maleate-to-styrene radicals, and maleate-to-maleate radicals are given by the ratios
of rate constants:

kSS
kSM

¼ rSM ¼ 6:5,

kMM

kMS
¼ rMS ¼ 0:005,
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where rSM and rMS are monomer reactivity ratios for a styrene free radical with
maleate groups and a maleate free radical with styrene.

From the values of rSM and rMS, we see that styrene (S) adds to a styrene radical
(S•) significantly more rapidly than to a maleate (M•) radical.

The analogous analysis for fumarate groups is:

kSS
kSF

¼ rSF ¼ 0:3,

kFF
kFS

¼ rFS ¼ 0:07:

Thus, fumarate radicals will tend to add styrene, and styrene radicals will tend to
add to fumarate unsaturated groups. Thus, an alternating copolymer will tend
to form.

Methyl methacrylate (m) is an alternative reactive diluent for UPE; the monomer
reactivity ratios given below provide understanding [32,33]:

kmm
kmM

¼ rmM ¼ 354,

kMM

kMm
¼ rMm ¼ 0:

This data shows that methyl methacrylate will tend to homopolymerize, with only
the occasional maleate links.

Analogously, the reaction of methyl methacrylate with fumarate (F) groups has
the following monomer reactivity ratios:

kmm
kmF

¼ rmF ¼ 40,

kFF
kFm

¼ rFm ¼ 0:03:

Thus, there is still a high probability for methyl methacrylate to homopolymerize,
but the chain length between fumarate groups will tend to be shorter. Therefore,
methyl methacrylate is not an appropriate reactive diluent, but could be included as
an additional comonomer.

Stage 3 Diffusion of Monomer

The microstructure of the cured resin is determined in Stage 2. Although copolymerization
achieves an approximate alternating molecular structure from the two components,
the concentration of styrene usually exceeds the molar concentration of maleate and
fumarate groups. Therefore, the excess styrene present after initial gelation will
diffuse to the free radical sites for further reaction during Stage 3. Figure 3.27 shows
the consumption of the polyester (P) and styrene (S) components throughout the
curing of maleate and fumarate unsaturated polyesters. Post-curing is required for
full cure. The highest heat distortion temperature (HDT) is achieved with high post-
cure temperatures.
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Post-Curing
During chain addition polymerization, polymers form instantaneously so that free
monomers are always present unless the reaction is pushed to completion. Therefore,
post-curing is usually necessary to achieve the optimum thermomechanical properties.
Figure 3.27 shows that, after curing, free styrene is still present in the moulding and
that post-curing reduces the free styrene concentration. It is also shown that in the
fumarate UPE the residual concentration of unsaturated groups is also lower.

For effective post-curing, the glass transition temperature of the cold-cured resin
should be exceeded so that the rate of diffusion of monomers is increased. Post-curing
can also involve the decomposition of any residual peroxide into free radicals for
further reaction.

Exotherms
The curing of UPE is exothermic, which can be used to manage the degree of post-
cure in a ‘cold-cured’ component. However, uneven exothermic heat dissipation
throughout a structure may lead to differential curing and variable thermal residual
stresses. Typical exothermic temperatures can reach 200 �C and above, as shown in
Table 3.6. The most reactive resins have high fumarate concentrations and exhibit the
highest exotherms. This is associated with the presence of the trans –C¼C– bonds
resulting from the high degree of cis–trans isomerization of the maleate groups in
propylene glycol resins (Figure 3.23). Management of the exotherm can be achieved
by choosing the correct catalyst/accelerator ratio. A low ratio provides curing without
a heat effect. Thus, structures should be designed with heat dissipation in mind so that
rapid production is possible.
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Figure 3.27 The schematic of the decrease in the concentration of unsaturated groups from
styrene (S) and maleate and fumarate (P) in the cure of a UPE, illustrating the differing
stages: (I) free radical formation; (II) copolymerization; (III) diffusion of monomers during
post-cure. The numbers represent the percentage of residual styrene (S) and UPE unsaturated
groups [24].
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3.7 Resin Microstructure

The structure of a cured polyester resin is determined by the relative molar concen-
trations of fumarate groups and the reactive diluent (styrene) and the reactivity ratios
(i.e. the rate constants for the copolymerization). The instantaneous copolymer
composition can be calculated using the analysis given in Section 3.6.1.
Figure 3.28 gives the theoretical instant compositions of diethyl fumarate/styrene
and diethyl maleate/styrene copolymers as a function of the composition of the
monomer mixture [34].

Assuming that the instantaneous composition of a cured UPE would be similar, it
shows that the maleate groups are incorporated less efficiently than the fumarate
groups into the molecular structure. Furthermore, a typical UPE employs a mole
fraction of styrene of ~0.6 (Table 3.3), which would promote the formation of an
alternating copolymer.

Table 3.6. The effect of maleate/fumarate isomerization on the gel time and exotherms observed for propylene glycol
(PG) and diethylene glycol (DEG) isophthalates (40% styrene) measured using SPI gel test at 82 �C [25]

Acid Glycol
Gel time
(min:s)

Peak exotherm
(�C)

Peak exotherm
time (min:s) HDT (�C)

Flexural
modulus
(GPa)

Flexural
strength
(MPa)

Fumaric PG 5:20 210 7:47 100 3.7 126
Maleic PG 5:20 210 7:44 101 3.7 124
Fumaric DEG 4:30 202 6:51 52 2.7 106
Maleic DEG 4:40 183 8:17 43 2.1 84

Figure 3.28 Instantaneous copolymer composition of diethyl maleate (M) and diethyl fumarate
(F) with styrene (S). xps is the mole fraction of S in the copolymer. xos is the mole fraction of S in
the monomer mixture [30,31,34].
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The molecular structure of a cured general UPE is considered to have polystyrene
crosslinks with an average length of 2–3 monomer units (n in Figure 3.20), which
reflects the degree of maleate/fumarate isomerization achieved in the polyester syn-
thesis. Further complications arise through the conformation of the polyester molecule
in the styrene solution. Styrene has a solubility parameter of 19 MPa½, whereas a
typical polyester has a value of ~21–22 MPa½, which means that in styrene solution
the polyester will exist as a highly conformed coil.

Figure 3.29 shows a schematic of a randomly coiled polyester molecule in styrene
solution at the onset of curing. The styryl free radical propagates through adjacent
unsaturated groups on the polyester random coil. This results in a ‘nodular’ micro-
structure to the cured resin. Funke [35] and Bergman and Demmler [36] have
demonstrated by nuclear magnetic resonance (NMR) and infrared (IR) spectroscopy
that a cured polyester resin has a defined nodular structure. The development of the
microstructure in a UPE is schematically described in Figure 3.30.

3.8 Mechanical Properties of Cast Resins

The mechanical properties of cast UPE resins are a function of the average crosslink
density and the ‘flexibility’ of the molecular chains between the crosslinks. These
variables are not fully independent, but provide the options for formulating resins for
different applications.

As shown in Table 3.7, increasing the length of the ‘diol’ chain between the ester
groups leads to a decrease in flexural modulus. The rotational flexibility of the ‘diol’
chain is reduced in the presence of a side group (see EPG vs DEG). Trimethylene
glycol (TMG) appears inconsistent with this trend, but the degree of isomerization is

Figure 3.29 A schematic of the conformation of a polyester random coil dissolved in styrene (S)
showing the propagation of the polystyryl free radical and the origin of the non-
homogeneous microstructure.
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low (and hence so is crosslink density). Furthermore, etherification of TMG can occur
during the synthesis so that the length of the ‘diol’ chain between crosslinks is
probably larger.

Aliphatic saturated acids are also used to provide flexibility of the chain between
crosslinks. Terephthalic acid can enhance the chain rigidity between crosslinks, but
higher synthesis costs means that isophthalic acid is preferred for high-performance
resins. Phthalic anhydride is commonly used for general-purpose resins because of
lower synthesis costs. Table 3.8 gives the typical properties of cured UPE castings.

The theoretical tensile modulus of an organic glass is calculated to be �4 GPa, and
most thermosetting resins have similar moduli, depending on the degree of cross-
linking and the ‘flexibility’ of the molecular chain between them. Strength is not a
material property because it is dependent on the concentration and dimensions of
flaws in the casting. The tensile strength of castings is difficult to measure since flaw-
free coupons are difficult to prepare, especially as a result of the microstructure and a
high cure shrinkage of ~8% by volume.

Table 3.7. Flexural properties of cured styrenated UPE with differing diol [25]

Property PG DEG EPG TMG EDEG

Chain length (bonds between esters) 3 6 6 4 9
Flexural modulus (GPa) 4.2 3.4 4.1 2.5 2.1
Flexural strength (MPa) 129 119 100 92 83

DEG, diethylene glycol; EDEG, ethylene diethylene glycol; EPG, ethylene propylene glycol; PG, propylene
glycol; TMG, trimethylene glycol.

Figure 3.30 Development of the microstructure during the cure of a styrenated PG maleate
UPE, established by NMR spectroscopy according to Bergmann and Demmler
[36]. 1000 Å ¼ 100 nm ¼ 0.1 μm.
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3.9 Low-Profile Resins

While the addition of reinforcements reduces the volume of resin and hence the curing
shrinkage, it is still important to compensate further for the shrinkage to achieve a
good surface finish. Low-profile resins contain shrinkage control additives or low-
profile additives, which are soluble thermoplastics such as polyvinyl acetate and
polystyrene.

3.10 Gel Coat Resins

Gel coat resins are made thixotropic by the addition of 1% by weight of hydrophilic
fumed silica. In this way a uniform coating can be applied to the tooling at a thickness
of 0.5 mm and gelled prior to the subsequent structural laminating resin and glass
fibre. This ensures a good finish to the moulding.

3.11 Related Resins

3.11.1 Vinyl Ester Resins

These resins are designed to achieve the higher performance of epoxy resins while
maintaining the flexibility in processing associated with unsaturated polyester resin.
A typical vinyl ester is a vinyl-terminated epoxy, which is cured by copolymerization
with the styrene diluent using peroxides and accelerators. They are synthesized by
reacting an epoxy resin with an unsaturated acid such as methacrylic acid, as shown in
Figure 3.31.

Vinyl ester resins have a higher extensibility than standard UPEs, but with a
slightly lower tensile modulus. Other vinyl resins based on acrylic acid end-capped

Table 3.8. Typical properties of cured styrenated UPE and vinyl ester

Property UPE Vinyl ester

Density (kg m–3) 1,280 1,120
Hardness (Rockwell M) 110 –

Hardness (Barcol) 40 35
Tensile modulus (GPa) 3.5 3.3
Tensile strength (MPa) 70 70–80
Elongation at break (%) 2.5–4.5 5–6
Fracture toughness, K1c (MN m–3/2) 0.49–0.61 0.75
Compressive strength (MPa) 140 –

Refractive index (nD) 1.57 –

Volume contraction during cure (%) 8 8.3
HDT (�C) 75 100
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epoxies are available. Specialist resins based on novolak and tetrabrominated bisphe-
nol A epoxies end-capped with methacrylic acid are also available.

3.11.2 Microstructure of Vinyl Ester Resins

These resins are cured similarly to unsaturated polyester resins; therefore, the analysis
given in Section 3.6.1 is relevant to understand the structure of the cast resin [24].

For the methacrylate vinyl ester, the reactivity ratios for the vinyl (V) groups with
styrene (S) are:

kSS
kSV

¼ rSV ¼ 0:4,

kVV
kSS

¼ rVS ¼ 0:37:

For the acrylic vinyl ester, the reactivity ratios for vinyl (V) groups with styrene (S) are:

kSS
kSV

¼ rSV ¼ 0:73,

kVV
kSS

¼ rVS ¼ 0:72:

Since the reactivity ratios for the vinyl group/styrene and styrene/styrene reactions are
essentially identical for both systems, the vinyl groups can react either with them-
selves or with styrene with equal probability. Thus, the chemical structure of the cured
resin, which is a copolymer, will be a random arrangement of the monomeric
components and a function of the monomer composition. To be random it will consist
of blocks of styrene and vinyl ester groups ranging from small (n 
 1) to large. The
microstructure should be homogeneous, which is in contrast to the cured polyesters,
which have a heterogeneous microstructure, as shown in Figure 3.30. This observation
helps explain the higher fracture toughness (K1c) of the vinyl ester resins.

3.11.3 Vinyl Urethanes

Since ester groups can hydrolyse in aqueous environments, especially in the presence
of acidic or alkaline conditions, the number of ester groups should be minimized for
high durability in aqueous environments. Therefore, hydrolysis of isolated ester
groups will not disrupt the network structure significantly. The urethane group is

CH2

CH3 CH3 CH3 CH3

C C C

CH3

C

CH3

CH2 CH2 CH2 CH2
CH2 CH2CH2CH CH CH

n

C C O O O O O O

OOH OH OHO

★ ★ ★ ★

Figure 3.31 Methacrylate end-capped bisphenol A epoxy, an example of a vinyl ester resin.
** indicates the vinyl group.
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more hydrolytically resistant, so vinyl urethanes offer long-term durability. The
methacrylate vinyl urethane given in Figure 3.32 is a vinyl end-capped bisphenol
epoxy fumarate (originally Atlac 580) that achieves high crosslink density after curing
and provides excellent long-term chemical durability in comparison to the isophtha-
late, bisphenol A polyesters, and vinyl esters. The high crosslink density is reflected in
the low fracture toughness (K1c ¼ 0.45 MN m–3/2). This resin is recommended for
long-term durability in unstressed applications, but not when environmental stress
cracking is the most likely failure mechanism, where toughened isophthalate fumarate
UPEs are recommended.

3.12 High-Temperature Resin Systems

Many polymeric systems are employed in specialist applications. Here we briefly
consider resins for composites used in high-temperature applications.

3.12.1 Thermosetting Polyimides

Polyimides represent the largest class of high-temperature polymers, which are often
used for composites. Polyimides are available as thermoplastics or thermosets [40].
We will consider only the main thermosets, PMR and bisimides.

3.12.1.1 PMR Systems
PMR refers to polymerization of monomeric reactants, whereby the materials are
polymerized in situ during the processing of a component. The prepregs are made by
impregnating the fibre with a solution of the monomers in methanol. Figure 3.33
illustrates the most common type, PMR-15, which was developed at NASA [41]. The
number ‘15’ refers to the molecular weight of the imidized prepolymer, 1,500 g mol–1,
which forms from the monomer composition.

The three components shown are:

1. MDA: 4,40-diamino-diphenylmethane
2. BTDE: benzophenone tetracarboxylic acid dimethyl ester
3. NE: 5-norbornene-2,3-dicarboxylic acid monomethyl ester.

Residual methanol is used to provide the prepreg with tack and drape, and careful
cure schedules in an autoclave are employed. The final stage of curing involves
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Figure 3.32 Methacrylate end-capped bisphenol A epoxy fumarate, an example of a vinyl
urethane [37–39].
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polymerization through the norbornene end-caps at 316 �C at 200 psi. While this resin
is thermally stable and can withstand temperatures up to 350 �C, composites are prone
to microcracking resulting from the generation of thermal stresses on cooling. The
process appears to be time-dependent because of the loss of volatiles [42].

The major inhibitor to application of PMR resins is the toxicity of the MDA
component. Research on replacing MDA is ongoing. For example, Harvey et al.
[43] have recently reported the use of a diamine, CDA, with low toxicity for a PMR
resin and a Tg approaching that for PMR-15 (Figure 3.34).

3.12.1.2 Bisimides
The most common members of this group are the bismaleimides (BMI). The funda-
mental structure of a BMI is shown in Figure 3.35, together with a typical example.
The cured BMI in Figure 3.35b has a glass transition temperature of 342 �C.

A variety of BMI resins are available, where R in Figure 3.35a can differ by using a
range of diamines [43]. Commercial BMIs are available for continuous use at

Figure 3.34 CDA: 4,40-methylenebis-(5-isopropyl-2-methylaniline), a potential replacement for
MDA in a low- or non-toxic PMR system.
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Figure 3.33 The PMR thermosetting polyimide system.
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temperatures in the range 200–230 �C. To achieve processability for composites a
eutectic mixture is often employed. While BMI can be cured by thermal radical
polymerization, copolymerization with a range of other monomers provides many
formulation options, including toughening with thermoplastic imides. These details
are discussed elsewhere [40].

3.12.1.3 Cyanate Resin
Cyanate ester resins have good high-temperature performance, which is only sur-
passed by that of BMI. Further details can be found elsewhere [45]. The approximate
service temperature is related to the Tg of the resin. Table 3.9 provides the Tg of some
exemplars of the different resin groups, together with some mechanical properties.
The advantages are their rheological properties and the low moisture absorption, but
the main disadvantage of cyanate ester resins is the sensitivity of the cyanate groups to
hydrolysis. This aspect can be compensated for by copolymerization with epoxy
resins [46].

Table 3.9. Glass transition temperatures of high-temperature matrix polymers (polyimide, cyanate ester, and
related resins)

Resin Type
Tg
(�C)

Flexural
modulus (GPa)

Flexural
strength (MPa)

PMR-15 PMR 340 – 176
Thermid MC-600 BMI 320 4.5 145
Avimid NR 150B2 BMI 340 – –

Compimide 796 BMI 300 4.6 76
Compimide 796 – toughened BMI/propenyl copolymer 261 3.7 132
Matrimid 5292 Thermoplastic polyimide 273 4.0 –

PT resin Phenolic triazine resin 360 4.7 97
AroCy l-10 Cyanate ester 259 2.8 162
AroCy l-10/epoxy blend Cyanate ester/novolak epoxy 214 – –

RTX 366 Cyanate ester 175 2.8 121
PBOX Bisoxazoline-phenolic >200 – –

TGDDM-DDS Epoxy 250 3.6 90

(a)

O O

O O

N R N

O

O O

O

NN

(b)

Figure 3.35 (a) Structure of a bismaleimide, where R is either an alkyl or aryl chain; (b) a typical
component 4,40- bismaleimidodiphenylmethane [40,44], Tg ¼ 342 �C.
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3.12.1.4 Other Potential Matrix Resins
Other high-temperature performance resins such as the bisoaxazoline phenolics,
benzocyclobutene (BCB), and phthalonitrile resins are also available. Details are
given by Hay [47,48].

3.13 Ceramic Matrices

Ceramics are inorganic materials, and are employed in high-temperature applications –
that is, at temperatures >1000–2500 �C, which is in excess of that available to metal
and polymer matrices. We observed earlier that these materials have moduli greater
than typical reinforcements (e.g. alumina at 340 GPa) and exhibit brittle behaviour
with failure strains <1%. As a result, the role of the reinforcement is to toughen the
ceramic. Toughness can be introduced by adding fibrous ‘reinforcements’, which
induce matrix cracking. When the matrix is well bonded to the fibres (i.e. a strong
interface) the matrix cracks propagate instantaneously through the fibres without
introducing additional energy absorption. However, when the cracks are pinned by
the fibres (i.e. with a controlled interface) further cracks form as the load increases.
Each time a matrix crack occurs or grows, free surfaces form with energy absorption.
Thus, the composite exhibits tough behaviour and the stress–strain curves show an
extended displacement as a result of multiple matrix cracking. Figure 3.36 illustrates
the extended displacement curve for a fibre composite in comparison to particulate
reinforcement [49].

Processing of ceramic matrix composites (CMCs) involves the following stages:
(1) impregnating the fibres; (2) consolidation; and (3) formation of the ceramic at high

Figure 3.36 Schematic force displacement curves for monolithic ceramic, particulate-reinforced
ceramic, and fibre-reinforced ceramic composite. The areas under the curves equate to the
energy absorbed through fracture. The fibre composite absorbs energy via multiple matrix
cracking [49].
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temperature. Generally, melt infusion is impractical because of the high temperatures
involved. Therefore, indirect routes are employed in which the fibres are infiltrated
with matrix precursors. We will only briefly discuss the available routes.

3.13.1 Slurry Processing

In slurry processing the inorganic powder precursor(s) is dispersed in a carrier liquid,
which is often water. For particulate or whisker or short fibre reinforcements a fine
dispersion can be prepared ultrasonically then dried. Consolidation is through hot
pressing or cold pressing followed sintering. For example, plaster of Paris from
CaSO4·2H2O or ordinary Portland cement involve reaction with the water and subse-
quent crystal formation for the ceramic matrix to form. A porosity-free matrix is
difficult to achieve in this way.

For continuous fibres, the tows are pulled through a slurry of the precursor in an
aqueous solution of a polymeric binder to create a ‘prepreg’, which can be dried and
subsequently consolidated by thermal degradation of the binder and hot pressing.
Typical matrices formed in this way are glass and glass ceramics. With these matrices,
the glass can flow and porosity can be minimized, but that limits the available
ceramics.

3.13.2 Liquid Processing

A melt is used to infiltrate the fibres. This could be a polymer precursor, which can be
converted into a ceramic during thermal degradation prior to consolidation and firing,
such as phenolic resin for carbon, polycarbosilane for silicon carbide, and polysila-
zane for silicon nitride. An important example is the use of petroleum pitch as a
carbon precursor, where the carbon yield can be as high as 80%. In order to achieve
high degrees of consolidation and minimum porosity, the pitch normally needs to be
converted into a mesophase (or liquid crystal) pitch to maximize the carbon yield
during thermal processing. Normally, multiple infiltrations are required to achieve a
high-density composite, but the liquid infiltration will not penetrate all the pores left
by the loss of volatiles during heat treatment. Full densification is generally not
achievable using this approach, and further gaseous infiltration such as chemical
vapour infiltration (CVI) or chemical vapour deposition (CVD) can be used to
penetrate the remaining pores.

3.13.3 Sol-Gel Processing

In this technique, a monomer reacts with the dispersant, which is mainly water, to
provide effectively a solution or a colloid, referred to as a gel, in which the
‘particles’ are of molecular or nanometre dimensions [50]. As with the slurry
technique, the fibres can be infiltrated to prepare a ply, which can be stacked in
the manner of prepreg. The advantage is that multiple infiltrations can be used to
ensure that the porosity is minimized. The classic example is the use of tetraethoxy
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silane (TEOS), which in the presence of an aqueous acid or alkali hydrolyses into a
silica sol. The polymerization by condensation of the silanol and ethoxy silane
groups causes particles of differing size and structure to form and provides the sol
with an increase in viscosity until a gel forms. In this way the infiltrated fibres can
have a handleable form for composite manufacture by hot pressing. A number of
configurations of molecular structure of the silica are possible, and these can be
controlled by TEOS/H2O ratio as well as the pH. As a result, the silica product will
form a matrix that remains either amorphous or crystallizes during hot pressing and
firing (Figure 3.37).

A number of oxide-based matrices can be prepared by this method. For example,
by mixing silica and alumina sols, mullite can be prepared [51]. Other examples are
titanium oxide (titania) or zirconium oxide (zirconia) from titanium or zirconium
ethoxides.

3.13.4 Chemical Vapour Infiltration

Chemical vapour deposition is the technique in which chemical reactions in the
gaseous state are used to deposit a solid onto a heated surface. Boron and silicon
carbide fibres are prepared by deposition onto carrier fibres such as a tungsten wire.
For application to composites, the CVD technique is used for CVI of an array of fibres
(often in the form of a textile) by gaseous compounds, which are deposited and form
the matrix. For example, carbon/carbon fibre composites are prepared in this way from
the vapour-phase deposition of carbon using the thermal decomposition of a hydro-
carbon. Methane is preferred because it has the highest carbon content for a volatile
precursor:

CH4ðgÞ ! CðsÞ þ 2H2ðgÞ:

The substrate temperature for CVD and CVI of carbon is generally maintained at
1100 �C, which is the temperature at which the carbon atoms just become mobile.
Under isothermal conditions, the infiltration is carried out at low pressures (5–50 torr),
whereas with a thermal gradient atmospheric pressures are employed. A pressure
gradient technique is used when the porosity deep in the structure needs to be filled.

Figure 3.37 Formation of a silica network using sol-gel chemistry from TEOS.
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3.13.5 In-Situ Processing

In this method the fibres are infiltrated with a molten metal, which is then reacted with
a gas to create the required matrix. In the Lanxide process the fibres are infiltrated by
molten aluminium, which reacts with oxygen at the outside surface of the preform to
form an alumina–ceramic matrix.

3.14 Metal Matrices

A metallic matrix can be formed using the following techniques.

3.14.1 Solid State

This technique refers to diffusion bonding and powder metallurgy routes. In the
former a polymer-bound fibre mat is sandwiched by metal foils to form a stack, which
is hot pressed into a consolidated composite. The latter involves mixing powdered
metal with short fibres, whiskers, and/or particulates, which are pressed and sintered at
elevated temperatures.

3.14.2 Liquid State

Discontinuous fibres or whiskers can be simply mixed into a molten metal for casting
into an artefact. Rheocasting employs a more viscous melt, which is stirred at
temperatures closer to the melting point so that the reinforcement remains
uniformly dispersed.

Continuous fibres can be infiltrated using the technique of squeeze casting of the
molten metal into a preform. An example is the pressure infiltration of aluminium into
random long discontinuous Saffil alumina fibres for locally reinforcing piston crowns
for automotive engines.

3.14.3 Deposition

In this technique, spray co-deposition of molten metal and the reinforcement are
collected for subsequent processing into an artefact.

3.14.4 In situ

In this technique, the reinforcement is a fibre-like crystal introduced into the metal
matrix using directional solidification. A movable induction-heating coil is used to
directionally crystallize a eutectic alloy to introduce parallel needle crystals, which
provide the reinforcement.
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3.15 Conclusions

The choice of matrix material is discussed. While the emphasis is on polymeric
matrices, we describe metal and ceramic systems for completeness. The fabrication
routes described in Chapter 4 demonstrate the range of polymers employed, and we
give the reasons for the choice. The metal and ceramic composite matrices cannot be
readily divorced from the processing routes, so we use these techniques to explain the
choice of material.

3.16 Discussion Points

1. What is the approximate maximum value of tensile modulus of a glassy linear
polymer? What molecular force resists deformation?

2. What aspect of the structure of a linear polymer is responsible for a higher modulus
than that of a glassy polymer?

3. Thermosetting polymers can have slightly higher modulus than a glassy linear
polymer. Why?

4. What are advantages and disadvantages of using a linear thermoplastic matrix or
thermosetting matrix?

5. Why have epoxy resins and unsaturated polyester resins commonly been used as
matrix resins?

6. What mechanisms are available for curing epoxy and unsaturated polyester resins?
7. Consider the solubility parameter as a method of predicting the compatibility of

polymers, and also with diluents.
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4 Composites Fabrication

In this chapter the principles of composite manufacture are discussed. The advantages
and disadvantages of each method are considered in identifying a process for a
particular artefact. Specifically, the need to use sophisticated fibre placement tech-
niques in manufacture is described.

4.1 Introduction

Composite materials are converted into artefacts by combining the reinforcement with
a matrix. The matrix, which holds the fibres in the correct orientation, can be ceramic,
glass, metal, or polymer. The latter is considered the most important and can be either
thermosetting, as in epoxy, phenolic, unsaturated polyester (UPE), and related resins,
rubber, or thermoplastic. We will concentrate on the variety of techniques applied to
polymer matrix composites (PMCs).

The processing of ceramic matrix composites (CMCs) and metal matrix composites
(MMCs) are similar but require high-temperature consolidation. Either high-
temperature melt processing, chemical vapour deposition (CVD,) or slurry processing
are used to infiltrate the fibres. To limit the concentration of voids, often multiple
stages are required, which can employ a mixed set of infiltration steps.

Single-stage impregnation is more easily accomplished for polymers. Many shapes
can be manufactured, but for a complex-shaped artefact a moulding compound is
employed and, as a consequence, the reinforcing fibres are discontinuous.

The fabrication of fibre composite artefacts is achieved in two principle techniques:
direct impregnation of the fibres in the form of rovings, textiles, or preforms; or
indirect impregnation from pre-impregnated moulding materials [1].

4.2 Direct Impregnation

Table 4.1 summarizes the techniques employed for direct impregnation of fibres. In
this table the resins identified refer to the differing classes. Thus, UPE is the most
commonly used (but also refers to unsaturated polyesters and related resins such as
vinyl esters, urethane acrylates, etc.). Epoxy is also a commonly used resin, but for the
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so-called advanced or high-performance composites a range of bismaleimides and
related thermosetting resins are available. Phenolics involve the loss of condensation
products during curing, but can be employed for specialist applications. The common
denominator is a low viscosity for efficient impregnation of the fibres. It is also
essential that the cure kinetics can be controlled to match the chosen process. These
methods are summarized in Table 4.1.

To achieve a range of shapes and the required performance, the fibres are in the
form of a range of continuous rovings, textiles, discontinuous fibre mats, or preforms.
As illustrated in Figure 2.22, there is a huge range of options [1]. Many of these are
based on glass fibres, while high-performance fibres such as carbon and aramid are
invariably used in continuous form. We should note that the term ‘rovings’ was
originally coined for glass fibres and implies a twist. Glass fibres without a twist are
referred to as ‘direct rovings’. Carbon and aramid fibres will be used in a continuous
form (without a twist) and as textiles. Figure 2.22 provides a summary of the range of
fibre forms, but for completeness shows the chopped fibres compounded into
moulding materials, which are described in Table 4.2.

Table 4.1. Techniques for direct impregnation of fibres showing typical choices

Process Resin Fibres

Hand lay-up Unsaturated polyester (UPE), vinyl
ester (VE), and related resins

Glass fibre

Spray-up UPE, VE Glass fibre

Filament winding:
• wet
• dry winding (of preforms with
geodesic shapes)

• tape winding of prepreg

UPE, VE, epoxy
Epoxy

Glass fibre and sand fillers
Carbon, glass, aramid fibre

• Fibre placement
• Tow placement
• Tape placement

Epoxy and related resins
Prepreg (epoxy)

Carbon and glass
Carbon, glass, aramid

Pultrusion UPE, VE, epoxy, phenolic Carbon, glass, aramid

Centrifugal casting of pipes and
vessels

UPE and related resins, hybrid
systems

Glass fibre and sand fillers

Resin transfer moulding (RTM)
• resin impregnation of a preform
• with vacuum assist (VARTM)
• Seemann Composites Resin
Infusion Moulding Process
(SCRIMP)

UPE, VE
Epoxy and related resins

Glass fibre
Glass, carbon, aramid fibres
Non-crimp fabrics (NCFs)
Glass fibre
Stitched preform with angle
configuration

Reinforced reaction injection
moulding (RRIM)

Polyurethane Very short and/or milled
glass fibres

Structural reaction injection
moulding (SRIM)

Polyurethane Glass-fibre preform

132 Composites Fabrication
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4.2.1 Hand Lay-Up

This approach, in Figure 4.1, mainly uses glass fibres in the form of a chopped strand
mat (CSM) or woven rovings, which are placed into a mould on whose surface a gel-
coat resin has been applied and gelled. The catalysed liquid resin is impregnated into
the fibres by hand using a roller. Further glass fibre and resin can be added to build up
to the required thickness. The resin is formulated to cold cure in the specified lay-up
time. Consolidation can be facilitated by applying pressure through a polymer film,
with or without additional external gas pressure. Hand lay-up is labour-intensive, but
is a flexible and economic approach to large mouldings of simple shape using low-cost
tooling. As shown in Figure 4.1, this is a common process used for relatively simple
shapes in small numbers from UPE or vinyl ester resins.

A gel-coat resin is applied to the tooling at a thickness of 0.5 mm, prior to the
structural resin and glass fibre. To ensure a uniform coating the resin is made
thixotropic by the addition of ~1% hydrophilic fumed silica. The resin can be

Table 4.2. Techniques for indirect moulding of pre-impregnated fibres and compounds with typical resins and fibres

Moulding
process Material Typical resins Typical fibres

Autoclave Prepreg stack Epoxy Carbon, aramid, glass
Bismaleimide
High performance thermoplastic,
e.g. polyether ether ketone
(PEEK), polyether sulphone
(PES)

Vacuum bag Prepreg stack Carbon

Inflatable
core

Prepreg stack Carbon

Compression
moulding

SMC UPE Short glass fibres >20 mm

DMC UPE Short glass fibres 10–20 mm
Glass mat
thermoplastic

Thermoplastic/fibrous paper Short glass fibres mat

Moulding powders Phenolic 1–5 mm glass fibres with glass
beads and/or fillers
Other fibrous fillers

Injection
moulding

Moulding granules Thermoplastics 1–5 mm glass fibres with fillers
Acicular mineral fillers

Thermosets: phenolic and related
polymers

Moulding powders Thermosets mainly Phenolic 1–5 mm glass fibres with glass
beads and/or fillers
Other fibrous fillers

DMC UPE Glass fibre 10–20 mm
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formulated for high durability to aqueous environments and may be pre-pigmented for
the required finish.

4.2.2 Spray-Up

This is a semi-automated version of hand lay-up in which chopped rovings are sprayed
into the mould together with the resin for consolidation, as described above for hand
lay-up and shown in Figure 4.2.

4.2.3 Centrifugal Casting

This is similar to spray-up, except that, as shown in Figure 4.3, the fibres and resin are
introduced by a lance into a rotating cylindrical mould to produce a pipe. The rate of

Figure 4.1 Schematic of hand lay-up process for composites [2].

Air pressurized
resin

Fibre

Resin
catalyst
pot

Chopper
gun

Optional
gel coat

Figure 4.2 Schematic of the spray-up process [3].

134 Composites Fabrication

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.005
https://www.cambridge.org/core


rotation provides the centrifugal force for good consolidation. Furthermore, the rate of
rotation determines the packing of the fibres so that the fibre volume fraction (Vf) can
be adjusted through the wall of the pipe. In this way the rigidity of the pipe can be
adjusted. Sand fillers can be added in layers to provide rigidity at the neutral axis of
the pipe, where stresses are low under flexure in use, at lower cost. A flexible and/or
toughened resin of higher fracture toughness can be applied to the inner surface to
provide an integral environmentally resistant liner.

4.2.4 Pultrusion

This technique (Figure 4.4) is used to fabricate continuous lengths of constant cross-
section. Pulling the rovings through a resin bath into a heated die, which shapes the
section, impregnates the continuous fibres. The resin is hot cured so the skill is to
match the rate of cure to the process rate so that the pultrusion has sufficient
mechanical strength for release from the tooling on exiting the die. Normally rovings
are used that are aligned to the flow direction. This means the product has poor
properties in the transverse direction. Incorporating a textile or continuous random

Heated rotating mould

Oscillating lances

Catalysed resin
Chopped glass
fibre rovings

Figure 4.3 Schematic of the centrifugal casting technique, which is a development of
spray-up for pipe manufacture, with control over wall construction and optimization of
performance.

Fibre rovings

Resin

Forming die Curing die Pulling rollers

Figure 4.4 Schematic of the pultrusion process for profiles of constant cross-section [4].
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mat (CRM) outer layer before the die can ameliorate this issue. Alternatively the
unidirectional product can be overwound in a subsequent operation.

As shown in Figures 4.5 and 4.6 in the next section, pultrusion and wet filament
winding are related in that the fibres are infiltrated with liquid resin and consolidated
by pressure applied by the die in the case of pultrusion, and the fibre-tension on
contact with the rotating mandrel in the case of filament winding.

4.2.5 Filament Winding

Filament winding can be carried out in two processes:

1. wet winding
2. dry winding.

Continuous
rovings

Separator
combs

Creel

Resin
bath

Nip rollers

Guide

Rotatin
g m

andrel

Figure 4.5 Schematic of a wet filament winding process [5].

Figure 4.6 Photograph of the wet winding process for pipes, illustrating consolidation under
fibre impregnation.
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In wet winding, the rovings are pulled through a resin bath analogously to pultrusion
and impregnated on a rotating mandrel, as shown in Figure 4.5. The tension on the
fibres aids the consolidation and determines the fibre volume fraction achieved for the
walls of a cylinder destined to be a pipe or container (Figure 4.6). Generally, a
winding angle of 53� is employed to optimize resistance to internal pressure. Hoop
winding achieves an angle of 8�; these pipes are referred to as flexible pipes. To
achieve axial stiffness, unidirectional woven rovings are used to provide fibres in the
axial direction. These techniques are used to manufacture pipes used for transport of
drinking water, sewage, and chemicals. Large-diameter pipes with overwound dished
ends are used extensively in the chemical industry.

Dry winding is used to manufacture 3D preforms, which can be impregnated with
resin in a separate operation using resin transfer moulding (RTM). Often, a polymer
foam mandrel is used which is left in place after the resin cures. The strength of this
technique lies in the complexity of fibre arrangements, which can be achieved with
robotic planetary winders.

An example of a planetary winder is given in Figure 4.7a, while Figure 4.7b
illustrates how a geodesic shape can be overwound. It is often necessary to have a
‘fixing’ technique that prevents the movement of the fibres and ensures that the
windings stay in place. An example would be a robot that dispenses an adhesive spot
to hold the fibres in position during winding.

4.2.6 Resin Transfer Moulding

In this technique, resin is infused into a fibrous preform enclosed in a closed mould
(Figure 4.8). The catalysed resin is pumped into the vented mould where it cold cures
before de-moulding. To improve the impregnation and reduce the voids in the

(a) (b)

Figure 4.7 Example of planetary filament winding (usually dry): (a) planetary winder; (b) typical
fibre wound geodesic shape [6].
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composite, vacuum assistance is often used, referred to as vacuum-assisted resin
transfer moulding (VARTM). The SCRIMP (Seemann Composites Resin Infusion
Moulding Process) process uses a stitched preform with angle configuration. The
technique is used for large structural components such as complete car bodies because
low clamping pressures mean that tooling costs are low. For advanced composites,
non-crimp fabrics (NCFs) are used. In these, layers of fibres at specified angles are
stitched so that the fabric configuration is retained during resin infusion and cure. The
technique is an attempt to reproduce a laminate structure using a resin infusion
approach.

A related technique is reinforced reaction injection moulding (RRIM), in which
reactants are rapidly mixed in situ at a mixing head for injection into the tooling,
which contains the fibrous preform, for fast de-moulding, but is generally not suitable
for UPE. This is referred to as structural reinforced reaction injection moulding
(SRIM).

4.2.7 Reinforced Reaction Injection Moulding

Reaction injection moulding is a technique that was applied originally to polymeriza-
tion of ε-caprolactam monomer into a polyamide-6 casting.

The technique described in Figure 4.9 has mainly been applied to polyurethane,
which requires the rapid mixing of the two highly reactive monomers, polyol (A) and
isocyanate (B), which are transferred immediately into the mould cavity where curing
occurs instantaneously. De-moulding is possible after a minimum of 10–20 s.
Reinforced RIM refers to the equivalent process in which discontinuous fibres are
dispersed in one reagent. For polyurethane (PU) the ‘milled’ glass fibres are dispersed

Figure 4.8 Schematic of RTM [7].
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in the polyol. The isocyanate is sensitive to water so inclusion of the reinforcement is
not possible.

Mouldings can usually be de-moulded after about 20 s. Extensive research on
rapidly curing epoxies and UPE and related resins have attempted to reduce the curing
times so the technique could be used more extensively, but this has proved difficult. In
any case, fibre volume fractions suitable for high performance cannot be readily
achieved. To achieve the mechanical performance associated with composite struc-
tures a high Vf of aligned fibres is required. This is achieved in SRIM by including the
reinforcement in the form of a preform in the tooling prior to reaction injection.

4.3 Indirect Impregnation

In these fabrication routes the fibres are pre-impregnated with resin or compounded
with the resin into a moulding material: prepreg (pre-impregnated fibres sheet); sheet
(SMC); dough (DMC); or bulk (BMC); and other moulding compounds. Table 4.2
describes the range of fabrication techniques that use pre-impregnated fibrous mater-
ials in the manufacture of composite artefacts.

4.3.1 Moulding Materials

Table 4.3 describes typical moulding materials used for manufacturing composites
with a range of properties.

We have identified the requirements of optimum high fibre volume fraction and
careful alignment to achieve the mechanical performance, which utilizes the fibre

Low pressure Low pressure

Mixing Head

Reagent A Reagent B

Tool

Mixing ratio

Figure 4.9 Schematic of reaction injection moulding (RIM) [8]. Reinforced RIM has
discontinuous fibres or fillers included in one of the reagents, usually the polyol for
polyurethanes. Structural RIM has a textile or preform reinforcement included in the tooling [8].
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properties with maximum efficiency. Autoclave and related techniques are used with
prepreg materials to achieve these aims.

For advanced structural composites the fibres need to be aligned in the principle
loading direction. To ensure that the orientation of the fibres is precisely maintained in
the artefact, the reinforcements are pre-impregnated with resin prior to moulding.
These moulding materials are handleable sheets, referred to as prepreg (pre-
impregnated fibrous sheet). This is achieved using the low viscosity of the uncured
resin for fibre impregnation then increasing the viscosity by advancing the cure to
provide a handleable prepreg sheet. Not all resin systems are suitable for cure
advancement. An alternative process for stabilizing the prepreg involves dispersing
a thermoplastic, which dissolves on raising the temperature, increasing the viscosity
and providing the required handleability and tack. Prepreg technology is not available
with UPE and related resins because of the low resin viscosity and the poor latency of
the cure mechanism. The equivalent to prepreg for UPE is a sheet moulding compound
(SMC). Dough (DMC) or bulk (BMC) moulding compounds are similar to SMC, but
employ shorter fibres and fillers in a UPE to create a moulding material in dough form
for compression and injection moulding.

4.3.1.1 Prepreg
Prepreg consists of continuous fibres, either unidirectional or in a textile form, which
are impregnated with ‘molten’ monomeric resin (note that early versions used resin
solutions, but residual solvent led to defects in the cured material). In order to stabilize
fibre orientation, the viscosity of the resin has to be increased by either:

B-staging: the partial reaction of the hardener with the epoxy resin; or
dispersion of a thermoplastic, which dissolves in the resin and increases the viscosity.

Table 4.3. Moulding materials with pre-impregnated fibres

Material Fibre length Description Comment

Prepreg Continuous
fibres

Pre-impregnated unidirectional or
woven rovings

Not u-polyester
Hot press or autoclave
(high performance composites)

SMC Long fibres
>30 mm

Equivalent to prepreg for
u-polyesters
Simple shapes by compression
moulding

Achieved using a thickened resin
Styrenated resins have a very low
viscosity and curing cannot be
advanced or easily adjusted

DMC/BMC Short fibres
10–20 mm

Similar to SMC but very short-fibre
dough for moulding complex
shapes

Hot press moulding
Can be injection moulded

GMT Short fibres Glass mat thermoplastic for hot
stamping

Short fibrous paper with dispersed
powder polymer

SFRTP/SFRTS Very short
fibres
<1–5 mm

Short-fibre-reinforced
thermoplastics and thermosets
Moulding granules and powders

Injection and compression
moulding
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These are referred to as flow-controlled prepreg. The quality of a prepreg system is
judged by the following characteristics: drape (resulting from the choice of fibre
configuration); handleability; tack and degree of ‘bleed’ (resin excess, as a percentage,
over a nominal 40%, i.e. Vf = 60%) in the cured composite. Currently, ‘zero’ bleed
prepreg is common.

A number of variables enable the flow and cure properties of the matrix to be
controlled. The curing system needs to have ‘latency’ so that the prepreg has a long
life before the onset of curing. Early systems employed a combination of a catalytic
and hardener curing agents to provide B-staging in the prepreg and subsequent curing
of the composite. These days a typical epoxy system would employ micronized
dicyandiamide (DICY) as the latent curing agent, which becomes active at the melting
temperature of 166 �C and could be accelerated by additives such as monuron and
diuron. The viscosity control was achieved by a dispersion of a thermoplastic (e.g.
polyether sulphone (PES) copolymer), whose molecular weight could be used to
control the flow properties of the prepreg. Diamino diphenylsulphone (DDS) also
provides sufficient control over cure for use in prepreg systems, but cure temperatures
are higher.

The thermoplastic is also chosen to provide the cured resin with a microstructure
that optimizes its fracture toughness. Other resin systems are also used to manufacture
prepreg, as considered in Chapter 3. The manufacture of prepreg is illustrated in
Figure 4.10. There are a number of variants, including solution casting of the resin
film, but efficient removal of the solvent proved troublesome. In some early prepreg
systems residual solvent was responsible for voidage in cured composites.

A latent curing system is employed so that the prepreg can be stored prior to
conversion into an artefact. Most systems involve epoxy resins, although more

Figure 4.10 Schematic of the manufacture of prepreg [9].
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advanced resin systems are available for specialized applications. Thermoplastics such
as PEEK and PES (known as advanced polymer composites, or APC) can also be used
to create ‘prepreg’, which has the advantage of thermoplastic fusion for
creating laminates.

4.3.1.2 Sheet Moulding Compound
Ionomer formation with the unsaturated polyester carboxyl end-groups is used to
increase the molecular weight of the UPE and hence the viscosity of the styrenated
resin. This is achieved by the addition of 1% MgO, as shown in Figure 4.11. The
catalysed UPE is compounded with a filler, usually stearate-coated calcium carbonate,
a ‘low-profile’ or shrinkage additive and release agent. A typical formulation is given
in Table 4.4. The resin slurry is deposited onto a polyolefin release and backing film.
As shown in Figure 4.12, glass fibres are deposited onto one of the films of resin slurry
and sandwiched with the second layer and consolidated between a series of impreg-
nating rollers. The rolled up sheet is then ‘aged’ for several days until the resin has
thickened by ionomer formation. Ionomers self-assemble into higher molecular
weight polymers, which increase the viscosity of the styrene solution. Usually,

COOH + MgO + HOOC

+ H2O

COO– Mg2+ –OOC

Figure 4.11 Schematic of the formation of an ionomer between added magnesium oxide and the
carboxyl end-groups of a UPE [10].

Table 4.4. Typical formulations of SMC, DMC, and BMC [10–12]

Component Nature

Concentration (parts by
weight)

SMC DMC/BMC

Resin Unsaturated PE 66.6 66.6
Low-profile additive Shrinkage control additive 33.3 33.3
Cure system: catalyst Tert-butyl perbenzoate (TBPB) 1.25 1.5
Cure system: inhibitor Hydroquinone 0.01 –

Thickener Magnesium oxide (MgO) 1.00 –

Release agent Zinc stearate (Zn(O2CC17H35)2) 2.00 3.5
Filler Calcium carbonate (CaCO3)-stearate coated 180 160
Glass-fibre reinforcement E-glass chopped strand (hard-sized) (25–50 mm) 93 –

E-glass chopped strand (hard-sized) (6 mm) – 46
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chopped strands of 25 or 50 mm length are used, as described in Chapter 2.
Continuous fibres in a random configuration can also be used to achieve either highly
curved mouldings or better mechanical performance. It is also usual to use hard-sized
chopped strands so that the reinforcing element is a bundle. This provides the
composite with higher impact strength because a large surface area is created when
these elements fracture by defibrillation, absorbing energy. Sheet moulding compound
materials are processed into artefacts by hot press or compression moulding at
140–150 �C under pressures of 0.5–5.0 MPa. De-moulding is possible after
1–3 min. To achieve a good surface finish, in-mould coating is employed.
Typically, a tensile modulus of 9–12 GPa and tensile strength of 65–80 MPa can be
achieved. A notched Izod impact strength of 1–1.2 kJ m–2 can be anticipated.

4.3.1.3 Dough or Bulk Moulding Compound
DMC and BMC refer to dough or bulk moulding compounds, which are dough-like
thermosets, which can be hot press, compression, or injection moulded. The terms are
interchangeable, with DMC often used in the UK and BMC commonly used in the USA.
Table 4.4 compares the differing recipes for SMC and DMC. In contrast to SMC, DMC/
BMC have a lower volume fraction of random chopped strands of length of 6–12 mm.
They have a greater degree of flow than SMC and can be used for more complex-shaped
parts. Both hot press moulding and injection moulding can be used. The latter has the
advantage of cycle times of 20–50 s. Injection moulding machines need to be equipped
with a hydraulic-assisted feed. Plug flow occurs with injection moulding of these
thermosets. The orientation of the fibres leads to an anisotropy in mechanical properties.
As with thermoplastics, tooling design is critical to optimum performance.

4.4 Autoclave Moulding

In order to ensure the maintenance of fibre angle and alignment in structural compon-
ents, laminates are prepared from stacks of prepreg. Consolidation requires control

Chopper

Resin
slurry

Resin
slurry

Backing film

Backing film

SMC

Impregnation rolls

Glass

Figure 4.12 Schematic diagram of the manufacture of SMC [10].
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over the flow of the resin without disturbing the fibres and introducing voids.
Autoclave moulding at high pressure is used to achieve these aims. Figure 4.13
illustrates the arrangement of the prepreg stack within the bagging arrangement.

For structural composites, the prepreg is laid up into a stack of plies of the designed
arrangements of fibre angle. A typical lay-up would have the following configuration:
0�2/�45�/90�2/�45�2/0�2. The prepreg stack is placed between release cloths and an
absorber layer, or a ‘bleed’ pack to absorb excess resin, which is bagged up as shown
in Figure 4.14. The bag pressure line is used to evacuate the bag, analogously to

Tool

Autoclave bed plate

Bag pressure line

Bag Porous membrane
Prepreg laminate

Release layer
Absorber

Top plate

Dam

Thermocouple

Sealant

Figure 4.13 Schematic of a bagged-up prepreg stack or laminate with a description of the
components employed [13].

Figure 4.14 A ‘bagged-up’ artefact and autoclave pressure vessel.
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‘vacuum packed food’. A pressure of 1 atm can be achieved in this way, and higher
pressures through the autoclave. Early prepreg used �5% excess resin, but modern
systems employ zero bleed, which ensures that fibre orientation is maintained more
precisely. However, some bleeding of the resin helps the removal of air during curing
and consolidation of the prepreg into a void-free laminate. The other variables to aid
consolidation are the cure cycle and temperature and pressure profiles.

Figure 4.15 shows a typical cure cycle, illustrating changes in temperature and
pressure. The resin viscosity is critical since a ‘low’ viscosity is required for removal
of entrapped air before the pressure is applied for consolidation. The bagged-up stack
as shown in Figure 4.14 is evacuated to aid removal of air and any volatiles, which
also applies a pressure of 1 atm. Some prepreg systems, such as the BMIs and
phenolics, use a much higher autoclave pressure to ensure that any entrapped volatiles
remain soluble in the polymer and do not lead to voidage in the composite. Thus,
control over the cure schedule and pressure and temperatures profiles is essential to the
manufacture of laminates with minimum defects and voids. The advantages of this
technique are the quality of the structure and maintenance of fibre alignment, but we
see that the overall manufacturing cycle is time-consuming, especially the time in the
autoclave, which can be as long as 24 h. A typical autoclave and bagged-up stack is
shown in Figure 4.14, which illustrates the scale of the process.

The prepreg stack is placed on the tool surface and covered by a porous release
layer. The absorber takes up excess resin, which exudes from the stack. Many systems
have a 5% bleed designed into the prepreg, but modern systems with zero bleed are
available. A close-fitting dam surrounds the prepreg. The top or caul plate is optional,
but provides a more even finish. To avoid contamination, the cutting and stacking of
the prepreg is done in clean-room conditions. A bagging or membrane film is used to
surround the ‘stack’ and is sealed with a peripheral sealant. A porous membrane is
used to ensure an even pressure when the bag is evacuated. The vacuum is applied,
analogously to vacuum packing via the ‘bag pressure line’ port and valve. The bagged
stack is placed in a pressure vessel (autoclave), as shown in Figure 4.14. A pressure of
1 atm is achieved through evacuation of the bag and additional pressure is supplied

Figure 4.15 Typical cure cycle for an autoclave cure of laminate showing the effect of
temperature and pressure on the viscosity of the resin [13].
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through the gas in the autoclave. Typically, the pressures cover the range
100–1,000 kPa. The pressure used in the autoclave is a function of the temperature
and the temperature-dependence of the resin viscosity, so that each prepreg system is
provided with recommended cure conditions. A typical cure cycle is given in
Figure 4.15, demonstrating the accuracy required to ensure good quality and perform-
ance. A free-standing post-cure can also be employed to shorten the process.

The preparation of a stack of prepreg requires control over the fibre angle in the
individual plies, which can only be achieved by accurate cutting and laying of prepreg.
The other issue is the laying of the prepreg onto curved surfaces, which can be done
using tailoring techniques. These are time-consuming hand lay-up methods, so auto-
matic placement techniques are necessary. There are many approaches to combining
placement techniques with an automatic lay-up process. Figure 4.16 provides an
example in the form of a ‘tape placement’ head. More recently, analogous ‘tow and
fibre’ placement techniques have been developed (Figure 4.16b). Usually, the tow
and/or filament is coated with a compatible size or matrix resin.

With well-designed prepreg systems, the use of an autoclave can be avoided; this
technique is referred to as ‘vacuum bagging’, and can be seen in Figure 4.14.

Resin systems have been developed that have sufficient flow at 1 atm (101.325 kPa
or 0.1 GPa) pressure so that the evacuated ‘bagged-up’ prepreg stack can be consoli-
dated in an oven without the need for the additional pressure normally achieved in
the autoclave.

Complexity and the time-consuming nature of autoclave moulding has led to
extensive studies on ‘out-of-autoclave’ processing to speed up the process while
maintaining the accuracy of fibre placement. For example, NCFs have through-
thickness stitching to stabilize the fibre arrangement for RTM. Out-of-autoclave
processing is a subject of continuing research in manufacturing.

Alternative approaches involve placement of cut prepreg or tape onto a tooling
surface using a robot. The control has developed into a finer-scale process known as

(a) (b)

Figure 4.16 Techniques for placing prepreg and fibres onto a curved surface: (a) tape laying of
prepreg; (b) automatic dry fibre placement (courtesy of Coriolis Composites®).
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tow placement. Robotic placement of tows and impregnated tows of fibres can be used
to provide accuracy to the fibre arrangement in the composite structure. Current
developments have moved to an even finer scale of fibre placement. Figure 4.16
compares early tape placement with modern dry fibre placement.

4.5 Inflatable Core Moulding

This technique is essentially an inverse vacuum bagging technique in which a hollow
core is inflated under pressure against the prepreg stack held inside the tooling. The
artefacts prepared in this way are structures that are subjected to bending loads in use.
The hollow core provides rigidity in flexure to the structure. The most common
application is in sports racquets, such as for tennis and badminton. Bicycle frame
parts can also be made this way. Figure 4.17 shows how this technique is employed.

4.6 Hot Compaction

This is a technique akin to hot pressing, and is used for sintering MMC and CMC
materials. It is also applied to thermoplastics to manufacture self-reinforced

Figure 4.17 Inflation core moulding. (a) Schematic of the inflatable core moulding process [14].
(b) Typical components of bladder moulding, with the prepreg placed in the bottom tool
followed by a silicone elastomer bladder and inflation valve (courtesy of Fenner Precision UK).
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composites in which the matrix and reinforcing fibres are made from the same
polymer, either polyethylene or polypropylene. During the process the surfaces of
highly oriented fibres are selectively melted to produce the matrix phase. There are
two approaches: one employs heated platens which rapidly melt the fibre surfaces
when the compaction pressure is applied; the second uses a fibre with a co-extruded
outer surface polymer of lower melting point (Figure 4.18).

4.7 Other Moulding Techniques

Composite artefacts can also be manufactured using the conventional plastics
moulding techniques compression moulding and injection moulding.

4.7.1 Compression Moulding

Compression moulding involves placing a charge into the cavity of the mould and
applying pressure, as shown in Figure 4.19. Typical materials are the phenolic
moulding powders DMC and SMC. The former employ compounded novolak
systems, which include hybrid fibrous and particulate reinforcements, and require
clamp breathing (a brief opening of the tooling) to allow curing volatiles to exit. Hot
pressing can also be used to form laminates without full bagging and autoclave, in
analogy to lamination of Formica kitchen laminates.

Fibres

Surface melting occurs at
compaction temperature

Single polymer composite

Melted phase forms matrix
of composite on cooling

Figure 4.18 Schematic of hot compaction, in which the molten surface of polypropylene fibres
forms the matrix. The example product from hot compaction of Curv® textile polypropylene, a
lightweight suitcase (Cosmolite). The inset shows the fibre textile pattern (pers. comm.,
P. Hine).
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4.7.2 Injection Moulding

Injection moulding is a standard plastics moulding process whereby the polymer
granules are plasticized and homogenized in the barrel as the ‘melt’ moves along
the screw (Figure 4.20). Once the ‘melt’ is homogenized, the screw moves forwards
and injects the ‘melt’ into the mould, under pressure. The size of the machine is
determined by the clamping pressure required to keep the mould closed during
injection. For thermosets it is often necessary to use clamp breathing (a brief opening
of the mould) and/or a vented barrel to release any volatiles that are formed during the
process [16–18].

The main advantage of injection moulding is that it is a rapid manufacturing
process; however, for composites we can only employ short fibres because the ‘melt’
has to flow within a 3D mould cavity and through a narrow gate. Table 4.3 shows that
thermoplastics (SFRTP) and thermosets (SFRTS) have fibres with length >1–5 mm,
but during plasticization the longer fibres are broken down further. To maximize fibre
length in the moulding, the fibres are usually in bundle form with an average length
greater than that required for the moulding. The flow of the ‘melt’ induces a fibre
orientation and careful tooling design is required to avoid anisotropy in the moulding.
Figure 4.21 shows how the discontinuous fibre adapts to the flow and leads to
anisotropy in a moulding, as shown in Figure 4.22.

The moulding in Figure 4.22 will have analogous micromechanics to a 0�/90�/0�

continuous fibre composite, with brittle failure in the central material and ductile
failure in the ‘surface’ material.

Figure 4.23 illustrates the flow of the ‘melt’ around holes and inserts in the tooling
and the formation ‘weld’ lines, which can lead to premature fracture of the part. This
also illustrates how mould design can direct the flow to reduce such defects. Software

Figure 4.19 Schematic of compression moulding [15].
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is available to model flow in the presence of multiple gates. With composites, it is
possible for the fibres to be circumferentially aligned around a hole to provide higher
resistance to torque. This can best be achieved with the correct melt viscosity and
aided by the inclusion of particulate reinforcements, which aid flow of the fibres.

Dough moulding compounds are thermosetting UPE materials with longer fibres
than fibre reinforced thermoset (FRTS), providing higher performance. The material

(a)

Start

DwellCooling

Mould
open

Eject
moulding

Mould
filling

Mould
close

Figure 4.20 Schematic of injection moulding equipment. (a) Typical screw injection
moulding machine together with an illustration of the moulding sequence; (b) the modified
hopper feed employed for DMC or BMC [11,16].

Figure 4.21 Schematic of the flow of a short-fibre/polymer melt in a simple gated mould,
illustrating the change in fibre orientation [17,18].
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has a dough-like consistency and therefore requires a modified hopper with pressur-
ized flow into the screw, as shown in Figure 4.20b. The nature of the dough is that
plug flow occurs in the mould, and anisotropic mouldings are more probable than with
conventional thermoplastics.

As shown in Figure 4.23 melt flows around inserts but the melt fronts do not mix,
but align as flow continues. Thus, the fibres will be parallel, leading to a weak region
in the moulding. There are a number of techniques to address the anisotropy of fibre
distribution within a moulding:

1. Multi-gated tooling for injection-moulded artefacts to avoid weld lines. The gating
of the tooling should be designed by flow simulation software to minimize the
opportunity for weld line formation.

2. Include particulate fillers to modify the flow of the melt within the mould cavity.
3. Fibre management techniques. Control of the fibre orientation can be achieved

using a live-feed device to apply a shear stress to the melt.

Multi-live-feed was developed by Bevis and Allan [20,21] to provide shear to the
melt in the tooling, as shown in Figure 4.24. In this way, the fibre orientation can be
optimized within the component. The optimum strength of components can be
achieved with this technology.

Figure 4.22 Illustration of anisotropy; ‘sandwich’ fibre orientations in an injection moulding.
The fibres are aligned parallel to the mould fill direction at the tooling surfaces, but normal to
the flow direction in the centre section [19].

Figure 4.23 Diagram illustrating the flow direction of a melt around a centre-gated plate
mould with three circular holes showing the ‘knit’ or ‘weld’ lines that form where the melt
fronts join [19].
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Figure 4.24 shows a drawing of a two-live-feed device attached to an injection
moulding machine between the mould cavity and the barrel. The technique is referred
to as Scorim. A similar extrusion technique has been referred as Scorex.

Shear can be applied to the melt in the mould using pistons 1 and 2.
Three modes are possible:

1. Pistons 1 and 2 are pumped backwards and forwards with a phase difference of
180� to align fibres through the thickness.

2. Pistons 1 and 2 are pumped backwards and forwards at the same frequency and in
phase to align the fibres along the length.

3. Pistons 1 and 2 are held to apply a static pressure and compact the melt.

Four live-feed devices can be incorporated between two injection screws in order to
provide the option of aligning the fibres in a more complex quasi-isotropic
arrangement.

4.8 Selection of Manufacturing Method

The range of potential manufacturing processes is reviewed in Table 4.5. Choice is
determined by the requirements of the moulding:

1. performance: high or low;
2. shape: simple or complex;

Figure 4.24 Schematic of live-feed device used to selectively provide optimum fibre
orientation in the tooling by applying either shear or compression to the melt. With pistons
1 and 2 out of phase, the fibres become oriented to the flow direction. Pistons 1 and 2 in phase
or applying compression to the melt will lead to fibre orientation at 90� [20,21].
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Table 4.5. Summary of composite Manufacturing Routes with choice of resin and typical applications

Process Reinforcement
Vol
(%) Method Common resin Typical application

1. Hand lay-up CSM or woven mat (G) 15–30 Resin impregnation of dry fibre
with brush and roller

UPE
Vinyl ester

GRP boat hull

2. Spray-up Chopped rovings (G) 15–30 Direct application of chopped
rovings and resin

UPE As above

3. Autoclave Continuous fibres (G, C, A) 60 Forming of stacked prepreg in a
vacuum bag in a pressure vessel

Epoxy
BMI
PMR
PEEK

Aircraft wing or rotor blade

4. Filament winding Continuous rovings,
occasionally particulate
fillers (e.g. sand) (G, C)

50 Wet resin carried by fibres onto a
mandrel at predetermined angles.
Variants: prepreg tape, woven
fibre tape
Dry winding of preform

UPE
Vinyl ester
Epoxy
Phenolic

Pipes and containers

5. Pultrusion Continuous, occasional
CSM and fillers (G, C)

60–80 Wet resin impregnated roving or
cloth formed with a hot die

UPE
Vinyl ester
Epoxy

I-beam or rods

6. Centrifugal casting Chopped rovings (G) and
particulate fillers (e.g. sand)

40–60 Chopped fibres (G) and resin
sprayed into rotating mould

UPE and related
resins

Pipes

7. Compression
Moulding

Chopped or continuous
fibres and fillers (G, C, A)

10–60 SMC, DMC wet resin plus CSM
preform, prepreg, phenolic
moulding powder
Pressed to shape in a closed
mould

Polyester
Epoxy
Phenolic

Medium- sized complex
mouldings (e.g. lorry body
panels)
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Table 4.5. (cont.)

Process Reinforcement
Vol
(%) Method Common resin Typical application

8. Hot stamping of
thermoplastics

Continuous and
discontinuous (G)

15–50 Forming of FRTP sheeting with
fully impregnated fibres

Polypropylene
Nylon
Advanced
thermoplastics;
PEEK, PES

Medium-size thermoplastic
mouldings (e.g. car fascias)

9. Resin injection or
transfer moulding
(RTM)

Continuous or
discontinuous fibres.
Polymer foam inserts
(G, C, A)

25–30 Wet resin injected into woven or
CSM preform, within a closed
mould

UPE
Vinyl ester

GRP body panels

10. Reinforced
reaction injection
moulding (RRIM)

Short-milled glass fibres or
fibre preform (G)

5–20 Fibre–polyol dispersion and
isocyanate mixed at rapid mixing
head

Polyurethane
(nylon 6)

Large complex parts with high
impact resistance (e.g. vertical
automobile panels)

11. Injection
moulding

Short fibres (G) 5–20 Conventional injection Moulding
of pre-compounded granules
DMC, BMC, FRTS, FRTP

UPE
Thermoplastics
Phenolics
moulding
powders

Small to medium domestic and
automotive parts

A, aramid fibres; C, carbon fibres; G, glass fibres.
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3. production rate: high or low;
4. anisotropic properties: acceptable or not;
5. cost;
6. choice of fibre configuration:

a. continuous simple shapes;
b. woven continuous fibres;
c. fibre mats, simple shapes but more complex curvature;
d. dispersed short fibres, complex shapes with high production rates possible.

7. compromise: speed, complexity, performance.

How do we choose from the available methods given above and in Tables 4.1 and 4.2?
Examination of Figure 4.25 shows the range of mechanical performances that can be
achieved with glass fibres as a function of the form of the reinforcement.

Table 4.5 summarizes the manufacturing routes for composites, with suggestions of
suitable materials and applications. Of particular relevance are the typical fibre volume
fractions that can be achieved. Since Vf mainly determines the rigidity, the selected
technique will be determined by the required performance of the moulding. There is a
compromise between the mechanical properties, the complexity of shape, and the rate
of production. This aspect is best illustrated by reference to the range of glass-fibre
composites manufactured from available reinforcements (Figure 4.25). We see that
the maximum achievable fibre volume fraction (Vf) is a function of the nature of the
reinforcement and the moulding process. Thus, with short or discontinuous fibres
the maximum Vf is �20%, which determines the mechanical properties that can be
achieved. The performance is also affected by the fact that in a 3D moulding the
orientation is random and the fibres have a distribution of length.
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Figure 4.25 Map of the mechanical properties of E-glass-fibre composites from differing types of
reinforcement, illustrating the relationship between fibre orientation and volume fraction and
their effect on performance (adapted from [22]).
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Low-volume-fraction materials are prepared from techniques such as injection or
compression moulding, which can produce complex-shaped artefacts relatively rap-
idly, but at a cost to the performance. For high performance, control over fibre
geometry is essential and these techniques are relatively slow and only for ‘simple’
shapes. Autoclave moulding can take 24 h. This explains why carbon fibre is not used
to the same degree in discontinuous fibre composites. The reduced performance of
discontinuous carbon fibre reinforcement may not be justified by the increased cost of
the moulding.

Figure 4.26 is a schematic of the spread of mechanical performance of glass-fibre
composites derived from Figure 4.25, illustrating the compromise between perform-
ance, complexity of shape, and rate of production.

Thus, a complex-shaped artefact manufactured by a moulding technique will
probably have a fibre volume fraction of �20%, and we can summarize the need to
consider performance, shape, and production rate:

1. injection mouldings (3D); Vf up to �20%;
2. hand lay-up moulding with CSM (2D); Vf approx. 15–30% random in-plane;
3. hand lay-up or wound moulding from balanced woven roving; Vf approx. 20–45%;
4. hot pressed cross-ply laminates; Vf approx. 20–50%;
5. pultrusion from unidirectional rovings; Vf approx. 30–55%;
6. hot pressed sheet using unidirectional aligned continuous fibres; Vf

approx. 40–60%;

With higher-performance fibres, such as carbon fibre, most fabrication routes will
expect to achieve Vf of 60%. Thus, the curve in Figure 4.26 would be extended to
achieve a modulus of �140 GPa and strength of �2 GPa (high-strength carbon fibre).
In reality a range of curves for each fibre could be constructed.
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Figure 4.26 Mechanical properties of glass-fibre composites as a function of reinforcement
type, illustrating the compromise between performance, complexity of shape, and rate of
production (see Figure 4.25 for details).
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Aligned continuous fibres provide the highest performance and maximum practical
Vf of 0.6. Thus, from the simple law of mixtures analysis, the highest modulus of a
glass-fibre composite is 0.6 � Ef � 46 GPa; a carbon fibre (PAN-based) composite
�135–210 GPa. Examination of Figure 4.25 shows that employing random discon-
tinuous fibres would reduce the modulus significantly. Given the higher cost of carbon
fibre, it becomes clear that there is only limited benefit from using randomly oriented
discontinuous carbon fibre. As a result, most carbon fibre systems employ continuous
fibres either as ‘rovings’ or as textiles. Glass-fibre composites dominate the discon-
tinuous fibre systems.

A number of textile arrangements are available, as illustrated in Figure 2.22.
These provide control over the fibre orientation in the manufactured part. The choice
is determined by the drape required to manufacture a curved component. In shapes
requiring a large displacement of the reinforcement, CRM can be employed. Sheet
moulding compounds have discontinuous random or continuous random fibres in a
thickened resin compound, which can be compression moulded into relatively
complex curved components such as lorry cabs. For more complex 3D shapes,
discontinuous fibres are dispersed into the resin to make a DMC or BMC.
Alternatively, thermoplastic systems with dispersed short fibres can be more rapidly
injection moulded into a complex 3D shape. As shown in Figure 4.26, there is a
compromise between the achievable mechanical properties of the composite and
complexity of the shape of the artefact and the rate of production. For high
performance, carbon fibre prepreg can be moulded into simple shapes using rela-
tively slow processing, such as an autoclave. On the other hand, a 3D moulding
would normally require discontinuous reinforcements so that injection moulding can
be employed but mechanically the performance will be lower. Process costs for a
high-performance structure are determined by labour requirements for lay-up, as
well as the running costs for an autoclave in addition to the cost of materials. As a
result, out-of-autoclave processing using stitched unidirectional fibre mats for RTM
impregnation is being developed. The main issue is to ensure that the fibre orienta-
tion can be precisely retained in the moulding.

Selection of the process for manufacturing composites requires an understanding of
this concept. Clearly the choice of matrix polymer dictates performance, but also
which method is applicable. As mentioned above, out-of-autoclave moulding has the
potential to increase the rate of production of structural parts. One solution is the use
of continuous fibre thermoplastic prepreg in which tape laying is combined with
thermal welding of the matrix.

Table 4.5 illustrates the range of processing options, but the beauty of composite
materials is the flexibility of individual techniques for specific shapes. For example,
curved pultrusions have been formed by placing the uncured pultrudate onto a large-
diameter wheel. This technique was used by Goldsworthy [23,24] to manufacture
simple constant cross-section automobile springs. Graduated leaf-spring equivalents
required a prepreg technique. Also, combining pultrusion with subsequent introduc-
tion of DMC or SMC enables non-constant cross-section artefacts to be
manufactured.
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4.9 Conclusions

In this chapter we have described the principal methods for the manufacture of PMCs.
The advantages and disadvantages of individual techniques are discussed and the
selection criteria provided with respect to the performance, shape, and production rate
of the components. The manufacturing options for a composite artefact are discussed
in detail. The different moulding techniques and materials are described to provide an
overview of the choices needed. There is a compromise between performance, shape,
rate of process, and costs, which needs to inform the design process.

Non-polymeric matrices such as ceramics and metals can be processed in
analogous techniques to those described here. The major factors to be considered
are the higher temperatures involved and the protection of the fibres from reaction
with the matrix at these temperatures. We have indicated some of these aspects in
Chapter 3.

4.10 Discussion Points

1. What is the advantage of employing discontinuous fibres in a composite?
2. Which fibres are preferred for complex 3D mouldings and why?
3. Why is it unlikely that carbon fibres are employed in these mouldings?
4. What is the main reason for using autoclave moulding with advanced fibres such as

carbon fibre?
5. Why is out-of-autoclave processing becoming more probable? What technique is

used with reinforcement and what is the reason? Which impregnation methods are
best used?

6. Discuss the selection of a process for (1) a high-performance artefact or (2) a
rapidly manufactured artefact with a 3D moulding shape.
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5 Mechanical Properties of
Composite Materials

This chapter describes the mechanical performance of a fibre composite. A number of
variables that control deformation and fracture are discussed: continuous or discon-
tinuous fibres; fibre angle; fibre length; the transfer of stress between matrix and fibre
at a short fibre and/or a fibre-break; and the role of the matrix. Individual components
can fracture independently and control the micromechanics; the redistribution of stress
after these events is discussed.

5.1 Continuous Fibre Reinforcement

Figure 5.1 shows a unidirectional continuous fibre composite with parallel continuous
fibres illustrating that the elastic modulus (or Young’s modulus) differs with the
direction of the applied stress. Therefore, four principle moduli are defined:

E1ðor EιÞ,E2ðor EtÞ,E3ð¼ EιÞ; Eθ,

where E is the elastic modulus under tension and G is shear modulus. σ, ε, τ, and γ are
the stress, strain, shear stress, and shear strain, respectively. The subscripts 1 (l), 2 (t),
and 3 (t) represent the loading direction with respect to the fibres (Figure 5.1). Within
this chapter, f, m, and c refer to the properties of the fibre, matrix (resin or other
continuous phase), or composite. u refers to the ultimate property, so that strength is
defined as σcu and failure strain as εcu.

5.1.1 Longitudinal Modulus

With a tensile load parallel to the fibres and assuming a perfect interfacial bond, the
strain in the composite (εc) equals the strain in the matrix (εm) which equals the strain
in the fibres (εf). Therefore:

εc ¼ εm ¼ εf : (5.1)

Since

σf ¼ Ef ε1 and σm ¼ Emε1 and Ef > Em, (5.2)

then σf > σm: (5.3)
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Consider a load, Pc, across the cross-sectional area (CSA), Ac, of the composite:

Pc ¼ σ1Ac,

Pc ¼ Pf þ Pm,

Pf ¼ σf Af ,Pm ¼ σmAm,

Pc ¼ σf Af þ σmAm,

σ1 ¼ E1ε1:

Therefore, eq. (5.3) becomes

E1 ¼ Ef Af

Ac
þ EmAm

Ac
, (5.4)

where ðAf =AcÞ defines the volume fraction of the fibres (Vf) and ðAm=AcÞ is the
volume fraction of the matrix (Vm):

Vf ¼ Af =Ac,Vm ¼ Am=Ac:

Therefore, eq. (5.4) becomes

E1 ¼ Ef Vf þ EmVm: (5.5)

Since Vm ¼ 1� Vf , eq. (5.5) can be written as

E1 ¼ Ef þ Emð1� Vf Þ: (5.6)

Equation 5.5 (or 5.6) is known as the law of mixtures and assumes Poisson’s ratio of
the matrix (nm) equals Poisson’s ratio of the fibre (n f). This is strictly incorrect but

Et or E2

Et or E3

El or E1
Eq

Figure 5.1 A schematic of a unidirectional continuous fibre composite with the loading angles
shown. E1 or El is the elastic (or Young’s) modulus in the longitudinal or 1-direction. Et or E2 is
the elastic modulus in the transverse or 2-direction. Et or E3 is the elastic modulus through-
thickness, which is equivalent to E2. Eθ is the elastic modulus at a θ angle direction to the fibres.
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introduces an error of <1%, which is within the experimental error in the
measurement.

The law of mixtures can also be used to estimate Poisson’s ratio of the composite:

υlt ¼ υ12 ¼ υf V f þ υmð1� Vf Þ, (5.7)

where υf, υm, υlt, or υ12 are Poisson’s ratios of the fibre, matrix, or the composite,
which is loaded in the longitudinal (l) or 1-direction and records the contraction in the
transverse (t) or 2-direction.

5.1.2 Transverse Modulus

With a tensile load at 90� to fibres and assuming a perfect interfacial bond, the stress in
the composite (σc) equals the stress in the matrix (σm) which equals the stress in the
fibres (σf):

σc ¼ σm ¼ σf (5.8)

Corresponding strains are:

εf ¼ σ2
Ef

,

εm ¼ σ2
Em

:

Thus,

ε2 ¼ Vf εf þ Vmεm, (5.9)

ε2 ¼ Vf σ2
Ef

þ Vmσ2
Em

,

σ2 ¼ Etε2:

Therefore,

1
Et

¼ Vf

Ef
þ Vm

Em
: (5.10)

Rearrangement and substitution for Vm ¼ (1 – Vf) gives

Et ¼ Ef Em

Ef ð1� Vf Þ þ EmVf : (5.11)

Equation (5.10) can be improved by taking into account Poisson’s ratio of the
matrix (nm):

Et ¼ Ef E0
m

Ef ð1� Vf Þ þ E0
mVf , (5.12)

E0
m ¼ Em

ð1� n 2
mÞ

: (5.13)
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Unfortunately, the assumption that σc ¼ σm ¼ σf is invalid because the fibres are not
normally packed in a uniform manner. The empirical Halpin–Tsai equation (eq. 5.14)
generally provides a more accurate estimate of Et:

Et ¼ ð1þ ζ ηVf Þ
ð1� ηVf Þ Em, (5.14)

where

η ¼
Ef

Em
� 1

� �
Ef

Em
þ ζ

� �

and ζ is the packing geometry factor, which is generally determined experimentally. It
takes a value of ~0.2 for fibrous reinforcements. Equation (5.14) is closely related to
the Nielsen equation developed for particulate-filled materials.

5.1.3 Halpin–Tsai Equations [1]

The Halpin–Tsai equations are usually presented in a generic form:

M ¼ ð1þ ζ ηVf Þ
ð1� ηVf Þ Mm, (5.15)

where M is the composite modulus, Et (or E2), G12, or n 23; Mf is the corresponding
modulus or Poisson’s ratio of the fibre, Ef. Gf, υf, and Mm are the corresponding
modulus or Poisson’s ratios of the matrix, Em, Gm, υm:

η ¼
Mf

Mm
� 1

� �
Mf

Mm
þ ζ

� � : (5.16)

Table 5.1 shows the extremes of properties that are achievable in unidirectional
carbon, glass, and aramid fibre composites. This illustrates the phenomenon of
anisotropy in mechanical properties, which has to be dealt with in the design of
durable structures using these materials. It also shows that in the fibre direction the
modulus and strength are relatively high and reflect the choice of fibres. σcu and εcu are
the failure stress (i.e. strength) and strain of the composite.

5.1.3.1 Angular Modulus (Eθ)
As shown in Table 5.1, the in-plane tensile modulus has two extreme values as defined
in Figure 5.2. These values can be estimated according to eqs (5.5) and (5.14). At
angles other than 0� and 90�, equations can be obtained from a consideration of the
resolved stresses acting in different directions (Figure 5.3). Ex and Ey are the moduli in
the x- and y-directions, respectively, of laminae that act at 90� to each other and are
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Table 5.1. Typical properties of unidirectional composites in the 1- (0�) and 2- (90�) loading angles

Laminate 0� CFRP 90� CFRP 0� GFRP 90� GFRP 0� AFRP 90� AFRP

E (GPa) 127 � 3 8.3 � 0.3 42 � 1 14 � 0.5 83 5.6
σcu (GPa) 1.7 � 0.1 0.039 � 0.003 0.92 0.056 1.31 0.039
εcu (%) 1.16 � 0.04 0.48 � 0.05 2.2 0.5 – –

n 0.29 � 0.004 0.019 � 0.002 0.27 0.09 0.34 –

Vf 0.62 � 0.02 0.62 � 0.02 0.55 � 0.05 0.55 � 0.05 0.62 � 0.03 0.62 � 0.03

AFRP, Kevlar 49; CFRP, high-strength carbon fibre; GRP, E-glass fibre.

Figure 5.2 Comparison of the predicted (a) transverse and (b) shear moduli of a glass-fibre
composite from the constant or equal stress model and Halpin–Tsai equations. E2 is predicted
well by the Halpin–Tsai equation, whereas G12 overestimates the actual value [2].

164 Mechanical Properties of Composite Materials

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.006
https://www.cambridge.org/core


rotated in-plane from the longitudinal (or 1-) and transverse (or 2-) axes. They
therefore define Eθ relative to the fibre direction. Equation 5.17 is obtained from
laminate analysis as described elsewhere:

1
Ex

¼ 1
E1

c4 þ 1
G12

� 2n 12

E1

� �
s2c2 þ 1

E2
s4

1
Ey

¼ 1
E1

s4 þ 1
G12

� 2n 12

E1

� �
s2c2 þ 1

E2
c4

1
Gxy

¼ 2
2
E1

þ 2
E2

þ 4n 12

E1
� 1
G12

� �
s2c2 þ 1

G12
ðs4 þ c4Þ

n xy ¼ Ex
n 12

E1
ðs4 þ c4Þ � 1

E1
þ 1
E2

� 1
G12

� �
s2c2

� �
,

(5.17)

where c ¼ cosθ and s ¼ sinθ. G12 and n 12 are the in-plane shear modulus and
Poisson’s ratio on the 1- and 2-coordinates. Gxy and υxy are the analogous properties
on the xy coordinates.

5.1.3.2 Poisson’s Ratios
Figure 5.4 shows schematically the changes in dimensions of an aligned unidirectional
composite and the definitions of the three constants.

Figure 5.5 shows how the predicted values of the three Poisson’s ratios are influ-
enced by the volume fractions of fibres. The non-linear behaviour of n 21, n 31 is
attributed to the constraint of longitudinal shrinkage by the higher-modulus fibres,
while for n 32 and n 23 the strains involved in the loading of resins are higher.
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Figure 5.3 Predicted angular moduli of a unidirectional composite illustrating the relationship
between Ex and Ey [3].
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5.2 Transverse Strength

The transverse or 90� strength of a unidirectional fibre composite is difficult to predict
because it is a function of:

a. interface strength;
b. matrix strength;
c. transverse strength of the fibre; and
d. stress concentration factors.

2 or 3

2 or 3

n12 = n13

n21 = n31

n32 = n23

3

2

1

1

Figure 5.4 The definitions of Poisson’s ratios that operate in an aligned unidirectional
composite under different loading directions. Loading is in the (a) 1-direction;
(b) 2-direction; and (c) 3-direction [2].
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Figure 5.5 Predicted values of Poisson’s ratios of a glass-fibre–epoxy composite as a
function of fibre volume fraction [2].
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Clearly one of (a)–(c) will dominate, depending on whichever is weakest. The
locations of stress concentrations will also have a major impact on failure microme-
chanics. Therefore, we need to consider the extremes of interfacial fibre–matrix
bonding.

5.2.1 Poorly Bonded Fibres

Consider a square array of poorly bonded fibres, which will behave as holes
(Figure 5.6). The volume fraction of fibres, Vf, in a square array is given by

Vf ¼ π
4

r

R

� �2
, (5.18)

When the fibres touch, R ¼ r; therefore,

Vf ðmaxÞ ¼ 0:785:

The spacing between fibres is given by

S ¼ 2
π

4Vf

� �1=2

� 1

" #
r:

Therefore, the introduction of fibres reduces the CSA of the matrix by:

S

2r
¼ 1� 2

Vf

π

� �1=2
" #

:

Therefore, the strength of the composite is given by:

σ2u ¼ σmu 1� 2
Vf

π

� �1=2
" #

: (5.19)

From this analysis, the strength of the composite is given by eq. (5.19), which is
plotted in Figure 5.7. A composite of typical Vf of, say, 0.5 will have a transverse
strength (σ2u or σtu) that is �20% of the matrix strength (σmu).

S

2R

2r

Figure 5.6 Square array of fibres of diameter, 2r separated by the distance between the
centre of the fibres, 2R. S is the interfibre spacing.
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This model is unrealistic on two accounts: (1) the unrepresentative square array of
fibres and (2) exclusion of stress concentrations associated with the poorly bonded
fibres. Bailey and Parvizi addressed these deficiencies in a simplistic model [4], which
is described in Figure 5.8.

In this model (1) Vf is better represented by Vf � πr2

ðSþ2rÞ2 and (2) the load is carried
by the matrix and enhanced by a stress concentration factor, K 0:

σ2 ¼ Vmσm
σmðmaxÞ ¼ K 0σm,

where K0 is the stress concentration factor.
Failure occurs when

σmaxm ¼ σmu

∴ σ2u ¼ σmuVm

K 0 (5.20)

Figure 5.7 The predicted effect of the volume fraction of fibres on the transverse strength for a
square array of poorly bonded fibres. Vf max is 0.785 when the fibres touch and strength falls
to zero.

Figure 5.8 Model array of poorly bonded fibres showing the regions of stress concentration. The
stress concentration is defined by use of the factor K0 (see text); * marks the position of
maximum tensile stress.
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or ε2u ¼ εmuEmVm

K 0Et
: (5.21)

K 0 has a value of 2.0 according to Bailey and Parvizi [4], who used the estimate of
Chamis [5]. Equation (5.21) gives a value of ε2u ¼ 0:6% for a glass-fibre–epoxy
composite with Vf ¼ 0:5.

5.2.2 Well-Bonded Fibres

Under load at 90� to the fibres there is a strain magnification in the matrix as a result
of the difference in the moduli. The Kies [6] model uses a strain magnification factor
(SMF) to define the strain acting on the resin:

SMF ¼ Strain in resin between fibres
Strain in tranverse ply

,

SMF ¼ ð2r þ SÞ
2rEmEf þ S

:

(5.22)

For a square array of fibres,

S ¼ r
π
Vf

� �1=2

� 2

" #
:

Since

SMF ¼ εmu
ε2u

,

ε2u ¼ εmu

1þ 2 π
Vf

� �1=2 � 2

� ��1 ,

σ2u ¼ σmuEt

Em 1þ 2 π
Vf

� �1=2 � 2

� ��1
" # :

Therefore,

σ2u � 0:5σmu (5.23)

Thus, the transverse strength of the composite ðσ2u or σtuÞ is approximately half the
matrix strength.

If debonding precedes failure, then a stress concentration will occur at position X in
Figure 5.9 and should be included in the model.

For a transverse ply at a stress of σt ¼ σ2, the maximum local stress in the matrix at
X is σmaxm ¼ Kσt ¼ Kσ2, where K is the stress concentration factor.

Composite failure will occur when σm exceeds σmu; therefore, we can define
transverse strength by σmaxm . Therefore, σmaxm ¼ σmu, but σ2u ¼ σmu

K and σmu ¼ εmuEm.
Therefore,
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ε2u ¼ εtu ¼ εmuEm

KEt
: (5.24)

The experiments of Bailey and Parvizi [4] show that Kies theory is an overestimate of
σ2uðor σtuÞ and the incorporation of the stress concentration factor brings the predic-
tions closer to the measured values. The Kies model for a glass-fibre–epoxy composite
provides ε2u � 0:65% for Vf ¼ 0:5, while eq. (5.24) gives ε2u � 0:5% for Vf ¼ 0.5.
The measured value is ε2u � 0:55% for a composite with Vf ¼ 0.5.

5.3 Longitudinal Strength

The strength of a 0� (unidirectional aligned) fibre composite depends on the individual
failure strains of the two components. Therefore, we need to consider the cases for
brittle and extensible matrices. For polymer matrix composites (PMCs), the fibre
failure strain (εfu) < matrix failure strain (εmu), whereas for brittle matrix composites
such as ceramic matrices (and some brittle polymers) the fibre failure strain (εfu) >
matrix failure strain (εmu).

With a perfect interfacial bond in a composite under an axial load the matrix and
fibre will deform simultaneously so that a constant strain operates:

εc ¼ εm ¼ εf ,

E1 ¼ Ef Vf þ EmVm: (5.25)

In terms of stress:

σ1 ¼ ε1Ef Vf þ ε1Emð1� Vf Þ,
σ1 ¼ σf V f þ σmð1� Vf Þ:

The strength depends on which element fails first. We assume that the failure
strains of the fibres and matrix have fixed values. – this is unrealistic and its conse-
quences are discussed elsewhere, but it is a necessary assumption for the development
of simple models.

Figure 5.9 A more representative fibre array used in the prediction of transverse
strength of composite containing well-bonded fibres. The stress concentrations are
located at position X.
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Thus, there are two cases: (1) εf u < εmu (ductile matrix composites) and (2)
εf u > εmu (brittle matrix composites).

5.3.1 Ductile Matrix Composites

In this case the fibres fracture first because the matrix has a higher failure strain and
the load carried by the fibres is transferred to the matrix. At low Vf the extra load on
the matrix does not lead to failure. The strength of a uniaxial composite in the 0�

direction is given by

σ1u ¼ σmuVm ¼ σmuð1� Vf Þ: (5.26)

At high Vf the matrix is unable to carry the extra load so the composite fails. The
strength is given by:

σ1u ¼ σf uVf þ σ0mð1� Vf Þ, (5.27)

where σ0m is the stress on the matrix when the fibres fail:

σ0m ¼ εf uEm:

Thus, at high Vf simultaneous fracture of the matrix and fibres occurs, whereas at low
Vf multiple fracture of the fibres takes place. The latter is often referred to as fibre
fragmentation. Fragmentation ceases when the load transferred from the fibres to the
matrix causes the interface to fail in shear. This phenomenon is used to assess the
strength of the fibre–matrix interface and will be discussed elsewhere. Figure 5.10
provides these mechanisms schematically.

V 0
f is the minimum volume fraction of fibres above which the micromechanisms of

fracture change. Thus, below V 0
f multiple fibre fracture occurs (fragmentation),

whereas above V 0
f the fibres and matrix fracture simultaneously (i.e. a single failure).

V 0
f is obtained using eqs (5.26) and (5.27):

σmuð1� Vf Þ ¼ σf uV f þ σ0mð1� Vf Þ,
and thus

V 0
f ¼

ðσmu � σmÞ
ðσf u þ σmu � σ0mÞ

: (5.28)

Typical values of V 0
f are 0.006 for glass-fibre composites and 0.03 for carbon-fibre

composites, so this analysis describes the basis of the behaviour of CFRP and GRP.
How these micromechanics operate in real materials is discussed later.

As shown in Figure 5.10, a critical volume fraction of fibres ðVcritÞ is required for
reinforcement, which is given by using eq. (5.27) for the matrix strength:

σmu ¼ σ1u ¼ σf uVf þ σ0mð1� Vf Þ, (5.29)

Vcrit ¼ ðσmu � σ0mÞ
ðσf u þ σ0mÞ

, (5.30)

where σ0m ¼ εf uEm.
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Since Vcrit is well below the actual volume fraction employed in structural com-
posites, failure will involve fibre fracture. In reality, the strengths of the individual
filaments differ so that composite fracture involves the accumulation of fibre-breaks. It
is important to understand how the fibre-breaks interact. Figure 5.11a illustrates
random fracture of filaments without interaction, whereas Figure 5.11b shows how
fibre-breaks can interact and lead to failure.

5.3.1.1 Variable Strength of Fibres
Weibull statistics [7] are commonly used to describe the distribution of individual
filament strengths. Figure 5.12 illustrates how the distribution can be ranked.

A cumulative probability distribution function, PðσÞ, can be obtained from
the data:

PðσÞ ¼ 1� exp ½�Lðσf u=σoÞm�, (5.31)

where σf u is the strength of an individual filament of length L, m is the Weibull
modulus, and σo is the characteristic strength of the population. σo is also referred to as
a shape parameter. It should not be confused with the average strength of the
population ð�σf uÞ. Figure 5.13 provides an example of the cumulative probability
distribution function given in eq. (5.31).
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Figure 5.10 (a) Schematic stress–strain curves of the fibres and matrices for εfu < εmu and
Ef > Em. (b) Schematic of variation of fracture strength of a 0� unidirectional lamina with fibre
volume fraction Vf .
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Taking logarithms of eq. (5.31) enables values of m and σo, which describe the
distribution function, to be estimated:

ln f1=L ln ½1=ð1� PðσÞ�g ¼ m ln σf u � m ln σo: (5.32)

A plot of eq. (5.32) is linear, with a slope of m, and ln σo can be obtained when
ln f1=L ln ½1=ð1� PðσÞ�g ¼ 0. Figure 5.14 gives example plots for two different
strength distributions. It is clear from this figure that when m1 > m2 there is a narrower
distribution in fibre strength.

5.3.1.2 Strength of an Unimpregnated Fibre Bundle
A simple model for a unidirectional composite is an unimpregnated fibre bundle.
Coleman [9] has reported eq. 5.33:

Figure 5.11 Schematic showing (a) random filament fracture within a 0� composite; (b) failure
crack propagation resulting from the interaction of filament fractures. The strength of the
interfacial bond between the fibre and matrix determines whether stress transfer occurs in the
plane of fibre fracture.
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Figure 5.13 Example of a cumulative probability distribution function.
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Figure 5.12 Schematic of the ranking of the strength of individual glass filaments within a
bundle showing the presence of three strength populations [8].
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Figure 5.14 Schematic Weibull plots for two populations of fibres (1, 2). m1, m2 and σo(1), σo(2)
are the Weibull and characteristic strengths of the two populations.
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σbu
�σf u

¼ 1
mε1

� �1=m 1

Γ 1þ 1
m

� �
0
BB@

1
CCA, (5.33)

where �σf u is the average strength of the filaments in the bundle and Γ is the
gamma function.

For typical reinforcing fibres where m ¼ 2–5 the bundle strength is given by eq.
(5.36):

σbu � ð0:5� 0:6Þ�σf u: (5.34)

Figure 5.15 shows how bundle strength depends on the Weibull modulus, m. The
strength of an unimpregnated bundle is about half the mean strength of the fibres.
Therefore, the matrix has an important role to play in the performance of a so-called
reinforced material.

5.3.1.3 Strength of an Impregnated Bundle
A 0� composite can be modelled as an impregnated bundle. As implied by
Figure 5.11, there are two potential models of failure, which describe the fracture
process:

1. cumulative weakening (resulting from an increase in filament breaks); and
2. fibre-break propagation.

Cumulative Weakening Model
In this model the load carried by an individual fibre is transferred to the matrix through
shear when it breaks, so that the stress around the ends of the broken filaments is
modified. Therefore, at a fibre-break there is an ineffective length, Lc, which does not
carry a load. This is illustrated in Figure 5.16. Progressive fracture of the filaments
leads to progressive weakening of the material. Rosen [10] provides a prediction of
composite strength.

0.2

4 8

Weibull modulus, m
12 16

0.4
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1.0

�bu

�fu

Figure 5.15 The strength of a bundle of unimpregnated fibres ðσbuÞ as a function of the Weibull
modulus for the strength distribution.
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The strength of the composite can be taken as that of the bundle, provided that
fibre-breaks do not interact, over the ineffective length Lc:

σ1 ¼ σf V f þ σmð1� Vf Þ:

Thus, eq. (5.35) can be derived:

σ1u ¼ σlu ¼ L

Lcmεc

� �1=m 1

Γ 1þ 1
�
m

	 
 �σf uV f|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Fibre- weakening

þ ð1� Vf Þσmu|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Matrix-contribution

, (5.35)

where L is the length of the specimen.
For typical values of the ineffective length, when m = 5 the composite strength is

σ1u � 4�σfu and when m ¼ 10, the composite strength is σ1u � 2�σfu.
This shows how the matrix contributes to the fracture behaviour. In contrast to ‘dry’

bundles, impregnated bundles and composites have higher strengths, which is a
function of the distribution of strengths in the fibre population, as well as their
interaction with the matrix. We will see later how the stress transfer between fibre
and matrix involves the quality of the interface or interphase.

Fibre-Break Propagation Model
This is the case for a strongly bonded fibre–matrix interface so that a fibre-break
propagates through the matrix and adjacent fibres, as shown schematically in

Figure 5.16 Schematic illustrating the cumulative weakening model for 0� strength
(from Rosen [10,11]).
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Figure 5.17. This is a result of the stress concentration on the adjacent matrix and
fibres in the plane of the first fibre-break.

5.3.1.4 0� Strength of Ductile Matrix Composites: A Review
In reality, the cumulative weakening still occurs through fibre fracture. At each fibre-
break the stress on the fibre is redistributed onto the matrix and neighbouring fibres,
increasing the probability of fracture. Figure 5.18 shows two examples of the fibre
failure sequence in typical composite layers. Initially, stable groups of broken fibres
form in the layer that withstand the overload imposed by the broken fibres, which then
become unstable at higher applied strains.

Shear yield in the matrix or interphase or debonding of the fibre–matrix interface
dissipates the additional stress across a larger volume of material and reduces the

Figure 5.17 Schematic of the fibre-break propagation model for 0� strength.

Figure 5.18 The sequence of fibre failure (numbered) in two examples of a fibre composite
layer with different random fibre failure distributions. White and shaded fibres represent
intact and broken fibres, respectively [12].
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stress concentration on the adjacent matrix and fibres. Fracture surfaces will exhibit
varying degrees of fibre pull-out. The composite strength is a complex function of
fibre, interface, and matrix properties.

The consequences of these phenomena are shown in Figure 5.19, which describes
the development of oxidative surface treatment of carbon fibres to optimize composite
impact strength.

5.3.2 Brittle Matrix Composites

5.3.2.1 Case 2a (Ef >Em)
This is the case for PMCs. As above, we assume that the failure strains of the
fibres and matrix have fixed values, which is a necessary assumption for the
development of simple models. As noted above, this is unrealistic. Since εfu >

εmu (or εmu < εfu), the matrix fractures first and the load carried by the matrix is
transferred to the fibres.

At low Vf the fibres will not be able to support the additional load and the
composite will fracture simultaneously. Thus, the strength of the composite is given
by an analogous equation to eq. (5.27):

σ1u ¼ σ0f V f þ σmuð1� Vf Þ, (5.36)

where σ0f is the stress on the fibres when the matrix fractures:

σ0f ¼ εmuEf :

With Ef < Em, the matrix carries a small proportion of the load so that at high Vf the
additional load on the fibres is insufficient to cause fibre fracture, so the strength is
given by an analogous equation to eq. (5.26):

σ1u ¼ σf uVf : (5.37)

Normalized
impact
strength

Extensive
fibre
pull-out

Brittle
fracture

Carbon fibre surface
treatment j(%)

0

0.5

1.0

200100 300

Figure 5.19 Effect of surface treatment on the interfacial bond strength of high-strength carbon
fibres with epoxy resins on the impact strength of composites [13]. The optimum surface treatment
is defined as 100%. Thus, overtreatment leads to a strong interface and brittle behaviour.
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By equating eqs (5.36) and (5.37), we can estimate the value of V 0
f above, for which

there is an enhanced reinforcing effect:

σ0f V f þ σmuð1� Vf Þ ¼ σf uV f

V 0
f ¼

σmu
ðσf u � σ0f þ σmuÞ a: (5.38)

V 0
f is the minimum fibre volume fraction for enhanced reinforcement and also

represents the point at which the micromechanics change.
The response of a unidirectional brittle matrix composite under an axial load is

illustrated in Figure 5.20.
Below V 0

f , fracture involves a single failure, whereas above V 0
f multiple matrix

cracking occurs (providing the fibre–matrix interface remains intact). It represents a
change in micromechanics from single failure to multiple matrix cracking. A typical
value of V 0

f can be calculated from eq. (5.38). For glass-fibre composites
(Ef ¼ 70 GPa), V 0

f � 0:11.
Since typical commercial composites will have Vf � 0:4� 0:7, which is above V 0

f ,
we can expect glass-fibre composites under load to exhibit multiple matrix cracking.
Multiple matrix cracking is illustrated in Figure 5.21. Under an applied stress, the
deformation of the composite will exceed the matrix failure strain so that the material
will behave in a ‘tough manner’.

emu
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0 V’f
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Multiple fracture
of matrix
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s lu = s f Vf  + smu (1 – Vf)

s1u = s fuVf 

s fu

Figure 5.20 (a) Schematic stress–strain curves of the fibres and matrices when εfu > εmu and
Ef > Em. (b) Schematic of variation of fracture strength of a 0� unidirectional lamina with fibre
volume fraction, Vf .
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5.3.2.2 Case 2b (Ef <Em)
This a specific case for ceramic materials reinforced with fibres of lower modulus but
high failure strain. An example is the use of polymeric fibres for reinforcing cement [14].

In this case, the load carried by the fibres is much less because Ef < Em and
σf ð¼ εf Ef Þ is lower. On matrix fracture, σ0f ð¼ εmuEf Þ is also lower. Since

σ1u ¼ σ0f V f þ σmuð1� Vf Þ,
σ1u will decrease with Vf. Thus, V 0

f represents the minimum volume fraction of fibres
at which the micromechanics changes. Thus, a critical fibre volume fraction for
reinforcement, Vcrit , is given by using eq. (5.37) for matrix strength:

σmn ¼ σ1u ¼ σf uVf , (5.39)

Vcrit ¼ σmu=σf u: (5.40)

This is illustrated schematically in Figure 5.22b.
Below V 0

f , fracture involves a single failure; above V 0
f , multiple matrix cracking

occurs. This behaviour provides brittle matrices such as cement or ceramics with
toughness as a result of the surface area generated during multiple matrix cracking.

5.4 Stress Transfer at Interfaces

To understand further the nature of multiple fibre (fragmentation) and multiple matrix
fracture in composite materials we must understand the role of interfaces. In the case
of fibre fragmentation and multiple matrix cracking, it is the fibre–matrix interface that
is important, whereas for laminate multiple transverse cracking (often referred to as
matrix cracking) it is the ply interfaces that are critical. In all of these we need to
consider the stress transfer mechanics. There are two extreme situations: (1) weak
adhesion (i.e. poor interface) and (2) strong adhesion (i.e. good interface). The
constant shear model (Kelly–Tyson) is used when a weakly bonded interface exists,

Figure 5.21 Schematic illustrating the phenomenon of multiple matrix cracking in a 0�

composite under a uniaxial load.
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and the shear lag (or Cox) model for a perfect bond. Modelling of intermediate bonded
interfaces is not so straightforward. For a full description the reader is referred to the
text Strong Solids [15].

5.4.1 Constant Shear Stress Model

This is often referred to as the Kelly–Tyson model and was developed to describe
stress transfer in an elastic fibre–ductile metal matrix composite with the reloading of
tungsten wires [16]. It has been adopted for PMCs in which the interface is poorly
bonded so that a frictional interface exhibits constant shear stress. Figure 5.23 illus-
trates the development of stress in a fibre under a constant interfacial shear stress.

The following assumptions are implicit in the constant shear model:

1. poor fibre–matrix interface (or fibre elastic–matrix plastic);
2. the interfacial shear stress, τi, is constant (for MMC, τy ¼ constant ); the subscript i

refers to interface and y the yield strength of the matrix;
3. interface fails in shear;
4. absence of end-adhesion; and
5. the stress builds up linearly to a plateau in the fibre.

The stress on the fibre, σf , is given by the force on the fibre, Pf, acting on the CSA of
the fibre of radius rf :

σf ¼ Pf

πr2f
: (5.41)

slu = s ’f Vf  + smu (1 – Vf)

slu = sfu Vf 
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Figure 5.22 (a) Schematic stress–strain curves for the fibres and matrices where εfu > εmu and
Ef < Em. (b) Schematic of variation of fracture strength of a 0� unidirectional lamina with fibre
volume fraction Vf .
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The shear stress τ is given by the interfacial area (i.e. the cylinder):

τ ¼ Pt

2πrf Lt
, (5.42)

where Lt is the transfer length.
From the force balance, σf is given by

σf ¼ 2τLt
rf

: (5.43)

Thus, the stress on the fibre increases linearly over the transfer length because the
shear stress is constant.

The maximum stress σmax that the fibre can resist is its strength, σf u when the fibre
breaks. Thus, when σf ¼ σf u the fibre breaks; examination of Figure 5.23 shows that a
continuous fibre would fragment until it reached its critical length, Lc, which is given by:

Lc ¼ 2Lt: (5.44)

On rearranging eq. (5.43), Lc is given by

Lc ¼ σf urj
τ

: (5.45)

Equation (5.45) is also represented by a critical aspect ratio, ðLc=df Þ:
Lc
df

¼ σf u
2τi

: (5.46)

Supercritical fibres can continue to fragment until they are too short to further
break. Subcritical fibres cannot be fractured further. This is the basis of the

L

sf

t

t

sc sc

smax

Lt

Figure 5.23 The constant shear stress, or Kelly–Tyson, model for describing stress transfer
between matrix and fibre. σf is the tensile stress in the fibre and σmax the maximum achievable.
Lt is the transfer length over which the fibre is reloaded to σmax – i.e. the stress carried by a
continuous fibre or by the fibre before it fractured. σc is the applied stress on the composite. τ is
the shear stress operating at the interface.
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fragmentation test, which is discussed in Section 5.9.1 for the estimation of the
interfacial bond strength. When τi exceeds τiu, the interface will fail and the
fragmentation process ceases so that a value of τiu can be calculated from the
average fragment length.

5.4.2 Cox Theory

This model was developed by Cox [17] to describe the behaviour of a cellulose fibre in
paper. It is assumed that:

1. the fibre is elastic;
2. the fibre is perfectly bonded to an elastic matrix; and
3. the modulus of the fibre is much larger than the modulus of the matrix.

Under an axial load and since Ef � Em, the fibre and matrix will experience locally
different axial displacements so that a series of shear strains will be produced in the
matrix in planes parallel to the fibre axis. This is illustrated in Figure 5.24.

Figure 5.25 illustrates the assumptions behind this model. The discontinuous
filament is embedded in a cylinder of matrix and loaded axially. Under a composite
strain, ε, the load on the fibre at a distance x from the fibre-end is Pf . Let the
displacement of the distance x from the fibre-end be u. At the same point, in the
absence of fibre, the displacement would be v.

Thus, the rate of load transfer from matrix to fibre is given by

dPf

dx
¼ Hðu� vÞ, (5.47)

where H is a constant dependent on the geometric arrangement of the fibres and the
moduli of the fibres and the matrix.

Differentiation of eq. (5.47) gives:

d2Pf

dx2
¼ H

du

dx
� dv

dx

� �
, (5.48)

but
du

dx
¼ strain in the fibre ¼ Pf

Ef Af
¼ εf

and
dv

dx
¼ strain in the matrix ¼ εm:

Figure 5.24 Schematic of the stress transfer between the matrix and a perfectly bonded fibre
under an axial load.
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Therefore, eq. (5.48) becomes

d2Pf

dx2
¼ H

Pf

Af Ef
� εm

� �
, (5.49)

where Af is the CSA of the fibre.
The solution to this differential equation is:

Pf ¼ Ef Af εm þ S sinh βxþ T cosh βx,

where β ¼ H
Af Ef

� �1=2
and S and T are constants.

To evaluate S and T we set Pf ¼ 0 at x ¼ 0 and x ¼ 1:

∴ for 0 < x < l=2,

Pf ¼ Ef Af ε 1� coshβ l=2 � x
	 


coshβ l=2
	 


" #
(5.50)

or

σf ¼ Ef ε 1� coshβ l=2 � x
	 


coshβ l=2
	 


" #
, (5.51)

where ε is the maximum possible value of strain and εEf is the maximum stress.
Therefore, the average stress on the fibre, �σf , is given by integration of eq. (5.51):

2rf

1

2R

x = 0

0

x = 1

sf

sfs,t

t

t

Figure 5.25 Schematic of the stress transfer between a perfectly bonded elastic fibre in an
elastic matrix according to the Cox theory.
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�σf ¼ Ef ε
l

ð1
0

1� coshβ l=2 � x
	 


coshβ l=2
	 


" #
dx

�σf ¼ Ef ε 1� tanh βl=2
	 

βl=2
	 


" #
:

(5.52)

This assumes that no load is transferred across the end faces of the fibre.

5.4.2.1 Estimation of β
β can be estimated by considering a composite consisting of a set of parallel fibres of
constant length and circular cross-section of radius rf and a centre-to-centre separation
of 2R.

We consider that shear strains will exist on all planes parallel to the fibres under an
axial load. This results from the higher displacements in the lower-modulus polymeric
matrix. At the fibre surface (i.e. the interface), we can write:

dPf

dx
¼ �2πrf τi, (5.53)

where τi is the interfacial shear stress.
From eq. 5.49,

dPf

dx
¼ Hðu� vÞ

H ¼ 2πrf τi
ðu� vÞ : (5.54)

We consider equilibrium forces

2πrf τi ¼ 2πRτr, (5.55)

where τr is the shear stress acting on planes parallel to the fibres. Since at

R ¼ 0 τi ¼ τr,

2R

x = 0 x = 1

2rf

l

Figure 5.26 Arrangement of a discontinuous fibre within a uniaxial composite to define the
cylinder of matrix enclosed by a series of parallel fibres so that the value of β can be determined.
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eq. (5.55) becomes

τr ¼ rf
R
τi: (5.56)

Since γ ¼ τr
Gm

and γ ¼ dw
dR, where Gm is the shear modulus of the matrix and γ is the

strain in the matrix, w is the actual displacement in the matrix close to the fibres.
At the fibre–matrix interface, assuming no slippage, then w ¼ u:

dw

dR
¼ τirf

RGm
, (5.57)

Δw ¼
ðR
rf

dw ¼ τi
Gm

rf ln
R

rf
: (5.58)

The model assumes a perfect interfacial bond so that there is no slippage at the
interface; therefore, the actual displacement close to the fibre, w will equal u. Thus:

u ¼ w:

However, at a distance R from the central fibre axis, matrix displacement is unaffected
by the presence of a fibre so that w ¼ v:

Δw ¼ v� u ¼ �ðu� wÞ:
Combining eq. (5.58) with (5.54), we get eq. (5.59):

H ¼ 2πGm

ln
R

rf

: (5.59)

From eqs (5.50) and (5.54) we obtain an expression for β:

β ¼
2πGm

Ef Af ln
R

rf

� �2
64

3
75: (5.60)

For a hexagonal packing arrangement of the fibres (a close approximation to that
achieved in practice) we can estimate a value for R/rf.

ln
R

rf

� �
¼ 1

2
ln

2π

3
1=2Vf

" #

¼ 0:64lnVf :

From inspection of eq. (5.60) we see that β is a function of the shear modulus of the
matrix and tensile modulus of the fibre:

β ¼ f
Gm

Ef

� �1=2
: (5.61)

This shows that stress transfer is more rapid in high-modulus matrices.
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5.4.2.2 The Variation of Shear Stress along a Fibre
Equations (5.47) and (5.51) can be combined to obtain a relationship that describes the
shear stress in the matrix at the interface, τi. Since Pf ¼ πr2f σf ,

τ ¼ Ef ε
Gm

Ef 2ln R=rf
	 
" #1=2

sinh β l
�
2 � x

	 

cosh β l

�
2

	 

" #8<

:
9=
;: (5.62)

τ is the shear stress in the matrix at the interface and can be considered to be τi; it is at a
maximum at the fibre ends. Thus, τmax occurs at x ¼ 0 and at x ¼ l.

Equation (5.62) can be rewritten in the form:

τmax
σf max

¼ Gm

2Ef ln R=rf
	 
" #1=2

coth β l
�
4

	 

, (5.63)

where σf max ¼ Ef ε.
Table 5.2 shows that in order to utilize the maximum stress the fibres can resist

ðσf uÞ, the matrix needs to withstand high shear stresses, so polymeric matrices will
tend to fail in shear because they have a relatively low shear strength.

5.4.3 Conclusions

The above analysis shows:

1. The regions at the end of a discontinuous fibre do not carry a full load. Therefore,
the average stress on the fibre is less than that on a continuous fibre under an
external load.

2. Reinforcing efficiency decreases as the length decreases.
3. Reinforcing efficiency depends on the quality of the interface – that is, the

interfacial bond strength. With a poor interface the shear stress, which develops at
the interface under an axial load, will easily exceed the interfacial shear strength
and the fibre will debond. Stress transfer to the fibre will effectively be lost.

4. Therefore, the shear stress which is generated at the fibre ends can initiate the
following phenomena:
a. debonding of the interface ðτ > τiuÞ;
b. cohesive failure of the matrix ðτiu > τÞ;
c. cohesive failure of the fibre ðτf u > τÞ;
d. shear yielding of the matrix ðτ > τyÞ.

Table 5.2. The estimates of the ratio of maximum shear stress to maximum fibre tensile stress
(τmax/σf max) for glass- and carbon-fibre composites. A square array has been used to calculate R/rf .

Fibre Gm=Ef Vf τmax=σf max

Glass 0.017 0.6 0.25
Carbon 0.005 0,6 0.13
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5. The analysis is not exact and ignores end-adhesion, so may underestimate shear
stress concentrations at the end of the fibre.

5.5 Multiple Matrix Cracking

We have already discussed the criteria for multiple matrix cracking in unidirectional
brittle matrix composites. In this analysis we identified a minimum fibre volume
fraction, V 0

f , above which multiple cracking of the matrix occurs. After the first matrix
crack forms the additional stress on the fibre is transferred back into the matrix over a
transfer length that is dependent on the quality of the interface. There are two cases
that determine the extent of matrix cracking and hence the crack spacing: (1)
unbonded fibres and (2) bonded fibres.

5.5.1 Unbonded Fibres

In the case of unbonded fibres (Figure 5.27), reloading of the matrix at a matrix crack
occurs via a constant shear stress arising from friction at the fibre interface. Further
loading causes the matrix to fracture into a set of parallel cracks spaced x0 and 2x0

apart. The transfer of load from fibre to matrix can be modelled by a simple force
balance described by Kelly–Tyson [15,16] (Section 5.4.1). In this case,

�so

sm

x

Fibre 2r

t

Figure 5.27 The description of the reloading of the matrix through stress transfer at the fibre
interface after the first matrix crack. Case 1: poor interfacial bonding and friction so that the
shear stress (τ) is constant along the transfer length.
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dσm
dx

/ τ:

The area of interface of a fibre is 2πrdx; the area of interface per unit length of a
composite of fibre volume fraction Vf is given by ð2Vf =rÞdx. Therefore,

dσm
ds

¼ 2
Vf
Vm

τ
r
, (5.64)

where Vm is the matrix volume fraction.
For a second (and third) crack to form the matrix stress needs to reach the

maximum value (i.e. strength ¼ σmu). The distance x0 over which sufficient stress
σmu is transferred for the matrix to fracture is given by integrating eq. (5.64):

x0 ¼ Vm

Vf

σmu
2τ

r: (5.65)

Provided fibre deformation is elastic then the additional stress upon the matrix will
lead to a series of parallel cracks spaced between x0 and 2x0 apart, but the average
crack spacing will be closer to x0.

5.5.2 Bonded Fibres

In the case of bonded fibres the matrix cracks are pinned by the fibres, as shown in
Figure 5.28. The additional load on the fibres does not lead to debonding of the
interface, but is transferred back to the matrix via shear in the interfacial matrix. The
shear stress is not constant but decreases with distance from the matrix crack. The Cox
or shear lag model can be used to describe the rate of stress transfer. While we can use
eq. (5.62), a modified shear lag model was used by Bailey et al. [18] to predict the
crack spacing that would be observed. They used an exponential decay of the
additional stress placed on the fibres, Δσo, in the plane of the first matrix crack over
distance y:

�so

sm sf

y

Figure 5.28 The description of the reloading of the matrix through stress transfer at the fibre
interface after the first matrix crack. Case 2: good interfacial bonding so that the shear stress
(τ) decays exponentially along the transfer length.
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Δσ ¼ Δσo exp �Φ
1=2y

� �
, (5.66)

where

Φ
1=2 ¼ 2GmEc

Ef EmVm

� �1=2 1

r ln R
r

	 
� 1=2

and Ec is the modulus of the composite in the longitudinal direction.
After the first matrix crack, an additional stress Δσo is thrown onto the fibres in the

plane of the crack. It is equal to the stress on the fibres at the failure strain of the
matrix:

Δσo ¼ σc
Vf

� εmuEf , (5.67)

where σc is the applied stress on the composite. Therefore, the shear stress at the
interface, τ, is given by

τ ¼ r

2
ΔσoΦ

1=2 exp �Φ
1=2y

� �
: (5.68)

Rewriting eq. (5.64) in terms of load gives:

dF

dy
¼ 2Vf τ

r
: (5.69)

Therefore, the load, F, transferred to the matrix at a distance l from the crack is
given by

F ¼ VfΔσo 1� exp �Φ
1=2 l

� �h i
: (5.70)

When Δσo arises from a matrix crack, one crack forms. An additional load on the
composite will cause further matrix cracking into blocks between l and 2l. The crack
spacing can be estimated from eq. (5.70):

F ¼ σmuVm,

Δσo � σmuVm

Vf
,

l ¼ 1

Φ
1=2

σmuVm

ΔσoVf
: (5.71)

Comparison of eqs (5.71) and (5.65) from the constant shear model shows that the
crack density for the bonded case is higher than that for the non-bonded case:

x0 ¼ Vm

Vf

σmu
2τ

r: (5.72)
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Multiple matrix cracking will occur until the crack spacing is such that the reloading
of the matrix blocks between the cracks to σmu is not possible. As a result, crack
spacing for the bonded case is lower than for the non-bonded case.

Equation (5.73) also provides a value for the maximum interfacial shear
stress, τmax:

τmax ¼ Δσo
2

Φ
1=2r: (5.73)

5.5.3 Multiple Matrix Cracking in Cross-Ply Laminates

The reader is referred to Chapter 6, where the progression of damage by multiple
transverse cracking of the 90� plies is discussed. The analysis in Section 5.5.2
provides the fundamentals of this phenomenon. In this case, the 90� plies are analo-
gous to a brittle matrix and stress transfer occurs at the ply–ply interface, and similarly
early transverse cracks are pinned while at higher loads the shear stresses generated
lead to delamination.

5.6 Discontinuous Fibre Reinforcement

Continuous fibres need to be accurately placed to utilize their strength efficiently. We
saw in Section 5.1.3.1 that the tensile modulus decreases rapidly with loading angle
while the shear modulus increases. As a consequence, the failure mechanism of a
unidirectional fibre composite changes with loading angle from fibre fracture at 0� to
shear failure at 5–20�. A full analysis is given in Chapter 6. Table 5.3 summarizes the
outcomes of this study. The most crucial point is that at an angle >3–5� shear failure
dominates. Discontinuous or short-fibre composites are manufactured in moulding
processes in which either the fibres flow together with the matrix polymer into a
mould or the resin flows into a fibrous preform. In these materials the fibres are often
randomly distributed in the matrix.

We need to consider the effect of loading angle and length on predicted perform-
ance. As a result, we need to include length and angular efficiency factors. We can use
the law of mixtures prediction for modulus (eq. 5.5), modified to take into account the
length and the angle of discontinuous fibres in the material:

Table 5.3. Summary of failure mode of a unidirectional fibre composite as a function of loading
angle (θ)

Loading angle (θ)(�) Failure mechanism

0 Longitudinal tensile fracture through fibre-breaks
5–20 Shear failure
20–45 Mixed mode of shear and tensile
45–90 Transverse tensile failure
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Ec ¼ ηlηθVf Ef þ VmEm, (5.74)

where ηl is the length efficiency factor and ηθ is the angle efficiency factor.
The value of ηθ is difficult to estimate because measurement of an average of θ of

an array of fibres at a myriad of angles has practical limitations. Thus θave (and ηθ) is
often inferred from fitting the experimental data to an expanded version of eq. (5.74).
We concentrate on estimating ηl.

5.6.1 Elasto-plastic Matrices

5.6.1.1 Length Efficiency Factor (ηl)
To understand how the length of a fibre influences its reinforcing efficiency, we
should understand the concept of critical fibre length. Most discontinuous or short-
fibre composites are referred to as reinforced plastics, based on thermoplastics where
both matrix yielding and a limited interfacial bond operate. Therefore, the constant
shear model is more appropriate than the shear lag model. This model enables a
critical fibre length, Lc, to be defined.

5.6.1.2 Critical Fibre Length
The maximum stress σmax that the fibre can resist is its strength, σf u, when the fibre
breaks. Thus, when σf ¼ σf u the fibre breaks; examination of Figure 5.29 shows that a
continuous fibre would fragment until it reached its critical length, L < Lc, which is
given by:

Lc ¼ 2Lt: (5.75)

Rearranging, Lc is given by

Lc ¼ σf urf
τ

: (5.76)

s f s fu

s f
Lt

L
Subcritical Supercritical

L < Lc L = Lc L > Lc

Figure 5.29 Schematic illustrating the fracture of an embedded filament under a constant
interfacial shear stress. A supercritical fibre can fracture because it can be loaded to σf u.
The critical fibre length ðL ¼ LcÞ represents the minimum that can be loaded to a maximum
stress. Subcritical fibres are of insufficient length to be loaded to fracture.
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Equation (5.76) is also represented by a critical aspect ratio, ðLc=df Þ:
Lc
df

¼ σf u
2τi

: (5.77)

Supercritical fibres can continue to fragment until they are too short to further break.
Subcritical fibres cannot be fractured further.

We can see from Figure 5.29 how supercritical fibres ðL > LcÞ can break into
smaller fibres, which may be subcritical ðL > LcÞ or supercritical, in which case we
need to estimate the average stress on the fibres. From the geometrical conditions
provided in Figure 5.29, the average stress carried by fibres, σfave, of differing length
can be estimated. For L < Lc,

σf ðaveÞ ¼
τL
2rf

, (5.78)

where σf ðaveÞ is the average stress in the fibre scaled from the force balanced with
L ¼ 2Lt.

For L > Lc,

σf ðaveÞ ¼ Ef εe 1� Lc
2L

� �
, (5.79)

where Ef εc is the peak stress in the fibre.

5.6.1.3 Modulus of Aligned Discontinuous Fibre Composite
For an aligned discontinuous composite, ηθ ¼ 1. Therefore, in eq. (5.74) we define ηl
as the fraction of average stress on the discontinuous fibre to that of a continuous fibre:

ηi ¼
σf ðaveÞ
σf ðmaxÞ

: (5.80)

Therefore, for L > Lc, eq. (5.80) becomes

ηl ¼ Ef εc
1� Lc=2Lð Þ
Ef εc

:

Therefore,

η1 ¼ 1� Lc
2L

: (5.81)

With ηl ¼ 1, eq. (5.74) becomes

Ec ¼ 1� Lc
2L

� �
Vf Ef þ VmEm: (5.82)

For L < Lc, since

σf ðaveÞ ¼ τ
2
L

rf
, (5.83)
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then eq. 5.80 becomes

η1 ¼
τL

2rf εcE
: (5.84)

Therefore,

Ec ¼ τL
2rf εc

Ef Vf þ EmVm: (5.85)

Figure 5.29 shows how fragmentation of a short fibre progresses so that the critical
fibre length can be defined. What is interesting is how long a fibre should be for a
reinforcing efficiency close to a continuous fibre. This can be estimated by examining
eq. (5.81). Table 5.4 provides estimates of ηl as a function of L=Lc.

The values of ηl in Table 5.4 show that a fibre needs to have a length of at least
100 Lc to achieve a reinforcing efficiency close to that of a continuous fibre. The value
of Lc is a function of the actual filament strength, so stronger fibres will have higher
critical lengths, but it is not really a controllable variable. However, the shear stress
that can be accommodated at the interface is most important. Thus, strongly bonded
fibres will ensure that Lc is smaller. However, with strongly bonded fibres the shear
strength of the matrix determines stress transfer mechanisms. For polymer matrices,
the shear strengths are relatively low so that interphasal or interfacial failure will
determine the maximum stress, which can be transferred to the fibres (Table 5.5).

5.6.2 Elastic Matrices

For elastic matrices we assume that the interfacial bond is perfect and that the yield
stress of the matrix is in excess of the shear stress, which develops at a fibre-break.

Table 5.4. Reinforcing efficiency factors of short fibres as a function
of length L, according to eq. (5.81)

Fibre length (L) Length efficiency factor (ηl)

100 Lc 0.99
10 Lc 0.95
Lc 0.5
<Lc <0.5

Table 5.5. Typical values of critical fibre length ðLcÞ in different
polymeric matrices

Fibre Polymer Lc (mm)

Glass Epoxy 0.5–0.8
Glass Vinyl ester 1–1.5
Glass Polyamide �0.1
Carbon Epoxy �0.5
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Under these conditions Cox analysis (Section 5.4.2) applies. Equation (5.86) provides
an estimate of the average stress on a fibre:

σf ðaveÞ ¼ Ef ε 1� tanh βl
�
2

	 

βl
�
2

	 

" #

: (5.86)

From eq. (5.80) we get:

ηl ¼
σf ðaveÞ
σf ðmaxÞ

¼ Ef ε
Ef ε

1� tanh βl
�
2

	 

βl
�
2

" #
: (5.87)

With ηθ ¼ 1,

Ec ¼ 1� tanh βl
�
2

	 

βl
�
2

" #
Ef Vf þ EmVm: (5.88)

β is a function of the modulus ratio, Gm=Ef , and therefore shear stresses develop in the
matrix at a fibre-break. The magnitudes of these are given in Table 5.2, and inform
that this analysis probably only applies at ‘low’ applied strains. Thus, to determine the
strength of aligned discontinuous composites we use the constant shear model.

5.7 Strength of an Aligned Discontinuous Fibre Composite

Most applications of short-fibre composites utilize ductile polymers as matrices, so we
will confine ourselves to ductile matrix composites of Vf > Vcrit. In this case the model
described by eq. (5.27) is appropriate:

σ1u ¼ σf uVf þ σ0mð1� Vf Þ, (5.89)

where σ0m is the stress on the matrix when the fibres fracture, becoming

σcu ¼ ηlηθVf σf u þ ð1� Vf Þσ0m: (5.90)

With ηθ ¼ 1 and ηl given by either eq. (5.81) or (5.84) we can obtain equations for the
strength of a composite. For L > Lc,

σcu ¼ Vf σf u 1� Lc
2L

� �
þ ð1� Vf Þσ0m: (5.91)

We conclude from this analysis that failure occurs by fibre fracture. The fracture
toughness is low because the stress concentrations at fibre ends initiate matrix cracks,
which propagate.

For L < Lc,

σcu ¼ Vf
τuL
2rf

� �
þ ð1� Vf Þσ0m, (5.92)
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where σ0m ¼ εf uEm. We conclude that failure occurs by fibre pull-out and
matrix fracture.

Clearly, supercritical fibres will fracture, but the fragments will eventually become
subcritical and pull out. Thus, the fracture surface will exhibit differing degrees of
pull-out and, because fractured supercritical fibres are likely to initiate matrix fracture,
the original fibre length can be inferred in microscopy studies.

From eq. (5.92) we see that the ratio L=df is the important factor in determining the
failure mechanism of a composite. Most discontinuous fibre composites are referred to
as reinforced plastics. In this context the analysis shows that fibre dispersion is
important. Non-dispersed bundles behave as ‘short, fat’ fibres and pull out, but under
impact loads they disintegrate, providing a mechanism for creating surface area and
hence energy absorption. Therefore, fibre dispersion is a mechanism for controlling
fracture toughness and impact strength.

5.7.1 Brittle Matrices

For brittle matrices the matrix term ½ð1� Vf Þσ0m� in eqs (5.91) and (5.92) is not
included in the analogous analysis, and strength is given by:

σcu ¼ ηlηθVf σf u: (5.93)

Thus, supercritical fibres will ensure that matrix cracking is contained. Multiple
cracking will occur and composite fracture will be determined by the statistics of
fibre strength. With subcritical fibres, the interfacial bond will determine failure of the
composite and the resistance to pull-out of the fibres is critical. The shear stresses,
which develop where matrix cracks impinge the fibres, will lead to debonding so the
frictional bond strength will be a controlling factor. With brittle matrices, therefore, it
is best to employ longer, discontinuous fibres so that LðaveÞ >> Lc.

5.8 Performance of ‘Real’ Composites

As discussed above, short-fibre composites are perhaps best referred to as reinforced
plastics, although short-fibre reinforcement is regularly used to introduce fracture
toughness to brittle materials such as ceramics or highly crosslinked thermoset
polymers. We will concentrate on thermoplastics, which have low modulus and
require reinforcement, but can be moulded into 3D artefacts often in rapid processes
such as injection moulding. For the purpose of this analysis we will assume that the
fibres have a random distribution of lengths and are randomly oriented to the load
direction. In an actual moulding, the fibres will have a preferred orientation at certain
locations determined by the flow of the polymer melt or compound and the design of
the tooling. In this case, some fibres will be subcritical and some supercritical; the
model developed by Bowyer and Bader [19] sums the contributions of each distribu-
tion. To do this, eq. (5.46) is rewritten to define a critical aspect ratio, Rc:
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Rc ¼ Lc
df

¼ σf u
2τi

¼ εcEf

2τi
: (5.94)

Rc is a function of composite strain, εc, so eq. (5.93) should be written as

RcðεÞ ¼
εcEf

2τi
: (5.94)

At low applied strains most fibres are supercritical, but become subcritical as the strain
increases even without fibre fracture. Fibre fracture adds to the complexity of the
model. Thus, there is a y-distribution of subcritical fibres with Ry < Rc:

σf yðaveÞ ¼ Ryτi: (5.96)

There is a z-distribution of supercritical fibres with Rz > Rc:

σf zðaveÞ ¼ εcEf 1� εcEf

4Rzτi

� �
: (5.97)

Summation of the contributions provides the equation for the stress–strain curve of a
discontinuous fibre composite:

σc ¼ ηθ
X

VyRyτi þ
X

εcEf Vz 1� εcEf

4RZτi

� �� �
þ εcEmð1� Vf Þ, (5.98)

where RZ > RcðεÞ > Ry and ηθ is the orientation parameter, which is a measure of the
average orientation angle of the fibres.

ηθ and τi are usually obtained from fitting the stress–strain curve to the model. The
model predicts the quasi-elastic properties, but cannot predict strength. Bader and
Collins [20] experimentally verified the equation and showed that eq. (5.97) could be
used to predict the stress–strain curves for glass-fibre polyamide-6 (Figure 5.30). ηθ
and τi were typically in the range 0.55–0.64 and 35–48 MPa, respectively. In order to
predict strength, a failure criterion is required. Thomason [21] has studied the predic-
tion of performance of short glass-fibre polyamide-66 in detail and found that this
approach could be used. He obtained microscopic measurements of ηθ. Values inter-
polated from the modulus were in good agreement and were typically 0.6–0.68. τi was
found to be 30–36 MPa.

5.8.1 Properties of Short-Fibre Reinforced Thermoplastics

The properties of injection moulded reinforced plastics are determined by a number
of factors, including (1) notched sensitivity of the polymer matrix and (2) the mould
flow-induced fibre orientation. The former is briefly discussed here, whereas the
latter is considered in Chapter 4. Figure 5.31 shows how the properties of short
carbon and glass fibres are affected by fibre volume fraction. As the theoretical
analysis shows, carbon fibres have a higher reinforcing efficiency arising from their
higher modulus.
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The following conclusions were drawn from this study:

1. Low strain modulus increases linearly.
2. σcu increases non-linearly.
3. εcu drops significantly.
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Figure 5.30 Stress–strain curves for glass-fibre polyamide-6 injection moulded composites
with differing fibre volume fractions (Vf): 0.2, 0.3, 0.38. Dashed line ¼ experimental; prediction
of eq. (5.97) [20,22].

0

10

10 20

30

0.1

Fibre volume fraction, Vf

0.2 0.3

5

S
tr

e
n

g
th

 (
M

P
a
)

M
o

d
u

lu
s 

(G
P

a
)

0

100

200

E
lo

n
g

a
ti

o
n

 (
%

)

(a)

0

10

10 20

30

0.1

Fibre volume fraction, Vf

0.2 0.3

5

E
lo

n
g

a
ti

o
n

 (
%

)

S
tr

e
n

g
th

 (
M

P
a
)

M
o

d
u

lu
s 

(G
P

a
)

0

100

200

(b)

Figure 5.31 Mechanical properties of short-fibre injection moulded polyamide-66 with differing
volume fraction (Vf): (a) glass; (b) carbon [22,23].
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The decrease in composite failure strain results from the fact that many polymers,
such as polyamides, but it results in reduced impact strength. The impact strength of
the analogous glass-fibre composites was also measured in the same research. In order
to limit the effect of fibre length, Bader and coworkers [22] used a novel technique to
ensure that initial fibre length was constant. This research led to the development of
long-fibre reinforced thermoplastics. Figure 5.32 shows the impact strength of a range
of glass-fibre reinforced polyamide-66 mouldings. Addition of the glass fibre signifi-
cantly reduces impact strength of the polymer. The fibre ends initiate brittle crack
growth in the polymer. This is confirmed by the comparison of notched and unnotched
impact strength measurements on the unreinforced polymer.

Above Vf of 5–10% the absorbed impact energy increases with Vf when the
mechanism of energy absorption changes from being dominated by matrix fracture
to interfacial debonding. There is also a significant contribution from poorly dispersed
bundles, which behave as short-fat ‘fibres’ with small L/d ratio and can disintegrate
under impact load. This mechanism is supported by the reduced reinforcing efficiency
as indicated by the reduction in modulus (Ec) shown in Figure 5.31a.

By recognizing that the fracture toughness of the matrix is a major limitation, a
solution can be identified. Thus, short-fibre reinforced thermoplastics need to be
impact modified by rubber toughening. For example, carboxyl-terminated ethylene
propylene rubber.

5.8.1.1 Fibre Orientation within Mouldings
The flow of a plastics melt into a mould is subject to flow under shear, as discussed in
Chapter 4. We recognize that this can lead to regions of differing fibre orientation. These
heterogeneous fibre arrangements can lead to regions of differing strengths and hence
defects that can initiate premature failure. The other consequence is the generation of
thermal strains resulting from differential shrinkage. These effects can be mitigated by
careful design of the flow paths in the tooling. In some cases, multi-live-feed techniques
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Fibre 5.32 Impact strength of a range of polyamide-66 mouldings containing a range of volume
fractions of glass fibres. The initial fibre length was 500 μm.
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[24,25] can be used to either randomize fibre orientations or provide fibre alignment to
strengthen potential weak areas of a moulding.

5.8.2 Long Discontinuous Fibre Composites

Early ‘glass fibre’ used chop strand mat (CSM), which is an example of a 2D in-plane
reinforced material. In this case, ηl ¼ 1 because the average length of the fibres is
larger than Lc; therefore, we need to consider the choice of a value for ηθ.

Krenchel [26] showed that an empirical prediction could be employed:

Ec � 5
8
Et þ 3

8
El, (5.99)

where Et is the modulus of a continuous aligned fibre composite in the transverse
direction, and El is the modulus in the longitudinal direction at the equivalent Vf . Et is
given by the Halpin–Tsai equation (eq. 5.14) and El by the law of mixtures (eq. 5.6).

5.9 Characterization of Fibre–Matrix Interfaces

The interfacial strength between a fibre and matrix within a composite can be
characterized by direct and indirect methods.

Indirect methods are mainly tests on composite coupons in which the material is
placed under shear. Figure 5.33 describes two commonly used test methods: the short
beam test for the measurement of interlaminar shear strength (ILSS) and the Iosipescu
test, which employs a loading jig and specimen dimensions that is designed to subject
the coupon to a pure shear stress. The short beam test has to be conducted on coupons
with a minimum load span to thickness of 5:1 to ensure the specimen fails in shear.

The maximum shear stress occurs at the neutral axis in a loaded flexural beam so
that failure also involves matrix fracture, so that an absolute value of the interface
shear strength cannot be obtained. Thus, the maximum interlaminar shear strength will
be that of the shear strength of the matrix and not the interface. For a typical epoxy
resin-based composite, the interlaminar shear strength will reach about 80 MPa when

P P

P
Test specimen

Loading
fixture

b

t

L

(a) (b)

Figure 5.33 Indirect methods for interfacial characterization: (a) short beam shear test;
(b) Ioscipescu test [28].
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the interfacial bond is perfect. Lower values can be attributed to interfacial failure. To
ensure that the interface dominates the failure, the fibre volume fraction of the coupons
needs to be about 50–60%. Plotting the interlaminar shear strength against fibre
volume fraction is one way to ensure that a limiting value has been achieved. The
Ioscipescu test requires a more complex notched specimen, together with a loading
fixture that concentrates the shear stress between the areas of the two notches.
However, the shear stress in this region is not necessarily constant and, therefore, this
method may not be one of the most appropriate for interfacial characterization.

The off-axis tensile strength is one alternative technique. With a fibre angle of ’5�

the resolved shear stress at the interface usually is sufficient to cause matrix or
interfacial shear failure before tensile fracture of the fibres, providing comparative
interfacial properties.

Analogously, the tensile transverse strength of a 90� composite can also provide the
relative properties of the interface as long as it is recognized that fracture also includes
a contribution from the matrix. The presence of flaws leads to a statistical range of
values. Alternatively, the statistics of fracture of the transverse ply of a 0�/90�/0�

laminate was used by Peters and Anderson [27] to determine the transverse strength of
a defect-free 90� ply, which was related to interfacial shear strength.

The disadvantage of the indirect methods is that they do not measure a pure
interface characteristic. Four standard tests for direct measurement are given in
Figure 5.34 [28,29]. These are single filament experiments, and only one can be
applied to high Vf materials. This is the push-in test, in which a load is applied to an
individual filament in a composite sample, which is pushed into the matrix until the
interface fails under shear. For this test, a well-polished perpendicular section of a
composite is required. While the major advantage is that it can be conducted on real
specimens, the technique has serious experimental difficulties. It is difficult to avoid

Figure 5.34 Direct methods for interfacial characterization: (a) Fragmentation test; (b) pull-out
test; (c) push-in (or micro-indentation) test; (d) transverse debond test [28,29].
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matrix deformation, as with many polymers, prior to interfacial failure, so the tech-
nique is more applicable to ceramic matrix composites. Furthermore, with highly
oriented fibres, fibrillation damage can also be a problem. For PMCs the data is of
limited value because it is experimentally difficult to avoid interfacial damage during
specimen preparation and matrix deformation during the test. The interfacial shear
strength can be obtained using eq. (5.100):

Ld ¼
2P2

f

π2d3f τiEf
� 2γ

τi
, (5.100)

where Ld is the displacement of the fibre under load Pf , and γ is the fracture
surface energy.

The other three techniques are the fragmentation test, the pull-out test, and the
transverse debond test of a single embedded filament.

5.9.1 The Fragmentation Test

In the fragmentation test, a continuous fibre is embedded in a coupon of resin and
loaded axially (Figure 5.34a). A tensile load is applied to a specimen until the
embedded fibre ceases to fragment further, when the interface is fully debonded.
Stress transfer occurs through frictional stress transfer, and the Kelly–Tyson model
is applicable (eqs 5.42–5.46). Thus, the average fragment length is a measure of the
critical length of the embedded fibre in that resin system. Equation (5.45) can be
redrafted as:

τu ¼ σf uðLcÞrf
Lc

, (5.101)

where σf uðLcÞ is the fibre strength at length Lc. Since a fragment of length Lc can
fracture, the fragment length will range from 1=2Lc to Lc. Thus, Lc ¼ 4Lf

3 where Lf is the
average fragment length. σf uðLcÞ is determined experimentally from the Weibull
statistics of fibre strengths. The strength of fibres at a fixed length needs to be
measured for a minimum statistical number of specimens, normally ~50, in addition
to the fragmentation test.

This simple analysis ignores the contribution of the matrix and/or interphase to the
stress transfer function and, in many composite systems, sufficient ductility within the
matrix is a contributing factor. As a result, the fragmentation process can cease with
only partial debonding of the fibre. In this case, several authors have combined the
models of Cox (eq. 5.52) and Kelly–Tyson (eq. 5.46) for data analysis. Thus, it is
necessary to measure the debonded and bonded lengths during fragmentation.

Tripathi et al. [30,31] proposed a method of including matrix properties and the
degree of debonding into the analysis. They used the elastic analysis of Nairn [32] to
calculate the shear stress profile over the transfer length prior to interphasal matrix
yield. Thus, from the bonded and debonded lengths a stress transfer profile for each
could be calculated. An average cumulative stress transfer function and stress transfer
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efficiency is calculated by summing across all fragments. The interphase properties
can be included in the analysis [33] using the three-phase model of Wu et al. [34].

5.9.2 The Pull-Out Test

The pull-out test (Figure 5.34b) has a number of variants. A fibre is embedded in a
block of resin, which may have a differing geometrical shape. The force required to
pull the fibre from the block of resin is recorded. The test requires a very sensitive load
cell and an accurate technique for measuring the embedded length of the fibre [35,36].
From eq. (5.41) we get

τiu ¼ Pf =πdf Le, (5.102)

where Le is the embedded length of the test fibre.
Pitkethly and Doble [37] applied the Greszczuk model [38] to extract a value for

interfacial shear strength from the pull-out load, Pf . From an analogous equation to
eq. (5.63) we get

τðmaxÞ ¼ τðaveÞα LecothðαLeÞ, (5.103)

where τðaveÞ ¼ Pf

2rf πLe
and α ¼ 2Gi

brf Ef

� �1=2
. b is the effective width of the interface, Gi the

shear modulus of the interface. τðmaxÞ is estimated graphically by plotting τðaveÞ against
Le and extrapolating to Le ¼ 0.

5.9.2.1 Microdebond or Microbond Test
This is a variant of the pull-out test in which a microdroplet is deposited onto a single
fibre (Figure 5.35a) [39]. The droplet is loaded by a micro-vice until the interface fails
in shear and the droplet moves. The loading geometry is critical and is selected to
avoid droplet damage so that the maximum force can be attributed to
interfacial failure.

A typical load–displacement curve for an individual single filament pull-out test is
illustrated in Figure 5.35b. Calculation of interfacial bond strength uses the constant
shear model (eq. 5.102). It is essential to establish microscopically that interfacial
failure has occurred. As above, τiu should be plotted against Le and extrapolated to
Le ¼ 0. The crack can initiate in the polymer before propagating along the interface, in
which case an energy balance approach should be used [40,41]. It is important to
ensure that the droplet is representative of the matrix polymer. Liu and Thomason [42]
have extensively studied these variables, especially molten droplets of thermoplastics.

5.9.3 Measurement of Fibre Stress Profiles

In the fragmentation test, interpretation benefited from calculating the stress profile
along a fragment. Young et al. [43–45] developed laser Raman spectroscopy and
related techniques to measure the fibre stress ðσf Þ=length profile directly. The fibre
stress and fibre strain are obtained from the shift in wavelength of a specific spectral
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line. Figure 5.36 gives typical plots of fibre strain against length for an untreated high-
modulus carbon fibre (T50) in an epoxy resin. This shows how debonding can be
observed through changes in strain profile of a single filament, as the matrix strain
increases. At a matrix strain of 0.7%, debonding is observed and debond lengths of
�400 μm at each end of the fibre can be identified. At a strain of 0.9% the fibre broke.
At higher strains fragmentation occurred. The fragments exhibited strain profiles
typical of complete debonding. Full details are given elsewhere [44,45]. Laser
Raman spectroscopy is ideally suited for the analysis of aramid and carbon fibres,
but not glass fibres. A fluorescence peak associated with impurities in alumina fibres
has also been found to be stress-dependent. The technique has been applied to
fragmentation and pull-out of samarium-doped glass-fibre specimens [43]. The inter-
facial shear stress profile can be calculated from the fibre stress profile using a force
balance. The Cox analysis (eq. 5.51) is normally employed because the applied strain
in the experiment is relatively low. By comparing these profiles, the integrity of the
interface can be identified. The interfacial bond strength is normally equated with the
recorded maximum shear stress. When debonding occurs, a Kelly–Tyson profile is
observed and analysed accordingly. The major experimental difficulty concerns the
‘transparency’ of the matrix resin to the activating laser beam. Matrix fluorescence
limits the range of interfaces that can be probed.

The interfacial shear stress profile along a short fibre or at a fibre-break can also be
measured directly using phase-stepped photoelasticity [46,47]. In this technique,
polarized light can be used to produce birefringent patterns, which can be employed
to compute the principle stress difference ðσ1 � σ2Þ in the matrix. At the interface, the
stress is dominated by the shear component and hence the interfacial shear stress can
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Figure 5.35 Schematic of the microbond test for interface characterization: (a) loading
arrangement; (b) typical load–displacement curve showing the load drop occurring when the
microdroplet debonds [39].
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be measured directly. The major limitation of this technique is the magnification
achieved using optical techniques so that carbon fibres are not readily interrogated.
The transparency and the photoelastic constant of the matrix can also limit its
application.

5.9.4 Transverse Debonding Test

This method makes use of the transverse Poisson expansion of a resin block under
compression. Therefore, in the Broutman test (Figure 5.34d) an axial compressive
load is applied to the embedded fibre to induce a radial tensile stress and interfacial
debonding. This provides a direct measure of the interfacial bond strength under
tension. This specimen is shaped to localize the debonding for observation.

To avoid the complications associated with compression tests, Koyanagi et al.
[48,49] have developed a methodology for applying a tensile load to a 90� oriented
fibre or shear load to an off-axis fibre to measure the debonding load.

5.10 Conclusions

We have discussed the fundamentals behind the mechanical properties of fibre
composites. Thus, the laws of mixtures for calculating the moduli of unidirectional
fibre composites have been presented together with a discussion of the validity of

0.8

T50

debonded length

0.7

0.6

0.5

0.4

F
ib

re
 s

tr
a
in

, 
e

f 
(%

)

0.3

0.2

0.1

0.0

0 500 1000

Distance along fibre (�m)

1500 2000

full-bonding model
partial-debonding model

em=0.0%

em=0.35%

em=0.7%

–0.1

Figure 5.36 Fibre strain distribution obtained from strain-induced Raman band shifts at different
levels of matrix strain for an untreated high-modulus T50 carbon fibre in an epoxy resin.
Debonding of the interface is observed to have occurred at a matrix strain of 0.7% [45].
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these equations. For the transverse modulus the Halpin–Tsai equation was
developed. To understand the strength of a unidirectional composite, we demon-
strated how multiple or single fracture arises. The differing cases for a variety of
matrices and fibres are considered. To explain multiple fragmentation of fibres and
matrices, we consider the main theories of stress transfer. The role of the interface is
also discussed. More complex theories of stress transfer exist, but the objective is to
present the basis of all the models. Clearly, more precise equations that describe the
stress transfer profiles at fibre-breaks and matrix cracks are available, but the
intention is to provide basic understanding. The concept of fracture statistics is also
introduced, but the development of more sophisticated models for fragmentation or
transverse cracking is beyond the scope of this book. The basic models are also
applied to the performance of discontinuous fibre composites and reinforced
plastics.

5.11 Discussion Points

1. Give the laws of mixtures for the prediction of the modulus of a unidirectional
composite for fibres arranged at 0� and 90� to the applied load. Which equation
gives the best prediction and what is the fibre orientation? Which equation gives a
poor prediction? Give a reason for this observation.

2. Give the equation that addresses the deficiencies identified above?
3. Examine the models that provide the variation of strength with fibre volume

fraction for 0� composites prepared from fibres and matrices. Discuss the concept
of critical fibre volume fraction and describe the differing micromechanics
that operate.

4. What are the assumptions behind the two stress transfer models, which operate at
the interface between a short fibre and the matrix. Compare and contrast the fibre
stress profiles observed. Which interface quantification model is employed for
analysing the fragmentation test data? Explain why.

5. Discuss the concepts of subcritical and supercritical fibres.
6. What aspects of a moulded discontinuous fibre composite determine the modulus

and strength of the material?
7. Briefly list the methods available for measuring the interfacial bond strength

between a fibre and the matrix. Which methods are commonly employed?
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6 Mechanical Properties of Laminates

In this chapter the micromechanics of unidirectional fibre composites (see Section 5.1)
are extended to laminates, where strain transfer occurs at a matrix crack other than at a
fibre-break. The stress distribution under load is also discussed to describe the
accumulation of damage under differing loading conditions.

6.1 Laminate Mechanics

Chapter 5 considered the properties of fibre-reinforced materials with respect to
aligned unidirectional composites. We see that these materials are highly anisotropic,
with longitudinal modulus E1 (or El) and strength σ1u (or σlu) being significantly
higher than the analogous properties in the transverse direction, E2 (or Et) and σ2u
(or σtu). Quasi-isotropy is achieved by laminating plies of unidirectional material at
different angles. Thus, a typical lay-up might be 0x�/�45y�/90z�/�45y�/0x�. It is
important that a symmetrical arrangement is employed, otherwise the cured plate will
be warped because of differential shrinkage of the individual plies on cooling. In order
to understand the micromechanics of failure, we develop the understanding of unidir-
ectional laminates given in Chapter 5 to cross-ply laminates and angle-ply laminates
here. We start by recognizing that a cross-ply or 0�/90�/0� laminate behaves analo-
gously to a brittle matrix composite in that the 90� ply fails first and the crack is
pinned by the 0� plies.

6.1.1 Cross-Ply 0�/90�/0� Laminates

Figure 6.1 shows the configuration of a balanced 0�/90�/0� laminate and an unbal-
anced 0�/90� laminate.

A 04�/904�/04� is illustrated. It can also be defined as (04�/902�)s symmetric (s)
laminate. As shown in Figure 6.2, when loaded in the direction rotated by 90� the
configuration is described as 904�/04�/904� or (904�/02�)s laminate. As shown in
Figure 6.3, an unbalanced non-symmetric laminate such as a 904�/04� will become
curved. The plate will be 904�/04� in one direction and 04�/904� in the perpendicular
direction, and will tend to have a different curvature in each direction, and hence will
take on the saddle shape shown in Figure 6.4.
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6.1.2 Failure Processes in Balanced Cross-Ply or 0�/90�/0� Laminates

Since the 90� ply failure strain is less than that for the 0� ply on tensile loading, the
first ply failure is a transverse (also referred to as matrix) crack. As with 0� brittle
matrix composites, the damage will progress by a multiplication of transverse cracks
until the stress transferred back into the 90� ply by a shear lag process is insufficient

0°4 plies

0°4 plies

90°4 plies

LoadLoad

Figure 6.1 The definition of a 04�/904�/04� balanced laminate.

Figure 6.2 The laminate in Figure 6.1 loaded at 90�. This configuration is referred to as a
904�/04�/904� laminate.

Figure 6.3 A 04�/904� unbalanced laminate takes on a curvature after cure and cooling.
A thin strip is shown in cross-section.

Figure 6.4 An unbalanced 0x�/90z� plate illustrating the curvature in both directions.
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for a new crack to form. The damage accumulation is summarized in Table 6.1. These
events are illustrated in Figure 6.5.

Figure 6.6 gives a typical stress–strain curve for a 0�/90�/0� laminate under a
tensile load. This shows that the first ply crack forms at a strain (ε) of <0.4%, which
corresponds with the ‘knee’ in the stress–strain curve. This is confirmed by acoustic
emission [3,4]. Microscopic examination shows that this occurs when the first trans-
verse or 90� ply crack forms.

6.1.2.1 Shear Lag Model of Transverse Cracking
To understand the accumulation of transverse cracks, we apply the shear lag model as
illustrated in Figure 6.7. Garrett and Bailey [3] used a standard nomenclature to define
the terms:

εtl ¼ strain in the transverse (t) ply in the longitudinal (l) direction;
εtlu ¼ the first transverse ply cracking strain, which is the ultimate (u) or failure strain

of the transverse ply;
εlt ¼ strain in the longitudinal ply in the transverse direction.

Table 6.1. Damage accumulation in a 0�/90�/0� cross-ply laminate

Failure sequence Micromechanics Ply location Comment

1. Transverse cracking 90� Also referred to as matrix cracking
2. Multiple transverse cracking 90�

3. Longitudinal splitting 0� Not for carbon-fibre-reinforced
polymers – εfu is too low and fibre
fracture occurs first.

4. Statistical fibre fracture 0�

Splitting in
longitudinal (0°)
lamina

Transverse
crack in
transverse (90°)
lamina

b 2d b

c

t direction

I direction

Figure 6.5 Schematic of a cross-ply laminate showing damage events under a uniaxial load in
the longitudinal (l) or 1-direction [1].
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The dimensions of the laminate are defined as: b ¼ 0� ply thickness, d ¼ semi 90� ply
thickness (i.e. 90� ply thickness ¼ 2d); and c ¼ coupon width.

The transverse crack forms and is pinned by the 0� plies, which remain bonded to
the 90� ply. A shear stress will be introduced at this point, which decays over the
adjacent material. Therefore, the shear lag model can be applied to the first transverse
crack, as illustrated in Figure 6.7. When the first crack forms, an additional stress, Δσ0,
is thrown onto the 0� ply at a point defined by y ¼ 0. Δσ decreases over a distance y
from the plane of the transverse crack as the stress is transferred back into the 90� ply.
Since plies are well bonded, the rate of stress transfer occurs by a shear lag mechan-
ism. A modified shear lag model was employed in the analysis.
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Figure 6.6 Typical stress–strain curve for a 0�/90�/0� cross-ply laminate loaded in the
longitudinal (l ) or 1-direction in uniaxial tension, showing the change in gradient with the
onset of debonding (whitening) and transverse cracking [1,2].

y  = 0 y

y

b 2d

90°0° 0°

b

�s

�s�

Figure 6.7 Schematic of a 0�/90�/0� laminate showing the reintroduction of the additional stress
Δσ0 into the 90� ply over distance y from the plane of the first transverse crack, by a shear
lag mechanism.
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Garret and Bailey [3,5,6] defined the rate of stress transfer in terms of the decay of
Δσ0 in the 0� ply:

Δσ ¼ Δσo exp ð�Φ1=2yÞ, (6.1)

where Φ ¼ Ec
El

Gt
Et

ðbþdÞ
bd2

, Ec, El, Et, and Gt are the Young’s or elastic modulus of the
composite (c), longitudinal (l) ply, transverse (t) ply, and shear modulus of the
transverse ply in the y-direction.

The load, F, transferred back into the 90� ply is given by

F ¼ 2bcΔσo½1� exp ð�Φ1=2yÞ�: (6.2)

A transverse crack forms when

F ¼ 2εtluEtdc,

and occurs at y ¼ y∞ when σc ¼ εtluEc.
Therefore, Δσ0 required to form a crack midway between two transverse cracks of

spacing t is given by:

Δσo ¼ εtluEt
d

b
1þ exp ð�Φ1=2tÞ � 2 exp �Φ1=2 t

2

� �h i�1
: (6.3)

Equation (6.3) is a stepped curve indicating the minimum and maximum crack
spacing. To place the curve, we need to estimate Δσ0 when the first crack forms.
Since σ0 ¼ εtluEc,

Δσ0 ¼ εtluEc
ðbþ dÞ

L
� εtluEl: (6.4)

Figure 6.8 shows a plot of eq. (6.3), illustrating the prediction of crack spacing for a
glass-fibre 0�/90�/0� epoxy laminate, while Figure 6.9 shows development of multiple
transverse cracking in the 90� and longitudinal splitting in the 0� of the same. The
average crack spacing, tave, is related to the lower bound value, tlb, according to the
statistical analysis of the car parking problem:

tave ¼ 1:37tlb: (6.5)

The theory assumes that εtlu has a unique value, but in reality it will always have a
statistical aspect. When the crack spacing, t, is greater than the transfer length for
reintroduction of 99% of the stress, cracks will occur in the weakest regions. When t is
less than the transfer length, cracking should theoretically cease, but cracks can still
form in these regions if the stress and stress relaxation process has weakened
the material.

Furthermore, εtlu is affected by local variations in Vf, and ply variables such as b
and d. Local variations in thermal strains occur as a result of variations in ply
parameters [7]. The prediction of transverse crack spacing has been subject to many
studies, and refined theories are available [8–10].
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6.1.3 Residual Thermal Strains in Cross-Ply Laminates

Most laminates are cured and post-cured at elevated temperatures, so the effect of
cooling to ambient temperature is critical to the performance of laminated structures.
We saw in Figures 6.3 and 6.4 that an unbalanced laminate becomes curved because
of the differential shrinkage of the plies. This can occur either by resin shrinkage
during room temperature curing or thermal shrinkage on cooling. Mulheron et al.
[11,12] showed that the thermal shrinkage dominates because the ‘cure’ residual strain
is annealed out at elevated temperatures. This happens because post-curing normally
occurs at temperatures above or within the glass transition region, where molecular
relaxation can occur. Therefore, we will consider thermal strains in detail.

6.1.3.1 Linear Thermal Expansion Coefficient
The important point is that the linear thermal expansion coefficient of a polymer or
cured thermoset resin, used as the matrix, is several orders of magnitude larger than
that of the fibres, which are usually glass or ceramic. Typically αm will have a value of
�60–100 � 10–6 K–1 while αf will be –0.1 to 5 � 10–6 K–1. For example, for high-
strength carbon fibre, αfl ¼ –0.26 � 10–6 K–1 in the axial direction (subscript l) and
αft ¼ 26 � 10–6 K–1 in the transverse or radial direction (subscript t), while E-glass
fibres are considered isotropic and αf ¼ 5 � 10–6 K–1. High-modulus carbon fibres
have values of αfl � –1.6 � 10–6 K–1 in the axial direction. These values are usually

Figure 6.8 Predicted and experimental crack spacing for a glass-fibre 0�/90�/0� epoxy laminate
of length L = 190 mm, 90� ply thickness 2d = 1.2 mm. Gt was estimated from Halpin–Tsai
as 5.1 GPa. The stepped curve is calculated from eq. (6.3), assuming that the first crack occurs in
the middle of the laminate. • experimental data. The continuous curves represent the upper
and lower bounds for crack spacing [5].
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obtained from measurements of composites, especially in the transverse direction.
Therefore, according to the Schapery equations, the linear thermal expansion coeffi-
cient of an aligned fibre composite in the transverse direction, αt, is much larger than
in the longitudinal direction, αl [13]. The Schapery equations (eqs 6.6 and 6.7) can be
used to calculate αl and αt.

αl ¼ EmαmVm þ Ef αf V f

EmVm þ Ef Vf
, (6.6)

αt ¼ αmVmð1þ nmÞ þ αf V f ð1þ n f Þ � αln c, (6.7)

n c ¼ nmVm þ n f V f : (6.8)

Figure 6.9 Photographic record of the development of multiple transverse cracking in the 90� and
longitudinal splitting in the 0� of an epoxy resin glass-fibre cross-ply 0�/90�/0� laminate taken in
a bright field by illumination (a–i), dark field illumination (j–r). The applied strain (in %) is
given. The first transverse crack appeared at 0.36% strain [2].
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These equations can be used to examine the effect of the volume fraction of fibres on
the linear thermal expansion coefficients of unidirectional composites. Figure 6.10
shows how the important parameter (αt – αl) varies with Vf. We will see later that this
variation in expansion coefficients is critical to the microcracking of laminates.

6.1.3.2 Thermal Residual Strains in Cross-Ply Laminates
Figure 6.10 shows that

αt � αl, (6.9)

so on cooling from the cure or post-cure temperature the transverse ply will shrink more
than the longitudinal ply, and because El � Et in a cross-ply laminate the shrinkage of
the transverse ply will be constrained. Therefore, in the longitudinal direction the ply
will go into compression, while in the transverse direction the ply will be put into
tension. Figure 6.10 illustrates the generation of thermal strains in a cross-ply laminate.
We refer to the thermal residual strains, given in Figure 6.11 using the standard
nomenclature: εthtl is the thermal strain in the transverse ply (t) in the longitudinal (l)
direction; εthlt is the thermal strain in the longitudinal ply (l) in the transverse (t) direction;
εthll is the thermal strain in the longitudinal ply (l) in the longitudinal (l) direction; and εthtt
is the thermal strain in the transverse ply (t) in the transverse direction (t).

As a result of this analysis, we see that the transverse cracking of the 90� ply will
occur at a lower applied tensile strain:

εtlu ¼ εtu � εthtl , (6.10)

where εtlu is the measured first transverse cracking strain and εtu is the transverse ply
failure strain (failure strain of the isolated 90� ply).

For glass fibres, a thermal strain of εthtl � 0:45% is typical, which reduces εtu from
�0.6% to εtlu � 0:15%.
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Figure 6.10 Theoretical variation of linear thermal expansion coefficients of a glass-fibre
composite, αt, αl, and (αt – αl), at 20 �C with fibre volume fraction, Vf, calculated from the
Schapery equations. αm = 60� 10–6 K–1, αf = 5� 10–6 K–1, Em = 4 GPa, Ef = 72 GPa, nm = 0.4,
n f = 0.2. E1 and n c are calculated from the law of mixtures [12].
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For carbon fibres, a thermal strain of εthtl � 1:0% is typical, which may cause
transverse cracking of laminate on cooling. This observation led to the development
of suitable matrix resins for carbon-fibre-reinforced polymers and optimization of
interfacial performance.

6.1.3.3 Estimation of Thermal Strains
The thermal strains in laminates on cooling from T1 to T2 can be calculated from the
following equations, which can be obtained from a consideration of balance of forces
and strain compatibility:

εthtl ¼
Elbðαt � αlÞðT1 � T2Þ

ðElbþ EtdÞ , (6.11)

εthlt ¼
Eldðαt � αlÞðT1 � T2Þ

ðElbþ EtdÞ , (6.12)

Figure 6.11 Schematic illustrating the nature of the thermal strains induced in the plies of a
0�/90�/0� cross-ply laminate, on cooling after thermal excursion (post-cure). In the fibre
direction the plies are in compression and in the transverse direction the plies are in tension.
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where T1 is the strain-free temperature and T2 is the service temperature (usually
ambient).

The strain-free temperature is the temperature at which the thermal strain is first
induced on cooling. This could be related to either the cure or post-cure or glass
transition temperature, Tg, of the cured resin. In the case of the latter, it will be close to
the value defined by the temperature at which the storage modulus decreases in a
thermal analysis test, as opposed to the maximum in tanδ, which is the standard
definition of Tg.

6.1.3.4 Measurement of Thermal Strain
We see in Figure 6.3 that an unbalanced laminate in the form of a thin strip takes on a
curvature related to the strain induced in the 90� ply of the beam if it was constrained
to be flat. Therefore, we can obtain a measure of ðαt � αlÞðT1 � T2Þ from the
curvature of the beam.

In analogy to a bimetal strip, ðαt � αlÞðT1 � T2Þ is related to the degree of
curvature of an unbalanced beam:

ðαt � αlÞðT1 � T2Þ ¼ ðbþ dÞ
2ρ

þ ðElb
3 þ Etd

3Þ
6ρðbþ dÞ

� �
1
Etb

þ 1
Etd

� �
, (6.13)

where ρ is the radius of curvature of the 0�/90� beam.
The simplest technique for determining ρ is to match the curvature of the beam to

circles of known radius. Independent experimental measurement of El and Et and the
laminae thicknesses enables ðαt � αlÞðT1 � T2Þ to be estimated. Equations (6.11) and
(6.12) can be used to calculate εthtl and εthlt .

The measurement of ρ is not straightforward, and the above technique is preferred.
However, we can measure the stress-free temperature, T1, by observing the point at
which the beam just becomes flat (δ ¼ 0) on increasing temperature. Similarly, the
variation in thermal strain with temperature on cooling is also useful. Thus, a direct
measurement of the curvature of the beam is required. This can be done by recording x
in Figure 6.12 with temperature. The following analysis can be used:

0°
90°

dx

r d

b

Figure 6.12 Illustration of an unbalanced 0�/90� beam defining the parameters required for
the estimation of εth. ρ is the radius of curvature, δ is the displacement from flat, and x is the
semi-chord length.
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ρ ¼ ðδ2 þ x2Þ
2δ

, (6.14)

1
ρ
¼ 2

L
cos�1 1� δ

ρ

� �
, (6.15)

L ¼ πðx2 þ δ2Þ
180δ

sin�1 2xδ

ðx2 þ δ2Þ

� �
: (6.16)

Equations (6.14) and (6.15) can be solved iteratively from the length of the beam, L,
which can be determined by eq. (6.16) from the values of δ and x at room temperature.

Equation (6.11) is often presented in a simple form:

εthtl∞ΔαΔT : (6.17)

Table 6.2 gives some typical values of thermal strain in transverse directions of the
90� and 0� plies. Since the axial thermal expansion coefficient of carbon fibres is
slightly negative, significantly higher tensile thermal strains are induced in compari-
son to glass fibres. The consequences of this on transverse cracking can be explained
by examining eq. (6.10), where it shown that first ply cracking will occur earlier.

We are also interested in the magnitude of the compressive thermal strains in the
fibre direction. These are given by a consideration of strain compatibility:

εthll ¼ �Et

El
εthtl , (6.18)

εthtt ¼ �Et

El
εthlt : (6.19)

Table 6.2. Typical values of thermal strain (in %) for epoxy resin 0�/90�/0� composites prepared from
high-strength carbon and glass fibres as a function of varying semi-inner ply thickness, d (mm) and
b = 0.5 mm

Semi-inner ply Inner ply thickness

Thermal strains in the longitudinal direction of the
transverse or 90� ply ðεthtl Þ and in transverse direction of

longitudinal ply ðεthlt Þ
Carbon fibres Glass fibres

d (mm) 2d (mm) εthtl ð%Þ εthlt ð%Þ εthtl ð%Þ εthlt ð%Þ
2.0 4.0 – – 0.053 0.115
1.5 3.0 – – 0.062 0.112
1.0 2.0 – – 0.075 0.107
0.5 1.0 0.332 0.322 0.094 0.094
0.25 0.5 0.332 0.303 0.107 0.075
0.15 0.3 – – 0.113 0.095
0.125 0.25 0.337 0.271 – –

0.0625 0.125 0.340 0.224 – –
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6.1.4 Effect of Ply Thickness on Transverse Cracking: Constraint
Cracking Theory

In the previous discussion we examined the situation in which the transverse crack
instantaneously runs across the 90� ply of a 0�/90�/0� laminate under an applied
tensile load. Observations show that the thickness of the 90� ply, 2d, is greater than
0.4 mm. In this section we will examine the transverse cracking of plies where
2d < 0.4 mm. In this case, the cracks initiate at the edges and propagate slowly across
the ply. Parvizi and Bailey [4] hypothesized that for cracks to grow at a constant load,
thermodynamics principles apply. Therefore, a crack cannot form unless the work
done exceeds the stored energy:

Δw� Δu > 4γtdc, (6.20)

where Δw is the work done in the formation of a crack under an applied stress, σ; Δu is
the increase in stored elastic energy; γt is the fracture surface energy per unit area.

Δw ¼ 2σcΔLðbþ dÞc, (6.21)

where ΔL is the extension of the composite as a result of crack formation.
Garrett et al. [5] showed that eq. (6.21) could be expanded to give eq. (6.22):

Δw ¼ 4dðbþ dÞcEtEcðεtlu þ εthtl Þεtlu
bElΦ1=2

, (6.22)

where Ec is the modulus of the 0�/90�/0� composite and

Φ ¼ EcGtðbþ dÞ
EtE1b

2d
:

Δu has several components, as given by eq. (6.23):

Δu ¼ Δull þ Δutl þ Δuts, (6.23)

where Δull is the energy stored in the 0� plies during crack formation, Δutl is the
energy in the 90� ply during crack formation, and Δuts is the energy gained by the
build-up of shear stresses in the transverse ply.

The components of Δu were estimated from a modified shear lag analysis including
thermal strains [6]:

Δull ¼ cd2E2
t

bElΦ1=2
ðεitlu þ εthtl Þ2 þ

4cdEt

Φ1=2
εttlu � εthtl

dEt

bEl

� �
ðεitlu þ εthtl Þ,

Δutl ¼ �3cdEt

Φ1=2
ðεttlu � εthtl Þ2,

Δuts ¼ cdðbþ dÞEtEclðεitlu þ εthtl Þ2
bE1Φ1=2

,

Since Ecl ¼ E1b

ðbþ dÞ þ
Etd

ðbþ dÞ
� �

:
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Thus, Δu becomes:

Δu ¼ 2dðbþ dÞcEtEcl

bElΦ1=2
½ðεitluÞ2 � ðεthtl Þ2�, (6.24)

where εitlu is the transverse cracking strain of the inner (i) or 90� ply.
Combining eqs (6.20), (6.22), and (6.24), a minimum cracking strain can be

identified:

εmintlu ¼ 2γtbElΦ1=2

EtEcðbþ dÞ
�

2
4

3
5� εthtl , (6.25)

where εmintlu is the minimum transverse cracking strain of a 0�/90�/0� laminate.
Figure 6.13 is a plot of εmintlu as a function 90� ply thickness, which shows that the
experimental data for a glass-fibre epoxy laminate can be predicted. This illustrates
that at small inner ply thicknesses the cracking process is constrained, while at
thicknesses >0.5 mm transverse cracking is instantaneous because the stored energy
in the ply exceeds that released by crack formation.

Therefore, we see that ply thickness is a potentially critical parameter for the design
of laminates since we can inhibit transverse cracking by dispersing the plies through-
out the thickness of the composite. The limitation is the fibre tex, which determines the
thickness of the prepreg. The development of fibre-spreading technology to exploit
this phenomenon is in progress.

0.5

1.0

1.5

Experimental glass-fibre epoxy resin

Theoretical eq (6.25)

Transverse ply thicknes 2d (mm)
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Figure 6.13 Plot of εmintlu (eq. 6.25) against 90� ply thickness, 2d, of glass-fibre epoxy 0�/90�/0�

laminate compared to experimental data (○). The horizontal line represents the limiting value of
εtlu for large ply thicknesses [4].
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6.1.5 Transverse Cracking (Splitting) of 0� Plies of 0�/90�/0�

Equation (6.10) shows how the induction of thermal strains strongly influences the
development of microcracking damage in laminates. In analogy,

εlts ¼ εltu ¼ εtu � εthlt , (6.26)

where εltu is the transverse cracking strain of the longitudinal or 0� ply, often referred
to as splitting strain,

εlls ¼ 1
n 1

� �
ðE1d þ EtbÞ εplts

E1d
þ n tε

i
tlu

� �
,

where εthlt is given by eq. (6.12).
In order to understand this observation (see Figure 6.9g,h), we examine how the

transverse stress in the 0� ply develops. Essentially, under a tensile load the 0� ply tries
to shrink in the transverse direction according to its Poisson ratio, but this is restrained
by the high modulus of the fibres in 90� ply. Therefore, a Poisson strain will develop,
which is given by balancing forces and transverse strain compatibility:

εplt ¼
Eldεllðn l � n tÞ
ðEld þ EtbÞ (6.27)

Equation (6.27) represents the transverse Poisson strain prior to the formation of
transverse cracks in the 90� ply. At higher applied stress, in the presence of transverse
cracks, εplt will be given by:

εplt ¼
Eldðεlln l � εtlun tÞ

ðEld þ EtbÞ
� �

: (6.28)

In glass-fibre composites, values of εplt can reach 0.5%, and in carbon-fibre composites
0.3% at the composite fracture strain. Therefore, splitting arises when

εplt þ εthlt 	 εlts: (6.29)

In an analogous analysis to that for transverse cracking, a minimum composite strain
for splitting of the 0� plies of a 0�/90�/0� is given by

εmin
lls ¼ 1

n l

Ectðbþ dÞ
Eld

ðεthlt Þ2
16

þ γtdElΦ1=2

ðbþ dÞEctEt

" #1=2

� 3
4
εthlt

2
4

3
5þ n tε

i
tlu

8<
:

9=
;: (6.30)

For a thin-ply glass-fibre 0�/90�/0� laminate, minimum splitting strains as high as 2%
have been observed, and are predicted by eq. (6.30). Therefore, to induce sufficient
Poisson strain in the transverse direction of the 0� ply to exceed the splitting strain is
more likely with fibres of ‘high’ failure strain. Thus, splitting is unlikely with carbon
fibres since the Poisson induced strains are insufficient to cause splitting prior to fibre
fracture (i.e. composite fracture). However, we should not forget that thermal strains
are higher with carbon-fibre-reinforced polymers.
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6.2 Angle-Ply Laminates

So far we have discussed the micromechanics of unidirectional and simple cross-ply
laminates. However, to achieve isotropy or to tailor the properties of a structure to
meet the stress state, we need to understand the interactions between plies. To do this
we need to consider the basics of laminate theory, which is used to model the stresses
within �θ� laminates. It is essential to understand this in order to employ available
computer codes effectively.

6.2.1 Laminate Theory

6.2.1.1 Stresses at Point
The stresses acting at a point in a solid can be represented by the stresses acting on the
surfaces of a cube, as shown in Figure 6.14. There are three normal stresses, σ11, σ22,
σ33, and three shear stresses, τ23, τ31, τ12. The first number refers to the direction
normal to the plane.

These stresses have corresponding strains ε11, ε22, ε33, γ23, γ31, γ12. By convention
we treat tensile stresses as positive and compressive stresses as negative.

It is also convention to use a contracted notation, where σ11 ¼ σ1, σ22 ¼ σ2,
σ33 ¼ σ3. Therefore, the state of stress at a point needs nine stress components: σ11,
σ22, σ33, τ12, τ23, τ31, τ32, τ13, τ21.

However, τ23 ¼ τ32, τ31 ¼ τ13, and τ12 ¼ τ21, which reduces the number of
components to six. These are referred to as σ1, σ2, σ3, σ4, σ5, σ6, where σ4 ¼ τ23,
σ5 ¼ τ31, σ6 ¼ τ12.

s 33

s 22

s 11

t32

t31
t23

t13

t12
t21

Figure 6.14 The stresses acting at a point in a solid defined by three normal stresses, σ11, σ22, σ33,
and three shear stresses, τ23, τ31, τ12, acting on a cube.
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A unidirectional tensile stress acting on a solid is defined by Hooke’s law, where E
is Young’s modulus and ε is the elastic strain:

σ ¼ Eε: (6.31)

The normal strain transverse to the applied stress is given by –εn, where n is Poisson’s
ratio. For an isotropic material the shear modulus, G, is given by

τ ¼ Gγ, (6.32)

where γ is the engineering shear strain and

G ¼ E

2ð1þ n Þ : (6.33)

The generalized form of Hooke’s law is given by

σi ¼
X6
j¼1

Cijεj, (6.34)

where the σi is given in contracted notation form σ1 . . . σ6. Cij is the stiffness matrix,
and Cij � Cji and eq. (6.31) in expanded form become

σ1
σ2
σ3
τ23
τ31
τ12

2
6666664

3
7777775
¼

C11 C12 C13 C14 C15 C16

C12 C22 C23 C24 C25 C26

C13 C23 C33 C34 C35 C36

C14 C24 C34 C44 C45 C46

C15 C25 C35 C45 C55 C56

C16 C26 C36 C46 C56 C66

2
6666664

3
7777775

ε1
ε2
ε3
γ23
γ31
γ12

2
6666664

3
7777775
: (6.35)

This matrix notation represents six individual equations, which relate stress to strain:

σ1 ¼ C11ε1 þ C12ε2 þ C13ε3 þ C14γ23 þ C15γ31 þ C16γ12
σ2 ¼ C12ε1 þ C22ε2 þ C23ε3 þ C24γ23 þ C25γ31 þ C26γ12
σ3 ¼ C13ε1 þ C23ε2 þ C33ε3 þ C34γ23 þ C35γ31 þ C36γ12
τ23 ¼ C14ε1 þ C24ε2 þ C34ε3 þ C44γ23 þ C45γ31 þ C46γ12
τ31 ¼ C15ε1 þ C25ε2 þ C35ε3 þ C45γ23 þ C55γ31 þ C56γ12
τ12 ¼ C16ε1 þ C26ε2 þ C36ε3 þ C46γ23 þ C56γ31 þ C66γ12:

For isotropic material, the stiffness matrix is much simpler because the elastic
properties are the same in all directions and eq. (6.32) reduces to

σ1
σ2
σ3
τ23
τ31
τ12

2
6666664

3
7777775
¼

C11 C12 C12 0 0 0
C12 C11 C12 0 0 0
C12 C12 C11 0 0 0
0 0 0 ðC11 � C12Þ 0 0
0 0 0 0 ðC11 � C12Þ 0
0 0 0 0 0 ðC11 � C12Þ

2
6666664

3
7777775

ε1
ε2
ε3
γ23
γ31
γ12

2
6666664

3
7777775
:

(6.36)
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There are a set of corresponding equations that relate strain to stress:

εi ¼
X6
j¼1

Sijεj, (6.37)

where Sij is the compliance matrix, which for an isotropic material is represented by

ε1
ε2
ε3
γ23
γ31
γ12

2
6666664

3
7777775
¼

S11 S12 S12 0 0 0
S12 S11 S12 0 0 0
S12 S12 S11 0 0 0
0 0 0 2ðS11 � S12Þ 0 0
0 0 0 0 2ðS11 � S12Þ 0
0 0 0 0 0 2ðS11 � S12Þ

2
6666664

3
7777775

σ1
σ2
σ3
τ23
τ31
τ12

2
6666664

3
7777775
:

(6.38)

Since S11 ¼ 1=E, S12 ¼ �n=E, 2ðS11 � S12Þ ¼ 1=G, we can write eq. (6.35) as

ε1
ε2
ε3
γ23
γ31
γ12

2
666666664

3
777777775
¼

1=E �n=E �n=E 0 0 0
�n=E 1=E �n=E 0 0 0
�n=E �n=E 1=E 0 0 0

0 0 0 1=G 0 0

0 0 0 0 1=G 0

0 0 0 0 0 1=G

2
666666664

3
777777775

σ1
σ2
σ3
τ23
τ31
τ12

2
666666664

3
777777775
: (6.39)

These equations have only two independent elastic constants: the compliances, S11
and S12, or the engineering constants, E and n (which also defines G in eq. 6.33). In a
simple uniaxial tensile test, σ1 ¼ σ and σ2 ¼ σ3 ¼ τ23 ¼ τ31 ¼ τ12 ¼ 0. Therefore
eq. (6.39) becomes

ε1 ¼ ð1=EÞσ
and

ε2 ¼ ε3 ¼ �ðn=EÞσ:
For laminae we assume they are sufficiently thin for through-thickness stresses to be
zero under plane stress, so that σ3 = τ23 = τ31 = 0. Then, eq. (6.39) for isotropic
materials becomes

ε1
ε2
γ12

2
64

3
75¼

1=E �n=E 0
�n=E 1=E 0

0 0 1=G

2
64

3
75

σ1
σ2
τ12

2
64

3
75: (6.40)

Equation (6.40) can be recast in terms of the more conventional stress–strain relation:

σ1
σ2
τ12

2
64

3
75¼

E=ð1�n 2Þ nE=ð1�n 2Þ 0

nE=ð1�n 2Þ E=ð1�n 2Þ 0

0 0 G

2
64

3
75

ε1
ε2
γ12

2
64

3
75: (6.41)
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6.2.1.2 Orthotropic Lamina
We saw in Chapter 5 that continuous fibre composites are anisotropic. The simplest
non-isotropic body utilized in laminate construction is an orthotropic one. An ortho-
tropic lamina has three mutually perpendicular planes of material symmetry where the
properties at any point are different in three mutually perpendicular directions.
A unidirectional lamina is shown in Figure 6.15 to be orthotropic because it has three
perpendicular planes of symmetry. Lamina from woven rovings or chopped strand
mat can also be assumed to be isotropic within the plane of the lamina.

Since the material properties in the plane normal to the 1-direction in Figure 6.15
are assumed to be isotropic, plane stress conditions operate so that the strain–stress
relation of the lamina is given by eq. (6.42). Therefore, in a unidirectional lamina there
are two orthotropic planes of symmetry and σ3 = 0, τ23 = 0, and τ31 = 0:

ε1
ε2
γ12

2
4

3
5 ¼

S11 S12 0
S12 S22 0
0 0 S66

2
4

3
5 σ1

σ2
τ12

2
4

3
5, (6.42)

where S11 = 1/E1, S22 = 1/E2 , S66 = 1/G12 , S12 = –n 12/E1 = –n 21/ E2. n 12 is Poisson’s
ratio, which refers to the strain produced in the 2-direction under a stress in the 1-
direction, –ε2/ε1. Similarly, n 21 = –ε1/ε2.

The stress–strain response of a unidirectional lamina is given by eq. (6.43):

σ1
σ2
τ12

2
4

3
5 ¼

Q11 Q12 0
Q12 Q22 0
0 0 Q66

2
4

3
5 ε1

ε2
γ12

2
4

3
5, (6.43)

where Q11, Q12, and Q66 are the reduced stiffnesses. These constants are defined by
the engineering constants, as shown in eq. (6.44):

Figure 6.15 A unidirectional lamina showing the three mutually perpendicular planes of material
symmetry required to be orthotropic [14].
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Q11 ¼ C11 ¼ E1

ð1� n 12n 21Þ

Q12 ¼ C12 ¼ n 12E2

ð1� n 12n 21Þ ¼
n 21E1

ð1� n 12n 21Þ

Q22 ¼ C22 ¼ E2

ð1� n 12n 21Þ

Q66 ¼
1
2
ðC11 � C12Þ ¼ G12:

(6.44)

Equation 6.43 shows that orthotropic materials tested in tension or compression in
the principal directions do not exhibit shear strains in these directions. Further, the
deformation is independent of the shear modulus G12. Also, a shear stress, τ12,
produces shear strains, which are independent of E, n 12, and n 21. Therefore, there is
no coupling between tensile and shear strains.

However, when tested at angles other than the principal directions, the above does
not apply. Therefore, we consider a lamina tested with a different coordinate system,
as shown in Figure 6.16. The stress–strain response is given by

σx
σy
τxy

2
4

3
5 ¼

�Q11
�Q12

�Q16
�Q12

�Q22
�Q26

�Q16
�Q26

�Q66

2
4

3
5 εx

εy
γxy

2
4

3
5, (6.45)

where �Qij is the transformed reduced-stiffness matrix.

�Q11 ¼ Q11c
4 þ 2ðQ12 þ 2Q66Þs2c2 þ Q22s

4

�Q12 ¼ ðQ11 þ Q22 � 4Q66Þs2c2 þ Q12ðs4 þ c4Þ
�Q22 ¼ Q11s

4 þ 2ðQ12 þ 2Q66Þs2c2 þ Q22c
4

�Q16 ¼ ðQ11 � Q12 � 2Q66Þsc3 þ ðQ12 � Q22 þ 2Q66Þs3c
�Q26 ¼ ðQ11 � Q12 � 2Q66Þs3cþ ðQ12 � Q22 þ 2Q66Þsc3

�Q66 ¼ ðQ11 þ Q22 � 2Q12 � 2Q66Þs2c2 þ Q66ðs4 þ c4Þ,

(6.46)

where s = sinθ and c = cosθ.

Figure 6.16 Schematic showing the rotation of axes from a 1-,2- to an x,y coordinate system [14].
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The strain–stress response is provided by a corresponding equation:

εx
εy
γxy

2
4

3
5 ¼

S11 S12 S16
S12 S22 S26
S16 S26 S66

2
64

3
75 σx

σy
τxy

2
4

3
5: (6.47)

The Sij matrix can be represented by a similar set of equations to eq. (6.46). Since S16
and S26 are not zero, a unidirectional stress, σx, will create normal and shear strains.
Using this approach, a series of equations for the elastic properties Ex, Ey, Gxy, and n xy

on the x,y coordinate system are given in by eq. (6.48):

1
Ex

¼ 1
E1

c4 þ 1
G12

� 2n 12

E1

� �
s2c2 þ 1

E2
s4

1
Ey

¼ 1
E1

s4 þ 1
G12

� 2n 12

E1

� �
s2c2 þ 1

E2
c4

1
Gxy

¼ 2
2
E1

þ 2
E2

þ 4n 12

E1
� 1
G12

� �
s2c2 þ 1

G12
ðs4 þ c4Þ

n xy ¼ Ex
n 12

E1
ðs4 þ c4Þ � 1

E1
þ 1
E2

� 1
G12

� �
s2c2

� �
:

(6.48)

Figure 6.17 shows the plot of Ex against the loading angle θ for a unidirectional
carbon-fibre-reinforced polymer (type 1 carbon fibre) epoxy composite. The predic-
tions from eq. (6.48) are compared to the experimental data [15]. The modulus is seen
to reduce rapidly with angle.
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Figure 6.17 The angular dependence of modulus of a unidirectional high-modulus carbon-fibre-
reinforced polymer lamina of Vf = 0.5. The continuous line is the prediction of eq. (6.48). • are
the experimental data of Sinclair and Chamis [14,15].
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Figure 6.18 shows the angular dependence of the predicted Young’s modulus and
shear modulus. Note that the shear modulus is at a maximum at 45�, so we can expect
higher shear stresses to develop in 45� plies of a laminate. The angular dependence of
Poisson’s ratio is shown in Figure 6.19 and is at a maximum at 30�.

6.2.2 Multi-Ply Laminates

As a consequence of the anisotropy of a unidirectional lamina as shown in
Figures 6.17 and 6.18, laminates are prepared by stacking plies of differing orientation
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Figure 6.18 Variation of (a) Young’s modulus, Ex, and shear modulus, Gxy, with loading angle
(ϕ�) for epoxy glass-fibre reinforced polymer lamina (Vf = 50%) [16].
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Figure 6.19 Variation of Poisson’s ratio, n xy, with loading angle (ϕ�) for epoxy glass-fibre
reinforced polymer lamina (Vf = 50%) [16].
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in order to cater for multidirectional stresses. Generally, the stacks should be symmet-
ric so that the laminates are balanced. Figure 6.4 illustrates the shapes that unbalanced
laminates can take on. Examples of unbalanced and balanced laminates are given in
Table 6.3.

The elastic properties of a laminate depend on the properties of the individual
laminae. Therefore, to use laminate theory we assume that (1) the plies are perfectly
bonded so there is no slippage; (2) the interface between plies is infinitely thin; and (3)
a laminate has the properties of a thin sheet. Therefore, a laminate can be treated as a
thin elastic plate and the classical analysis of Kirchhoff can be used to derive the strain
distribution throughout the plate under external forces. The laminate is made from
laminae of differing orientations, but having the stress–strain response described by
eq. (6.45). The stress–strain relationship of the kth layer of the laminate can be
expressed according to eq. (6.49):

σx
σy
τxy

2
4

3
5
k

¼
Q11 Q12 Q16

Q12 Q22 Q26

Q16 Q26 Q66

2
64

3
75
k

εx
εy
γxy

2
4

3
5
k

: (6.49)

Thus Qij is evaluated for each layer and classical lamination theory is a method of
calculating resultant forces and moments by integrating the stresses on each lamina
through the thickness of the laminate. The ratio of thicknesses is related to the
volume fraction of the plies; therefore, the reduced-stiffness matrix for the angle-ply
laminate, Qaij, where the subscript a refers to a balanced angle-ply laminate, is
given by

Qaij ¼
XN
k¼1

½Qij �kVk: (6.50)

In balanced laminates, Qa16 and Qa26 cancel each other out because the total thickness
of all the –θ layers equals that of the +θ layers. Therefore, eq. (6.44) becomes

Qa11 ¼
Ea1

1� n a12n a21

Qa12 ¼
n a12Ea2

1� n a12n a21
¼ n a21Ea1

1� n a12n a21

Qa22 ¼
Ea2

1� n a12n a21

Qa66 ¼ Ga12:

(6.51)

Table 6.3. Definition of symmetric and non-symmetric laminate constructions.

Symmetric laminates Non-symmetric

+θ/–θ/–θ/+θ (�θ)s + θ/–θ/+θ/–θ
+θ/–θ/+θ/+θ/–θ/+θ (+θ/–θ/+θ)s +θ/–θ/–θ/+θ2
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Figure 6.20 shows plots of the elastic constants (n a12, Ea1,Ea2,Ga12) for�θ laminates
from type 1 high-modulus carbon-fibre epoxy. We see that the variation in moduli
illustrates the need for the introduction of additional 90� plies for quasi-isotropy.

6.2.3 Failure of Angle-Ply Laminates

6.2.3.1 Stresses Acting on Individual Laminae
In order to predict the failure of a laminate, we need to be able to calculate the stresses
in individual plies. We have discussed briefly the development of laminate theory for
examining stresses in laminated fibre-reinforced composites. It is especially important
to establish the resolved stresses acting parallel, perpendicular, and at an angle to the
fibres. In this way we can identify failure mode by equating the predicted stress with
known values of fracture stresses for the individual components. Thus, laminate
theory can be used to calculate σ0, σ90, σθ directions to the fibres. Figure 6.21 gives
the variation of lamina stresses with loading angle.

Failure of a lamina occurs when the resolved stresses in the principal material
directions (parallel or perpendicular to the fibres) or shear stresses exceed their
ultimate values. Thus, failure can result from (1) fibre fracture, (2) transverse cracking,
and (3) shear fracture (Table 6.4). Laminate theory can be used to calculate the stress
in the relevant directions σ0�, σ90�, and τ12, and to compare them to the strength values.
Figure 6.21 shows that with θ 
 5–10� it is highly probable that the failure will
occur through fibre fracture. When θ 	 10� (5–20�) shear stresses are significant and
failure will occur through shear, either at the fibre–matrix interface or by intralaminar
shear. At θ � 45�, transverse stresses are significant and the shear stresses are

0

50

100

E
a1

,E
a2

,G
a1

2
 (

G
p

a
)

Ga12

Va12

V
a1

2

Ea1

150

200

0

0.5

1.0

1.5

2.0

10 20 30 40 50 60

Ply angle, �q°

70 80 90

Figure 6.20 Elastic constants of � θ laminate type 1 high-modulus carbon-fibre epoxy
composite [14].
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maximized, so it is possible that failure can occur by transverse or matrix fracture or
through shear. Thus, we might expect a mixed-mode failure. With θ = 45–90�,
transverse stresses are at a maximum so matrix or transverse fracture will dominate.

6.2.3.2 Strength of an Off-Axis Unidirectional Composite
The simplest failure criterion is referred to as the maximum stress theory, in which
fracture occurs when the stress in the principal directions reaches a critical value, as
shown in Figure 6.22. Thus, the composite strength, σcu, could be a function of either
longitudinal strength, σlu, or transverse strength, σtu, or in-plane shear strength, τ12u,
depending on which stress becomes critical first.

1. At θ = 0�, the composite strength in the fibre direction is σcu ¼ σlu.
2. At θ � 0–5� the angle between the stress and fibres is relatively small (θ < 5�).

The fibre tensile stress reaches the fibre fracture stress before any other failure
event can occur. Resolving the applied force, F, over the area on which it acts,
we get:

σ1 ¼ F cos θ
A1

¼ F cos θ cos θ
Ao

¼ σθ cos
2θ:

σθ ¼ σ1 sec
2θ

(6.52)

Here, fibre fracture still dominates failure.
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Figure 6.21 Relative stresses referred to σa1 or σ0� in the direction parallel to the fibres, σ90�
transversely, and τ12 in the θ� plane to the fibres in a symmetric angle-ply laminate under load at
angle θ�. Glass-fibre UPE laminate with Vf = 0.5 [14,17].
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3. At larger values of θ(�5–10�),

σθ ¼ τ12
sin θ cos θ

¼ 2τ12 cosec 2θ: (6.53)

Here, there is shear failure – invariably interfacial debonding because the shear
stress that develops will exceed the shear strength of the interface.

4. At much larger angles of θ,

σt ¼ σθ sin
2 θ

σθ ¼ σt cosec
2 θ:

(6.54)

The resolved stress perpendicular to the fibre–matrix interface causes failure at the
interface and within the matrix, at relatively low stresses.

5. At θ� = 15–45� there is mixed-mode failure. Here, the properties of the interface
and matrix significantly determine which failure mechanism operates. Since
σθ� = σlu, σ90� = σtu, and τ12 = τu, these represent the failure criteria as a function of
the maximum stress in the principal directions of the composites. This is formulated
in Figure 6.23.

The equations are plotted in Figure 6.24, showing how the maximum stress theory
has limitations in predicting the failure of a lamina across the whole range of angles.
The most uncertainty arises over the mixed-mode region of θ = 15–45�. Since
laminates often include plies at �45�, and sometimes other loading angles are utilized,
alternative failure criteria needed. It is an ongoing issue of debate.

Table 6.4. Failure modes of an individual unidirectional lamina as a function of loading angle, θ

Load angle, θ (�) Failure mode Locus/ mechanism

0 Longitudinal tensile fracture Fibre fracture
5–20 Intralaminar shear Interfacial or matrix
20–45 Mixed mode Intralaminar shear and transverse

tensile failure
45–90 Transverse tensile failure Matrix and fibre–matrix interface

Area

Area

Force, Fq q

sc

sq

A0

A1

Figure 6.22 Resolution of forces, F, acting on a unidirectional angle-ply composite. σc is the
stress in the fibre direction of the composite.
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One alternative predictive model would be the analogousmaximum strain theory,
which should be more effective because we have seen above and in Chapter 5 that
strain criteria are often more effective. However, the discrepancies between experi-
ment and prediction are greater than the maximum stress theory.

The Tsai–Hill criterion has been developed from the equivalent criterion for
failure of a metal. It is a development of the maximum work theory to provide a
von Mises failure criterion for composite materials.

In plane stress, von Mises failure criterion for a metal is given by

σ1
σy

� �2

þ σ2
σy

� �2

� σ1
σy

� �
σ2
σy

� �
¼ 1,

where σy is the yield stress of the metal, and σ1 and σ2 are the stresses in the 1- and 2-
directions.

Figure 6.23 Maximum stress criteria for predicting the fracture mode of a unidirectional
angle-ply lamina.
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Figure 6.24 The angular dependence of fracture strength of a unidirectional carbon-fibre-
reinforced polymer lamina with Vf = 0.5. • are the experimental data of Sinclair and Chamis
[15]; - - is the Tsai–Hill criterion (eq. 6.56) (redrawn from Hull [14] and Jones [1]).
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The von Mises equation can be adapted for composite lamina, as shown in
eq. (6.55):

σl
σlu

� �2

þ σt
σtu

� �2

� σlσt
σ2lu

� �
þ τ12

τu

� �2

¼ 1: (6.55)

For most composite materials,

σlu > σtu

Therefore, the term σlσt
σ2lu

� �
in eq. (6.55) is small and can be ignored.

Equation (6.55) becomes

σl
σlu

� �2

þ σt
σtu

� �2

þ τ12
τu

� �2

¼ 1: (6.56)

This equation is known as the Tsai–Hill failure criterion. It is plotted in Figure 6.24
and appears to provide a closer prediction of failure of a lamina at angles close to �θ.
The strength of a θ lamina is given by

σθu ¼ cos4 θ
σ2lu

þ 1
τ2u

� 1
σ2lu

� �
sin2 θ cos2 θ þ sin4 θ

σ2tu

� �1=2
: (6.57)

A detailed discussion of the failure criteria of composite laminates is beyond the scope
of this book, and readers are referred to the text by Daniel and Ishai [18] and the
worldwide failure exercise [19–21].

6.2.3.3 Strength of a Multi-Ply Laminate
We can see above that we can understand the failure of a laminate in terms of the
sequential fracture of individual lamina in a laminate. Equations (6.49) and (6.50)
provide the stress–strain response, so we can consider the stresses in the principal
directions of individual plies using the maximum stress theory at low and high angles.
The Tsai–Hill criterion can be used for plies of 20–45�.

The stresses acting on individual laminae of a cross-ply or angle-ply laminate are
required to predict the failure mechanisms within each layer and hence the damage
accumulation mechanism. Equation (6.45) can be applied to a cross-ply or angle-ply
laminate so that stresses parallel to the fibres ðσjjÞ or at 90� ðσ⊥Þ and the shear stress
(τ) in individual plies can be calculated using laminate analysis. The strain–stress
equation of the laminate is given by

εa1
εa2
γa12

2
4

3
5 ¼

Sa11 Sa12 Sa16
Sa12 Sa22 Sa26
Sa16 Sa26 Sa66

2
4

3
5 σa1

σa2
τa12

2
4

3
5: (6.58)

Cross-ply and angle-ply laminates with laminae of equal thickness are tested with
principal stresses parallel to the directions of symmetry. Then, τa12 ¼ 0,
Sa16 ¼ Sa26 ¼ 0, and γa12 ¼ 0.
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The strains εa1, εa2, and γa12 are expressed in terms of strains parallel and transverse
to the fibres according to the analysis given in Section 6.2.3.2 using stress and strain
transformation equations:

σx
σy
τxy

2
4

3
5 ¼

cos2 θ sin2 θ �2 sin θ cos θ

sin2 θ cos2 θ þ2 sin θ cos θ

sin θ cos θ � sin θ cos θ cos2 θ � sin2 θ

2
64

3
75

σ0x
σ0y
τ0xy

2
64

3
75, (6.59)

εx
εy
γxy

2
64

3
75 ¼

cos2 θ sin2 θ �2 sin θ cos θ

sin2 θ cos2 θ þ2 sin θ cos θ

sin θ cos θ � sin θ cos θ cos2 θ � sin 2θ

2
64

3
75

ε0x
ε0y
γ0xy

2
64

3
75: (6.60)

For a cross-ply laminate, θ = 0� or 90� in alternate laminae, so that in laminae in which
the 1-direction is parallel to the fibres:

1εjj ¼ εa1;
1εjj ¼ εa1 and

1γ ¼ γa12: (6.61)

For laminae in which the 2-direction is parallel to the fibres:

2εjj ¼ εa2;
2ε⊥ ¼ εa1 and

2γ ¼ γa12: (6.62)

The stresses in these individual laminae can be obtained from the stress–strain
equations for the laminae, eqs (6.43) and (6.44), in combination with the conditions
given for the two cases in eqs (6.61) and (6.62).

Thus, individual laminae will fracture once the resolved stress in the relevant
direction exceeds a critical value. Therefore, the off-axis plies will tend to fracture
first and progressively develop further damage. Damage accumulation follows the
sequence according to weakest ply consideration. A typical quasi-isotropic laminate
0�2/90�2/�45�/90�2/0�2 will exhibit the following damage sequence:

1. transverse cracking of 90� and 45� plies;
2. interlaminar shear failure initiated by transverse cracks;
3. delamination;
4. fibre fracture in 0� plies;
5. composite failure.

6.3 Strength of a Multi-Ply Laminate under Complex Loads

Flexural loading of a beam leads to a distribution of stresses through the thickness.
Figure 6.25 illustrates three-point loading showing that a neutral axis exists. A shear
stress develops under load at the neutral axis. Often, four-point loading is employed in
mechanical tests because the stress is more uniform through the thickness of the beam
(Figure 6.26).

As the L/d ratio decreases, the shear stress becomes dominant. This test method
with L/d < 5 is used to measure the interlaminar shear strength (ILSS) of a composite.
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Therefore, under flexural loading the arguments given in Section 6.2.3.3 still apply,
and the response of the laminate is determined by the stress operating in the individual
plies. In other words, first ply failure will occur in the tensile face, usually by
transverse cracking followed by an increased probability of shear failure initiated at
the ply–ply interface, where the transverse cracks are pinned because shear stresses are
generated. Figure 6.27 shows the damage cascade induced by a low-energy impact in
which the material responds in flexure.

6.3.1 Impact Response

Impact response is a function of the rate of loading. Drop weight loading is used to
simulate real impact events:

1. dropped tool – low-rate event;
2. bird strike – intermediate-rate event;
3. ballistic impact – very high-rate event.

Figure 6.25 Flexural loading under a three-point configuration showing the high tensile and
compressive stress regions. The midpoint line of the beam is at the neutral axis.
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Figure 6.26 Flexural loading under a four-point configuration.
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Dorey [22] has described the impact response at different rates and impact energies, as
shown in Figure 6.28 (see also Table 6.5).

The damage, which develops at intermediate impact energies, results from
transverse cracking in the tensile ply furthest from the impact, as shown in
Figure 6.27. Transverse cracks form first, which initiate interply delamination,
and the damage cascades into the material. This damage cannot usually be seen
from the impacted surface and is referred to as barely visible impact damage

Figure 6.27 Typical damage cascade pattern of a (0o/�45o/0o/�45o)s laminate after
low-energy impact.
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Figure 6.28 Principal failure modes of composite laminates under impact loading.
Energies involved and damage area of 2 mm thick carbon-fibre-reinforced polymer. w, l,
and t are the width, unsupported length, and thickness of the specimen; d is the diameter
impactor; τ is the ILSS; σ is flexural strength; E is the flexural modulus; and γ is the fracture
energy [22].
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(BVID). Much effort is expended to identify sensors for this damage (see
Section 6.4).

6.3.2 Residual Strength after Impact

The most important property of a composite material is the compression strength after
impact. This property is commonly used to assess the quality of materials subjected to
impact. The residual compression strength is directly related to the delaminated area
produced in the impact event. Compression strength is a strong function of the shear
modulus of the matrix resin, since fibre buckling is the main failure mechanism in the
0� plies. Figure 6.29 gives a schematic of mechanisms of unidirectional plies using
matrix resins with different fracture toughnesses.

The compression strength, σlcu, of a unidirectional composite is a function of the
shear modulus of the matrix, as shown in eq. (6.63), because of the support, which
prevents buckling. In terms of a laminate, localized damage will reduce the support
provided by the stiffness of the matrix and adjacent fibrous plies. The critical nature of

Table 6.5. Summary of damage resulting from impact events of differing energy

Impact energy/
velocity Damage type Location Comment

Low delamination Interfacial or matrix shear Material responds in flexure
as in short beam test

Intermediate Transverse cracking with
initiated delamination

Tensile face opposite from
impact

Barely Visible Impact
Damage (BVID)

High Fibre fracture Fibre fracture in opposite face -
cascade leads to puncture

Plug fracture

Figure 6.29 Failure modes associated with compression loading of impact-damaged carbon-fibre-
reinforced polymer laminates [23].
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delamination damage is shown in Figure 6.30, where the residual compressive and
tensile strengths after impact are given:

σlcu ¼ Gm

Vm
¼ Gm

1� Vf
: (6.63)

6.4 Damage Detection

For completion, we list the methods of detecting damage in laminates either as
manufactured or subjected to a loading event such as impact. We should differentiate
between non-destructive testing (NDT) [24–25] and structural health monitoring
(SHM) [26]. The NDT techniques are summarized in Table 6.6.

Non-destructive testing techniques generally are inspection approaches in which
the structure is examined before service for manufacturing defects and post-service for
damage formation. Table 6.6 lists possible techniques together with a brief description
of the monitoring system and their applications. The advantages and disadvantages are
also briefly described. On the other hand, SHM refers to sensors permanently placed
or embedded in the composite. The sensors can be interrogated continuously during
service, either in static or dynamic mode. They should be in unobtrusive locations and
lightweight, and not impose a weight or cost penalty nor affect the strength of the
composite material and structure. Table 6.7 describes the principal of SHM tech-
niques. The use of carbon-fibre resistance to detect impact damage is reported [27].

Figure 6.30 Residual tensile and compression strengths of a (0o/90�/0�/�45o/0o)s carbon-fibre
epoxy laminate [23].
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Table 6.6. Techniques for non-destructive testing

NDT technique Damage type Material Inspection Comment

Visual Voids,
Resin-rich regions
Cracks
Debonds

Glass fibre 1. Manufacturing
defects

2. Impact damage

BVID limits use

Tap test Surface damage – – Not recommended
Ultrasound,
transmission

Delaminations Carbon, aramid, and glass
fibre

Manufacturing defects in
laminates
Impact damage

Ultrasound, pulsed
echo

Delaminations 1. Composite panels
2. Composite structures:

carbon, aramid, glass
fibres

1. Manufacturing defects
in laminates

2. Impact damage

With scanning of a sample in a
water bath or with water jet for
large structures:
1. A scan: through thickness using

simple back surface reflection
2. B Scan: in one direction of

specimen
3. C scan: of both width and

breadth directions
X-radiography Voids and stress-induced defects 1. Glass fibre; carbon fibre

needs a radio-opaque
penetrant

2. CT-digital assembly
provides location of
damage within a volume

Manufacturing
defects

1. Low-*energy X-rays, e.g.
5–50 keV in transmission

2. Computed tomography (CT)
scans: uses a thin X-ray beam to
obtain absorption profile of
transmitted beam at intervals as
the beam moves around to
construct a cross-sectional image

https://w
w

w
.cam

bridge.org/core/term
s. https://doi.org/10.1017/9781139565943.007

D
ow

nloaded from
 https://w

w
w

.cam
bridge.org/core. Southern Cross U

niversity, on 26 Apr 2022 at 21:55:05, subject to the Cam
bridge Core term

s of use, availa

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.007
https://www.cambridge.org/core


Thermography Damage but location through
thickness is difficult

1. Defects appear as hot
spots in the thermal
image.

2. Can be used to detect
damage in a fatigue test

Manufacturing and load-
induced damage

Measurement of thermal transients
arising from a thermal pulsed
thermal stimulation
1. single-sided
2. double-sided
3. vibro-thermography: detects hot

spots where high-energy
dissipation or damping occurs

Acoustic emission Detects dynamic cracking;
identifying the location of a crack is
complex because of attenuation of
the stress wave as it propagates
through the material over a potential
considerable distance

Composite structures Proof testing of structures
but employs a load to
generate cracks

Detects elastic strain energy
released as stress waves. These
propagate through the material to
the surface where a transducer
converts them into an electrical
signal

Acoustic,
ultrasonics

Measures a stress wave factor,
which is related to residual strength

Composite
structures

Proof testing of structures Employs pulsed ultrasound wave
stimulation

Electromagnetic:
eddy current
measurement

Detects cracks in some components 1. MMC
2. Glass-fibre composite

Uses a changing magnetic field to
create eddy currents in the substrate

https://w
w

w
.cam

bridge.org/core/term
s. https://doi.org/10.1017/9781139565943.007

D
ow

nloaded from
 https://w

w
w

.cam
bridge.org/core. Southern Cross U

niversity, on 26 Apr 2022 at 21:55:05, subject to the Cam
bridge Core term

s of use, availa

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.007
https://www.cambridge.org/core


Table 6.7. Techniques for structural health monitoring

Technique Damage type Inspection approach Advantages Disadvantage

Conventional
strain gauges

Difficult to specify Converts relative change in
strain into electrical resistance
Needs a precision instrument
(Wheatstone Bridge)

Simply adhered to surface Resistance may be affected by
geometric factors and
maintenance of adhesion

Fibre optic sensors Matrix cracks,
Debonding and other physical
changes inducing local strains
1. Light intensity change,

microbending, or fracture
2. Twisting
3. Mechanical strain or thermal

expansion
4. Applied strain
5a. Strain from cavity between

two optical fibres
5b. Etched grating (after

removal of cladding) acts
as a strain gauge.

Embedded optical fibre:
consisting of ‘doped’ silica
core, with a cladding
(polymeric or low refractive
index glass) and coating
Modes:
1. Intensity modulation
2. Polarization

modulation
3. Phase modulation
4. Scattering modulation
5. Spectral modulation:

a. Fabry–Perot
interferometer (FPI)

b. Fibre Bragg grating (FBG)

1. Immune to electromagnetic
interference

2. Direct embedment
3. Corrosion resistance
4. Multiplexing
5. Multimode fibres have a

larger diameter core.

1. Optoelectronic equipment
for complex signal
processing

2. Optical fibres have typical
diameters of 120–250 μm,
significantly larger than
reinforcing fibres of
5–20 μm.
Embedment leads to an area
of distorted reinforcement
and compromises composite
strength
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Piezoelectric
wafer active
sensors (PWAS)

Lamb waves travel long
distances over thin-wall
structures, detecting structural
anomalies, cracks, and
delaminations
1. One PWAS generates waves
for detection by a second
PWAS

2. The same PWAS acts as a
transmitter and receiver for
echo from a crack or
damage

3. PWAS receives elastic
waves generated by AE
event

Thin, inexpensive piezoceramic
wafers poled in the thickness
direction with electrodes are
bonded to the surface. At
ultrasonic frequencies they
sense and excite Lamb waves.
Modes:
1. Pitch-catch
2. Pulse-echo
3. Thickness

impact with acoustic
emission (AE)

Relatively simple method of
inspecting thin-walled
structures

Needs further development and
validation

Electrical
properties sensors:
Resistance
(conductance)

Dielectric
Impedance

Self-sensing is possible by
measuring resistance of
reinforcing carbon fibres
Detects fibre-breaks by
increase in resistance
Detects matrix cracks and
delamination by decrease in
resistance

Carbon fibres are electrical
conducting
Resins are non-conducting

Glass fibres are insulators but
GRP exhibits a change in
dielectric properties with
damage

When carbon fibres break,
resistance increases
When matrix cracks, carbon-
fibre resistance decreases;
release of compressive thermal
strain and/or piezoelectric
effect in carbon fibres is
responsible
Dielectric spectroscopy

Further development and
application of self-sensing
techniques required
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Smart systems, which employ techniques for self-sensing of damage and for activating
a self-healing mechanism, are described in Chapter 9.

6.5 Conclusions

In this chapter we have reviewed the role of lamination in the creation of composite
artefacts with good all-round properties and identified the mechanisms of failure. To
achieve these aims the basics of ‘laminate theory’ are discussed. The reader is referred
to texts such as Tsai’s Composite Design series [28,29] and Daniel and Ishai [18] in
order to use available laminate computer programs efficiently for specific design
problems. The aim of this chapter was to provide the sufficient knowledge for careful
consideration of the outcomes provided by theoretical analyses. Laminate theory-
based computer programs are available, but without understanding of the principles
poor design decisions could arise.

6.6 Discussion Points

1. What is understood by a laminate?
2. Explain the difference between anisotropic and isotropic laminates? Give an

example of a balanced configuration of a typical isotropic laminate.
3. What is the origin of thermal strains in cross-ply laminates? How can the thermal

strains be estimated?
4. What is the sequence of damage formation in a balanced 0x�/90y�/0x� cross-ply

laminate under load? How does the value of y influence the nature of the crack
growth?

5. Briefly describe the principle of the shear lag analysis for describing the
development of cross-ply cracking.

6. Examine the failure of a unidirectional lamina at different loading angles. Derive
the failure criteria by resolving forces.

7. Use the failure criteria to predict the fracture behaviour of a unidirectional
composite across the range of loading angles from 0� to 90�.

8. Apply the knowledge about tensile failure modes of unidirectional and cross-ply
laminates to the failure modes of a balanced angle-ply laminate under a low-energy
impact event.

References

1. F. R. Jones, Micromechanics and properties of fibre composites. In Composite materials in
aircraft structures, ed. D.H. Middleton (Harlow: Longman, 1990), pp. 69–90.

2. P. W. Manders, T.-W. Chou, F. R. Jones, and J. W. Rock, Statistical analysis of multiple
fracture in 0�/90�/0� glass fibre/epoxy resin laminates. J. Mater. Sci. 18 (1983), 2876–2889.

246 Mechanical Properties of Laminates

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.007
https://www.cambridge.org/core


3. K. W. Garrett and J. E. Bailey, Multiple transverse fracture in 90� cross-ply laminates of a
glass fibre-reinforced polyester. J. Mater. Sci. 12 (1977), 157–168.

4. A. Parvizi and J. E. Bailey, On multiple transverse cracking in glass fibre epoxy cross-ply
laminates. J. Mater. Sci. 13 (1978), 2131–2136.

5. K. W. Garrett, A. Parvizi and J. E. Bailey, Constrained cracking in glass fibre-reinforced
epoxy cross-ply laminates. J. Mater. Sci. 13 (1978), 195–201.

6. J. E. Bailey, P. T. Curtis, and A. Parvizi, On the transverse cracking and longitudinal
splitting behaviour of glass and carbon fibre reinforced epoxy cross ply laminates and the
effect of Poisson and thermally generated strain. Proc. Roy. Soc. A. 366 (1979), 599–623.

7. P. A. Sheard and F. R. Jones, Computer simulation of the transverse cracking process in
glass fibre composites. In Proceedings of the international conference on composite
materials ICCM VI/ECCM 2, vol. 3, ed. F. L. Matthews, N. C. R. Buskell, J. M.
Hodgkinson, and J. Morton (London: Elsevier, 1987), pp. 123–135.

8. J. A. Nairn, S. Hu, and J. S. Bark, A critical evaluation of theories for predicting micro-
cracking in composite laminates. J. Mater. Sci. 28 (1993), 5099–5111.

9. J. A. Nairn, Matrix cracking in composites. In Polymer matrix composites, ed. R. Talreja
and J.-A. Manson (Oxford: Elsevier Science, 2000).

10. A. S. D. Wang, Fracture mechanics of sublaminate cracks. Compos. Mater. Comp. Tech.
Rev. 6 (1984), 45–62.

11. F. R. Jones, M. Mulheron, and J. E. Bailey, Generation of thermal strains in GRP part 1:
effect of water on the expansion behaviour of unidirectional glass fibre reinforced lamin-
ates. J. Mater. Sci. 18 (1983), 1522–1532.

12. F. R. Jones, M. Mulheron, and J. E. Bailey, Generation of thermal strains in GRP part 2: the
origin of thermal strain in polyester crossply laminates. J. Mater. Sci. 18 (1983), 1533– 1539.

13. R. A. Schapery, Thermal expansion coefficients of composite materials based on energy
principles. J. Comp. Mat. 2 (1968), 380–404.

14. D. Hull, An introduction to composite materials (Cambridge: Cambridge University Press,
1981).

15. J. H. Sinclair and C. C. Chamis, Fracture modes in off-axis fiber composites. In Proc. 34th
SPI/RP annual technology conference (New York: Society of the Plastics Industry, 1978),
paper 22A.

16. T. W. Clyne, Cambridge composites lectures, C16. Cambridge University.
17. B. Spencer and D. Hull, Effect of winding angle on the failure of filament wound pipe.

Composites 9 (1978), 263–271.
18. I. M. Daniel and O. Ishai, Engineering mechanics of composite materials, 2nd ed. (Oxford:

Oxford University Press, 2006).
19. M. J. Hinton, A. S. Kaddour, and P. D. Soden. Failure criteria in fibre reinforced polymer

composites: the world-wide failure exercise (Oxford: Elsevier, 2004).
20. A. S. Kaddour and M. J. Hinton, The background to the Second World-Wide Failure

Exercise (WWFE-II). J. Compos. Mater. 46 (2012), 2283–2294.
21. A. S. Kaddour and M. J. Hinton, Maturity of 3D failure criteria for fibre-reinforced

composites: comparison between theories and experiments: Part B of WWFE-II. J.
Compos. Mater. 47 (2013), 925–966.

22. G. Dorey, Impact performance : CFRP laminates. In Handbook of polymer-fibre compos-
ites, ed. F. R. Jones (Harlow: Longman, 1994), pp. 327–330.

23. G. Dorey, Impact performance: residual compression strength. In Handbook of polymer-
fibre composites, ed. F.R. Jones (Harlow: Longman, 1994), pp. 330–334.

2476.6 Discussion Points

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.007
https://www.cambridge.org/core


24. F. L. Matthews and R. D. Rawlings, Composite materials: engineering and science
(London: Chapman and Hall, 1994), pp. 415–447.

25. R. H. Bossi and V. Giurgiutiu, Nondestructive testing of damage in aerospace composites.
In Polymer composites in the aerospace Industry, ed. P. E. Irving and C. Soutis
(Cambridge: Woodhead, 2015), pp. 413–448.

26. V. Giurgiutiu, Structural health monitoring (SHM) of aerospace composites. In Polymer
composites in the aerospace Industry, ed. P. E. Irving and C. Soutis (Cambridge:
Woodhead, 2015), pp. 449–507.

27. T. J. Swait, F. R. Jones, and S. A. Hayes, A practical structural health monitoring system for
carbon fibre reinforced composite based on electrical resistance. Compos. Sci. Technol. 72
(2012), 1515–1523.

28. S. W. Tsai, Composites design, vol. 1, 4th ed. (Palo Alto, CA: Think Composites, 1988).
29. S. W. Tsai, Theory of composites design (Palo Alto, CA: Think Composites, 1992).

248 Mechanical Properties of Laminates

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.007
https://www.cambridge.org/core


7 Fatigue Loading of Laminates

In this chapter, the analysis in Chapter 6 is extended to dynamic loading. The main
aim is to provide sufficient knowledge for predicting the life of a composite structure.

The term fatigue refers to time-dependent fracture behaviour. Both static and
dynamic fatigue phenomena occur. The static fatigue of glass fibres is discussed in
Chapter 2. With respect to composite materials, we are mainly concerned with
dynamic loading of a structure and the prediction of service life.

Homogeneous materials such as a metal or ceramic fail by the propagation a single
crack. In ceramics, the fracture toughness is relatively low and elastic fracture
mechanics apply. With metallic materials, a plastic zone forms at the tip of the crack.
Thus, fracture mechanics attempts to identify the criticality associated with the
presence of a crack or pre-existing flaw. Thus, the following questions are posed:

1. What is the residual strength as a function of crack size?
2. What are the critical crack dimensions?
3. What is the possible service life before the crack size becomes critical?
4. What size of pre-existing flaw can be allowed?
5. How often should structural inspections for cracks take place?

There are three modes of loading that the material could experience:

1. mode 1, opening mode: the two crack surfaces move away symmetrically in the
y-direction;

2. mode 2, sliding mode: the two crack surfaces slide away in the x-direction;
3. mode 3, tearing mode: the two crack surfaces move in the z-direction, introducing

tearing in the x–y plane, with the surfaces remaining parallel to the crack front.

These modes are illustrated in Figure 7.1.
Here, we consider mode 1, linear fracture mechanics as illustrated in Figure 7.1a. In

brittle materials, fracture is a low-energy process (low energy dissipation), in which
catastrophic failure occurs without warning because crack velocity is generally high.
Little or no plastic deformation occurs before fracture.

With tough materials, ductile fracture involves a high-energy process, which
involves dissipation of a large amount of energy, which is associated with a large plastic
deformation zone before crack instability occurs. Crack growth is relatively slow.

We can describe these processes using Griffith’s criterion [1] and the extensions
provided by Irwin [2].
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7.1 Griffith’s Criterion

The energy release rate for crack growth, or strain energy release rate, is obtained
from the change in elastic strain energy per unit area of crack growth, given by:

G ¼ δU
δa

� �
p

¼ � δU
δa

� �
u

, (7.1)

where U is the elastic energy of the system and a is the crack length. The load, P, or
the displacement, u, are kept constant.

Irwin showed that for a mode 1 crack (opening mode), the strain energy release rate
and the stress intensity factor are related. Consider a thin rectangular plate with a crack
perpendicular to the load:

G ¼ πσ2a
E

, (7.2)

where G is the strain energy release rate, σ is the applied stress, a is half the crack
length, and E is Young’s modulus, which for the case of plane strain should be divided
by the plate stiffness factor (1 – n 2). n is Poisson’s ratio.

For plane stress : G ¼ G1 ¼ K2
1

E
: (7.3)

For plane strain : G ¼ G1 ¼ ð1� n 2ÞK2
1

E
: (7.4)

The strain energy release rate can be better understood as the rate at which energy is
absorbed by growth of the crack.

However, we also have a critical value for crack growth, Gc:

Gc ¼ πσ2ua
E

, (7.5)

where σu is the ultimate or failure stress. The criterion for when the crack will begin to
propagate is that G1 � Gc.

Figure 7.1 Schematic showing the fundamental fracture modes: (a) Mode 1 (opening),
(b) Mode 2 (sliding), (c) Mode 3 (tearing).
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Irwin extended Griffith’s theory, where the stress intensity factor, K1, replaces the
strain energy release rate. The critical value K1c is often referred to as fracture
toughness. Both of these terms are simply related to the energy terms that Griffith
used:

K1 ¼
ffiffiffiffiffi
πa

p
: (7.6)

For plane stress : K1c ¼
ffiffiffiffiffiffiffiffiffi
EGc

p
, (7.7)

For plane strain : K1c ¼
ffiffiffiffiffiffiffiffiffi
EGc

p
ð1� n 2Þ , (7.8)

where K1 is the stress intensity factor, K1c is the fracture toughness, and n is Poisson’s
ratio. It is important to recognize the fact that the fracture parameter K1c has different
values when measured under plane stress and plane strain conditions.

For plane strain deformation in mode 1, fracture occurs when K1 � K1c and is
considered a material property. The material can be loaded in different ways, as shown
in Figure 7.1, to enable a crack to propagate. Tests for modes 1–3 are available.

For geometries other than the centre-cracked infinite plate, it is necessary to
introduce a dimensionless correction factor, Y. We thus have:

K1 ¼ Yσ
ffiffiffiffiffi
πa

p
, (7.9)

where Y is a function of the crack length and width of sheet: Y a
w

� �
.

For example, in a sheet of finite width w containing a through-thickness edge-crack
of length, a, Y is given by

Y
a

w

� �
¼ 1:12� 0:41ffiffiffi

π
p a

w

� �
þ 18:7ffiffiffi

π
p a

w

� �2
� � � � : (7.10)

Fatigue testing can either involve (1) a constant load, where the time to failure is
measured (static fatigue) or (2) the life of a structure under a dynamic load.

7.2 Fatigue Processes in Composite Materials

Fatigue damage is the progressive failure that occurs when a material is subjected to
cyclic loads. The maximum stress is less than the static stress required to fail the
material in a monotonic test.

1. Prediction of fatigue performance is essential to ensure material selection and
performance matches service conditions.

2. Design of a structure requires the prediction of durability in fatigue from
knowledge of material performance and service conditions.

In contrast to single-phase materials, which usually fail by the propagation of a single
crack, fibre-reinforced materials exhibit diffuse damage formation. As discussed in
Chapter 5, composite materials normally develop damage in the form of interfacial
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debonds, transverse cracks, delaminations, and eventually fibre fracture. These events
manifest themselves in the following effects with the increasing number of load
cycles:

1. visual damage;
2. progressive reduction in strength;
3. progressive reduction in stiffness; and
4. final failure, when the residual strength has reduced to the maximum applied stress.

7.2.1 Cyclic Loading

Loading regimes in a fatigue test are illustrated in Figure 7.2. The load is cycled
between maximum and minimum values so that three differing regimes can be
employed: tension–tension, tension–compression, and compression–compression.
We define these according to the stress or strain range R, which is the ratio of peak
stress or strain to minimum stress or strain:

R ¼ σmin
σmax

: (7.11)

As shown in Figure 7.2,

R has a positive value for tension–tension and compression–compression tests; and
R is negative for tension–compression tests.

Stress:

Tension–tension:

Tension–compression

0

N

N

N

0

s

smax

smin

s

Compression–compression

Typical range:
R ��0 –1

Typical range:
R ��–0.01 to –1

Typical range:
R ��1 –10

Figure 7.2 Schematic of the differing modes of fatigue testing and the definitions of stress or
strain range, R, and typical values. N is the number of cycles.
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Further details of the experimental design are given in Figures 7.3 and 7.4, where
the terms are used to define the cycling of stress or strain in the fatigue experiment.
Figure 7.3 describes the sine waveform of a fully reversed stress cycle, which applies
to a tension–compression fatigue test. The terms mean stress, alternating stress, or
stress amplitude are defined below:

Mean stress : σm ¼ σmax þ σmin
2

, (7.12)

Alternating stress : σa ¼ σmax � σmin
2

, (7.13)

Stress range : Δσ ¼ σmax � σmin, (7.14)

Stress amplitude : As ¼ σa
σm

: (7.15)

Reversed Stress cycle (R=–1)

Amplitude

Range
0

+smax

–smin

Time

Figure 7.3 Sinusoidal waveform employed in a tension–compression fatigue experiment.
Maximum (σmax) and minimum (σmin) stresses are defined.

0

1 cycle

Time

smax

s �or e

sm

sa

�s

smin

Figure 7.4 Sinusoidal waveform employed in a tension–tension fatigue experiment. Alternating
(σa) and mean (σm) stresses are defined. Δσ is the stress range.
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Figure 7.4 illustrates the more typical tension–tension fatigue stress or strain regime,
which applies to many scenarios experienced by a composite structure. The terms used
to describe the design of the test are also shown.

7.3 Nature of the Damage Accumulation in Composite Materials

7.3.1 Unidirectional Laminates

The basic failure modes of a unidirectional laminate under monotonic loading, which
are described in Chapter 5, also occur under cyclic loading. These are:

1. matrix cracking;
2. fibre fracture;
3. fibre–matrix debonding; and
4. delamination

Thus, 0� laminates will fail by either the accumulation of fibre-breaks or matrix
cracks. The former occurs in ductile polymer matrix composites (PMCs) and con-
tinues until an i-plet of critical dimensions forms, which leads to rapid fracture. The
process involves the statistics of strength of the embedded fibres. As we discussed in
Chapter 5, the stress transfer at the broken fibre ends leads to high shear stresses and
potential for debonding. The ineffective length of the fragmented fibres will determine
the extent of multiple fracture of the fibres and the eventual failure.

With brittle matrices, matrix cracking dominates. In real PMCs it is the relative
failure strains of the fibres and matrix that are critical. Thus, differing behaviours of a
glass fibre (εfu � 2–3%), carbon fibre (εfu � 0.6–1.5%), and aramid fibre (εfu � 2–4%)
will lead to differing failure mechanisms. Aramid fibres have poor radial strength, so
fibrillation is an additional mechanism, especially under compression when buckling
can initiate fibrillation.

Talreja [3] first recognized the differing performances of a composite material
under fatigue conditions. Figure 7.5 shows the strain–life curves for a composite.
Since εc ¼ εf ¼ εm in the 0� load-bearing plies, it is easier to use strain than stress to
present the data. The following micromechanics dominate the damage accumulation
with time at the given strain range. Time is represented by the number of cycles, N.

Figure 7.5a illustrates the critical strains defining the micromechanical events,
which occur depending on failure strains of the component matrix and fibres. Thus,
the component with the lowest failure strain, which is usually the transverse cracking
strain of the composite, often referred to as matrix cracking, is responsible.

With glass-fibre (and other high strain-to-failure fibres) composites, where the strain
range Δεc > Δεmu, damage accumulation involves a mixed mode of mainly matrix
cracking and interfacial failure. As shown in Figure 7.5b, this results in decay in
properties with the number of cycles and a significant curvature to the strain–life plot.

Figure 7.5c shows that with carbon fibres where Δεc > Δεmu, a relatively flat strain–
life curve, which is dominated by fibre fracture, is observed.
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We need to remember that Ef (glass)< Ef (carbon) and εfu (glass) is approximately 4
times εfu (carbon), so that to achieve a similar stress on glass-reinforced polymers, the
composite will be under a higher strain. This is illustrated in Figure 7.6, where the
fatigue strength–life performance curves of unidirectional carbon-, glass-, and aramid-
reinforced polymers are compared.

7.3.2 Matrix Effects

When fibre failure dominates the fracture of unidirectional composites, the stress
released by the fibre-break is placed on the matrix, which may lead to the immediate
generation of a crack in the adjacent matrix or to an interfacial debond. If the matrix
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Figure 7.5 Strain–life plots for a cross-ply composite laminate showing the different regions of
damage accumulation micromechanics mechanisms. εf, εm, εc are the failure strains of fibres,
matrices, and composites. (a) Fibre fracture; (b) mixed-mode matrix cracking and interfacial
failure; (c) matrix cracking [3,4].
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can respond by deformation, then stress transfer is spread over a larger volume. Also,
the nature of the interface determines the volume of the affected matrix, which carries
the additional load. Thus, the stress transfer process depends on the properties of the
matrix. As a result, the fatigue behaviour of composites made from differing types of
matrix differs, as shown in Figure 7.7.
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Figure 7.6 Fatigue strength–life curves for unidirectional carbon, glass, and aramid fibre;
R = 0.1 [4,5].
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Figure 7.7 Tensile fatigue of 0� carbon-fibre composite from different matrix polymers but
similar fibres: standard epoxy (thick black line); tough BMI blend (thinner black line); tough
epoxy (dot-dash line); thermoplastic (dashed line) [6,7].
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7.3.3 Cross-Ply Laminates

To cater for multi-axial stresses, fibre-reinforced composites often include off-axis
plies in the lay-up of a laminate. We saw in Chapter 5 that 90� plies will exhibit
transverse cracking under load; therefore, we should expect the strength–life curves of
angle-ply laminates to exhibit additional curvature. With increasing damage in off-
axis plies, the stress concentrations on the load-bearing 0� fibres arising from the
transverse cracks reduce the failure load of the 0� plies. Curtis [6] studied the effect of
including 90� plies on the strength–life curves of unidirectional carbon-reinforced
polymers, as shown in Figure 7.8.

The damage accumulation follows the micromechanics of a cross-ply laminate,
which was discussed in Chapter 5. Thus, the failure of 0�/90�/0� laminate involves the
following damage sequence:

1. early generation of transverse cracks, often at coupon edges and extending across
the width and thickness of the 90� ply or plies;

2. increase in the density of transverse cracks until saturation occurs, resulting in a
reduction in laminate stiffness;

3. nucleation and growth of longitudinal cracks (splits) in the 0� plies;
4. delamination initiated by the shear stresses present where transverse cracks

impinge at the 0� ply interfaces;
5. delamination initiated at the ply interfaces by longitudinal cracks impinges on the

90� ply interfaces;
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Figure 7.8 Normalized strain–life curves for laminates with varying fraction of 0�

plies. 100% 0� (thick black line); 50% 0� (dot-dash line); 25% 0� (dashed line); 0% 0�

(thin black line) [6].
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6. fibre fracture in the 0� plies resulting from the stress concentrations at the tips of the
90� ply cracks;

7. final failure when sufficient fibre fractures mean that the remaining fibres cannot
carry the load.

7.3.4 Angle-Ply Laminates

Most composite laminates include plies at angles other than 0� and 90�. For quasi-
isotropy, �45� plies are included in a balanced configuration. We saw in Chapter 5
that the micromechanics of failure of 45� involves transverse cracking, delamination,
and debonding under the shear component of the stress. As shown in Figure 7.9, the
introduction of 45� plies reduces the peak stress available but the rate of degradation
from the formation of matrix cracks and associated damage is lower than the unidir-
ectional (0�) and cross-ply (0�/90�) laminates.

Figure 7.9 also demonstrates that the variety of glass-fibre composites exhibit
differing performances, which reflects the gradual deterioration of the load-bearing
capability of the fibres [9,10]. These observations are consistent with the simple data
presentation given by eq. (7.16).

7.3.5 Improving Fatigue Performance of Cross-Ply and Angle-Ply Laminates

It is apparent that controlling transverse cracking can offer a major improvement in
fatigue performance. This can be achieved in three ways:
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Figure 7.9 Stress–life curves for various GRP materials: 0� (a); [(0�/90�)2]s (b); [(�45�/0�2)2]s
(c); woven cloth laminate (d); CSM from polyester (e); DMC (f ) [8].
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1. Toughening of the matrix increases the first ply failure strain and hence delays the
damage accumulation mechanisms. Epoxy resins often employ thermoplastic
modification at a concentration that provides a co-continuous phase-separated
morphology and enhanced fracture toughness.

2. Toughening of ply interfaces by incorporating polymeric particulates in this region
of prepreg materials.

3. Reducing the off-axis ply thickness, as shown in Chapter 6, to increase the first ply
failure strain by ensuring that the stored energy is insufficient for the transverse
cracks to propagate. In this case the transverse cracks will propagate at an
observable rate so that the damage accumulation process occurs over a longer
period during the fatigue experiment.

7.4 Life Prediction

A number of techniques are employed to analyse the stress–life (or strain–life) curves.
We provide a brief review of these methodologies.

7.4.1 Wear-Out

This methodology is illustrated in Figure 7.10. Defining the point of failure is difficult
because there is not a critical flaw that causes fracture. We see that damage accumu-
lates with a loss of stiffness and /or residual strength, which is referred to as ‘wear-
out’. Thus, we can define failure as the point at which the residual strength has fallen
to the peak cyclic stress.
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Figure 7.10 Degradation by ‘wear-out’ occurs until the residual strength declines to the level
of the maximum in the cyclic stress, which is defined as failure.
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7.4.2 Empirical Stress: Life Curves

For typical ‘flat’ stress–life (S–N) curves typical of unidirectional composites, an
empirical log life (log Nf) curve can be used for predictive purposes:

σmax ¼ σcu � BlogNf , (7.16)

where σmax is the peak tensile stress in the cycle; σcu is the monotonic tensile strength
of the composite; B is a constant; and Nf is the number of cycles to failure.

This approach works reasonably well for many composites, but the presence of
matrix cracking in unidirectional composites and transverse cracking in laminated
materials containing off-axis plies leads to highly curved S–N plots.

Thus, cross-ply laminates and related materials require a different predictive
equation, such as a power law in residual strength.

Figure 7.11 gives the peak stress during tensile fatigue loading on the residual
strength of a 0�/90� glass-fibre epoxy laminate. Various cumulative damage models
are proposed for the fatigue processes in glass-reinforced polymers. In Figure 7.12, a
global power law is used to normalize the data into a single curve:

ta þ Sb ¼ 1: (7.17)

S is a residual strength function, ðσR � σmaxÞ=ðσcu � σmaxÞ, where σR is the residual
strength of the laminate after a given number of fatigue cycles at the peak stress of
σmax. σcu is the normal dynamic tensile strength obtained at the same loading rate as
used in the fatigue experiment.

t is a function of the number of cycles, ðlog n� αÞ=ðlogNf � αÞ, where n is the
number of cycles sustained at the given maximum stress, σmax, for which the expected
fatigue life is Nf. αð¼ log 0:5 ¼ �0:3Þ accounts for the reason that normal strength
corresponds to the lower limit cycles scale at 1/2 cycle [8,9,11].
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Figure 7.11 Changes in the residual strength during cycling of 0�/90�/0� glass-fibre epoxy at
differing maximum stress levels, σmax, with R = 0.1, at RH = 65%. σmax = 200 (□), 300
(Δ),400 (Ο),500 (r) MPa [9,11].
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The exponents, a and b, are material- and environment-dependent parameters
usually obtained by curve fitting. Thus, ðσcu � σRÞ represents the loss in strength
from the cycling of applied stress and is a damage function.

Figure 7.12 shows how this model has been used to provide the potential to predict
the residual strength or the remaining life, once the material parameters a and b
are known.

According to Harris [9], eq. (7.17) can be rearranged to provide a prediction for
residual strength:

σR ¼ ðσcu � σmaxÞð1� taÞ1 b= þσmax: (7.18)

Figure 7.12 shows how this analysis can be applied to differing composites,
providing a curve fit with differing values of a and b. In this way, eq. (7.18) can
be used to estimate the residual strength at any fatigue stress. For these materials, a
single damage mechanism probably applies, namely transverse cracking. However,
it is unlikely that a single micromechanical mechanism operates, so more complex
models are required. Figure 7.5 shows that differing mechanisms operate at different
strain levels.

7.4.3 Residual Strength Degradation

Residual strength degradation theories are dependent on a correlation with the damage
state, but unfortunately most non-destructive techniques are not sufficiently sensitive
to provide this, so empirical laws of this form are employed:

Figure 7.12 Normalized residual strength curves for 0�/90�/0� laminates prepared from HTS
carbon-fibre, aramid (Kevlar 49), and E-glass fibres in a standard epoxy resin. The values of a
and b in eq. (7.18) are also given for each curve [9].
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σR ¼ σa½1þ f ðNf � 1Þ�S, (7.19)

where σR is the residual strength and f and s are constants. In some models f and s are
functions of Rð¼ σmin=σmaxÞ.

7.4.4 Stiffness Degradation

Alternative empirical models have examined the degradation of laminate stiffness that
arises from matrix cracking, delamination, and eventually fibre fracture. The extent of
damage growth can be monitored by a reduction in the ‘modulus’ of the laminate,
referred to as stiffness. Failure occurs when the accumulated damage becomes critical.
The rate of damage, D, and accumulation, dD/dN, with the number of cycles is given
by Poursatip and Beaumont [12] as

dD

dN
¼ A

1
E0

dE

dN

	 

, (7.20)

where dD/dN is the rate of damage (D) accumulation of all types, dE/dN is the rate of
stiffness (‘modulus’) degradation, Eo is the original stiffness, and A is a constant.
Typically for [+45�/90�/–45�/0�]s carbon-fibre laminate, A was found experimentally
to be 2.857 [12].

Integration gives an expression for the life of the laminate:

Nf ¼ A
σa
σcu

	 
B

C
1� R

1þ R

	 
� �P
1� σa

ð1� RÞσcu

� �
, (7.21)

where A = 3.108 	 104; B = –6.393, C = 1.22, P = 1.6, and σcu = 586 MPa. R is the
stress or strain ratio.

7.4.5 Laminate-Related Mechanisms

In the previous discussion we assumed that damage arising from fatigue loading is
associated with the micromechanics of composite fracture and involves matrix
cracking and eventual fibre fracture in 0–5� plies. More complex theories are dis-
cussed by Chou et al. [13] and Reifsnider [14].

In real structures, edge effects play a big role. Thus, edges, holes, bonded joints,
and ply drop-offs can act as stress concentrations that cause delamination. Impact
damage can also promote delamination.

The strain energy release rate (G) has been used to study the effect of cyclic
loading. The critical value, Gc, is reported to be 20% of the static value. Sendeckyi
[15] has reported on edge delamination subjected to tensile loading, and found that

Gc ¼ ε2c tk
2

ðEc � E∗
c Þ, (7.22)

where εc is the applied composite strain, tk is the laminate thickness, Ec is the original
laminate stiffness, and E∗

c is the delaminated laminate stiffness.
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ΔG has been related to delamination growth rate in fatigue in analogy to crack
growth in metals in the form of ΔK. The extent of delamination will depend on the
nature of the loading; for example, in-plane compression leads to rapid delamination
growth. Delamination occurs when G exceeds ΔGc:

da

dN
¼ AðΔGÞn, (7.23)

where A and n are constants.

7.4.6 Miner’s Linear Cumulative Damage Rule

This approach was developed in 1945 [16] and was used extensively and successfully
for predicting the fatigue of metals where the stress or strain ratio, R, is a significant
variable. Since the nature of the failure process of a composite is more complex,
Miner’s rule can only be used qualitatively and can have significant errors. Miner’s
rule is:

Xt¼n

m

ni
Nf

¼ 1, (7.24)

where ni is the number of cycles to failure under a given stress range, Nf is the number
of cycles to failure at that given stress level, and m is the number of stress levels.

A simple version for linear strength reduction is given by:

σR ¼ σcu � ðσcu � σmaxÞ NNf
, (7.25)

where N
Nf

is the fractional fatigue life at a peak stress of σmax.
As already discussed, a linear strength reduction curve is unrealistic for the

majority of composites. Empirical laws are strongly dependent on experimental data
and their value as predictive tools over a range of conditions is limited.

7.4.7 Residual Strength and Damage Accumulation over a Range of R Values

Progressive damage of the nature described above occurs both in tension–tension
fatigue and compression–compression fatigue. To understand the contributions of
these stress regimes, Harris et al. [17] have described the use of constant-life or
Goodman diagrams where the R ratio can be illustrated in normalized constant-life
diagrams using the function

a ¼ f ð1� mÞuðcþ mÞv, (7.26)

where a = σalt/σt , m = σm/σt, and c = σuc/σut . σalt is the alternating component of stress
given by half the stress range ½¼ ðσmax � σminÞ�, σm is the mean stress
½¼ ðσmax þ σminÞ�, σuc is the monotonic compressive strength, and σut is the monotonic
tensile strength. f is the stress function, which is material-sensitive, and the values
σuc/σut, u, and v are functions of log Nf.
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The extreme values of m for a = 0 are 1 on the tensile side and –c on the
compression side, so that the mean stress is (1 + c). Figure 7.13 gives the curves at
a constant life of Nf = 105 cycles for carbon-fibre- and glass-reinforced polymers
(CFRP/GRP) manufactured from the same resin system (913 and with an identical lay-
up). The curve for glass is more asymmetric than for carbon-fibre and has a maximum
at a lower stress function (a).

The differences confirm that the glass-fibre composites exhibit more complex
micromechanics because matrix cracking occurs in the unidirectional plies, as shown
in Figure 7.5. This illustrates the benefits of constant-life diagrams.

7.5 Ceramic Matrix Composites

There are differences between PMCs and ceramic matrix composites (CMCs), which
can be briefly summarized as follows:

1. The matrix failure strain is significantly lower than that of the fibres, so multiple
matrix cracking dominates the failure process. Thus, composites technology is used
principally to ‘toughen’ the ceramic.

2. The fabrication process involves either gaseous (chemical vapour deposition, or
CVD) or liquid (slurry) impregnation, or a combination of both. However, high
temperatures are required to consolidate the composite. Thus, the fibres need to
resist the process temperatures and matrix environment. For example, Nicalon SiC
fibres can have a reactive SiO2 surface and are highly reactive with typical
matrices. To protect the fibres during fabrication, graphite-coated fibres are
often employed.

3. Young’s modulus of the matrix will be similar to that of the fibres, so the
conventional principles of reinforcement are generally not the explanation for the
incorporation of fibres or fibrous fillers.

Figure 7.13 Constant-life plots for HTA/913 CFRP and E-glass/913 GRP [(�45/02)2]s laminates
with a life (Nf) of 10

5 cycles [18].
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4. Toughening of a ceramic employs discontinuous fibres and a variety of
micromechanical mechanisms will operate. Thus, matrix cracks will be pinned at
fibre interfaces enabling an extended stress–deformation curve. Degrees of fibre
pull-out will further contribute to the energy absorbed. Cycling of mechanical
stress will mainly occur below the cracking strain, so this type of fatigue is of
limited concern.

5. Thermal fatigue is potentially the most important. An example is carbon–carbon
composites, where a CF textile preform is infiltrated with a carbon source.
Commonly a mesophase pitch could be used for liquid infusion into the fibres, but
the consolidation shrinkage leads to an imperfect impregnation, which needs to be
followed by further infiltration using gaseous methods. Thus, CVD is used to
complete the impregnation, usually in multiple stages.

Alternatively, multiple CVD stages are used for many structures (mostly high-
performance applications). Thermal fatigue of these structures is mainly dominated
by ‘chemical’ degradation of the carbon matrix rather than micromechanical
effects. Such structures should be designed to minimize microcracking, but if
cracks do form then chemical degradation such as oxidation would be promoted.

6. Models for the fatigue of continuous fibre composites need to include the various
mechanisms responsible for the degradation in strength. These follow the expected
micromechanics of a brittle matrix composite:

Unidirectional CMC:
a. matrix cracking, which affects the fibre–matrix interface;
b. either the crack propagates through a well-bonded fibre or initiates interfacial

debonding through the shear stress that develops;
c. interfacial debonding and shear cracks within the interphasal region,

resulting from the presence of a fibre coating or fibre–matrix reaction.
d. continuous cyclic loading causes a sliding stress at the fibre, provides a

frictional mechanism of wear at the debonded interface.
e. the release of thermal strains.
f. environment gases such as oxygen can penetrate through the matrix cracks to

the fibres, leading to additional interface and fibre corrosion mechanisms.

Cross-ply and angle-ply CMC:
a. Additional transverse cracking occurs at a lower stress.

These mechanisms have been reviewed in detail elsewhere [19–21]. Figure 7.14
illustrates the mechanisms operating at the fibre–matrix interface in materials contain-
ing matrix cracks.

7.6 Metal Matrix Composites

Metal matrix composites (MMCs) differ from PMC in that the ceramic fibres (or high-
temperature wires such as tungsten or boron) will behave elastically even at high
service temperatures. Under cyclic loads in the fatigue experiment, crack initiation
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sites are often at internal defects such as poorly bonded clusters of reinforcement
(particles or discontinuous fibres) or brittle intermetallic compounds. Despite these
issues, the reinforcement of the metal can provide an improvement to fatigue resist-
ance. Table 7.1 provides some examples of improved fatigue performance.

Full details of fatigue processes in MMCs are discussed by Johnson [23].
Particulate-reinforced MMCs are reviewed in detail by Ibrahim et al. [24]. As shown
in Table 7.1, SiC whisker reinforcement is seen to be effective; however, concerns
over toxicity akin to asbestos fibres has limited this usage.

More recently the use of carbon nanotube (CNT) fillers has become a practical
option because of their high aspect ratio (length to diameter ratio), which provides a
more appropriate reinforcement for metals. The use of CNTs in MMCs has been
reviewed recently by Bakshi et al. [25].
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Figure 7.14 Schematic of the micromechanics operating during the fatigue of continuous fibre
CMCs as included in the ‘interface model’ [19].

Table 7.1. Fatigue data showing improved endurance limit of MMCs [22]

Metal Approximate composition Reinforcement Type
Vf

(%)

Increase in
endurance
at 107

cycles (%)

Aluminium alloy 86Al/12Si/1Cu/1Ni Alumina 20 30
Aluminium alloy 6061-T6 97Al/1Mg/0.6Si/0.2Cr/

0.2Cu/Mn/Traces
Silicon
carbide

Whisker 20 91

Magnesium alloy AZ91 90Mg/ 9Al/0.61Zn/0.18Mn Alumina Saffil fibre 16 46
Magnesium alloy AZ91 90Mg/ 9Al/0.61Zn/0.18Mn Alumina Saffil fibre 20 106
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7.7 Conclusions

In contrast to conventional materials, where crack propagation under fatigue is critical,
composite materials fail progressively. The fatigue of a composite material involves
complex mechanisms such as accumulation of fibre-breaks and/or matrix cracks,
depending on the failure strains of the components. When these cracks impinge on
the interface between the elements, such as fibres or plies, debonding or delamination
add to the development of damage. The models available for predicting the fatigue life
of a composite are reviewed here. A detailed description of these models is beyond the
scope of this chapter and the reader is referred to the texts by Harris [26] and
Reifsnider [27].

7.8 Discussion Points

1. Revise your knowledge of the development of damage in laminated composites
and explain the phenomena identified in Figure 7.5.

2. Which model provides a reasonable prediction of the life of a unidirectional
composite where fibre fracture is the major micromechanic?

3. How does the inclusion of angle plies affect the strain–life (S–N) plot?
4. Briefly describe the approaches employed to interpret the observed stress– or

strain–life curves.
5. Describe the mechanisms operating in the mechanical fatigue of CMCs at

different loads.
6. Is reinforcement beneficial to the performance of MMCs?
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8 Environmental Effects

Polymeric matrices absorb moisture, so here we examine how this affects the per-
formance of a composite material. For an aerospace artefact, absorption and desorp-
tion is an important issue. For example, on the tarmac the relative humidity (RH) is
high, whereas in flight the RH is low. Also, the ambient temperature can vary
significantly, whereas the skin of a military aircraft may reach temperatures of
120 �C in flight. Therefore, we consider the effects of RH, temperature, and thermal
excursions on moisture absorption and how they influence the micromechanics.
Initially we can assume that the fibres are insensitive to water, which is realistic for
most common reinforcements apart from aramid fibres.

8.1 Moisture Absorption

In humid environments, moisture diffuses into polymer matrix composites (PMCs) to
differing degrees. The extent of moisture absorption depends on the polarity of the
polymer molecules. Absorbed water reduces the glass transition temperature, Tg, and
hence the service temperature of a composite. In addition, hydrolysis can degrade the
thermomechanical properties further.

Unidirectional composites are highly anisotropic, so we need to recognize that
transverse properties are more influenced by the matrix and are therefore more
sensitive to moisture absorption.

The thermodynamic properties of the resin and environment will determine the
maximum extent of moisture absorption, whereas diffusion is a kinetic property that is
temperature-dependent. Normally, the latter is considered to be Fickian in nature
[1–3]. However, highly polar polymers require more appropriate diffusion models
[4,5]. For most structural composite materials, Fickian laws are applicable.

8.1.1 Fickian Diffusion

Fickian laws were developed for thermal equilibration, but thermal diffusion is
significantly faster than moisture diffusion by a factor of �106. For a 12-mm thick
composite it can take 13 years for moisture to reach equilibrium at 350 K, but only
15 s for thermal equilibration. Thus, a typical aerospace structure will be in service for
many years before it becomes saturated with water.
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Fick’s second law provides the analysis for one-dimensional diffusion through
thickness, which is required for the prediction of moisture content of a structure:

dc

dt
¼ D

d2c

dx2
, (8.1)

where D is the diffusion coefficient, c is the concentration, t is time, and x is the
length scale.

In terms of moisture content, M, eq. (8.1) becomes

dM

dt
¼ D

d2c

dx2
, (8.2)

where M is the concentration of moisture in the composite at distance x. The
distribution of water throughout the composite will arise from an averaging of a series
of moisture profiles over time.

Equation (8.2) can be solved by a finite difference technique to give

D ¼ πd2

16M2
∞

M2ffiffiffiffi
t2

p � M1ffiffiffiffi
t2

p
� �2

, (8.3)

where d is the thickness of the specimen. M1 and M2 are the measured moisture
contents at times t1 and t2. Usually, M is determined by measurement of weight at
specified times. M∞ is the equilibrium moisture content or maximum weight gain.

Figure 8.1 shows how the experimental measurements are analysed. Equation (8.3)
requires the maximum moisture concentration (M∞) to be determined.

Figure 8.1 Comparison of the Fickian predicted (solid line) and measured (o) moisture
diffusion concentrations in a carbon-fibre composite [6].
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The experimental measurement of D uses coupons in which diffusion through all
the faces occurs, so that an edge correction is required for the calculation of a true one-
dimensional diffusion constant. For the prediction of the time required for moisture
equilibration of a structure, the diffusion constant, D, for each material is required, but
their measurement is time-consuming because the equilibrium moisture content (M∞)
has to be determined in long-term tests. Therefore, accelerated tests are used. As with
other kinetic processes, D is related to temperature (T) according to the Arrhenius
equation:

D ¼ A exp � Ea

RT

� �
, (8.4)

where Ea is the activation energy for moisture transport and A is the pre-exponential
factor.

Composite materials are typically anisotropic, so the diffusion constants in the
longitudinal and transverse directions can differ. These are related to each other
through

D ¼ Dx 1þ d

l

Dy

Dx

� �1=2

þ d

b

Dz

Dx

� �1=2
" #2

, (8.5)

where Dx, Dy, and Dz are diffusion constants through the thickness, d, along the
length, l, and across the breadth, b.

For a unidirectionally reinforced 0� ply, Dz and Dx are equivalent, both occurring at
90� to the fibres. Therefore, eq. (8.5) becomes

D ¼ Dx 1þ d

b
þ d

l

Dy

Dz

� �1=2
" #2

: (8.6)

For perfectly bonded fibres, Dx will be significantly larger than Dy because of the
relatively higher surface area of resin in the 90� direction. Typical values of the
diffusion constant are 10–6 mm2 s–1 for a resin and 10–7 mm2 s–1 for a composite.
Thus, a correction factor for D is given according to Shen and Springer [7], which
defines the one-dimensional coefficient, D∞:

D∞ ¼ D 1þ d

b

� �
þ d

l

� ��2

: (8.7)

It is possible to measure the influence of the fibres on the diffusion because, with a
poor interfacial bond between the fibre and the resin, rapid transport will take place at
the interface and can be differentiated from the resin-dominated diffusion at 90� to the
fibres. If Dy is greater than Dx, then capillary diffusion at a poor interfacial bond must
be occurring. Therefore, a plot of eq. (8.6), rearranged as eq. (8.8), enables Dx and Dy

to be estimated from the diffusion constants for coupons of differing geometries. In

2718.1 Moisture Absorption

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.009
https://www.cambridge.org/core


this way, the degradation of the interface under aggressive environments in acceler-
ated tests can be identified:

D
1=2 ¼ D 1þ d

b

� �
D

1=2
x þ d

l

� �
D

1=2
y : (8.8)

8.1.2 Prediction of Moisture Content and Time Dependence

Figure 8.1 compares the Fickian prediction of moisture content with time of a typical
carbon-fibre epoxy composite, which illustrates the use of eq. (8.2). It is seen that the
Fickian analysis does not precisely predict water absorption into a composite. The
main reason for this is that the diffusion model does not apply to the resin. Many resin
systems exhibit Fickian diffusion, whereas others show non-Fickian behaviour. This
usually occurs in highly polar resins in which moisture absorption is comparatively
high, leading to significant swelling, which perturbs the diffusion mechanism.

In the case of matrix resins such as epoxies, the curing process may lead to a non-
equilibrium resin structure. As a result, relaxation of the network structure occurs in
the presence of absorbed moisture. This is confirmed by the observation that after
desorption, reabsorption mostly exhibits Fickian behaviour [8].

M∞ is needed for the calculation of D from eq. (8.3), and as shown in Figure 8.1 this
is experimentally time-consuming. As a result, there have been several reports on
accelerating moisture absorption process. This mostly involves higher conditioning
temperatures and high RH atmospheres. Preconditioning is therefore often used [9] to
speed up the determination. Alternatively, Ellis and Found [10] reported that after M∞

had been measured, Mt/M∞ can be used in conjunction with the diffusion half-life in
an attempt to speed up the measurements on specimens of differing geometry.

8.1.3 Moisture Distribution in a Laminate

Figure 8.2 shows the through-thickness moisture profile in a carbon-fibre laminate.
We see that the exact Fickian solution does not predict precisely the distribution of the
moisture through the thickness of the laminate. However, Fickian analysis is adequate
for most practical purposes.

Figure 8.2 provides a description of a one-sided diffusion profile. Note that diffu-
sion from two opposite sides of a coupon will exhibit a symmetrical distribution, as
indicated by adding a mirror image of Figure 8.2. Furthermore, a material with such a
moisture distribution will be sensitive to a thermal event since, assuming no loss
through evaporation, moisture will diffuse into the centre of the material or structure to
equilibrate the moisture uniformly throughout the thickness.

8.2 Moisture Sensitivity of Matrix Resins

Moisture diffuses into polymers to differing degrees, which is a function of the
morphology and molecular structure. The following aspects are critical:

272 Environmental Effects

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.009
https://www.cambridge.org/core


1. the polarity of the molecular structure;
2. the degree of crosslinking;
3. the degree of crystallinity in the case of a thermoplastic matrix; and
4. the presence of residuals in the material.

The residuals mentioned in item 4 are unreacted hardeners and other impurities which
influence moisture absorption. For example, the sodium and potassium content of
glass fibres has been steadily reduced over recent years because they were widely
acknowledged to be responsible for the water sensitivity of glass-fibre composites in
aqueous environments.

An important aspect of a composite material is that the matrix resin is often formed
at the same time as the component. Therefore, the precise chemistry of the resin can
vary. Table 8.1 gives typical values of the diffusion constant for a series of thermoset-
ting matrices in which the effect of polarity of the resin on the equilibrium moisture
concentration is illustrated.

8.2.1 Epoxy Resins

Epoxy resins are the network products of the reaction of a multifunctional epoxide
monomer with a hardener. The final structure can be uncertain, and is a function of the
nature of the epoxide, the hardener, and/or the catalyst, which determine the curing
mechanism and hence the chemical structure with differing polarity. For example, an

Figure 8.2 Through-thickness distribution of moisture in a carbon-fibre composite. Measured
values (o) with best fit (continuous line), and Fickian prediction from a finite difference solution
of Fickian second law (broken line). [7]
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anhydride hardener (with tertiary amine accelerator) will produce a ‘polyester’-type
structure of low polarity, whereas an amine hardener will form a β-hydroxyl amine
network of high polarity. Hydrogen bonding of water molecules at polar sites provides
a mechanism for increasing the concentration of moisture, which can be absorbed.
Catalytic curing involving chain polymerization through the epoxy ring yields a
polyether chain structure of low polarity. Since mixed curing systems are often used
for composite matrices, their polarity will be strongly dependent on the degree of
incorporation of the individual components and the chemical mechanisms employed.
In Table 8.1 it is clearly shown how the choice of resin and curing mechanism strongly
influences the moisture sensitivity.

8.2.2 Advanced Matrix Resins

Table 8.2 gives typical values for M∞ of composite materials from a variety of
matrices containing thermoplastic and thermosetting modifiers. Thermoplastic matri-
ces such as polyether ether ketone (PEEK) absorb much less moisture than the
advanced epoxies. PEEK is an example of a partially crystalline linear polymer with
very low moisture absorption. Polyether sulphone (PES) behaves similarly since
addition of �20% to the matrix is shown to reduce the M∞ of the composite propor-
tionally. Thermoplastics, which are relatively non-polar and absorb lower concen-
trations of moisture, are also used as ‘flow control’ additives and/or toughening agents
in advanced epoxy resins, and help to provide a reduction in moisture sensitivity.

In recent times, commodity thermoplastics have become significant contenders as
matrices for glass-fibre composites where environmental resistance is sought; for
example, polypropylene is now available in a prepreg form for fusion bonding.
Since it has low polarity and is also partially crystalline, moisture absorption is
very low.

Table 8.1. Typical moisture diffusion coefficients and maximum moisture concentrations of aerospace epoxy
matrix resins [11,12]

Resin Type
RH
(%)

Temperature
(�C)

M∞

(%)
Diffusion const.
(D)/ 10–7 mm2 s–1

Epoxy: general purpose DGEBA 96 50 6.9 2.8
Epoxy: novolak DEN 431 11 50 0.48 5.99
Epoxy: aerospace Narmco 5245 96 45 1.96 11.0

75 45 1.38 14.7
46 45 0.8 19.4
31 45 0.54 17.2

Epoxy: cyanate ester Primaset PT30/DEN 431 96 50 2.96 3.62
75 50 2.19 4.85
46 50 1.44 6.34
31 50 1.04 6.12
16.5 50 0.70 5.46
11 50 0.48 5.99
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8.3 Matrix Glass Transition Temperature

When a polymer that contains a distribution of long-chain molecules is cooled from its
liquid state, the molecules have insufficient time to organize into a regular arrangement
in the form of a crystal. Therefore, the rate of cooling will determine the temperature at
which the material freezes into a glass, which is a non-equilibrium state. As a result, the
glass transition temperature, Tg, is a function of the molecular structure, as well as its
thermal history. Many thermoplastics have a regular molecular structure but only exhibit
partial crystallinity within the amorphous glass regions. Most thermosetting matrix
resins exhibit a glassy structure. The value of Tg, determines the maximum service
temperature of a composite. However, its magnitude will depend on the thermal history
associated with the manufacturing process. Figure 8.3 shows how the specific volume of
the polymer changes with cooling rate. With 100% crystallinity the close-packed
molecules dictate the volume of the material and maximum density. Hence, the add-
itional volume associated with a glass is referred to as free volume. Free volume is the
unoccupied volume associated with that required for segments to cross over each other
in the array of molecular random coils. Therefore, there will be a potential for relaxation
of the glassy structure over time with a reduction in Tg, known as ageing [13].

Thus, water molecules can diffuse into a glassy polymer and occupy the free
volume, but with a polar interaction the chains will be pushed apart, leading to an
increase in volume (referred to as swelling).

Kelley and Bueche [14] used this concept to provide the model for predicting the
change in glass transition temperature with a diluent, in this case water absorption:

Tg ¼
ΔαpVpTgp þ ΔαdVdTgd

ΔαpVp þ ΔαdVd
, (8.9)

where Δα is the change in linear expansion coefficient at the glass–rubber transition
and V is the volume fraction of polymer (p) and diluent (d). Tgp and Tgd are the glass
transition temperatures of the polymer and diluent (water).

Table 8.2. Moisture contents of carbon-fibre composites from thermoset (TS) and thermoplastic (TP) matrices,
showing the benefit of modification [8]

Resin Type Designation Modifier RH (%)
Temperature
(�C)

M∞

(%)

Epoxy TS Fibredux 924Ea None 96 50 2.44
Epoxy TS 924C PES 96 50 1.72
Epoxy TS 927C Cyanate ester/

polyimide
96 50 0.98

Epoxy TS Narmco Rigidite 5255C Bismaleimide 96 50 0.82
Bismaleimide TS PMR 15 None 96 50 0.32
PEEK TP APC 2 None 50 23 (350 h) 0.02
PEEK TP APC 2 None 100 (immersion) 100 (360 h) 0.23

a Calculated from data for cast resin (6.9%).
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While this equation is commonly used to predict the effect of absorbed water on Tg
of the matrix resin, the empirical Fox equation [15] has also been used:

1
Tg

¼ wp

Tgp

þ wd

Tgd

, (8.10)

where wp and wd are weight fractions of polymer and diluent (in this case water).
Porter [16] developed the group interaction model (GIM), which provides for

the role of absorbed water and its interaction with the polymer through direct
incorporation of polar components and recognizing changes in the degrees of
freedom of the system [17]. The Lennard–Jones potential describes the decrease
in energy resulting from attraction forces as molecules, or in the case of a polymer
the segments, are brought together. At a separation distance ro, the segments repel
each other and the energy increases. The shape of the Lennard–Jones potential is
described by eq. (8.11):

ϕ ¼ ϕo
ro
r

� �12
� 2

ro
r

� �6
� �

, (8.11)

where ϕ is the interaction energy, –ϕo is the depth of the potential energy-well at a
separation distance ro, which is the equilibrium position of a pair of interacting
molecules or segments at absolute zero. ϕo is therefore the energy of interaction for
the molecular conformation of lowest energy.

The interaction energy, ϕ, has a number of components:

ϕ ¼ �ϕo þ Hc þ HT þ HM , (8.12)

where Hc is the configuration energy, HT is the thermal energy, and HM is the
mechanical energy. ϕo represents the energy that keeps the molecules together, and
against which mechanical and thermal energies act. Therefore, ϕo is related to Ecoh, the
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cooling rate

Temperature

S
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e
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Tg

Figure 8.3 The effect of cooling rate on the glass transition temperature and
density of a polymer.
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cohesive energy, which can be estimated from a measurement of the solubility
parameter (δo):

δo ¼ Ecoh

Vo

� �1=2

, (8.13)

where Vo is the molar volume of a ‘mer’ unit in the polymer chain.
The GIM has a hexagonal cell of central polymer molecules surrounded by six

equidistant polymer chains, as shown in Figure 8.4. Since the energy of interaction
between near neighbours, ϕ, involves two ‘mer’ units, the total energy of interaction is
3ϕ. Therefore, eq. (8.11) can be rewritten in terms of cohesive energy and volume, as
in eq. (8.14), plotted in Figure 8.5:

E ¼ Ecoh
Vo

V

� �6

� 2
Vo

V

� �3
" #

, (8.14)

E ¼ �0:89Ecoh þ HT : (8.15)

Figure 8.4 The basis of the GIM for prediction of polymer properties [16].

Energy

Energy, E

Volume, V

V0

Figure 8.5 Plot of interaction energy, E, versus volume, V, according to eq. (8.14).
The influence of thermal energy is also included.
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In a polymer, the chain length is significantly larger than r and is therefore assumed
to be invariant. Ecoh refers to the zero-point cohesive energy, and Vo is the zero-
point volume.

The potential function shown in eq. (8.14) is used as the basis for the prediction of
the thermomechanical properties of a polymer as a function of temperature, strain,
strain rate, and pressure. Since the change from glassy to rubbery properties occurs at
Tg, when the attractive forces between adjacent polymers are zero and large-scale
translational motion becomes possible, a predictive equation for Tg can be derived:

Tg ¼ 0:224θ1 þ 0:0513
Ecoh

N
, (8.16)

where N is the degree of freedom and θ1 is the Debye temperature.
The Debye temperature is 550 K for phenyl-containing polymers (as with most

composite matrices), while Ecoh is a balance between the interaction energy and
thermal energy, which acts against the attraction forces. The latter is governed by
the degrees of freedom, N, in the molecular structure. Thus, for a high Tg, Ecoh should
be increased while ensuring N remains unchanged.

Ecoh and N can be obtained by examination of the basic components of the
molecular structure of the polymer. Table 8.3 gives the parameters used in the GIM
model, while Table 8.4 shows how these quantities can be obtained from examination
of the molecular structure of the resin matrix. Table 8.5 shows how crosslinking
during curing influences the degrees of freedom of typical components of an aero-
space composite epoxy resin. As can be seen, a composite matrix resin often contains
mixed hardeners and epoxy monomers.

Equation (8.16) can be written in a more detailed form to calculate the Tg of a
thermosetting epoxy resin using a blend of hardeners:

Tg ¼ 0:224θ1 þ 0:0513
EcohðmonÞ þ xstðH1ÞEcohðH1Þ þ xstðH2ÞEcohðH2Þ � ΔEet � w

ðNmon � f NLÞ þ xstðH1ÞNH1 þ xstðH2ÞNH2

� �
,

(8.17)

where xst are stoichiometric ratios of the hardeners, H1 and H2. The subscripts ‘mon’
refer to the monomeric resin component, H1 and H2 to hardeners 1 and 2, and et to
ether links formed from secondary reactions. ω is the loss in cohesive energy per
epoxy group during the formation of a crosslink [17,18].

Table 8.3. Parameters used in the GIM [16,17].

Parameter Definition Units

M Molecular weight of ‘mer’ unit g mol–1

Vw van der Waals volume of ‘mer’ unit cm3 mol–1 or m3/(mer unit)
Ecoh Cohesive energy J mol–1

N Degrees of freedom: skeletal modes of vibration of the polymer (mer unit–1)
θ1 Reference temperature of skeletal modes K
L Length of a ‘mer’ unit in the chain axis nm

278 Environmental Effects

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.009
https://www.cambridge.org/core


Table 8.6 gives the experimental (exp.) and prediction (pred.) of Tg for the cured
epoxy resins based on the components in Table 8.5.

Foreman and coworkers [19–21] have extended the model to the prediction of the
mechanical properties of epoxy resins and composites. This is beyond the scope of
this chapter, since we concentrate here on the effects of moisture absorption.

8.3.1 Effect of Water Absorption on Tg
Moisture diffuses into epoxy resins, causing a reduction in Tg. Typically, Tg is reduced
by �–20 K for each 1% absorbed water present in the system [22]. It is important to
have further understanding so that the durability of the mechanical properties can be

Table 8.4. Group contributions of the molecular elements in a polymeric matrix employed in the GIM
model [17]

Group: balance M Vw (cc mol–1) Ecoh(J mol–1) N

–CHn– 14 10.23 4,500 2
–O– 16 5 6,300 2
–CO 28 11.7 17,500 2
–CO–O–(ester) 44 17 20,000 4
–O–CO–O– 60 22 19,500 6
–CH–(OH)– 30 14.8 (17,500) (4)
–CO–NH–(amide) 43 19 40,000 4
–S– 32 10.8 8,800 2

76 43.3 25,000 3 or 5

76 43.3 25,000 4 or 6

126 (65) 47,000 (6)

CH3 90 54.5 29,500 4

CH3

CH3

104 65.5 34,000 4

CH3

C

CH3

194 119 63,500 8
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Table 8.5. Calculated values of degrees of freedom (GIM) of base epoxy resins and hardeners with respect to their
extent of reaction [17].

Chemical name Chemical formula

Degrees of freedom (N)

Unreacted
Nun

Single crosslink
trifunctional Nf

Two crosslinks
tetrafunctional

Diamino
diphenyl
sulphone (DDS)

O

O

SH2N NH2

18 9 6

Dicyandiamide
(DICY)

H2N� C ¼ N� C � N
j

NH2

9 4 3

Tetrafunctional
glycidyl amine
(TGDDM or
M720)

O

O

CH

CH

N

CH2

CH2

CH2

CH2

CH2

O

O

N

CH CH2

CH

CH2

CH2

CH2

46 28 22

Trifunctional
glycidyl amine
(TGAP or
MY0510)

O

O

CH2

CH2

CH2

CH2 CH2

CH2

N

CH

CH

CH

O

O

34 14 –

Table 8.6. GIM predictions of the Tg for a range of base epoxy resins in comparison to the prediction of a commercial
polymer blend [17]

Epoxy resin Functionality Hardener
Concentration
(%)

Tg (exp.)
(�C)

Tg (pred.)
(�C)

MY0510
MY0510
MY0510
MY721
MY721
Epoxy 924

3
3
3
4
4
3.5

DDS
DDS
DICY
DDS
DICY
DDS/DICY

36
45
19
26
14
22/8

285
276
218
288
258
234

283
268
213
281
249
241
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identified. Water adds significantly to the degrees of freedom of the system, but only
causes a modest increase in the cohesive energy through hydrogen bonding.

Moisture absorption can be modelled by considering that the water molecule is a
penetrant adding cohesive energy and degrees of freedom. Thus, eq. (8.17) becomes

Tg¼0:224θ1

þ 0:0513
EcohðmonÞþxstðH1ÞEcohðH1ÞþxstðH2ÞEcohðH2Þ�ΔEet�wþnH2OEcohðH2OÞ

ðNmon� f NLÞþxstðH1ÞNH1þxstðH2ÞNH2þnH2ONH2O

� �
,

(8.18)

where nH2O is the number of moles of water hydrogen-bonded to the repeat unit of the
polymer (from the weight fraction). EcohðH2OÞ is the cohesive energy of water
(60 kJ mol–1) and NH2O is the number of degrees of freedom (18).

The absorbed water molecules can be hydrogen-bonded to the polymer through
hydroxyl or amine groups, either singly or doubly, as shown in Figure 8.6.

For the singly bonded water molecules, Ecoh increases while NH2O decreases; thus,
as shown by eq. (8.18), Tg is less affected. For doubly bonded water molecules the
number of degrees of freedom is increased, leading to a further decrease in Tg. This
mechanism can explain the formation of multiple relaxation peaks in the dynamic
thermal analysis (DMTA) spectrum. Clustering of water molecules can occur.

8.3.2 Location of Water Molecules

Figure 8.7 shows an example of the cured structure of a thermoset resin using two
different epoxide monomers with two different amine hardeners. The epoxies are
triglycidyl p-aminophenol (TGAP) and tetraglycidyl 4,4-diaminodiphenylmethane
(TGDDM), which are tri- and tetrafunctional, respectively (n ¼ 3 and n ¼ 4, respect-
ively); the two hardeners are 4,4-DDS and dicyandiamide (DICY).

We see in Figure 8.7 that a cured structural epoxy resin can have various sites for
hydrogen bonding of water molecules. Thus, the absorption of water can occur at a

(a)

O O

O
O

O

O

O O

O

O

H

H
H

H

H

H

H

H

H

H

H

H

H

H

(b) (c) (d)

Figure 8.6 Hydrogen bonding of absorbed water and polymer backbone through hydroxyl
groups (and also amino groups, not shown). (a) Singly bound water as acceptor; (b) singly
bound water as donor; (c) doubly bound water as donor and acceptor; (d) doubly bound
water as donor [8].
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range of sites within the matrix polymer. This is often reflected in the number of peaks
in the DMTA spectrum of the wet resin [23].

We saw in Figure 8.3 that Tg of a polymer is a function of the cooling rate. On rapid
cooling, the glass forms at a higher temperature with a larger volume and lower
density. Thus, the volume occupied by the molecules is a higher fraction of the
material than for a glass formed slowly, and the unoccupied volume consists of so-
called nano-voids and free volume. The latter is of molecular dimensions arising from
the space required for segments within a random coil to cross over each other.

In a thermoset matrix resin, crosslinking contributes to the point at which the glass
forms, and therefore the magnitude of the unoccupied volume, which is in the form of
nano-voids, will be higher. An as-cured resin will initially be in a non-equilibrium
state and have the potential to relax under a thermal stimulus. Relaxation of the resin
structure can occur as a result of the presence of dissolved water, specifically on
cooling from elevated temperatures.

Water molecules can therefore be located in the free volume or nano-voids. In the
latter, clusters of water molecules can form without a significant impact, whereas
water molecules within the free volume will be hydrogen-bonded and will lead to
swelling. During a thermal event the water is redistributed as the network relaxes. One
consequence is the effect of thermal spiking on moisture absorption.

8.3.3 Thermomechanical Response

From the discussion above we can understand the observed development of multiple
peaks in the dynamic mechanical spectrum. Figure 8.8 shows the effect of absorbed
water on the DMTA of a base epoxy resin used as a matrix. This is the epoxy blend
used as the basis of Fibredux 924. The commercial system is normally toughened
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TGDDM
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OH

NH

OH

OH

OH
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O N
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R

R

R
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Figure 8.7 Schematic of the cured structure of an aerospace epoxy resin based on mixed
hardeners DDS and DICY and mixed resins TGAP and TGDDM [8].
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with a thermoplastic. The main peak is associated with the translational ability of the
whole chain, or network chain in the case of a thermoset resin, which defines Tg.
Also shown is the development of secondary peaks associated with cooperative
segmental crankshaft motions within the glass in the presence of absorbed water,
assigned as Tg2 and Tg3.

Examination of Figure 8.8 shows that after water absorption relaxation events
associated with Tg3 (and Tg2) will lead to a mechanism of ‘yield’ at �100 �C and a
measurable fall in the storage modulus after isothermal absorption of 7% water.
Table 8.7 shows that the modulus of the glass, Eg

0 falls on moisture absorption.
Conventionally we define Tg as the maximum in the tanδ, but composites engineers

often use the temperature at which the storage modulus falls, Tg(E0), because it defines
the onset of stiffness reduction. This is a measure of the heat distortion temperature
and represents the maximum service temperature. Table 8.7 shows that Tg and Tg(E0)

can differ by 25 �C, but water absorption increases the difference to 80 �C. Also, the
breadth of the transition increases in the presence of absorbed water by the develop-
ment of secondary transitions. We also see in Table 8.7 that the glassy storage moduli,
Eg

0, in the presence of water is constant within experimental error. Eg
0 is less sensitive

to network degradation, whereas the modulus in the rubbery region (i.e. above Tg ), Er
0

is strongly dependent on the crosslink density. If there is scission of crosslinks Er
0 will

be reduced. Er
0 measured in flexure by DMTA is not precise, so the trend in values in

Table 8.7 can be interpreted as showing that the epoxy resin is not hydrolytically
degraded.

(a)

0.4

As-cured
Isothermal/50 °C

0.2

0
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Tg3

Tg2

Tg1
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Temperature (°C)

300

(b)
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100 °C
140 °C
200 °C

0.2

0
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Tg3
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n
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Figure 8.8 Tan δ spectra (DMTA) of a base epoxy resin blend (Fibredux 924E) showing the
reduction in Tg and the development of secondary peaks (Tg2, Tg3) on water absorption at 50 �C
and 96% RH (a) isothermally (b) after regular thermal excursions (thermal spiking) to 100 �C,
140 �C, and 200 �C [8,24].
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8.3.4 Thermal Spiking

Aerospace composite structures are often subjected to cycles of RH and temperature in
use. For example, military aircraft are likely to be exposed to high RH for days out of
service followed by supersonic flight, where RH is low and the aircraft skin tempera-
ture can reach 120 �C. Experimental simulation has showed that moisture absorption
is enhanced by brief excursions to elevated temperatures. This is referred to as
thermal spiking.

Thermal spikes as short as one minute can cause a significant increase in moisture
content. Figure 8.9 provides a typical moisture absorption curve for a carbon-fibre
composite measured in the presence of a series of thermal spikes.

0
0

1

2

3

M
o

is
tu

re
 c

o
n

te
n

t 
(w

t.
%

)

4020 60 80

Time/thickness h/mm( )

Figure 8.9 Typical moisture absorption curves for Fibredux 924C unidirectional laminate in a
96% RH environment at 50 �C: ● Isothermal, ○ with thermal spiking at 140 �C, where the
individual points represent the individual weights immediately before and after a thermal
spike [8,24,25].

Table 8.7. The effect of water absorption at 96% RH on Tg(E0 ) and storage moduli, E0 (DMTA), of a base epoxy resin
(Fibredux 924E). Eg0 is the value for the glass and Er0 (above Tg) for the rubbery region [24]

Condition
Temperature
(�C)

M∞

(wt%)
Tg (E0)

(�C)
Tg1
(�C)

Tg2
(�C)

Eg
0

(GPa)
Er

0

(MPa)

Dry/as-cured – 0 225 251 – 1.9 50
Wet/isothermal 50 6.95 160 240 189 1.3 33
Wet/thermally spiked 100 7.57 163 240 189 1.4 43

120 9.2 149 238 183 1.3 18
140 9.66 150 241 187 1.3 31
160 9.06 164 244 186 1.2 32
180 8.33 143 240 188 1.3 46
200 7.27 153 239 186 1.4 45
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Figure 8.10 shows how the spike temperature influences moisture absorption. Close
inspection reveals that above 4 wt%, the water isothermal absorption diffusion curve
deviates from Fickian behaviour and continues to absorb moisture. It is noticeable that
with a thermal spike the absorbed moisture concentration is increased. The maximum
absorbed moisture occurs with thermal spikes to 140 �C. At higher spike temperatures
the moisture content decreases. The clue to the phenomenon comes from examining
Table 8.7, where the next higher spike temperature of 160 �C reaches Tg(E0) and
relaxation of the network can occur. The non-equilibrium state of the resin will then
move closer to equilibrium, with the loss of unoccupied volume reducing the concen-
tration of nano-voids. Since Tg1 and Tg(E0) of the wet resin are effectively constant
while M∞ increased from 6.95 to 9.66 wt%, we can conclude that water is present as
clusters located in the nano-voids. The clustering of water molecules in cyanate ester
resins as a function of RH is discussed elsewhere [26].

Epoxy resins used as matrices need to be modified with thermoplastic or a linear
polymer, in this case PES, which acts as a toughening agent. The effect of this additive
is explored in Figure 8.11, where the maximum moisture concentrations of the
toughened and reinforced composite and base epoxy resin are compared. The addition
of the PES toughening agent reduces the maximum moisture content that is absorbed
at 96% RH. Furthermore, the addition of carbon fibres reduces moisture content
proportionally to the reduced volume fraction of polymer. The so-called thermal
spiking effect is clearly a function of the resin, in this case the epoxy. The
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Figure 8.10 Moisture absorption curves for the base epoxy blend for the commercial Fiberdux
924 resin system conditioned over 5,000 hours at 96% RH at 50 �C and subjected to 22 short
thermal cycles (spikes) to elevated temperatures of 100–200 �C [24].

2858.3 Matrix Glass Transition Temperature

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.009
https://www.cambridge.org/core


thermoplastic is less polar and also reduces M∞. Other modifiers shown in Table 8.2
also reduce the maximum moisture content during thermal spiking [8,25,27].

8.4 Differentiating Plasticization from Hydrolytic Degradation

Plasticization is the phenomenon in which the diluent interacts with the glassy
polymer, lowering Tg and E0, as exhibited by epoxy resins on absorption of moisture.
However, the shear modulus of a rubber is inversely proportional to the average
network chain length, according to the Gaussian theory of rubber elasticity [28].
Therefore, measurement of Gm provides a means of establishing whether hydrolysis
has occurred. If we neglect the presence of incomplete crosslinks at chain ends in the
network, then the shear modulus is given by

GR ¼ RTρ
Mc

, (8.19)

where R is the gas constant, T is the temperature, ρ is the density, andMc is the number
average molecular weight of a network chain.

If hydrolysis occurs, leading to network chain scission and a decrease in the degree
of crosslinking, then the value ofMc will increase and that of GR will decrease. DMTA
can be used to measure an estimate of GR above Tg.
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Figure 8.11 Enhanced moisture concentrations in Fibredux 924 matrix resins and carbon-fibre
composites after 22 thermal spikes at 96% RH at 50 �C: ○ base epoxy (924E), ☐ thermoplastic
toughened epoxy (924T), ● calculated values for the matrix from the composite, ■ carbon-fibre
composite (924C) [7,24,25].
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An example of this approach is given in Figure 8.12, where it is shown how E0
R, the

storage modulus in the rubbery region (i.e. above Tg), is significantly reduced when
hydrolysis occurs while remaining constant in the absence of hydrolysis.

8.5 Anomalous Effects

8.5.1 Role of Impurities and Unreacted Resin Components

Cured resins behave as semi-impermeable membranes, allowing water to diffuse but
acting as a barrier to larger molecules so that osmosis can occur. Therefore, if the resin
contains water-soluble impurities, thermodynamics will drive the water into the resin.
Osmotic pressure (π) is a colligative property and is directly proportional to the molal
concentration of the impurity:

π ¼ RTc, (8.20)

where c is the molal (mol kg–1) concentration of solubilized inclusions, T is the
temperature, and R is the gas constant.

Since moisture also plasticizes and hence softens the matrix resin, localized
pressure at inclusion sites causes blisters to form. This is referred to as ‘boat pox’ in
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Figure 8.12 The rubber storage moduli, E0
R, of two cyanate ester (AroCy L10) resins as a

function of moisture absorption at 50 �C and 96% RH, and under thermal spiking to
temperatures of 100–180 �C, illustrating the hydrolytic degradation of the thermally cured
resin (●) compared to the epoxy hardened resin (o) [8,29].
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glass-fibre reinforced unsaturated polyesters (GRP). The difference in concentration
across the matrix membrane is higher in freshwater than in saline environments, so
this is more prevalent in the former.

Typical impurities leading to osmosis are:

� Unsaturated polyester resins: residuals from the synthesis such as acids,
anhydrides, or glycols;

� GRP: residuals in the glass-fibre sizing. Choice of fibre ‘finish’ is critical, therefore
employ reinforcements with a size destined for use in aqueous (e.g. chemical plant
or marine) environments, such as powder-bound matt.

� Epoxy resins are less susceptible, but residual DICY curing agent can result in
osmotic blistering. The solution is to avoid the formation of encapsulated DICY
particles during the curing process. This is achieved by fine dispersion of the DICY
curing agent throughout prepreg material by micronization. The hydrolysis
products from DICY are alkaline, so care is required since glass fibres are prone to
degradation [25,30].

8.5.2 Residual Stress

In hand lay-up, GRP residual stresses can be induced at the interface between the gel
coat and the structural resin. According to Chen and Birley [31,32] this provides an
additional thermodynamic mechanism for the absorption of water and blister forma-
tion, which is akin to osmosis. Differential shrinkage of these resins either thermally
or during curing of the structural resin can lead to residual stress formation. Thus, the
thermomechanical properties of the gel coat or surfacing resin should be matched to
those of the structural resin.

8.6 Effect of Moisture on Composite Performance

8.6.1 Thermal Stresses

Laminates from plies of continuous fibres at different orientations are used to deal
with the anisotropy of the individual plies. We saw in Chapter 6 that residual thermal
strains develop in the plies as a result of constrained shrinkage during cooling from the
curing temperature. Considering the strain in the longitudinal direction of the trans-
verse ply of a 0�/90�/0� εthtl at temperature T2, we have

εthtl ¼
Elbðαt � αlÞðT1 � T2Þ

ðElbþ EtdÞ , (8.21)

where αl is the expansion coefficient of the ply parallel to the fibres, αt is the value
transverse to the fibres, El and Et are Young’s moduli of longitudinal and transverse
plies of thickness, b and 2d, respectively, and T1 is the strain-free temperature.
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The induced thermal strain reduces the first ply cracking strain (εtluÞ according to
eq. (8.22), where εtu is the failure strain of an isolated transverse ply:

εtlu ¼ εtu � εthtl : (8.22)

Factors that affect the value of αm (which determines αt) and T1 modify the
micromechanical behaviour.

Application at elevated temperatures could promote further crosslinking and an
increase in T1 and reduce αm so that on cooling (T1 – T2) will tend to increase while αt
decreases. The cooling cycle during thermal cycling can lead to thermal cracking, and
the number of transverse cracks multiplies with duration and number of thermal steps.
Generally, thermal cycling of dry composite materials to temperatures lower than the
cure temperature does not lead to thermal fatigue.

8.6.2 Effect of Moisture Absorption

The resin matrix in a composite absorbs water in service. As discussed above,
this process is kinetically slow, so the concentration of water in the resin will
vary with time and location. Thermal cycling will tend to move the water into
the structure.

Absorption of water causes the polymer to expand, but in a composite the
swelling is constrained by the higher stiffness of the plies in the fibre direction,
similarly to that described for thermal contraction. Thus, conditioning in moist
environments leads to a reduction in magnitude of the thermal strain present in the
laminate. The degree of swelling can be described quantitatively using analogous
equations. For example, the swelling strain in the transverse ply in the longitudinal
direction (εstl) is given by

εstl ¼
Elbðβt � βlÞðM1 �M2Þ

Elbþ Etd
, (8.23)

where M1 and M2 are the initial and final moisture concentrations, respectively, and βt
and βl are the moisture swelling coefficients in the transverse and longitudinal direc-
tions of a unidirectional ply.

8.6.2.1 Thermal Cycling of Wet Laminates
We see above that moisture absorption causes the swelling of the matrix resin. A result
of this is that the density of the matrix, ρm, decreases so that the expansion coefficient,
σm, of the resin can be expected to increase. αt can therefore be expected to increase
after moisture absorption. Therefore, on cooling from a thermal cycle we could expect
εthtl to be higher, but that will depend on the effect of water absorption on the value of
T1. The actual value of ðαt � αlÞðT1 � T2Þ or ΔαΔT for the wet laminate will
determine whether εthtl increases or decreases and whether or not transverse cracks
are induced. αm tends to follow the temperature profile of tanδ. Figure 8.8 shows
typical DMTA plots of an epoxy resin containing absorbed water. Figure 8.13 shows
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how water absorption influences the αt/T profile of a carbon-fibre composite. Also
shown is Tg for the wet and dry material. The hatched areas represent ΔαΔT for the
wet and dry composites, assuming T1 equates to Tg. This shows that, despite the
reduction in the strain-free temperature, T1, ðΔαΔTÞwet > ðΔαΔTÞdry.

Thus, the result of moisture absorption and thermal cycling will have a complex
outcome. Moisture absorption can reduce thermal strains in the plies of a laminate and
hence reduce the propensity for transverse cracking. However, cooling from the
temperature achieved in a thermal event will tend to increase the magnitude of the
thermal strain at room temperature or below. This is illustrated in Figure 8.14, where
we see the changes in thermal strain as a result of moisture absorption at 50 �C and
96% RH. The thermal strain was monitored from the curvature of an unbalanced 0�/
90� beam. Isothermal moisture leads to a reduction in thermal strain while the
enhanced moisture absorption arising from a thermal excursion at 140 �C has much
less effect on thermal strain. Higher-temperature thermal spikes can lead to larger
thermal strain and thermal cracking on cooling [7].

However, we should remember that the rate of water absorption is low, so that
initially the outer plies will have a reduced thermal strain while the inner plies will
be largely unaffected. Thus, under load differential transfer cracking can be
expected.

Under thermal cycling the outer plies will have an enhanced potential for trans-
verse cracking on cooling. Therefore, thermally induced transverse cracking without
external load becomes possible with time. Further, as the stiffness of the individual
plies changes, the degree of constraint alters and hence the mechanism of transverse
cracking. These effects will appear over time in the form of a thermal fatigue
phenomenon.
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Figure 8.13 Temperature dependence of the transverse thermal expansion coefficients of a
carbon-fibre composite (Narmco Rigidite 5245C): dry (continuous curve) and wet (dashed
curve). The hatching illustrates the differing values of ΔαΔT and hence thermal strain, for
wet and dry laminates [7,33].
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8.7 Compressive Properties

In compression the matrix has an important role providing the fibres with support so
that fibre buckling is inhibited. Fibre buckling occurs in regions of high compressive
stress, where the matrix is unable to support the load and ‘kink’ bands form. The
modulus of the matrix is a critical factor preventing kinking (of the fibres) in a shear
band. Soutis [34] discussed the modelling of the mechanism of failure using eqs (8.24)
and (8.25):

σc ¼
τy 1þ αty

τy

� �2
tan2 λ

� �
ðΦo þ ΦÞ

1=2

, (8.24)

where τy and σty are the in-plane shear and transverse yield stress of the composite,
respectively, Φo is the angle of alignment in the kink band, Φ is the additional fibre
rotation in the kink band under a remote compressive stress, σc, and λ is the kink band
orientation angle.

τðγÞ ¼ τu 1� exp �G12γ
τu

� �� �
, (8.25)
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Figure 8.14 The effect of moisture absorption at 50�C and 96% RH on the
thermal strain in a balanced 0�/90�/0� Fibredux 927 carbon-fibre laminate
estimated from the curvature of an unbalanced 0�/90� beam. Control (●),
120 �C spike (☐), 140 �C spike (○) [7].
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where G12 is the shear modulus of the composite (normally measured at a shear strain,
γ, of 0.5%), γ is the shear strain, and τu is the shear strength.

Figure 8.15 shows how the compressive modulus of a TGAP/4,40-DDS epoxy resin
is reduced by moisture absorption. At the highest strain rate, the compressive modulus
fell from 4.4 to 3.6 GPa on absorption of 7% water. It is also noticed that initial
moisture absorption is not so deleterious. This is because the unoccupied volume will
be filled first, before plasticization occurs.

The reduction in compressive modulus will have an effect on the compressive yield
strength, as shown in Figure 8.16. The trend is different in that it is a continuous
decrease. This is most likely a result of the load state near the yield point when the
water molecules become mobilized.

The compressive properties of unidirectional carbon-fibre composites have been
studied by Soutis [34], who found that the reduction in shear yield strength and
compressive modulus causes fibre kinking to occur at lower stresses.

Table 8.8 gives the measured compressive strengths of 0� carbon-fibre (T800)
Fiberdux 924 epoxy composites in the presence of absorbed moisture in comparison
to predictions from eqs (8.24) and (8.25). This confirms that absorbed moisture results
in reduced compressive properties.

The compressive properties of a composite under all loading conditions are
strongly affected by moisture absorption because of the reduction in the shear
properties of the matrix polymer. The design of artefacts with PMCs needs to reflect
the limitations of these materials in compression, especially in service where environ-
mental conditions are likely.
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Figure 8.15 The compressive modulus of a 4,40-DDS cured TGAP (MY0510) epoxy
resin after moisture absorption, measured at 22 �C with three different strain
rates [7,35].
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8.8 Non-aqueous Environments

Composite materials come into contact with organic solvents, which are used in
paints, paint strippers, and degreasing agents. Crosslinked thermoset resins or
crystalline thermoplastics do not dissolve in common organic solvents. Swelling
is therefore the critical issue. The degree of swelling will be maximized in contact
with fluids of similar solubility parameters to the polymer matrix. The solubility
parameters of the matrix and the solvent can be estimated using simple additive
principles [36]. The concept of solubility parameters is described simply by
eq. (8.26):

δsolvent ¼ δpolymer � 2MPa
1=2 , (8.26)

where δsolvent and δpolymer are the solubility parameters.
Maximum plasticization of the matrix will occur when the values of δsolvent and

δpolymer are equal. However, full compatibility is considered to occur over the range
given in eq. (8.26). Table 8.9 gives typical values for resins used in composite
manufacture. Table 8.10 provides the values for fluids that may come into contact
with artefacts. Most epoxy-based systems, according to eq. (8.26), should be resistant.
However, Skydrol hydraulic fluids are potentially of concern, so care should be taken
to avoid contact. Absorption of solvents will lead to a high potential to creep under
off-axis loads. Schulte and coworkers [37,38] have demonstrated how different
organic solvents, such as hydraulic fluids encountered in aerospace structures, lead
to a reduction in the secant modulus of �45� glass-fibre laminates, and the number of
cycles to failure under flexural fatigue.
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Figure 8.16 Compressive yield strength of 4,40-DDS cured TGAP (MY0510) epoxy resin after
moisture absorption, measured at 22 �C with three different strain rates [7,35].
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Table 8.8. Compressive strengths of T800/924C unidirectional (0�) laminates over a range of temperatures at 95% RH [7,34]

Test temp. (�C) Condition

Compressive
strength (MPa)

Compressive
strength (MPa)

Tensile
modulusa (GPa)

Shear strength (MPa)
Shear yield
stress (MPa)

Shear
modulusb (GPa)

Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred.

20 Dry 1,415 1,411 160 110 40 6.0
20 Wet 1,060 1,040 89 29.5 5.4
50 Dry 1,230 1,235 155 105 35 5.8
50 Wet 930 917 78 26 5.4
80 Dry 1,137 1,129 149 98 32 5.4
80 Wet 828 829 69 23 4.9
100 Dry 973 953 136 90 28 4.9
100 Wet 654 653 54 18.5 4.5

Moisture content, M∞ ¼ 1.42%; assumed initial fibre misalignment, ϕo ¼ 1.75�; kink band inclination angle, λ ¼ 15�; the value of ϕo is not affected by the
environmental test conditions. Predictions from eqs (8.22) and (8.23) and experimental unidirectional compressive or shear strengths. a Secant axial modulus
measured at 0.25% axial strain. b Secant shear modulus measured at 0.5% shear strain.
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The reduction in matrix modulus is concurrent with a reduction in matrix shear
strength, so that the mechanism of failure in flexure will change from matrix fracture
to delamination. In compression the matrix will be less able to support the fibres and
buckling failure will occur at lower stress [37,38].

Weatherhead [39] provides a survey of the durability of resins against a range of
environments.

8.9 Design of Durable Composites

8.9.1 Choice of Fibres

E-glass fibres are susceptible to stress corrosion in acidic environments, and more
recent formulations of glass have improved resistance. As discussed in Chapter 2,
these fibres are also subjected to corrosive degradation in both acid and alkaline
environments. Therefore, the role of the resin matrix in protecting the fibres is critical
in the design of a composite for durability in aqueous environments.

Table 8.9. Typical solubility parameters of epoxy and polyester resins

Monomeric unit Definition δpolymer (MPa½)

Epoxy:
DGFBF Diglycidyl ether of bisphenol F 22.36
DGEBA Diglycidyl ether of bisphenol A 21.26
TGAP Triglycidyl p-amino phenol 22.92
TGDDM Tetraglycidyl diamino diphenyl methane 21.84
DDS p-diamino diphenyl sulphone 27.18
TGAP/DDS (2:1) 24.06
TGDDM/DDS (5:1) 22.30
TGDDM/TGAP/DDS (19:13:10) 22.89
DGEBA/NMA (1:2) NMA¼ nadic methylene anhydride 24.00
UPE: Styrene segment 18.7
UPE: polyester segment 21.8

Table 8.10. Typical solubility parameters (δl) of potential fluids in contact with composites

Liquid Function δl (MPa½)

Hydraulic fluid �14
Paraffins Fuel: kerosene 15–16
Oil (lubricating) Lubrication �16
Trichloroethylene Degreasing 18.7
Methylene dichloride 20.2
Organophosphate esters (Skydrol) Aerospace (fire-resistant) hydraulic fluid �22
Ethylene glycol Antifreeze 34.9
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Other fibres also have to be protected from aqueous environmental degradation by
careful choice of resin. The amide groups in aramid fibres are potentially hydro-
lysable in aqueous environments, both alkaline and acidic. Exposure to ultraviolet
(UV) light promotes oxidation, but the degradation products tend to be protective
since they absorb UV light [40]. When used in ropes these fibres are normally coated
with a protective polymer.

Carbon fibres are generally resistant to aqueous environments, but strong oxidiz-
ing acids are degrading.

For durability, the interface needs to be optimized to ensure maintenance of
interfacial integrity during service.

8.9.2 Durable Glass-Fibre Composites

Figure 8.17 illustrates the environmental stress corrosion cracking (ESCC) of glass-
fibre composites in aqueous acidic environments. There are three fracture mechanisms
at differing levels of stress:

1. stress-dominated stage at high stresses, in which crack propagation is more rapid
than the corrosion of the glass at the crack tip;

2. stress corrosion cracking, in which the rate of corrosion of the glass is similar to
the rate of crack propagation – thus the crack remains sharp and propagates into the
weakened glass, leading to a synergistic effect;

Figure 8.17 Environmental stress corrosion cracking failure times (tf) of circumferentially cut
coupons of GRP, taken from sewer linings, in 0.5 M H2SO4. The data in brackets represent the
maximum stress for a 50-year lifetime [11,41].

296 Environmental Effects

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.009
https://www.cambridge.org/core


3. stress-assisted corrosion, in which the rate of corrosion of the fibres is larger than
the rate of crack propagation, so that the crack tip is blunt.

In this case eq. (8.27) applies:

σmax ¼ 2σa
x

ρ

� �1=2

, (8.27)

where σmax is the stress at the crack tip, σa is the applied stress, and x and ρ are the flaw
depth and radius, respectively. As seen, σmax decreases as the radius of curvature of the
flaw, ρ, increases during corrosion.

Figure 8.18 shows the matrix variables that need to be controlled for durable GRP
pipes in acidic environments:

1. select fibres to maximize strength under non-corrosive conditions for resistance to
stage I;

2. maximize matrix and barrier resin fracture toughness to optimize ESCC in stage
II; and

3. optimize interfacial stability and barrier resin diffusion characteristics for resistance
to stage III.

There is a compromise between fracture toughness and diffusion constant because
highly crosslinked matrix resins have low rates of diffusion of aqueous environments,
but also low resistance to fracture (i.e. low fracture toughness), and vice versa.

Figure 8.18 Schematic showing how to control the various material variables on the three
mechanisms of ESCC at differing levels of stress [11].
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Design of a durable pipe or container needs to address these requirements, which is
achieved through a number of technological means, depending on the manufacturing
process. A ductile resin can be employed for the barrier resin to provide resistance to
crack initiation and growth. Alternatively, reinforcement veils or tissues can be
included. The design also recognizes the stress state of the structure. For example,
pipes are usually loaded in flexure so that the mid-pipe material can employ cheaper
fillers. A typical construction design of a durable GRP pipe for corrosive environ-
ments is shown in Figure 8.19 [41,42].

As described in Chapter 4, different manufacturing routes can be employed to
provide glass-fibre composites with durability in ESCC conditions. The role of the
barrier layer is to ensure that a brittle crack does not form. This can be achieved by
employing a resin-rich surface. Fracture toughness is introduced using ductile resins
and/or glass surface tissue or polyester felt. The barrier layer can use short glass fibres
that ensure that a propagating crack will be deflected from a straight path and spread
the load across several randomly arranged fibres.

8.9.3 Thermal Environments

Subjecting a composite to elevated temperatures can be detrimental, not least because
of the ‘rule of thumb’ arising from the Arrhenius equation. Thus, the rate of a chemical
reaction is doubled with each 10 �C rise in temperature. We can expect a reduced life
at elevated temperatures. Organic polymers are thermally stable up to temperatures of
�300 �C, but more critically E-glass fibres tend to have a lower strength at T> 250 �C,
while carbon fibres are susceptible to thermal oxidation at T > 300 �C. Aramid,
polybenzimidazole, and polybenzoxazole fibres are thermally stable at temperatures
in excess of 300 �C. Oxidized acrylic fibres, such as Panox, have sufficient thermal
resistance for use as fire-resistant textile fibres, but since they are precursors to carbon
fibres they are not truly thermally stable in excess of 220 �C.

Figure 8.19 Typical design of a durable GRP pipe for corrosive environments [42,43].
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8.10 Conclusions

The environments that composite materials are likely to come into contact with are
discussed. The role of these agents is also considered. It is shown that extreme
conditions can lead to degradation of mechanical performance. However, understand-
ing of these mechanisms provides the technology for designing durable structures.

8.11 Discussion Points

1. Consider the nature of diffusion of aqueous environments into composite materials.
How does the orientation of the fibres influence the rate of diffusion?

2. Describe a configuration of fibre composite coupons for determining
diffusion constants.

3. How does crosslink density in a matrix resin influence its diffusion constant?
4. Discuss the factors that influence water absorption by a matrix resin.
5. Which property of a matrix resin is affected most by absorbed water?
6. How can you differentiate plasticization from hydrolytic degradation of a

thermoset resin?
7. What do you understand by thermal spiking?
8. Which reinforcing fibres suffer from stress corrosion cracking?
9. Describe the factors that need to be addressed in the design of a pipe or container

using glass-fibre composites.
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9 Joining, Repair, Self-Healing,
and Recycling of Composites

Protocols for repair and recycling of composites are described. Future developments
that embrace self-healing systems are also considered. End-of-life options such as
fibre and matrix recovery are also discussed. The economics of differing approaches
are briefly considered using a whole-life cost model.

9.1 Joining

One of the main advantages of composite materials is the reduced number of parts
required to assemble into an artefact or structure. In many cases the components can
be moulded in a single piece. One example is the monocoque chassis and body of a
sports car. However, in many applications this is not always feasible and the joining of
components is necessary. There any several techniques employed which have
differing advantages. They can be divided into (a) mechanical fastenings and (b)
bonded joints, as shown in Figure 9.1.

Table 9.1 provides the advantages and disadvantages of these techniques. There are
a number of joint designs that can be employed, and Figure 9.2 provides a description
of available joint configurations.

9.1.1 Mechanically Fastened Joints

Apart from the properties of the composite parts to be assembled using mechanical
fasteners, there are a number of other parameters to consider, including type, size,
clamping force, washer diameter, and hole size.

The clamping force is clearly critical. This is defined as the through-thickness force
exerted in closing the fastener. Thus, three-dimensional stresses need to be considered,
but this is analytically complex and difficult to model. We will only consider the
fundamental net section stresses in order to understand the joint failure mechanisms.
Readers are referred to the texts by Matthews and Rawlings [1] and Camanho and
Tong [2] for more detailed discussions.

Figure 9.3 illustrates the distribution of force (P) within double and single shear
loading. The applied force is transmitted through the fastener from one side of the
joint to the other.
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Figure 9.1 Schematics of (a) mechanically fastened and (b) adhesive-bonded joints [1].

Table 9.1. Advantages and disadvantages of mechanically and bonded joints

Mechanically fastened joints Bonded joints

Fastener type 1. Screws
2. Rivets
3. Bolts

Adhesive

Advantages 1. No surface preparation
2. Disassembly possible
3. Straightforward

inspection

1. Stress concentrations minimized
2. Absence of drilled holes and consequential

damage
3. Small weight penalty

Disadvantages 1. Holes provide stress
concentrations

2. High weight penalty

1. Surface preparation
2. Disassembly impossible
3. Environmental effects (e.g. moisture

absorption) on adhesives
4. Inspection of joint integrity is difficult

Double lap joint

Stepped lap joint

Scarf joint

Double lap butt joint

Tapered single lap Joint

Tapered strap joint
Single strap joint

Unsupported single lap joint

Bonded doubler

Figure 9.2 Definitions of joint configurations [1].
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The failure modes of mechanically fastened joints are described in Table 9.2. We
see that many joint failures occur as a result of complex stresses, which lead to mixed-
mode failures.

Tensile failure can be related to the net section stress, as shown in eq. (9.1):

Pten
u ¼ σtenu ðw� dÞt, (9.1)

where Pten
u is the failure load, w� dð Þt is the net area of the laminate (i.e. member

width) under load and is related to the diameter of the fastener hole in a single-hole
joint or pitch in an array of fasteners, t is the plate thickness, w is the plate width, d is
the diameter of the hole, and σtenu is the net tensile strength of the joint. Thus, narrow
laminates will carry a higher stress and joints are most likely to fail by tensile fracture.

Shear-out failure is related to the shear stresses generated at the edge of the hole
parallel to the load over the end distance, ed, which is the length from the end of the
laminate to the midpoint of the hole, which is typically approximately 4d. Equation
(9.2) provides a measure of shear-out strength, σshearu of the joint. Low values of ed
lead to a high probability of shear-out failure:

Pshear
u ¼ σshearu 2edt: (9.2)

Bearing failure is related to the projected area of the hole, which is a function of its
diameter, as shown in eq. (9.3):

Pb ¼ σbearingu dt, (9.3)

where Pb is the failure load under a bearing stress, σbearingu is the bearing strength, and
the bearing stress is given by σbearing ¼ P=dt.

Cleavage failure is fundamentally shown in Table 9.2 as a transverse tension,
which results from bending loads; however, in reality bursting occurs in a mixed
mode involving tensile and bending loads and cannot be expressed simply.

Irrespective of the failure mode, joint strength is usually expressed as bearing
strength.

Fastener failure can involve pull-through, which is a function of the through-
thickness strength of the composite laminate. Bolt failure results from shear stresses
in the fastener. In general, these failures can be avoided by ensuring that extreme values

Figure 9.3 Loading configurations for (a) single and (b) double lap shear joints [1].
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of d/t are not employed. Low values of d/t (i.e. large plate thickness) lead to bending of
the fastener, while large values (i.e. low plate thickness) result in high shear stresses in
the bolt. Values of d/t in the range 1 < d/t < 3 are generally satisfactory.

With composite laminates the fibre orientation is clearly a major factor in the
formation of a successful bolted joint. Unidirectional composites in which the load
is parallel to the fibres will have a low shear-out strength, and the segment indicated in

Table 9.2. Typical failure modes of mechanically fastened joints [3]

Failure mode Comment

Shear out Caused by shear stresses and occurs along
shear-out planes on hole edge. Typical failure
mode when end distance is short.

Tension (net section) Caused by tangential tensile or compressive
stresses at the edge of the hole. For uniaxial
loading conditions, failure occurs when bypass/
bearing stress ratio is high (or d/w is high).

Bearing Occurs in the area adjacent to the contact area
due to compressive stresses, likely when
bypass/bearing stress ratio is low (or d/w is
low). Strongly affected by through-thickness
clamping force.

Cleavage Seen in composite joints with unidirectional
plies. Otherwise mainly mixed mode.

Bearing/shear out

Mixed-mode failure

Bearing/tension/shear out

Tension/shear out

Bolt pull-through Due to low through-thickness strength of
composite material.

Bolt shear failure Caused by high shear stresses on the bolt.
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Table 9.2 will pull out at low loads. For some fibre–matrix systems it may not be
possible to achieve a tensile failure before shear failure occurs even for very narrow
specimens with w < 2d and high end distances with w > 10d. Laminates with fibres at
�45� have high shear strengths and reduced stress concentrations at the hole.

Bearing strength is controlled by the compressive strength of the material and
through-thickness constraint introduced by the fastener. Therefore, support for the
load-bearing 0� fibres is essential, and inclusion of �45� and 90� fibres is needed for
good bearing performance.

As described in Chapter 6, ply dispersion is beneficial to joint performance. Similar
geometries are also beneficial to the performance of a composite joint. For example, in
the case of glass-fibre composites, chopped strand mat (CSM) material in which the
fibres have randomly distributed in-plane angles performs better than glass-reinforced
polymers (GRP) made from woven rovings. The former material has more isotropic
properties. However, it is essential to employ the highest Vf possible. Table 9.3 gives
typical bearing strengths of composite materials and shows the benefits of composite
bolted joints over aluminium and steel. The CSM material with low Vf is more likely
to fail in tension, and the bearing stress is not reached.

9.1.2 Mechanical Fasteners

The common mechanical fasteners used with composites are self-tapping screws,
rivets, and bolts. Self-tapping screws are not recommended because of the low
through-thickness strengths of laminates and conventional GRP. For demountable
joints, an insert would need to be employed. Rivets can be used on 3-mm thick
material, but care must be taken with the drilling of the holes so that minimal damage
is introduced. Countersunk rivets place a limitation on the laminate thickness, and the
angle should be at least 120� to avoid pull-through. Bolts provide the most efficient
method of joining, and carefully tightened washers should be used. The laminate
needs a significant fraction (~55%) of �45� fibres for carbon-fibre-reinforced poly-
mers (CFRP), and higher for GRP.

Table 9.3. Specific bearing strengths for single-hole joints from composites and metals [1]

Material
Bearing strength,
σbearing
u (MPa)

Specific bearing
strength (MPa/ Mg m–3)

Density
(Mg m–3)

CFRP (Vf ¼ 0.6) 1070 695 1.54
GFRP (Vf ¼ 0.6) 900 428 2.10
GRP-Woven Rovings (Vf ¼ 0.6) 682 324 2.10
GRP-Woven Rovings (Vf ¼ 0.44) 490 258 1.9
CSM (Vf ¼ 0.19) 390

(260)*
240
(160)*

1.62

Aluminium alloy L72 432 160 2.70
Steel S96 973 124 7.85

* Tensile failure.

306 Joining, Repair, Self-Healing, and Recycling of Composites

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.010
https://www.cambridge.org/core


9.1.3 Adhesive-Bonded Joints

Adhesive joints can be accomplished in four ways:

1. Using an adhesive to bond two pre-cured laminates (secondary bonding).
2. Co-curing two prepreg assemblies into a joint. Often an unreinforced resin film is

used as the adhesive, which is cured at the same time as the laminate. In this case,
the adhesive is the same compounded matrix resin.

3. Co-bonding of a pre-cured laminate with an uncured laminate using an
adhesive layer.

4. Multi-material bonding of a composite material with a metal using an adhesive.

As shown in Figure 9.4, the failure of an adhesive-bonded composite joint occurs in
a number of modes:

1. debonding of the adhesive film at the adhesive–composite–adherend interface
(not shown);

2. tensile fracture of the laminate adherend;
3. interlaminar delamination of the composite adherend under shear;
4. cohesive failure of the adhesive; and
5. transverse fracture of the adherend under loads.

The mechanism of failure is often a function of the configuration of the bonded joint
resulting from the choice of assembly and the presence of resin-rich layers, arising, for
example, from the prepreg. Mechanism 1 should not normally be possible in a
correctly assembled joint and can be avoided by careful surface preparation. Several
methods are available for preparing adhesive-bonded joints, discussed in the
following.

9.1.3.1 Peel-Ply Method
In this technique a ply of fabric, such as one from polyester fibres, is included in the
lay-up surface, which can be stripped to expose an uncontaminated composite surface

Figure 9.4. Bonded joint with illustrative failure modes [1]
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immediately before bonding. However, it is reported that it is extremely difficult to
ensure that release agents used in the manufacture of the ‘textile’ peel-ply are absent.

Flinn and coworkers [4,5] showed that of three fabrics studied – polyamide (nylon),
siloxane-coated polyester, and polyester – only the polyester provided a contaminant-
free surface. Residuals from the polyamide and siloxane coating were detected by
XPS (X-ray photoelectron spectroscopy). As-moulded composites are often contamin-
ated with ‘release’ agents, which prevent the formation of a strong adhesive bond.

9.1.3.2 Abrasion and Solvent Cleaning
After removal of the peel-ply the surface is abraded with a light grit blast or by careful
hand abrasion, followed by a solvent wipe to remove abrasion products. The choice of
solvent is also critical, since most ‘solvating’ solvents may well contaminate the
surface and be absorbed into the resin.

9.1.3.3 Plasma or Related Treatments
Recently, atmospheric plasma treatment torches have been developed and marketed
which provide rapid surface cleaning and surface oxidation [6,7]. The potential of
these techniques is very high, but careful use is essential since overtreatment is easily
possible. In principle this technique is ideal, since treatment times are a few seconds
and the relevant jig and protocol will need to be employed.

9.1.4 Adhesives

Since most matrix materials are based on epoxy resins, adhesives will also have a
similar chemistry (see Chapter 5 on interfacial response). Joints need to withstand
shear stresses, and most adhesives are designed to exhibit elastic–plastic properties. In
this way, deformation of the adhesive will arise before debonding occurs. Thus, the
shear stress–strain properties of the adhesive are critical, and the constant shear stress
model of stress transfer will be applicable.

Figure 9.5 shows that epoxy resins can exhibit elastic and plastic components in the
stress–strain response. In this case, at room temperature (22 �C) the initial compres-
sive modulus at this strain rate is 4.05 GPa [8]. Typical adhesives have a tensile
modulus of �3 GPa, but generally the adhesive deforms in shear and so there is a
shear modulus of 1 GPa with a shear strength of 50 MPa.

Structural adhesives have been discussed by Black in two relevant articles in
Composites World [9,10].

9.1.5 Joints

It is observed that the maximum adhesive stresses in a joint can be reduced and the
joint strength increased by the following design principles:

1. use identical adherends where possible;
2. use the highest possible in-plane adherend stiffness;
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3. use homogeneous ply lay-up with a large number of plies – the lay-up should
ensure that the fibres in the outer ply, which are in contact with the adhesive, are
unidirectionally aligned to the joint length;

4. use a large overlap; and
5. use adhesive with lowest possible tensile and shear elastic moduli.

Consider the double lap joint shown in Figure 9.6, where the shear stress–strain
response of the adhesive is schematically represented in Figure 9.6a, which leads to shear
stress distribution in a double lap shear joint as described in Figure 9.6b. It is common to
assume that the adhesive behaves in an elastic–plastic manner. Therefore, the shear strain
in the adhesive reaches a maximum at the joint ends with a value of γe, the yield strain as
defined in Figure 9.6a. With a sufficiently long joint, an ‘elastic trough’ of length s will
exist. The plastic zone is independent of joint lap length, l, and other material parameters.
The joint strength is based on the failure criterion of total adhesive shear strain, which
occurs when l is just long enough for the elastic trough to form when s¼ 0.
A consequence of this failure criterion is that no significant increase in joint strength
will accrue from a longer overlap. Typically, for a CFRP composite joint, the critical
overlap length is given by 30ta, where ta is the adherend thickness. Any increase above
this value will not result in a significant increase in joint strength. As ta increases, the peel
stresses (the through-thickness tensile component) are enhanced, thereby limiting joint
strength; an adhesive with a low through-thickness tensile strength will fail as a result.

In contrast, in single lap joints the shear adhesive properties have little effect on
performance, and strength is limited by adherend properties, peel stresses, and
overlap length.

For the single lap joint in Figure 9.7 the average shear stress is given according to
eq. (9. 4):

τ ¼ p

bl
, (9.4)

where P is the in-plane tensile load for a joint of dimensions lap length l and width b.
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Figure 9.5 True compressive stress–strain curves of an epoxy resin (MY0510/DDS) over
a range of temperatures at a strain rate of 1.67 � 10–3 s–1 [8].
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This is an approximation of the joint stress; a better solution, which provides for
shear-lag distribution and takes into account the differential shear stress in the adhe-
sive, which is induced as shown in Figure 9.8, was given by Volkersen [11–13].
Transverse stresses will also develop in the joint, for which Goland and Reissner [14]
provided the first analysis. For single lap joints, peel stresses are an order of magnitude
greater than in double lap joints. These peel stresses will often be responsible for
failure of the joint, since they form at the joint ends, as shown in Figure 9.9. These
stresses should be minimized in joint design since additional stresses from stress
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Figure 9.6 (a) Idealized adhesive shear stress–strain curve; (b) shear stress distribution for a
double lap joint. τp is the plastic yield shear stress, ϒe, ϒp are the limiting elastic and plastic shear
strains, and l is the total length of the lap joint. The plastic zone is ½(l – s) and ta is the adherend
thickness [1,11].

b

Adhesive

P

P

Figure 9.7 Single lap joint under a tensile force, P. b is the width of the specimen and l is the
overlap length of the joint.
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concentration effects associated with parameters such as corners and the elastic
properties of the adhesive are likely to be critical.

The induction of thermal stresses through curing of the adhesive or service will also
play an important role. Similarly, hygrothermal (moisture absorption, resin swelling,
etc.) stresses need to be fully understood (see Chapter 5).

Scarf joints, as described in Figure 9.2, provide a mechanism of ensuring that the
shear stress in the adhesive will be uniform. As a result, the strength of these joints
increases with lap length and a small scarf angle is beneficial. Stronger and more
brittle adhesives can provide a stronger joint.

Stepped joints are a variant of the scarf joint, and the elastic limit is reached over a
small number of steps so that, as with double lap joints, once this is reached a further
increase in step length is not beneficial. Joint strength can only be improved by using
more steps of smaller thickness. Thus, the geometry approaches that of the
scarf joint.

For a detailed discussion of the design and analysis of adhesive-bonded joints, the
reader is referred to Zhu and Kedward’s report to the Office of Aviation Research in
the USA [15]. A recent paper by Budhea et al. [16] provides a review of all aspects of
the use of adhesive-bonded joints.

t

l

Figure 9.8 Volkersen prediction of shear stress, τ, distribution within the joint
given in Figure 9.7.

sp

Figure 9.9 Goland and Reissner prediction of the distribution of the transverse or peel stress (σp)
in the single lap shear joint shown in Figure 9.7 [13].

3119.1 Joining

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.010
https://www.cambridge.org/core


9.1.6 Environmental Factors

As discussed in detail above, polymeric adhesives are also affected by the presence of
absorbed moisture or water or other liquids, such as solvents in paints, paint strippers,
and cleaning fluids. Figure 9.10 lists these factors [16]. It is clearly shown that careful
control of the adhesive-bonding materials and processes is critical to the durability of
an adhesive-bonded joint. Similar considerations apply for repair, which we discuss in
Section 9.2.

9.2 Repair [17–19]

Damage in composite structures occurs through a number of mechanisms:

� manufacturing defects;
� accumulation of damage arising in service or from occasional excursions to

abnormal service loads or environmental conditions;
� impact or localized mechanical overload from misuse, such as impact from a

dropped tool.

In these cases repair may be possible, but inspection is needed to identify the extent of
the damage. A common technique in the aerospace industry is ultrasonic inspection
using a C-scan arrangement. For individual components, X-radiography with pene-
trant enhancement may be useful. The inspection technique needs to be capable of
establishing the dimensions and location of any defective material.

Repair should restore the integrity and structural performance of the artefact.
Clearly, the most effective repairs will involve a ‘bonded joint technology’ that should
return the structure to its original form. Mechanically bolted patches may be possible,
but this discussion will be limited to bonded repair approaches:

Durability of adhesive-bonded joints

Environmental factors

Moisture absorption

Pre-bond

Conditions:

Storage

Process

Bonding method

Curing temperature

Environmental

factors:

Temperature

Humidity

Time

Composites:

CFRP, GRP, AFRP

Interfaces:

Plies

Fibre–matrix

Solvents:

Paints

Paint strippers

Cleaning fluids

Post-bond Hygrothermal
ageing

Elevated
cryogenic

UV radiation

Temperature Other factors

Figure 9.10 Factors determining the environmental durability of a bonded joint.
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1. Minor damage, which has not affected the structural performance – cosmetic
repair. This type of damage can be repaired using a ‘filler’ or a filled resin paste,
which can be sculpted to repair the material and restore its surface finish. An
alternative technique is to inject a resin into the minor debonded regions and
delaminations. This can be achieved by providing drilled holes into which the
heated filler resin can be injected until the resin emerges from the adjacent vent-
hole. The ‘filler’ needs to have a low viscosity to facilitate flow into the damage.
This is normally achieved by raising the temperature of the ‘filler’. Pressure should
be applied during resin curing to ensure integrity is achieved.

2. Major damage requires a more rigorous procedure involving bonded flush scarf
patches or external patches. Figure 9.11 illustrates these techniques for a laminate
and a sandwich panel with an expanded core. ‘Doubler’ refers to the need to adhere
a patch to either side of the repair. In many cases, access to the hidden side may not
be possible and single patches are used. For aerodynamic reasons, a scarf patch
would be preferred.

Figure 9.12 illustrates repair using a flush scarf patch with a step or contoured
adhesive zone. This is the preferred technique to achieve the strongest joint with

Figure 9.11 Illustration of external and scarf patch repair of composite laminates and
sandwich panels: (a) external patch; (b) scarf patch; (c) external patch for sandwich panel;
(d) scarf patch for a sandwich panel with a replaced core. Doubler refers to the need for
patch repair on both sides of the structure [19].
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surface smoothness. It is important to use the following stages to achieve a good
result:

1. Careful preparation of the damaged area with the correct scarf angle. Square angles
should be avoided to prevent stress concentrations in the repair.

2. Drying of the laminate (slowly over, say, 24–48 h at temperatures of 80–90 �C) to
remove absorbed moisture. Moisture can affect subsequent resin cure, but also it is
also necessary to avoid complications with thermal expansion and contraction of
wet resin.

3. The fibre orientation in the patch has to be matched to that of the parent laminate
(i.e. the removed material). However, it is best to avoid unidirectional fibres in the
surface layer, which should preferably have a �45� or woven fibre configuration to
provide protection against future scratches and abrasions.

4. Co-curing of the patch is preferred and consideration of the initial cure cycle can
provide the best reintegration of the patch. For example, all epoxy resins will have
a slight under-cure, which can be used in combination with cure of the patch.

External patches can be simply bonded to the exterior surface(s) of the structure
when there is no need to retain the original smooth contoured surface, as shown in
Figure 9.11. These repairs require less preparation than scarf repairs. Limited access to
the hidden side or substructure interference tends to favour the use of external patch
repair. The complex load path around the patch means it should be designed to
minimize the bending strains. Therefore, the patch repair must withstand peel forces
at the edges within the ‘joint’ and a step down in the patch diameter is essential. It may
also be preferable to include small fasteners to resist peel. Since composite laminates

Figure 9.12 Representation of flush patch repair techniques using a stepped or
contoured approach.
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have low through-thickness strength and peel forces dominate, this technique is
limited to the repair of ‘thin-section’ laminates.

9.3 Self-Healing Repair Strategies

It is clearly valuable to introduce self-healing capability into composite structures.
Since micromechanical damage generally occurs within the matrix (transverse
cracking), at the fibre–matrix interface (debonding), and/or the interply interface
(delamination), it is possible to envisage that molecular interventions can be used to
provide a self-healing capability to the matrix within the composite. This can be
achieved through techniques employing different mechanisms:

1. Mendable matrix resin, which exhibits reversible depolymerization and
polymerization with a ceiling temperature well above the service temperature of the
composite. Healing can be thermally stimulated at the ceiling temperature of the
resin. The term mendable polymers has been used [20].

2. Diffusion healing is where a soluble linear polymer molecule that can diffuse by
reptation through the free volume of the thermoset matrix to bridge a hairline crack
in the matrix is included. It is often referred to as thermal self-healing [21].

3. In autonomic healing, an isolated liquid resin and catalyst are incorporated, which
can be activated when a crack propagates. This is commonly achieved by
dispersing microencapsulated resin or monomer throughout the resin matrix. The
monomer or resin is released when a crack impinges the microcapsule. Activation
of the healing chemistry is induced by a dispersed catalyst [22].

4. Vascular systems are a variant of autonomic healing in which hollow fibres (usually
glass fibres) are incorporated in the composite with the reinforcing fibres [23]. Some
contain the resin or monomer healing agent, while others contain the liquid hardener
(or catalyst). Fracture of the hollow fibres releases the liquid resin and hardener,
which can mix and cure within the cracks. An alternative to this approach is to create
a true vascular system by curing the matrix around a number of long, randomly
contoured ‘fibrous’ formers, which can be removed to leave a vascular system of
‘veins’ through which the liquid healing agent can be circulated [24].

5. Other healing methodologies have been reported in the literature, which combine
different chemistries, ionomers [25] and molten thermoplastic infusion [26], to
repair damaged areas.

The advantages and disadvantages of these systems are described in Table 9.4.
Many systems involve a resin or composite that employs innovative chemistry, and as
such have limited the introduction of self-healing technologies into composite struc-
tures. Aerospace structures, for example, require extensive testing before application,
so new matrix resins and systems are only introduced when additional extensive
research is unnecessary because the modification is small and does not affect the
mechanical properties. Only thermal self-healing [2] employs essentially the same
chemistry as the unmodified matrix.
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Table 9.4. Self-healing strategies

Self-healing

system Mechanism Examples Comment Advantages Disadvantages

1. Re-mendable

polymeric
matrix

1. Reversible

polymerization
2. Reversible Diels–

Alder chemistry of
backbone and

crosslinks
3. Self-assembly

1. PMMA

thermoplastic
2. Furan- maleimide
polymers

3. Ionomers

PMMA not normally

employed as a matrix

1. Thermal activation

2. Multiple heal cycles

1. Intrinsic degradation chemistry at high

temperatures
2. Special polymer not normally used for

composites

2. Thermal self-

healing;
single-phase
system

Reptational diffusion

with entanglement

Linear end-capped

polyepoxide dissolved
in crosslinked epoxy
resin

Ionomer or other

soluble self-assembling
linear oligomers can be
used

1. Self-healing capability of

conventional structural epoxy
matrix resins without loss of
matrix properties

2. Solid-state
3. Multiple healing cycles
4. Thermal activation

1. Lack of space-filling capability

2. High viscosity of epoxy resin with
dissolved healing agent limits
application to prepreg processing;

ionomers provide a self-assembling
healing agent and hence lower resin
viscosity

3. Restricted to hairline cracks

3. Autonomic Dispersed
microcapsules and/or
‘isolated’ catalyst

1. Metathesis
polymerization.

Dicyclopentadiene/
Grubbs catalyst
(ruthenium IV

compound)

Space-filling capability of healing
agent

1. High concentrations of microcapsules
required for healing

2. Separate protected dispersion of catalyst

3. Expensive ruthenium catalyst
4. Elevated temperatures are still beneficial
5. One cycle

4.Vascular
systems

1. Hollow fibres
2. Venus system

Step-growth
polymerization of
epoxy resin/hardeners

1. Delivery system for matrix resin
and healing agent

2. Matched resin repairs

1. Large diameter of hollow fibres
2. Thermal curing
3. Circulating pump for vascular system

5. Thermoplastic
additives;
phase-
separated

system

Infusion of molten
thermoplastic

Dispersion of
particulate
thermoplastics

Mechanism for
pressure infusion
involves in situ water
vapour

1. Highly applicable technique
2. Solid state

Thermoplastic dispersion and repair limits
mechanical performance before and after
healing
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9.3.1 Re-mendable Matrix Polymers

To understand the background to this methodology, we briefly discuss the relevant
concepts of polymerization and depolymerization.

9.3.1.1 Chain Addition Polymerization–Depolymerization
Fundamentally, many linear polymers have the potential for thermal healing because chain
addition polymerization has a thermodynamic equilibrium nature. Providing ‘active’
chains still exist, polymerization/depolymerization is reversible, as shown in eq. (9.5):

P�
n þM ⇄ P�

ðnþ1Þ þM ⇄ P�
ðnþ2Þ þ ðm� 2ÞM ⇄ P�

ðnþmÞ, (9.5)

where P�
n, P

�
nþm are active polymers of degree of polymerization n and n + m, andM is

the monomer. The propagating centres can be free radical, anionic, cationic, or other
covalent but reactive end-groups.

An equilibrium constant, Kp, can be defined:

Kp ¼ ½P�
n	e

½P�
n	e½M	e

¼ 1
½M	e

, (9.6)

where M½ 	e is the equilibrium monomer concentration, and P�
n

� �
e and P�

nþm

� �
e are the

equilibrium concentrations of polymer and are identical. The subscripts n and m are
retained so that the chain propagation mechanism is clear.

The potential for a chemical reaction is provided by the Gibbs free energy, G,
which is described as:

ΔGp ¼ ΔHp � TΔSp, (9.7)

where ΔGp, ΔHp, ΔSp are the free energy, enthalpy, and entropy of polymerization,
respectively, and T is the temperature. For polymerization, ΔGp has a negative value;
when the value is positive the polymer chain will depolymerize.

Since ΔSp will have a negative value because the degrees of freedom will be lost as
the chain propagates, ΔHp will need to have a negative value for ΔGp to also be
negative and for a polymer to form. Inspection of eq. (9.7) shows that TΔSp becomes
large and negative as the temperature increases, and �TΔSp becomes increasingly
positive. Thus, as the temperature is increased monomer is favoured over polymer.
The temperature at which only monomer exists is called the ceiling temperature, Tc.

The standard state Gibbs free energy for polymerization, ΔG
�
p, is related to the

equilibrium constant, Kp:

ΔG
�
p ¼ �RT lnKp (9.8)

and

Tc ¼
ΔH

�
p

ΔS
�
p þ Rln½M	� , (9.9)

where ΔH
�
p and ΔS

�
p are the standard state values of ΔHp,ΔSp, respectively, ½M	� is the

concentration of monomer at Tc where the polymer is unstable, and ½M	e ¼ ½M	� .
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Polymers such as the acetals, which polymerize/depolymerize through a cationic
mechanism to exhibit a ceiling temperature at 127 �C, can be expected to show some
healing capability. Indeed, process temperatures exceed this temperature. Polymers
based on polyformaldehyde need to be thermally stabilized by either end-capping or
copolymerization for processing. Therefore, scission and reformation of skeletal
bonds can be expected during thermally activated healing. In the case of polymethyl-
methacrylate (PMMA), cast sheet contains occluded free radicals, which provide a
mechanism for healing capability. The major technical problem with these polymers is
the speed of chain depolymerization above Tc, so that a means of locating the released
monomer in the damaged region is required. In principle, copolymers and/or branches
or crosslinks provide an option for limiting the lengths of chains, which can unzip.

9.3.1.2 Step-Growth Polymerization
This mechanism of polymer synthesis involves the statistical reaction of multi-
functional monomers, which contain two or more reactive functional groups. With
bi-functional monomers, linear polymers are formed. Considering linear polymer
synthesis, monomers can be either bi-functional with the same groups (A–––A) and
(B–––B) or different reactive groups (A–––B). Thus, either monomers A–––A and
B–––B or A–––B can be used for linear polymer synthesis:

A���AþB���B!A���AB���B
A���AB���BþA���A!A���AB���BA���A, etc:
A���AB���BþA���AB���B!A���AB���BA���AB���B, etc:

(9.10)

or

A��� Bþ A��� B ! A��� BA��� Bþ A��� B !
A��� BA��� BA��� B:

(9.11)

These reactions can occur with or without the loss of a small molecule. The Carothers
equation provides a prediction of the average degree of polymerization, Pn :

�Pn ¼ 1
1� ρ

, (9.12)

where ρ is the extent of reaction of the functional groups. For a high molecular weight
polymer, a large �Pn can only be achieved when an extremely high extent of reaction of
the functional groups occurs. This can only be achieved using the bi-functional
monomer A–––B, where the concentrations of A and B are equal. Alternatively using
A–––A and B–––B monomers requires techniques to ensure that the concentrations
of A and B are equal.

With functionality f > 3, branched polymers form, as shown in Figure 9.13 and as
the extent of reaction increases crosslink form.

Some healing capability can be available in this polymer because the extent of
reaction cannot reach 100% and annealing of the microcracked thermoset leads to
further reaction (i.e. ‘post-curing’). Certain functional groups can be involved in
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reversible skeletal bond formation and a healing mechanism. For example, in polyes-
ter systems ester interchange provides the potential for healing:

COO��� R0 þHO��� R⇄ ��� COO��� Rþ HO��� R0, (9.13)

where AB is represented by –COO– and B by HO–.
The problem with this mechanism is the limited mobility of the molecular seg-

ments, which is required to bring the groups into a reactive volume.
Chen and coworkers [20] used retro Diels–Alder chemistry to provide reversible

bond formation. In this case, the A and B groups are respectively a diene and
dienophile. The dimerization of 1,3-cyclopentadiene at room temperature is a classic
example of this chemistry, as shown in eq. (9.14):

H

diene dienophile

� �

dicyclopentadiene

H (9.14)

The reaction can be thermally reversed at an elevated temperature. The so-called retro
Diels–Alder reaction is:

H
� �H (9.15)

In order to achieve re-mendable properties in a polymer, Chen et al. [20] synthesized a
number of polymers based on differing diene–dienophile combinations. For example,
furan-maleimide chemistry provided a demonstrable re-mendable polymer. An
example is given in Figure 9.14.

The polymer in Figure 9.14 exhibited 57% recovery in strength, while an improved
system based on bismaleimide isopropane (2MEP) and tetra-furan (4F) exhibited 83%
recovery in strength.

Figure 9.13 Schematic of step-growth polymerization of three-functional monomers, illustrating
branch formation.
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9.3.1.3 Ionomers
Ionomers are polymers that have reversible crosslinking, enabling elastomers to be
moulded with conventional thermoplastic techniques. The ionomer bonds are reversible,
as shown in Figure 9.15, so that the ‘rubbery’ properties associated with crosslinking
can be achieved without the permanent crosslinks associated with vulcanization.

Varley [25] showed that commercial ionomers exhibit recovery of mechanical
performance after ballistic perforation. The reformation of ionomeric clusters
(Figure 9.16), together with the flow of the non-crosslinked polymer, provides a
mechanism for healing.
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Figure 9.14 Example of a re-mendable polymer that exploits a retro Diels–Alder reaction between
a tris-maleimide (3M) and a tetra-furan (4F) in a step-growth system.
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9.3.2 Thermal Self-Healing Single-Phase Systems

The autonomic healing strategies involve embedding micro-containers into the
composite, which release a polymerizable monomer into a matrix containing a
dispersed catalyst when a crack forms. Variants involve hollow fibres containing
both monomer or resin and catalyst or hardener separately. The disadvantage is that

(a)

Ionic
carboxylate
group

CH2 CH2 CH2 CH2 CH2 CH2

CH3

C

C O

Na+

O-

(b)

COO-

COO-

M3+
M3+

COO-

COO-
-OOC

-OOC

Figure 9.15 (a) Typical structure of an ethylene-co-methacrylic acid copolymer neutralized
with Na+; (b) clustering of ionic groups illustrating ionomer crosslinking in a
thermoplastic elastomer.
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Figure 9.16 Schematic of (a) ionomer formation via association of Na carboxylate polymer
end-groups; (b) reversible thermal dissociation.
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the microcapsules or hollow fibres are of larger dimension than the reinforcing
fibres, and hence introduce a stress concentration into the structure. Ideally, the
conventional epoxy resins used as matrices should be easily modified to ensure
multiple healing capability without a reduction in mechanical and thermomechanical
performance.

Jones and coworkers [21] recognized that polymers contain a so-called unoccupied
or free volume. Thus, the density of a polymer is commonly less than that of a 100%
crystalline morphology. With crosslinked thermoset epoxies used as matrices for
many composite structures, the unoccupied volume is related to the cure schedule
and cooling protocol [27]. Healing capability was introduced by dissolving a linear
polymer molecule, which can diffuse through the unoccupied or free volume to bridge
crack surfaces. The concept is described in Figure 9.17.

The requirements of a healing agent for diffusional healing can be defined as
follows [21,29]:

1. should be soluble in the continuous matrix phase;
2. should be reversibly bonded to the crosslinked epoxy resin through intermolecular

or hydrogen bonding;
3. should become mobile above a minimum temperature for healing by diffusional

crack bridging;
4. the dissolution of a linear chain molecule healing agent at the required

concentration should not reduce the thermomechanical and mechanical
properties significantly.

Linear healing agent

Epoxy resin

Hydrogen
bonding

Diffusion and
surface wetting

Diffusion equilibration by
randomization and crack closure

C

C

OH

H

Microfine fracture

Before
healing
process

After
healing
process

Figure 9.17 Schematic of diffusional solid-state healing showing the role of a linear polymeric
healing agent [26,28].
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9.3.2.1 Design of Healing Agent
Solubility can be identified by comparing the solubility parameters of the matrix resin
with the healing agent. The rule of thumb is that molecules with the same solubility
parameter (δ) should be equal or within �2 MPa½:

δHA ¼ δm � 2MPa: (9.16)

This means that molecules with similar molecular structures will be completely miscible.
A full discussion of solubility parameters is given elsewhere [30]. From the point view of
providing healing capability to cured epoxy resins, Hayes et al. [31] dissolved a linear
bisphenol A epoxy without epoxy end-groups. The end-groups can be capped with non-
functional groups to ensure that the healing agent is not co-reacted into the cured network
and remains mobile. Figures 9.18 and 9.19 illustrate how this can be achieved.

Jones [21,26] has calculated the effect of the structure of a hardener on the
solubility parameters of a range of cured epoxy resins. The solubility parameter of
DGEBA is 21.36 MPa½, while a TGAP resin cured with DDS has a value 24.06 MPa½

and TGDDM cured with DDS has a value of 22.30 MPa½. While these values satisfy
eq. (9.17), we could expect a limit to the concentration of healing agent that can be
included. The other factor determining the solubility of the healing agent is its
molecular weight. It is observed [26,28] that the reduced healing efficiency correlates
with the phase separation of the healing agent with molecular weight of 44,000 at
concentrations between 7.5 and 10%.

The molecular weight of the healing agent is an important parameter that controls
both its effectiveness and healing efficiency. We can explore this by briefly examining
the physics of polymer diffusion. The diffusion of a polymer molecule within a

O O O

n

O
O

OH
O

Figure 9.18 Structure of a typical bisphenol A epoxy resin. The end-groups are involved in the
curing reactions. n has values of 0–34.

CH3

(n = 22–25)

CH3

HO

OH

OH

n

O

Figure 9.19 Structure of a phenoxy polymer which is an hydroxyl end-capped bisphenol
A epoxy. n can range from 22 to 25. Longer-chain polymers with n ¼ 150 are also available.
M1 ¼ 294 g mol–1.
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polymer is considered to occur by a reptation mechanism, as shown in Figure 9.20 by
the ‘chain in a tube’ model [32–37].

Polymer molecules can diffuse through the bulk material because of the occluded
unoccupied and free volume. Free volume is defined as the minimum space required
for the chain segments within the randomly coiled polymer molecules to crossover.
Crosslinked polymers have additional unoccupied volume associated with glass
formation on curing and/or cooling of the network. According to Edwards [32,36],
an individual molecule is confined to a virtual tube along which it can diffuse in a
translational manner, as shown in Figure 9.20. De Gennes [37] was the first to describe
diffusion of a free chain by reptation along the virtual tube. The time to diffuse out of
the temporary tube was given by:

τrep � L2

Dp
� N3, (9.17)

where τrep is the time required to leave the virtual tube, L is the contour length of the
tube, N is the number of links in the chain, and Dp is the self-diffusion constant for the
polymer. Dp is related to the structure of the polymer as given in eq. (9.18):

Dp � r2

τrep
� N�2, (9.18)

where r is the average end-to-end distance of the random coil.
Experimentally, τrep and Dp are found to be related to the molecular weight of the

polymer (M) according to τrep � M3:4 and Dp � M�2:3. Thus, efficient healing

Figure 9.20 The ‘polymer chain in a tube’ model illustrating diffusion of a polymer molecule by
reptation. (a) Segments of randomly coiled polymer molecules representing the unoccupied
volume; (b) reptation mechanism [26,38].
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requires a healing agent of low molecular weight, but we need to consider the
minimum entanglement length of the healing agent chains to ensure a strong repair
is achieved. Wool [39] has provided an estimate of the critical molecular weight for
entanglement of a chain, Mc:

Mc � 30C∞M� , (9.19)

where M� is the molecular weight of the monomeric unit, and C∞ is the characteristic
ratio of the polymer chain and is a measure of the extent of coiling of the chain, as
given in eq. (9.20):

C∞ ¼ <r2>�

nl2
, (9.20)

where n is the number of bonds of bond length l, and <r2>� is the square of the
unperturbed average end-to-end distance of the chain. The characteristic ratio is a
function of n, so C∞ represents the value for the chain as n approaches ∞.

‘Rigid’ chains have larger values than ‘flexible’ chains: a flexible freely rotating
tetrahedrally bonded chain, C∞, has a value of 2.0, whereas the more rigid polystyrene
chain, with a pendant phenyl ring, has a value of 10.2.

Wool [39] has calculated the value of Mc for a series of linear polymers and for
polycarbonate, which has a structure based on bisphenol A, with an Mc of
4,300–4,800 g mol–1. Therefore, the healing agent should have a minimum molecu-
lar weight of 5,000 g mol–1 to achieve effective healing. This has been shown to be a
good representation of the requirements of healing agents for diffusional healing, as
indicated by the variation of healing efficiencies of epoxy resin with molecular
weight [26].

9.3.2.2 Self-Assembly
One of the disadvantages of the diffusion method of introducing healing functionality
is the reduced control over processing technologies. This arises from the fact that
dissolution of a polymer increases the viscosity of the resin. Thus, liquid moulding
techniques such as resin transfer moulding (RTM) require higher pressures for flow.
Control over the viscosity of toughened epoxies is achieved, for example, by disper-
sing the thermoplastic toughening agent as a fibre within the reinforcing fibres [40,41].
On curing of the impregnated composite, the thermoplastic dissolves in the matrix
resin and then phase separates into a co-continuous phase required for high fracture
toughness. A similar technology could be applied to the healing agent. An alternative
approach is to employ a low molecular weight healing agent that self-assembles after
processing into the molecular weight required for efficient healing. Jones and Varley
[42,43] synthesized an ionomer from a bisphenol A glycidyl ether which self-
assembles in the cured resin to provide high strength recovery in a healing cycle.
Figure 9.21 gives an example of how this is achieved. Figure 9.16 shows how the
ionomer assembles to extend the chain length of the polymeric healing agent.

Healing efficiency is determined from the load to fracture of a healed fracture
toughness specimen compared to the control:
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Healing efficiency ¼ K1c

K1c

ðhealedÞ
ðcontrolÞ � 100 � PuðhealedÞ

PuðcontrolÞ � 100 (9.21)

In Figure 9.22 the fracture loads (Pu) of single edge notch (SEN) coupons were
compared. The values given are an average of seven individual tests. The figure shows
the healing efficiency of fractured SEN epoxy resin specimens. The ionomer-based
system (Na ionomer) has a healing efficiency that compares favourably to the ‘long-
chain’ healing agents (DGEBA 1 and 2, molecular weight 44,000). The commercial
Phenoxy (PKFE, molecular weight 16,000) achieved a similar efficiency. Phenoxy
PKHP (molecular weight 13,000) achieved a higher efficiency. However, it has been
demonstrated that the weight concentration of 7.5% is close to the maximum solubility
before phase separation [26]. The differences may arise from differing degrees of phase
separation of the healing agent, which reduces the healing ability available via this
mechanism. The low molecular weight healing agents have similarly low efficiencies to
the controls. Thus, it is concluded that ionomer formation is an effective technique for
extending the molecular weight of healing agents and hence thermal healing. Healing
can be accomplished over more than seven cycles of fracture and heal. The experiments
were conducted to establish the repeatability of the healing effect. The control sample
(without healing agent) shows some healing capability over two cycles resulting from
post-curing of the resin. The healing agents with low molecular weights exhibited only a
minimal healing improvement over that associated with additional curing. Since the
non-reactive analogue of the ionomer is not efficient, it is concluded that self-assembly
of the ionomeric healing agent is a good mechanism for extending the effective
molecular weight of a low molecular weight DGEBA for healing.

9.3.3 Autonomic Systems

The term autonomic refers to systems in which healing is initiated immediately on
fracture. This can be achieved by incorporating containers for the healing agent(s) that
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Figure 9.21 Synthesis of an ionomeric healing agent: bisphenol A epoxy end-capped with sodium
salicylic acid [42].
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fracture on impingement. Much of the skill is in the chemistry of synthesizing
microcapsules containing the monomer. This is often done using microemulsion
techniques and employing urea–formaldehyde to create hollow ‘microspheres’ con-
taining monomers (Figure 9.23). In the original work the monomer was dicyclopen-
tadiene, which can be polymerized by ring opening metathesis polymerization
(ROMP) at room temperature using a Grubbs catalyst, as shown in Figure 9.23.

Grubbs catalysts are based on ruthenium compounds (Figure 9.24). In this seminal
work the healing agent, dicyclopentadiene, was employed with different Grubbs
catalysts. First-generation Grubbs catalysts have been superseded by second- and
third-generation (Hoveyda–Grubbs) catalysts, which provide more efficient healing
and stable products.

To achieve healing of composite materials, a number of practical aspects need to be
addressed:

1. effective containment of the healing agent and catalyst:
– microencapsulation of the healing agent
– dispersion of the catalyst in the resin;

2. a compromise between the dimensions of the micro-containers and volume fraction
is needed:
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Figure 9.22 Thermal healing of an un-toughened simulated aerospace epoxy resin based on
4,4-DDS cured DGEBF and TGAP using SEN specimens containing 7.5% DGEBA-based
healing agents in the epoxy component. (a) Control without healing agent; (b) non-reactive
end-capped DGEBA (molecular weight 6,100; end-cap 1); (c) non-reactive end-capped DGEBA
(molecular weight 4,000; end-cap 2; (d) DGEBA (molecular weight 44,000; DGEBA 1 and 2);
(e) Phenoxy PKHP 200 (molecular weight 13,000) and PKFE (molecular weight 16,000);
(f ) Na ionomer of DGEBA (molecular weight 4,000).
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– Dimensions should be similar to the reinforcing fibres (7 μm for carbon fibres
and 15–20 μm for glass fibres), otherwise stress concentration associated
with the fractured microcapsules can reduce the fracture toughness of the
matrix resin

– sufficient volume of healing agent needs to be released when the microcrack
impinges the microcapsule(s);

3. monomeric healing agents are preferred so that capillary transport occurs;
4. cost of ruthenium catalysts;

Catalyst

Crack
Microcapsule

Healing agent

(a)

(b)

(c)

Polymerized
healing agent

Figure 9.23 (a) Microencapsulated healing agent embedded in a matrix containing a
dispersed catalyst capable of polymerizing the healing agent. (b) Cracks that form in the matrix
propagate and rupture the microcapsules, releasing the healing agent into the crack plane
through capillary action. (c) The healing agent contacts the catalyst, initiating polymerization,
and bonds the crack faces [22].

DCPD monomer Grubb’s catalyst

PCy3
CI

Ru
Ph

HCI
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Figure 9.24 Ring opening polymerization of dicyclopentadiene with Grubbs catalyst [22].
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5. the introduction of components of the healing system should not reduce the
performance of the composite material and structure. For application to aerospace
structures the new material needs to be fully validated.

Many studies have identified the best conditions to achieve efficient healing using
microcapsules. It was observed that employing wax dispersion, which improved the
rate of dissolution in the monomeric healing agent, could reduce the optimum concen-
tration of dispersed catalyst.

Other variants include the use of ‘solvent’ healing agents and mixed microcapsules
of resin monomers and hardeners. This technique has been reviewed in detail else-
where [43,44].

9.3.4 Vascular Healing

9.3.4.1 Hollow Fibres
There are two major disadvantages to the use of microencapsulated healing systems:

1. the limited volume of healing agent available for healing of cracks; and
2. the components of matrix resin cannot be readily used as healing agents – for

epoxy resins an epoxy monomer and hardener in the correct proportions need to
be released.

These disadvantages can be partially addressed by using hollow fibres as the
containers [23]. Figure 9.25 is a micrograph of the hollow glass fibres (HGFs).

Hollow glass fibres can be filled with healing agents under vacuum with either

1. pre-mixed epoxy components; or
2. individual hollow fibres containing either epoxy resin or catalyst or hardener:

– stoichiometric quantities of hardener and resin can be achieved by
matching the volume fractions of the epoxy-filled HGF with hardener or
catalyst-filled HGFs;

– higher volumes of healing agent can be potentially released on fracture.

Figure 9.25. Micrograph of HGFs with an external diameter of 60 � 3 μm and internal
diameter of �40 μm [23].
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As with microcapsules, the dimensions of the hollow fibres (35–60 μm with internal
diameter of 25–40 μm) are significantly larger than the reinforcing fibres. However,
they can be aligned with the reinforcement fibres, ensuring that minimum disturbance
of the microstructure occurs. Figure 9.26 shows how this is achieved.

Using this technique, Bond et al. [23] have reported 87% retention of flexural
strength after damage induced by indentation and healing at 200 �C for 2 h.

9.3.4.2 Vascular Systems
In analogy with a human venous system, a micro-vascular network needs to be
introduced into the composite to enable fluid transport to the damaged region. To
achieve this, a pumping arrangement is required. The design of these networks is
discussed elsewhere [24,45,46]. The limitation of this approach is currently defined by
manufacturing technology for achieving vascular arrangements. There are a number of
approaches in development:

1. Continuous sacrificial fibres embedded in a random or 2D or 3D network
arrangement within the matrix resin, which can be removed after curing to provide
a venous system. Traditional technologies would employ a low-melting
temperature fibre (wax, polymer, or metal) that could be melted for removal
by flow.

2. Continuous hollow fibres embedded in a random arrangement.
3. Machining of capillaries into the matrix using, for example, laser ablation.
4. Additive manufacture (or dot matrix printing) provides the best current technology

for designing a composite with a vascular system. Whether this can be combined
with an arrangement for reinforcing fibres for high performance needs further
research.

9.3.5 Thermal Self-Healing Phase-Separated System: Thermoplastic Infusion

An alternative to the single-phase solid-state diffusional model described above, in
which diffusion of a soluble linear molecule provides effective healing, is a two-phase
solid-state system. In this case, thermoplastic polymers, mainly as particles or inter-
mingled fibres, are dispersed in the thermosetting polymer matrix. Healing occurs by

Hollow fibres
containing resin

Ply has a thickness
of 125�m

Hollow fibre
containing
hardener

Figure 9.26 Schematic showing alignment and packing of HGFs containing resin and
hardener within a 90� E-glass ply of a 16-ply balanced angle-ply laminate [23].
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infusion of the molten thermoplastic into the microcracks and cracks. Three aspects of
the thermoplastic are critical;

1. particle size and degree of dispersion of the healing agent: control ensures that
sufficient quantities of healing agent can be delivered to the damaged region;

2. viscosity of the molten healing agent: a minimum viscosity facilitates sufficient
flow into the damage for healing, especially for larger cracks;

3. chemical interaction between the healing agent and matrix: optimum interaction
ensures restoration of mechanical properties of the healed material. The so-called,
pressure delivery mechanism is also a function of the interaction between the
matrix and the thermoplastic.

Figure 9.27 shows how the healing mechanism involves bleeding of the molten
healing agent into the damage. The original work of Zako and Takano [47] employed
epoxy-terminated thermoplastic particles with a melting point of 200 �C. These solid
particles had a size <50 μm and could be included at a volume fraction of 40%, and
were found not to compromise the stiffness of the composite. Luo et al. [48] used poly
(ε-caprolactone) that phase-separated during curing of the epoxy to provide a so-called
‘bricks and mortar’ methodology. Healing occurred at 190 �C, which is much above
the melting point of poly(ε-caprolactone) (59 �C), so bleeding into the damage
occurred. Alternative strategies use shape-memory polymers to close the crack prior
to thermoplastic infusion [49,50]. Poly(ethylene-co-methacrylic acid) (EMAA) par-
ticles were used with a room-temperature-cured epoxy amine resin by Meure et al.
[51], which was effectively healed at 150 �C for 30 minutes. Further research [52,53]
identified a pressure delivery mechanism. Microscopy revealed the presence of a
single large bubble within each EMAA particle, which expanded upon heating at
150 �C to push and expand the molten EMAA (Tm ~85 �C) into cracks between the
fracture surfaces. This was attributed to the chemistry given in Figure 9.28, whereby
water molecules are generated on the surface of the EMMA particles, which coalesce

Figure 9.27 Schematic of two-phase solid-state healing illustrating how the dispersed healing
agent flows into delamination and cracks [26].
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into a large bubble during curing to provide a dormant pressure mechanism that can be
activated during healing.

Wang et al. [54] used thermoplastic films such as poly(ethylene-co-methyl acrylate)
(EMA) and EMAA as interlayer toughening agents in an epoxy amine carbon compos-
ite. It is therefore attractive to employ the healing agent in a form that can also function
as a toughening agent. The company Cytec [41] used intermingled PES fibres within the
textile reinforcement, which dissolve in the epoxy resin and phase-separate into an
optimum morphology during curing for maximum fracture toughness. This technology
enabled the increase in viscosity associated with dissolving the toughening agent used
for prepreg manufacture to be avoided. In this way, RTMmoulding techniques could be
employed. Meure et al. [55] reported the use of comingled EMAA fibres in carbon-fibre
epoxy laminates. Thermoplastic fibres with diameters of 50–75 µm and 100–150 µm at
two different concentrations were compared with EMAA particle modified composites.
It was shown that the pressure delivery healing mechanism was unaffected. Figure 9.29
illustrates the healing mechanism for the healing agent stitched textile composite.

Subsequently, a greater number of thermoplastics have been examined for solid-state
healing. The use of this technology in structural composites requires the demonstration
that mechanical performance is not compromised by the incorporation of the thermo-
plastic healing agent. Readers are referred to a recent review of solid-state healing [26].

9.4 Smart Composites

These are materials that have multi-functional properties combining damage detection
and healing capability. Thus, regular scanning of the structure would identify damage,
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Figure 9.28 Potential amine-catalysed reactions occurring between surface COOH groups on
EMAA particles. (a) Residual epoxy groups provide an adhesion mechanism for the
thermoplastic within the resin cracks; (b) OH groups formed during cure for introduction of the
local pressure delivery mechanism.
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which can be healed by initiating the appropriate mechanism. It should be noted that
autonomic systems should not need the detection technique since, by definition,
healing is triggered when the damage occurs. However, only one healing cycle is
possible. But with multiple healing capability, a damage-detection technique and the
means of inducing healing are required.

9.4.1 Carbon-Fibre Composites

Jones and coworkers [21,29] provided the fundamental technology for carbon-fibre
composites. It was observed that the electrical conductivity of carbon fibre could be
used to detect barely visible impact damage (BVID), while the thermal conductivity

(a)

(b)

Stitching
fibres

Inter connecting
fibres

Through-
thickness
stitches

Expanded healing
area by sufficient

flow

Crack and damage
in any layer

Figure 9.29 Representation of 3D stitched composite showing the intermingled fibrous healing
agent (a) before and (b) after healing [26].
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and electrical resistance could be employed to provide the stimulus for thermal
healing. Figure 9.30 illustrates the concept for detecting impact damage using carbon
fibres. From a practical point of view, the plies need to be electrically isolated, usually
with an interlayer, although some reinforcement systems may result in an in situ resin-
rich interlayer or specifically include a toughening interlayer. Figure 9.31 shows a
‘flexible circuit board’ technique for simply introducing the contacts and interlayer.

Electrical
contacts

Electrical
contacts

90° ply

0° ply

Figure 9.30 Schematic of a self-sensing arrangement for a cross-ply carbon-fibre composite.
Adjacent 90� and 0� plies have electrical contacts implanted so that the electrical conductivity of
the carbon fibres can be monitored and used to create a map.

Figure 9.31 A CFRP panel containing flexible printed circuit boards as interleaves for connection
with two plies of the laminate [57].
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Hou and Hayes [56] demonstrated that BVID could be detected from measure-
ments of electrical conductivity of the carbon fibres. Surprisingly, the absolute resist-
ance of the embedded fibres decreased as a result of an impact event, which introduced
BVID, while higher energy events, which caused fibre fracture, showed an increase in
absolute resistance. Thus, matrix damage could be detected because of changes in
stress-related piezo-resistive behaviour of the carbon fibres. They also demonstrated
that damage could be identified over a 10 m distance. The concept of sense-and-heal
was discussed by Hayes and coauthors [29,57] and is described schematically in
Figure 9.32 [57].

9.4.2 Glass-Fibre Composites

Optical self-sensing can be achieved by ensuring that the reinforcing fibres act as light
guides. Clearly, light transmission is reduced when fibres break so that light transmis-
sion of a bundle can indicate progressive damage. The major requirement for sensing
is that the refractive index (RI) of the matrix is less than that of the fibres.
Conventional E-glass has an RI of 1.54 at 500 nm, but high-performance resins have
similar values (1.57–1.6). Thus, cladding the fibres with a low-RI coating or the
modification of the matrix polymer is necessary for sensing. Alternatively, the com-
position of the fibres could be modified to increase the RI. Chalconide and rare earth
(e.g. niobium) element doped glasses, referred to as H-glasses, have been examined
[58]. These solutions are not so easily introduced commercially. However, these fibres
with micrometre dimensions could be included as sensors within the E-glass

Figure 9.32 The concept of sense-and-heal in a carbon-fibre composite with fibre self-sensing of
BVID and intrinsic thermal self-healing using the fibres to provide localized heating to the
damaged area. Data acquisition (DAQ) maps the damage then switches to the power supply unit
(PSU) for healing.
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reinforcement, which is a significant improvement over traditional optical fibre
sensors. Traditional optical fibres are polymer-clad, doped-silica fibres of diameter
in excess of 125 μm. These are reviewed in detail elsewhere [59]. In order to use
optical fibres as sensors, sections of the cladding are removed and etched with a Bragg
grating. A Bragg grating consists of a series of parallel lines of designed spacing,
which act as selective mirrors that reflects light of a known wavelength when the
wavelength satisfies the Bragg equation:

λB ¼ 2neΛ, (9.22)

where λB is the Bragg wavelength, ne is the effective RI of the optical fibre in the
region of the Bragg grating, and Λ is the grating period.

The pitch of the grating is modulated by strain, so the wavelength of reflected light
changes correspondingly and therefore the extension and thus strain in the fibre and the
composite can be recorded. Furthermore, under impact loads the strain waves can be
monitored via the modulation of the strain in the presence of an acoustic wave. More
than one Bragg grating can be written onto an optical fibre, with differing pitch providing
individual monitoring of different areas. The disadvantages including the following:

1. The sensor measures strain but not damage; it is not a direct measure of damage,
and so requires understanding for interrogation.

2. The typical diameter of an optical fibre is 125 μm, so disruption of the packing of
the reinforcement fibres of diameters of 5–7 μm (carbon) or 15–20 μm (glass) can
be anticipated. Mis-orientation of the reinforcement can have a major impact on the
strength and failure mechanism of a composite.

3. Optical fibres will have a higher load to failure than the individual reinforcement
fibres because of their much larger cross-section, so they cannot detect damage
directly through loss of light transmission on fracture.

9.4.2.1 Optical Self-Sensing
Ideally we could utilize the transmission characteristics of the glass fibres. To make E-
glass act as a light guide, the matrix needs to have a lower RI. This can be achieved by
introducing a low-RI component into the matrix so that total internal reflection occurs
within the fibre. Under such conditions, a change in light intensity can be used to
identify fibre fracture directly. Research in this area is in its infancy. Rauf et al. [60]
employed propylene carbonate to modify the RI of a bisphenol A epoxy resin matrix
in order to use E-glass fibres to detect fibre fracture.

9.4.3 Other Damage Sensors

A description of damage-detection techniques is given in Chapter 6, but here we are
concerned principally with self-sensing techniques that provide direct damage detec-
tion as a precursor for self-repair. Most other detection techniques require a test
protocol followed by external assessment, and may utilize coupling agents (e.g. C-
Scan), which may impact the damaged material and hence the repair method.
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9.5 Recycling of Composites

As the number of applications of composite materials increases, the potential
volume of waste material also increases. Fortunately, many applications utilize the
long-term durability of the material, but its disposal at end-of-life presents a major
problem in need of a solution. In addition, we also recognize that production waste
(virgin material) also occurs, despite one of the major advantages of composites
being the ability to mould large components without excessive machining and
assembly of multiple parts. From an environmental perspective, recycling or reuse
is now a major issue. Thus, the following guidelines need to be employed, in order
of priority:

1. design manufacturing routes to prevent and reduce waste;
2. reuse products;
3. recycle materials;
4. incinerate waste and utilize the calorific value of the polymer (and

reinforcement?);
5. incinerate waste with recovery of material and energy;
6. incinerate waste with recovery of energy;
7. incinerate waste without recovery of energy;
8. landfill.

9.5.1 Thermoplastic Composites

Thermoplastic composites have the potential for reuse, and this is an advantage that
has promoted the development of thermoplastic processing techniques. A cascade of
processing techniques exist in which the fibre length in the composite decreases. This
is illustrated in Figure 9.33.

During reuse of thermoplastic prepreg waste, the mechanical performance of the
moulded composite artefacts will be reduced accordingly, not least from the loss in
fibre length and control of fibre orientation.

Waste from short-fibre-reinforced thermoplastics is generally reused in combin-
ation with virgin material to minimize its effect on mechanical performance.

Recycling of used thermoplastic waste requires inclusion of additional sorting and
washing procedures, which adds cost and makes its use more expensive than virgin
material. As a result, recovering the energy by incineration is often more economically
feasible.

9.5.2 Thermosetting Composites

Thermoset polymers cannot be re-moulded, so a number of approaches to recycling
have been considered. The techniques for recycling of thermoset composite scrap
materials are described in Figure 9.34.
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The principal techniques are:

1. Mechanical recovery of reinforcements as either highly comminuted powdered
filler or as a longer fibrous reinforcement, which can be used as a filler or
reinforcement and usually included within virgin moulding material.

Figure 9.33 Cascade in the reprocessing of thermoplastic prepreg waste. As the fibre length is
reduced the mechanical performance decreases.
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Figure 9.34 Recycling processes for thermoset composite materials [59,61].
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2. Incineration of waste polymeric material and the calorific value of the material
recovered. To gain value from the incombustible components, such as fillers and
fire retardants, burning scrap in a cement kiln is effective because the glass
reinforcement and mineral fillers can be incorporated in cement.

3. Pyrolysis: recovery of the fibres and useful organic molecules by thermal
processing. In pyrolysis, combustible material is heated in the absence of oxygen,
where it degrades the polymeric material into lower molecular weight organic
molecules in liquid or gaseous form, which is a potential feedstock for chemical
processing and a solid carbonaceous char. Ideally, the organics would be
monomers, which can be reused in the production of new resins and polymers. The
evolved gases can provide fuel for the process.

4. Fluidized bed thermal process: the techniques for recovering the fibrous
reinforcements from reinforced plastics involve either solvolysis or thermolysis of
the matrix polymer. The latter is best carried out in a fluidized bed of silica sand
created with a stream of hot air at temperatures of 450–550 �C. Figure 9.35
provides a description of the fluidized bed technique. In the fluidized bed, the
polymer volatilizes, releasing the fibres and fillers, suspended as individual
particles in the gas stream. The fibres and fillers can then be separated from the gas
stream. However, the strength of glass fibres is strongly temperature-dependent and
the temperatures employed for the pyrolysis of the matrix polymer will severely
compromise the strength of the recovered fibres. As a result, recovered glass fibres
are not currently employed in applications in which strength is critical, severely
restricting the application of recovered glass fibres to non-structural parts.
However, Thomason et al. [62] have patented a surface treatment process for
recovering the strength of these recycled glass fibres. The inclusion of silane
coupling agents in the process is expected to also provide good
interfacial properties.

Clean flue gas

Air inlet

Air preheating elements

Induced
draught
fan

Afterbumer Cyclone
(to separate fibres)

Recovered
fibres

Scrap FRP

Fluidized
bed

Air
distributor

plate

Figure 9.35 A fluidized bed thermal process for recovering glass and/or carbon fibres from
composite scrap [59,61].

3399.5 Recycling of Composites

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.010
https://www.cambridge.org/core


The strength of recovered carbon fibres is less affected by thermal processing
but it was found necessary to use a ‘paper’ manufacturing process to prepare
carbon-fibre reinforcement in the form of a mat for use in composites. An
additional surface treatment was found to be necessary for good interface
formation [63].

5. Solvolysis: recovery of the reinforcements using reactive solvents is achieved
by hydrolysis and/or thermal degradation of the crosslinked polymer matrix.
A typical solvent is supercritical water at temperatures >374 �C and pressure
>221 bar [64]. The rate of hydrolysis of the polyester resin within GRP
composites by subcritical water determines the efficiency of the recovery
process. The development of supercritical processing needs further
understanding of the conditions required to optimize the process [65]. Since
water is damaging to glass fibres, this technique might be more appropriate
for carbon-fibre composites. However, carbon fibres are usually combined
with more hydrolytically stable matrix resins so that thermal processing is
probably preferred.

9.6 Cost–Life Analysis

From the foregoing, we see that repair, self-healing, and recycling approaches are
being developed to provide more environmentally friendly materials and processes for
sustainable composite structures. To achieve this, the costs need to be considered
throughout the life of a structure. These ideas can inform the design and choice of
materials for an application.

Whole life cycle cost is an economic assessment that considers all relevant pro-
jected costs and revenues associated with a particular asset, structure, or project over
its lifetime [66]. With regard to high-performance materials, various methods have
been proposed for applying life cycle costs, such as those of Ehlen [67], Richard et al.
[67], and Hastak and Haplin [69], to enable comparison of composite materials with
more conventional construction materials.

The relatively high specific strength and stiffness and corrosion resistance of
composite materials make them favourable alternatives to more conventional mater-
ials such as steel and reinforced concrete in civil engineering [70] and aluminium in
aerospace applications. The development of composites for repair and maintenance of
existing bridge structures has been identified as a priority [68]. As we have discussed
elsewhere, composite materials are capable of outperforming more conventional
materials in terms of structural performance, maintenance, and cost. However, high
initial capital construction and manufacturing costs means that life cycle cost analysis
is essential for the promotion of composite usage [71].

When assessing the feasibility of a project, there is often a significant focus on its
initial costs, which is often a relatively small proportion of the total cost of a project
over its duration [68]. Three key stages of the life of a structure should be considered
in the costing process [71]:
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1. manufacturing (including research and development);
2. installation, assembly, or construction and use (including maintenance and

operation); and
3. end-of-life (decommissioning or replacement).

For composites, there is limited knowledge and case studies on maintenance and
costs, which has limited life cycle cost analysis to date. This is an area of current
research and development as material sustainability is embraced. Figure 9.36
describes the stages of production and use that need to be included in the whole-life
costing of an application of a composite material.

9.7 Conclusions

The joining and repair of damaged composite materials is discussed. The latter is
extended to include potential methods for repairing damage or providing mechanisms
of self-healing during service. We examine the potential techniques of damage
sensing, which can provide composites with smart performance such that a healing
mechanism is automatically triggered (autonomic methods involving encapsulated
healing agents) or where external healing methods are initiated.

Recycling techniques, whereby the reinforcing fibres are recovered for further use,
are discussed. To stimulate recycling and/or recovery, the use of whole-life costing
needs to be employed. The stages of whole-life costing of an artefact from design
through manufacture to service life and recovery are discussed. Energy recovery
through controlled incineration should be the final stage after multiple reuse or
recovery cycles.

Decommissioning
at end-of-life Specification

Research and
development

Design

Manufacture

Assembly

Proof  test

Use and monitoring

Maintenance
and repair

Figure 9.36 Stages in the use of a composite artefact included in whole-life costing.
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9.8 Discussion Points

1. What are the principal methods of joining composite materials during manufacture
of an artefact? Give advantages and disadvantages of mechanical and adhesive
bonding methods.

2. Describe the available repair techniques for damaged composites.
3. Review the methods used to provide a self-healing mechanism. Discuss the

differences between autonomic and thermally stimulated healing techniques.
4. What is understood by a smart healing composite?
5. Which costing method should be used in the design and use of a composite artefact

to encourage recycling?
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10 Case Histories

Since the discovery of carbon fibres in the 1960s, the applications have grown.
Because of the high specific strength and stiffness, aerospace applications have
dominated, especially initially in military aircraft. The intent here is to demonstrate
how the choice of material has been identified. Most critical demonstrators have come
from the field of aerospace because of the benefits of carbon fibres and the develop-
ment of confidence in their use in safety-critical designs. The latter has involved much
testing and durability studies. Middleton has provided several case histories detailing
the development of composite applications in aircraft structures [1]. The use of
composite components has increased with improved confidence in the durability and
reliability of these materials and structures. The Airbus A380 was introduced in
2006 using a carbon-fibre-reinforced polymer (CFRP) centre wing box, while the
fuselage employed an aluminium–glass fibre composite laminate (GLARE). The
centre wing box is a critical carbon-fibre composite structure that joins the wings to
the fuselage. Together with several other composite components, such as the horizon-
tal and vertical stabilizers, keel beam, and pressure bulkhead, the total composite
usage is 22% w/w. In 2011 the Boeing 787 Dreamliner employed carbon-fibre
materials for the fuselage and wings. In total, the latter used 80–90% by volume or
50% by weight of composite materials. The Airbus A350, introduced in 2015, also
uses CFRP for the fuselage and wings, and in total composite usage is 53% w/w.

To understand the benefits associated with the use of composite materials, we
examine selected case histories of composite applications starting with the classic
introduction of helicopter rotor blades. Here, the excellent fatigue resistance of a
composite material meant that there was no need to regularly replace the metal-
equivalent rotor blades after a fixed lifetime.

Future developments are set to be in civil and automotive engineering and energy
generation.

10.1 Rotor Blades for Helicopters

Rotor blades need to operate in extremely harsh environmental conditions arising
from rotational tip velocities of about 200 m s–1 (~480 mph), and bending moments
during flight. Extremes in both humidity and temperature are encountered. The
temperatures can range from –40 �C to +90 �C. Efficient and effective rotor blades
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require particular material properties in order to manufacture durable components.
Steel and aluminium blades suffered from various design and structural problems.
Most critical for these metals were poor fatigue resistance and low specific strength.
Composite materials provide solutions to these disadvantages and enabled an
improved design of rotor blades. Manufacturing techniques employed for construction
using composites provide the following benefits:

1. weight saving over aluminium alloys;
2. high strength and stiffness (3–6 times higher than Al–Zn–Mg alloy);
3. excellent fatigue resistance;
4. tailored directional mechanical properties;
5. complex shapes and contours are easily achieved;
6. a reduced number of parts compared to the metallic equivalent;
7. reduced machining; and
8. corrosion resistance in aggressive environments.

Initially, metal tooling was employed for laying up the composite prepreg. Tape-
laying with ultrasonic cutting was developed to accurately arrange and profile the
prepreg into the correct configuration. The removal of the tooling spar proved to be
complex and expensive, requiring double the workshop space for extraction.
Subsequently this was replaced with a polymethacrylamide rigid foam mandril, which
could be left in place. An example is given in Figure 10.1, which illustrates the use of
the materials in the rotor blade [2]. The relevant aspect is the use of a range of glass
fibre and carbon composite prepreg to achieve the required mechanical performance.
In Chapter 5 we saw that the failure strain of carbon fibre is less than that for glass
fibre, so the probability of fibre-break accumulation is high in their composites.
To optimize fatigue resistance, a hybrid arrangement of prepreg proved beneficial.

Woven glass outer skin

Heater mat

Stainless steel
Erosion shield

Glass fibre
balance tube

Foam

Foaming adhesive

Carbon fibre
Cross-ply skins

‘Green’ Nomex
Honeycomb core

�45� carbon Fibre
Cross-ply outer wrap

�45� Carbon fibre
Cross-ply inner wrap

�45� Carbon fibre
Cross-ply rear wall

Figure 10.1 Typical cross-section of a helicopter blade, illustrating the use of composite
materials [2].
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The Fibredux 913 resin system is a PEES toughened epoxy resin cured with DICY,
which can be cured at 125 �C using compression moulding at about 100 psi, where the
tools ensure that the correct shape is created. The core foam is often over-sized
precisely to allow for crushing during the process. The lay-up of the prepreg was
given by Middleton [1] and is shown in Figure 10. 2. The trailing edge of the blade is
constructed similarly and consolidated onto a Nomex aramid honeycomb core. The
skins are usually pre-cured to ensure that the barrier performance to moisture absorb-
ance is optimum.

10.2 Propellers

Extensive development work at Dowty Rotol [3] since 1978 has led to the use of fibre
composites for manufacturing propellers destined for a number applications, including
aircraft and marine vehicles.

Hub and blades are subjected to a complex stress state due to steady and oscillatory
forces. Both centrifugal and bending forces arise in achieving thrust. Any change in
the pitch of the blade leads to aerodynamic twisting moments and adds to the flexural
loads. The frequency of rotation affects the harmonic and torsional components of
flexure. Carbon-fibre composites have been chosen for the spars because of a modulus
that provides resistance to the main service loads. Early blades used a lay-up of dry-
assembled carbon fibre and/or glass fibre in a textile form with a binder to stabilize the
preform. A polyurethane foam core is introduced together with a lightning conductor
braid and leading-edge reinforcement. The complete assembly is placed in a blade

CF 913C XAS ±45°

CF/GF hybrid 
913 XAS/E glass

GF woven 913G

Polyimide foam

Figure 10.2 Cross-section of a helicopter composite spar showing a typical composite lay-up.
(further information is given by Middleton [1]).

348 Case Histories

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.011
https://www.cambridge.org/core


mould for resin transfer moulding (RTM) of the liquid resin. The viscosity of the resin
is reduced using heated tooling. Careful control of the resin transfer ensures that
impregnation is efficient. A polyurethane coating is applied to protect the blade
surface from erosion by water and natural particulates in use. The thickness of the
coating is tailored to the intended service environment. At the leading edge, the
coating might be ineffective so a nickel sheath is bonded to the polyurethane to
enhance erosion resistance. Compared to the original aluminium blades, there is
50% weight reduction.

Adding more blades in an assembled propeller require a heavier hub, which
introduces a much larger centrifugal twisting moment, which means the rotating blade
tends to elongate to a finer pitch (Figure 10.3). A reduction in blade weight, which can
be achieved with composite materials, is highly beneficial.

One other major advantage of composite materials is the shape, which can be
formed using the variety of available process methods. The shape of a propeller lends
itself to using a ‘fibre placement’ technique onto a foam core. A braiding approach is
ideally suited to the fabrication of propeller blades, as shown in Figure 10.4. The
braiding is achieved by winding the fibres from a number of spools, as illustrated.
Carbon fibre and/or other fibrous preforms can be consolidated using RTM.

10.3 Aerospace Components: Rocket Module from Thermoplastic CFRP

The advent of the use of composite materials in airliners, especially for the fuselages of
the Boeing 787 Dreamliner and the Airbus A350, has identified the need for ‘huge’
autoclaves. As a result, non-autoclave processing has become an important require-
ment. Thermoplastic matrices present a potential way forward since there is no
chemistry involved in the process. Control of the cooling is essential to ensure that
the required crystalline microstructure is consistently achieved. Thermoplastics with
sufficiently high service temperatures are polyether ether ketone (PEEK), polyether

Figure 10.3 Typical Dowty propeller [3].
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ketone (PEK), and polyether ketone ketone (PEKK). PEEK has a crystalline melting
point, Tm, of 340 �C and glass transition temperature, Tg, of 143 �C, while for PEK
Tm = 372 �C and Tg = 153 �C and for PEKK Tm = 400 �C and Tg = 190 �C. The problem
is that while Tm provides the maximum service temperature at Tg, there is a small
reduction in the modulus of the polymer. Despite the typical Vf of 60%, a fall in the
modulus of the composite provides a limitation to structural performance above Tg. The
other disadvantage is the temperatures involved in the impregnation of the fibres to
produce prepreg or tape. The viscosity of the molten high molecular weight polymers is
significantly higher than non-polymeric thermosetting resins used for composites.
Thus, processing costs are higher than for thermosetting resins such as epoxies.

A recent report from the Technical University of Munich [5] illustrates the benefits
of this technology. Using thermoplastics-based composites, a 40% weight reduction
was achieved in the design and manufacture of a research rocket scientific payload
module. This section of the REXUS research rocket flies at a vertical speed of
1,200 m s–1, at a maximum acceleration of �20 G, reaching a maximum height
of 80–100 km. The baseline structure uses aluminium with an outside diameter of
356 mm and length of 300 mm, which is replaced by a similarly sized composite shell
together with thermoplastic load input rings, which provide bolt connections to
adjacent modules. The connecting rings (male and female) were compression moulded
from ‘long’ (2–3 mm) carbon-fibre PEEK granules at 390 �C using an increasing force
of 50–200 kN, and de-moulded at 100 �C.

The module shell was manufactured from unidirectional Tenax carbon-fibre
PEEK prepreg tape using automatic fibre placement (TP-AFP) as shown in

Figure 10.4 Dowty braiding machine for composite blades [4].

350 Case Histories

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.011
https://www.cambridge.org/core


Figure 10.5 The dimensions required are set by the need to replace the aluminium
version of the artefact of similar stiffness. The fibre laminate lay-up was optimized
in a finite element structural analysis and consisted of symmetrical lay-up of 34 plies
of 0�/�15�/�45�/90� fibre orientation. Embedded fibre-optic sensors were included
in the lay-up at different positions and depths, and subsequently connected to a
measurement system inside the module. The TP-AFP enables in-situ consolidation
of the thermoplastic tape at room temperature onto the CFRP load input rings.
Autoclave consolidation was not required and direct consolidation onto the previ-
ously manufactured rings ensures that additional mechanical fasteners or adhesives
could be avoided. Full-scale testing to meet qualification loads was undertaken
successfully. In a subsequent version, the rings were manufactured by centrifugal
casting from the same materials.

Thermal measurements in service will be used to identify whether a thermoplastic
polymer with a Tg of 143 �C is essential. Thus, a cheaper option might be possible.
This application is a good example of how composites design and manufacture is
progressing with the development of thermoplastics composites.

356 mm

300 mm

Recovery system

Rocket motorService module

TUM CFRP module

Non-structural
insulative cork

layer
Integral carbon fiber/
PEEK LFT load input rings

Carbon fiber/PEEK shell designed
for automated fiber placement with in-
situ consolidation

6,200 mm

Figure 10.5 An example of a rocket module demonstrator manufactured from PEEK-based
CFRP. Automated fibre placement for the shell consolidated onto pre-manufactured connecting
rings by compression moulding from long-fibre PEEK moulding compound [5]. (with
permission from Technical University of Munich and Karl Reque for the drawing (top)).
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10.4 Automotive Applications: Crush Tube Members for Energy
Absorption in Vehicular Crashes

The uses of composite materials in automotive applications have developed over
many years. Early attempts employed hand lay-up of glass fibre using unsaturated
polyester resins for body components, especially in the Reliant models. Clearly this is
only possible in low-volume production. For mid-volume production, reaction injec-
tion moulding of polyurethane short glass fibre for vertical body panels for Corvette
cars was utilized, but the horizontal panels needed to be made from sheet moulding
compound (SMC; higher glass fibre Vf and other mineral fillers) which have higher
stiffness to avoid sagging. These developments enabled SMC panels to be commonly
employed for lorry cabs. Aerospace investment in composite structures has provided
the confidence to develop structural artefacts for automotive vehicles. The driving
force for these developments is a reduction in weight for lower fuel usage. Friedrich
and Almajid [6] have reviewed applications in automotive structures. The recent
development of composite structures for the absorption of impact energy is of special
interest. For a more general discussion of crashworthiness of automotive composite
structures, the reader is referred to the article by Lukaszewicz [7].

One development is the use of composite energy-absorbing structures to improve
safety in a collision. Figure 10.6 illustrates the use of composites in automobile front-
end structures, including the crashbox [6].

Crash resistance of composite structures is also being explored in helicopter
structures. Figure 10.7 shows the location and structure of a protective sub-floor in
a helicopter fuselage [8].

The energy-absorbing structure employs an array of composite tubes. Hull [9]
provided the fundamentals of crushing mechanisms, which have spurred the develop-
ment of these structures. In the early work, glass-fibre composites were used to
examine the crushing mechanisms. Subsequently, carbon-fibre structures were shown
to absorb higher amounts of impact energy. Hu et al. [10] have reviewed the
performance of CFRP tubes with differing fibre configurations.

Flat structural parts

Bumper

• 0–4 km h-1

• 4–15 km h-1
• Filament wound tubes

• EPP Foam
• PC/PBT
• GMT

  And sandwich structures
• Stamp formed flat panels

Crashbox

Figure 10.6 Automotive front structure showing crash-absorber elements. GMT, glass mat
thermoplastic; PC/PBT, is polycarbonate/polybutylene terephthalate; EPP-foam, expanded
polypropylene foam [6].
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Tubes made from metallic and thermoplastic materials that are homogeneous,
isotropic, and ductile collapse by progressive plastic folding. The geometry of the
folds and the loads for collapse depend on the shape and dimensions of the tubes.
Axial crushing of tubes from composites materials is more difficult to model, but the
energy absorbed is higher. Most structural composites artefacts are made from brittle
fibres, such as glass and carbon, in a brittle or ductile resin, where collapse by plastic
folding is not possible. Since the properties of composite materials are a strong
function of fibre arrangement, Vf, and the quality of the fibre–matrix interface,
progressive collapse also depends on many of these variables.

Two types of progressive collapse of composite tubes are observed:

1. progressive folding in:
� thin-walled tubes with continuous carbon and glass fibres;
� a range of tubes of varying wall thickness with tough polymer fibres such as

aramid; and
� glass-fibre composites from unsaturated or epoxy resins tested at high

temperatures;
2. progressive crushing, which involves the formation of a zone of microfracture at

one end of the tube, which propagates along the tube at the same rate as the
crushing platen. Interacting variables include:
� microfracture processes at the crush zone;
� forces acting at the crush zone;
� microstructure of the composite;
� shape and dimensions of the tube;
� crush initiation and trigger mechanisms; and
� test variables such as crush speed and temperature.

Helicopter fuselage

Sub-floor Energy absorption
unit

Figure 10.7 Schematic diagram of the energy absorption structure of the sub-floor in a
helicopter fuselage [8].
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10.4.1 Progressive Crushing

Traditionally, buckling of automotive body parts was used for absorption of impact
energy in a crash situation. However, the observation that progressive crushing of a
composite absorbed more energy than progressive buckling of a metal component has
led to significant development of ‘crush’ members for incorporation in cars and other
applications for energy absorption. Figure 10.8 illustrates the application in a Formula
1 racing car, which shows the crush zone. By carefully designing the shape and fibre
arrangement in the nose cone, a controlled crush zone can be built in, which absorbs
the impact energy over a specified length, thereby providing the driver with
crash protection.

10.4.1.1 Design of Tubes
Square-ended tubes made from brittle materials probably will fail by a catastrophic
brittle fracture. The brittle fracture strength, σcu, under compression provides an upper
limit to the strength of the tube. A typical load–displacement curve for a square-ended
tube exhibits fracture in which interpenetration of the fractured halves provides some
residual load-bearing capacity, but this is insufficient for structures, which need to
collapse controllably to absorb large quantities of energy.

Progressive crushing can be induced in tubes from brittle materials by initiating or
triggering fracture at one end at stresses below σcu. A stable microfracture zone is able
to propagate down the tube. The simplest trigger is achieved by chamfering one end of
the tube, often at 45�, where crushing is initiated at the high-stress region at the tip of

Figure 10.8 The nose cone of a Formula 1 racing car before and after a simulated crash
impact showing crushing over a specified distance for impact-energy absorption (from
Advanced Composite Group Ltd. Heanor, UK).
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the chamfer and develops into a stable crush zone. Figure 10.9 shows typical load–
displacement curves for square-ended and chamfered tubes. The initial slope of the
latter is lower than that of the former because crushing occurs at the chamfer in
addition to the elastic deformation. Local fracture occurs at Pmax, causing a relaxation
in the crush front, which is followed by the formation of the crush zone at a
displacement, Si. The magnitude of the drop in load is a function of the chamfer angle
becoming approximately zero at some angles. Continued crushing occurs at approxi-
mately constant load, �P. The rise in crush load in stage III represents the compaction
of the debris inside the tube.

The specific progressive crushing stress, Σcrush, is given by

Σcrush ¼ �σ
ρ
¼

�P

Aρ
, (10.1)

where �σ is the mean crush stress, ρ is the density of the material, and A is the cross-
sectional area of the wall of the tube.

Since the depth of the crush zone is independent of crush distance, the specific
energy absorption, Ucrush, is

Ucrush ¼ �σ
ρ
¼ Σcrush: (10.2)

The formation of a crush zone involves two mechanisms, splaying mode and
fragmentation mode. A stable crush zone depends on the arrangement of the fibres
in the wall, as well as the choice of resins and fibres.

Chamfered

Displacement, S

L
o

a
d

, 
P

Square

I II III

Pmax

P

Figure 10.9 Typical load–displacement (P–S) curves of tubes with chamfered and square ends.
The former exhibits progressive crushing. I, formation of crush zone; II, progressive crushing;
III, compaction of debris [9].
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Figure 10.10 illustrates a possible arrangement of fibres in a tube where Vf � 0.5. In
the work of Hull [9], the wall consisted of axial fibres, and fibres at 90� had a thickness
of 3.7 mm. The tube was prepared by hoop winding of the fibres so the direction of the
fibres in the wall are defined by the hatching in Figure 10.10.

Figure 10.11 illustrates the microfracture mechanisms observed in the crushing of a
0�/90�/90�/0� glass fibre–unsaturated polyester resin. The following stages were
observed in the splaying mode:

1. crushing of the inner hoop-wound layer (Figure 10.11b), where microfracture
involves shear failure in compression at 90� to the fibres;

2. when the platen meets the axial layers, compressive stresses cause the fibres to
buckle and kink (Figure 10.11b);

3. a wedge of crushed material (w in Figure 10.11c) is formed; and
4. the wedge of crushed material forces the axial layers to the inside and outside of the

tube (Figure 10.11d), causing progressive compressive microfracture of the inner
hoop layers and tensile fracture of outer hoop layers as splaying develops.

Fragmentation mode is observed in tubes prepared from glass-fibre textile
reinforcements. The orientation of the fibres follows the weave of the selected woven
cloth. Progressive crushing involves fragment formation in the crush zone. The

(a) (b)

OUTSIDE

HOOP HOOP
AXIAL

90�0� 0�

q

INSIDE

t

Figure 10.10 Arrangement of fibres in 0�/90�/90�/0� tubes: (a) section through a tube showing the
chamfer which means the maximum stress is on the inside wall; (b) chamfer geometry [9].
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arrangement of the fibres in the wall of the tube is controlled by the nature of the
weave. The fragmentation mode is critically dependent on shear failure parallel to the
layers of cloth in resin-rich regions. Further details are discussed elsewhere [9].

A competition between splaying and fragmentation microfracture mechanisms
determines the eventual crush mode. Thus, the crush load will depend on laminate
configuration, elastic properties, and strengths of individual laminae.

10.4.1.2 Design of Tubes: CFRP
Many commercial applications involve carbon-fibre laminates (from prepreg), so the
configuration of the lay-up is a critical variable. Figure 10.12 shows that the specific
crushing stress increases with the increasing fraction of axial fibres. These are only
slightly dependent on the rate of impact. The anomalous result at 4 mm s–1 can be
attributed to a change in crushing mechanism.

Table 10.1 summarizes the effect of ply configuration on the specific crushing
stress of CFRP tubes prepared from unidirectional prepreg. The fraction of axial fibres
was shown by Hull to determine the absorption of energy [9]. Higher volume fractions
of axial fibres provide the highest values of crushing stress. Hu [8,10] has reviewed
the performance of a range of CFRP tubes, and provides further design detail. In the
manufacture of tubes using continuous fibres, hoop winding is often employed to
provide surface stability. Prepreg prepared tubes will also require over-winding with
prepreg or continuous fibres. Thus, the effect of configuration is critical to design.

Lukaszewicz [7] has reviewed the selection of tube shape, fibre arrangement, and
polymer matrix in an article of crashworthiness of automotive composite structures.
Table 10.2 compares the specific energy absorption of a range of carbon-fibre
composites that show potential for application in automotive structures.
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Figure 10.11 Schematic of formation of a splaying-mode crush zone from microscopic
observation [9].
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10.4.1.3 Design of Tubes: Glass-Fibre Composites
Many applications are cost-dependent, so glass fibres provide a design option that
benefits automotive and industrial sectors. Table 10.3 provides the typical values of
specific energy absorption for glass-fibre composites in a range of thermosetting resin
matrices with differing fibre arrangements. Polyamide (PA), which is often referred to
as nylon, is included as a control.

10.4.1.4 Design of Tubes: Thermoplastic Matrices
Manufacturing is moving towards thermoplastic matrices because of the drive for
recycling. Many developments in manufacturing technologies are exploring the bene-
fits of thermoplastics over thermosets, where the chemistry of cure of the latter can
limit processing speed. Friedrich has reviewed the crash potential of a range of glass-
fibre thermoplastics in comparison to a carbon-fibre thermoplastic and the
thermoset, SMC (Table 10.4).

10.5 Civil Engineering Infrastructure

10.5.1 Composites in Bridge Construction

An application of composites of growing commercial significance that has benefited
from the extensive developments in aerospace for safety-critical structures is bridge
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Figure 10.12 Effect of hoop-to-axial ratio on specific crushing stress (Σcrush) and specific
energy absorption (Es) of carbon epoxy resin tubes tested at (●) 4 mm s–1 and (○)
2 m s–1 [9].
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construction. Since the demonstration bridge in Aberfeldy, Scotland in 1992, confi-
dence in designing bridges from composite materials has intensified. The following
advantages of the use of glass and carbon fibre for modern bridge-building are
reported:

Table 10.1. Effect of fibre distribution and crushing speed on the specific crushing stress of carbon-
fibre epoxy tubes made from unidirectional prepreg [9]

Hoop–axial
fibre ratio Layer configuration

Specific crushing stress, Σcrush

(kN m–2/kg m–3)

Crush rate

4 mm s–1 2 m s–1

1:3 Symmetrical 71 109

1:3 All hoop outside 88 64

1:3 All hoop outside 6 16

3:1 Symmetrical 60 54

3:2 Symmetrical 74 65

3:2 Interleaved 43 37
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Table 10.2. Effect of tube shape and fibre arrangement on the specific energy absorption during axial loading of
carbon-fibre composites [7]

Shape Fibre arrangement Matrix Specific energy absorbed (kJ kg–1)

Round Unidirectional Epoxy/PEEK 57–127
Round Knitted Epoxy 26–60
Round Unidirectional PEEK 171
Round Unknown PA-PEEK 160
Round Unidirectional cloth Epoxy 73–82
Round Braid Epoxy 51

Conical Fabric Epoxy 70
Conical Woven Epoxy 65

Square Unidirectional Epoxy 37
Square Braid Epoxy 30
Square Fabric Epoxy 15
Square Braid Vinyl ester 20

Table 10.3. Effect of tube shape and fibre arrangement on the specific energy absorption during axial loading of glass-
fibre composites [7]

Shape Fibre arrangement Matrix
Specific energy
absorbed (kJ kg–1)

Round Mat Unsaturated polyester 32–51
Round Random mat and NCF Unsaturated polyester/vinyl ester 35–77
Round Chopped strand mat Vinyl ester 62
Round Unidirectional Epoxy 58–76
Conical Chopped strand mat Epoxy 68
Square Cloth Unsaturated polyester 32
Square/hexagonal Woven cloth Polyamide 40–49
Square/I-beam Unidirectional Unsaturated polyester 36–44

Table 10.4. Specific absorbed energy of thermoplastic composites compared to SMC thermoset [6]

Fibre Matrix
Specific energy
absorbed (kJ kg–1)

Carbon-fibre fabric Polyamide 12 90
Glass-fibre, unidirectional 0� Polyamide 12 67
Glass-fibre unidirectional 90� Polyamide 12 52
Aramid fabric Polyamide 6 50
Glass-fibre knitted fabric Polyethylene terephthalate 40
Glass mat reinforced thermoplastics 30% Polypropylene 31
Glass-fibre SMC Unsaturated polyester 24
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1. freedom from maintenance;
2. benefits of lightweight – lighter constructions with high strength, smaller

foundations, and faster erection;
3. renovation of existing bridges damaged by corrosion;
4. reduced transportation and erection costs;
5. factory construction is possible, with lightweight structures being transported for

installation;
6. rapid machining and assembly is possible, leading to high-speed installation;
7. the correct selection of matrix resin provides resistance to corrosion and

weathering; and
8. good thermal and electrical insulation.

10.5.2 Aberfeldy Footbridge

The Aberfeldy footbridge (Figure 10.13), which was a major advance in the large-
scale application of composites in bridge engineering, has a main span of 63 m. It has
a cable-stayed design using pultruded cellular glass-fibre construction for the
bridge deck.

The deck employed an advanced composite construction system (ACCS)
(Figure 10.14), while the Parafil cables use embedded aramid fibres (Kevlar) compos-
ite. Resistance to wheel loading of the surface deck is provided by two layers of
cellular fibre-reinforced plastic arranged in orthogonal directions. The cellular voids
are filled with structural foam.

The main span is 63 m long and 2.2 m wide, and is supported by 40 cable stays
from two 17.5-m high towers. The cable stay structure is 113 m long [12]. A unique
method of erecting the towers, cables, and deck was employed, which negated the
need for heavy lifting gear. Because of low tolerances for the A-frames, the legs and
cross beams were delivered to site preassembled. The lightweight construction meant
that only a winch and telescopic forklift truck were required to lift the frames into the

Figure 10.13 The Aberfeldy, Scotland foot bridge constructed from glass-fibre
composites [11].
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final vertical position. The crossbeams were bonded together, then the cables and guys
were attached to the ends of the crossbeams, which were positioned every 6 m across
the river. A temporary 65 m ramp, from standard scaffolding, was used below the deck
for bonding. It was essential to keep the components dry during curing, so a protective
cover was placed over the ramp [11,13].

The alignment of the sections during the bonding needed to be accurate as
tolerances of 1 mm m–1 in length could result in a significant horizontal misalignment
and the deck missing its bearings. Suspended construction with incremental launching
using a winch was employed to provide the construction accuracy.

10.5.2.1 Monitoring
The bridge has been monitored for more than 25 years, and the following points
observed:

1. Mould and moss growth was a considerable problem. The composite materials are
capable of absorbing 1.5% w/w. Poor detailing was responsible for the growth of
mould, lichen, moss, and algae on the primary structure and parapets. Addition of
mould inhibitors to the resin is a potential solution.

2. Weathering of the bridge is one of the major components of a bridge’s durability.
The erosion of the resin has exposed the glass-fibre reinforcement of the parapet
and handrails.

3. The standard ACCS components performed well, showing little wear [14,15].
4. The bridge design did not account for loading of a golf cart or a small tractor, and

the bridge was overloaded on several occasions. In 1997, strengthening was
achieved by bonding GRP plates to the top side of the deck and GRP sheets to the
deck-edge beams, near the stay connections.

5. Impact damage to hand railings after collision with a golf cart and protective
kickboards may have improved the design.

Figure 10.14 The advanced composite component system using interlocking GRP
pultruded sections [11].

362 Case Histories

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.011
https://www.cambridge.org/core


10.5.3 Future Designs

Lessons learned over 25 years of examining the Aberfeldy bridge were applied to the
Wilcott suspension bridge, which combined a GRP deck with steel cables and
stainless steel parapets [11]. Alternative fibre-reinforced plastics (FRP) bridge decking
systems, such as DuraSpan, have been developed [16].

The Storck Bridge in Winterthur benefited from the observations of Aberfeldy [17].
It was erected in 1996 over 18 rail tracks at the station, and has a central A-frame
tower supporting two approximately equal spans of 63 and 61 m. The CFRP cables
(Figure 10.15) consist of 241 wires, each with a diameter of 5 mm. They were
subjected to a load three times larger than permissible for >10 million load cycles,
which is much greater than expected during the bridge’s life [18,19]. The cables are
built from parallel bundles of carbon-fibre wire. These CFRP wires are corrosion-
resistant, so corrosion-inhibiting grout is not required. To minimize the loss of
strength, the wires are protected against wind erosion and ultraviolet radiation using
a polyethylene (PE filled with carbon black) pipe. Two of the 24 cables are equipped
with conventional sensors and also with state-of-the-art glass fibre-optic sensors to
provide permanent monitoring of stress and strain. Fibre-optic Bragg gratings (FBGs)
and electrical resistance strain gauges were surface-adhered to loaded wires and to

Figure 10.15 The Storck Bridge and CFRP stay cable consisting of 241 ‘wires’ of 5 mm
diameter. Cable load capacity: 12 MN [18].
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unloaded dummy wires for temperature compensation. The average strain of a single
CFRP wire is only 0.12%.

Two years later, for the Kleine Emme bridge near Lucerne, all the Bragg grating
sensors were embedded in the CFRP wires during the pultrusion process. Some FBGs
were pre-strained on dummy wires (not loaded) to a level of 0.25% to monitor creep
resulting from delamination of the fibre coating or the epoxy adhesive.

10.5.3.1 The Anchorage of CFRP Cables
An important issue limiting the application of CFRP cables is the anchoring system.
The outstanding mechanical performance of CFRP is in the longitudinal direction. The
transverse properties, for example interlaminar shear, are relatively low, making it
difficult to anchor CFRP wire bundles for full static and fatigue strength. Meier [18]
reports the development of a casting material to fill the space between the steel cone
and the CFRP wires. The casting material, which is referred to as a load transfer
medium (LTM), has the following requirements:

1. maintenance of long-term static and fatigue strength of the CFRP wires;
2. avoid galvanic corrosion between the carbon fibre and the steel cone;
3. the LTM must be an electrical insulator; and
4. the cone should provide radial pressure to support the interlaminar shear strength of

the CFRP wires.

To avoid high shear stress concentration on the surface of the CFRP wire at the
entrance to the anchoring system, which could result in pull-out of the wire, a graded
filled epoxy resin has been developed.

The LTM has a low modulus but continuously increases to a maximum at the foot
of the anchor. The LTM is composed of alumina (Al2O3) granules of average diameter
2 mm. To achieve a low modulus, the granules are coated with a thick layer of pre-
cured epoxy resin. For a medium modulus, the granules are coated with a thin layer of
pre-cured resin. For a high modulus, uncoated granules are used. The graded fillers are
placed in the socket infused with epoxy resin by vacuum-assisted RTM (VARTM). In
this way, the graded modulus of the LTM can be tailor-made.

Fatigue tests performed on cables anchored by this system, at EMPA in
Switzerland, confirmed the superior performance of CFRP under cyclic loading [19].

10.5.4 Future Developments

The CFRP cables are five times lighter than those made from steel, with higher
strength. A high strength to low weight ratio will enable bridges to be built in future
with considerably longer spans than are currently possible.

Long-span footbridges using CFRP have been designed with spans of 200–300 m.
Designs omitting intermediate support structures become practical when the high-
modulus carbon-fibre reinforcement is fully used. By avoiding masts and cables and
use of durable fibre-reinforced structures, the through-life costs are significantly
reduced. The initial costs associated with the foundations and installation of
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conventional bridge structures can be reduced when employing lightweight designs
[12]. However, the supply and cost of carbon fibres still limits their incorporation in
bridge design. Future supply of cheaper carbon fibres manufactured from alternative
precursors is being researched. There are designs that explore the use of recycled
composite materials or recovered fibres. Until that time, these modern designs will be
limited by the supply and availability of carbon fibres. As with other applications,
there is much benefit from the use of thermoplastic matrices and the development of
processing of thermoplastics for bridge structures is predicted.

10.5.5 Advantages and Disadvantages of Carbon-Fibre Composites in
Bridge Structures

Advantages

1. high specific strength and stiffness;
2. resistance to corrosion and stress corrosion;
3. outstanding performance under fatigue loading;
4. inhibited relaxation;
5. lightweight: stiffness to weight ratio enables longer stays; enables extremely long-

span bridges; reduced cable sagging; and
6. reduced need for regular replacement and lower maintenance than steel hanger

cables in suspension bridges.

Disadvantages

1. high initial costs limits their introduction;
2. reduced carbon-fibre price would not necessarily help since CFRP cables can only

compete when the whole-life costs are considered. Use of CFRP strip and sheet
bonding techniques for rehabilitation of structures has been implemented using
cost-effectiveness criteria.

10.5.6 Bridge Across the Straits of Gibraltar [20]

There has been a proposal for a cable-stayed CFRP bridge across the Straits of
Gibraltar [20]. To avoid compression forces in the deck, a cable-net concept was
introduced, using large CFRP main cables integrated into the deck and anchored to the
ground at the abutments. This can only be achieved with advanced composites,
especially with CFRP for the cables, comprising �70% w/w of the superstructure,
where their high performance can be used to full advantage.

10.6 Bridge Repair

Following the earthquakes in California in 1994, when 57 people were killed and
8,700 injured, and which caused $13–40 billion worth of damage, interest in using
composite rehabilitation systems intensified.
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Carbon fibres are best suited for bridge repair because of their resistance to the
alkaline environment, associated with cement and concrete, and, in contrast to glass
fibres, stress corrosion. Adhesive-bonded external CFRP strips or sheets can replace
steel plate reinforcement.

The advantages are:

1. overall cost savings arising from this simple strengthening method –lower costs
and cost efficiency, both initial and over the life cycle.

2. corrosion free;
3. on-site handleability: easy transport and lifting (1 kg CFRP strips can replace 30 kg

steel plates for equivalent strength); and avoids the need for support during curing
of the adhesive as with steel plates. Prepreg can be simply rolled onto the repair;

4. reels of prepreg are endless, so joints are not necessary;
5. in contrast to steel plates, CFRP strips subjected to compressive stresses resist low-

load debondment and increase flexural and shear strength; and
6. minimal disruption to the bridge function: overhead clearance is not reduced and

installation requires less time and labour.

10.6.1 Strengthening with Non-tensioned CFRP Strips

Shear crack formation may lead to peeling of the composite reinforcing strip.
Flexural cracks are spanned by the CFRP strip and do not influence the load
capacity. Post-strengthening strips result in a finer distribution of cracks. Load
capacity of post-strengthened beams has also been shown to be unaffected by
100 frost cycles from +20 �C to –25 �C, indicating that the introduction of thermal
stresses is not significant.

Peeling of the CFRP strips or interlaminar shear failure within the strips are
potential failure modes. These are related to the cohesive strength of the adhesive:
interfacial bond strengths between the CFRP strip and the adhesive and between the
concrete and the adhesive.

10.6.2 Strengthening with Pre-tensioned Strips

It can be advantageous to provide pre-stressing to the flexural strengthening strips
since the durability of the bridge structure can be improved and shear failure of the
concrete in the tension zone can be avoided.

The pre-tensioning load needs to be carefully controlled. If too large, high shear
stresses develop in the concrete adjacent to the CFRP strip in the end regions, where
careful design and construction is required. Without end anchoring, the CFRP strips
will debond under shear at relatively low values of pre-stress. For technical and
economic reasons, a higher pre-stress is essential; therefore, end-anchoring systems
have been developed.

In contrast to pure shear strengthening, the advanced composites that wrap around
the flexural strips must definitely be pre-stressed. This will build up the maximum
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multi-axial stress in the concrete. In this way, failure at the two ends of the CFRP
strips can be avoided. Two application technologies are suggested:

1. Pultruded CFRP strips require good preparation for good adhesion. The outermost
matrix-rich layer needs to be removed to expose the fibres and ensure that the
surface is clean. The surface skin of the concrete should be removed by
sandblasting or related technique to expose the aggregates to ensure good bonding
of the epoxy adhesive.

2. Sheets (wet lay-up) for post-strengthening are best suited for wrapping of
columns with a rectangular cross-section. A minimum radius of curvature of
�25 mm should be employed. These sheets are impregnated flexible fabrics and
also require careful surface treatment for good bonding. Further details are given
elsewhere [16,21].

10.6.3 Bridge Pillars and Columns Rehabilitation

Fibre-reinforced plastics composites are used to considerably increase strength and
ductility without increasing stiffness. In seismic retrofit applications this technique can
help to prevent the need to retrofit other parts of the structure. Sheets of FRP, such as
prepreg, have been widely used for repairing and strengthening reinforced concrete
members over the last 20 years. The advantages of high strength, low weight, and
workability have promoted these applications:

1. Column strengthening: retrofit columns with premature termination of longitudinal
concrete reinforcement.

2. Retrofitting of beam–column joints: bridge columns are most vulnerable to seismic
activity and can be reinforced by jacketing the plastic hinge circumferentially.

3. Retrofitting of reinforced concrete beams: composite solutions are an attractive
alternative to steel and other conventional techniques for seismic retrofitting or
strengthening of bridges and buildings because of these advantages:
1. high specific stiffness;
2. high specific strength;
3. their mechanical properties can be customized to the application;
4. ease of handling and installation, avoiding the need for heavy equipment;
5. high corrosion resistance – FRP composites can protect the inner reinforcement

from rusting in harsh environments;
6. resistance to extreme environmental conditions and temperatures;
7. the durability of FRP ensures reduced maintenance costs; and
8. they offer economic and viable solutions.

The construction industry has used traditional materials for hundreds of years,
but the introduction of composite materials has reshaped the technologies
employed. In particular, for retrofitting and rehabilitation, composite materials have
proved superior for seismic retrofitting [22,23]. Historical structures are also
benefiting from the application of composite materials in restoration and
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preservation. The preservation of old masonry using CFRP and confining cross-ties
has been validated [24,25].

While seismic rehabilitation and protection of historic buildings is complex, the
judicious use of FRP is a cost-effective technique for preserving our cultural heritage
and architecture.

10.6.3.1 Concrete Confined with FRP Tubes
Under an axial compressive load, concrete expands laterally because of its positive
Poisson’s ratio of 0.278 (concrete based on ordinary Portland cement). By encasing a
concrete column in a shell, such as a tube, the lateral expansion is resisted.
Confinement of this nature modifies the stress–strain response of concrete and
increases its compressive strength.

The improved performance of concrete encased in steel tubes is well recognized.
FRP tubes for encasing concrete columns have the advantage of eliminating corrosion
of the confining tube. Their low weight provides easy handleability.

The confining pressure of the tube puts the concrete into a triaxial stress state. The
stiffness of the FRP tube contributes to the constraint, which prevents the shell from
buckling inwards. The shell also protects the concrete surface from physical damage
and environmental damage, such as carbonation and chloride penetration.

Concrete confined with FRP is a technically attractive system for piles, overhead
highway signs, and other structures under compression. The confinement of concrete
with a GFRP or CFRP tube has been modelled, with good predictions, and confirms
that concrete confined with GFRP exhibits better ductility [22,23].

10.6.3.2 Seismic Performance of FRP-Retrofitted Lap-Spliced Columns
Considerable research has been directed at developing and applying FRP retrofit
strategies to upgrade the seismic performance of deficient lap-spliced columns [22].
To postpone the onset of splitting of deficiently lap-spliced reinforcements and to
reduce the severity of the subsequent deterioration, a hoop strain of 1000 με or 0.1% is
appropriate for the design of the composite jacket for circular and rectangular
columns.

For FRP-retrofitted circular columns, FRP jackets designed for a jacket strain of
0.1–0.4% provide a minimum confinement pressure of 1–2.0 MPa within the lap-
splice zone. Composite jackets for columns show a significant improvement in their
cyclic performance.

On the other hand, the response of square-jacketed columns and those with a quasi-
circular cross-section with continuous confinement had a very limited improvement in
clamping on the lap-splice zone. Direct application of the FRP or a steel jacket to large
rectangular reinforced concrete columns is ineffective [22]. To improve the confine-
ment efficiency of direct CFRP jackets, a carbon-fibre steel retrofit method has been
proposed by Chang et al. [26]. In this method, steel plates are attached before over-
wrapping with FRP, which increases the confinement stress and energy dissipation
capacity. The steel jacket may have either an elliptical or octagonal shape.
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10.6.3.3 Seismic Performance of FRP-Retrofitted Columns with Shear Deficiency
In recent years, due to some of the excellent properties of fibre-reinforced polymers,
retrofitting structures with FRP has drawn increased attention, especially for improv-
ing the shear strength and ductility of reinforced concrete columns. To avoid shear
failure, horizontal FRP wrapping should limit the dilation of the column in the loading
direction to a strain of <0.4%.

It was observed that one CFRP layer was sufficient to increase the theoretical
strength of the column, but insufficient to change the failure mode from shear to
flexural. However, 2.5 and 4.5 layers were shown to change the failure mode to
flexural and induce a ductile failure.

10.6.3.4 Seismic Performance of FRP-Retrofitted Columns with
Flexural Deficiency
Continuous fibres have been used in a circumferential direction to confine the
columns, since this can improve the inelastic deformation capacity of flexural plastic
hinge regions. The thickness of the jacket should be designed accordingly [27].

10.7 Energy Generation: Wind Turbine Blades

The main requirements for wind turbine blades are:

1. resistance to extreme wind load and gravitational load, achieved with high-strength
materials and design;

2. stable, optimal, aerodynamic blade shape and orientation and clearance between
blade and tower, achieved with high-stiffness structure;

3. high fatigue resistance and reliability for >20 years and 108 cycles; and
4. low weight, to reduce the load on the tower.

Materials with high strength, fatigue resistance, and stiffness can meet these require-
ments. Composites are preferred as other materials, such as metals, alloys, or wood, do
not meet these requirements fully [28].

10.7.1 Construction, Loads, and Requirements

The blades and nacelles of wind turbines can be manufactured from composite
materials. A nacelle provides the mechanical components with weather protection.
Thus, low weight, high strength, and corrosion resistance are essential requirements of
the materials. Typically, they are made from glass-fibre composites. Turbine blades
have more critical requirements, as detailed above, determining performance and
lifetime. Early installations exhibited a failure rate of �20% within three years [29].
The early blades used hand lay-up manufacture, so to increase reliability and lifetime
the manufacturer needed to employ more accurate fibre placement. Adaptation of
aerospace understanding while maintaining economic processing was essential.
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A blade consists of two faces (the low-pressure and high-pressure sides), joined and
stiffened by either integral (shear) webs or a box beam (box spar with shell fairings).
Figure 10.16 is a schematic of the construction of a turbine blade consisting of two
shells and two shear webs [30].

Figure 10.17 shows a cross-section though a blade illustrating the loaded and
adhesive regions of a blade. The tension–tension, compression–compression, and
compression–tension stressed regions of the structure dictate the choice and orienta-
tion of the fibre reinforcement. A box beam or spar can provide the additional stiffness
required for longer blades. In this case, the box beam or spar are adhered to the shells
and choice of adhesives is critical to the blade life.

Figure 10.16 Wind turbine rotor blade manufacture by assembling and bonding two shells and
two shear webs. The grey areas indicate the main load-bearing composites [30].

Load-carrying laminate flapwise:
compression–compression Load-carrying laminate edgwise:

tension–compression

Load-carrying laminate edgewise:
tension–compression Load-carrying laminate flapwise:

tension–tension

Sandwich

Web

Adhesive
joint

Adhesive
joint

Figure 10.17 Cross-section through a wind turbine blade [30].
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Wind turbine blades are subject to external loads resulting from:

� flap-wise bending;
� edge-wise bending;
� gravity and loading;
� inertia forces;
� pitch acceleration; and
� torsion.

Flap-wise loads mainly result from the wind pressure, while edge-wise loads arise
from gravitational and torque loads. The main edge-wise bending moment occurs at
the blade root. These bending loads place high longitudinal, tensile, and compressive
stresses onto the material. The up-wind side of a blade is under a tensile stress, and the
downwind side is put into compression. The flap-wise and edge-wise bending loads
are responsible for the growth of damage through fatigue. Cyclic loads also result
from variations in wind speed, turbulence, and air pressure around the tower.
Table 10.5 summarizes the roles of the component parts of wind turbine blades in
maintaining the blade shapes.

The blades are mainly manufactured with multi-axial fabrics: biaxial �45�

laminates are generally used for the blade skins and the shear webs; triaxial
materials of �45�/90� are used in the root area; unidirectional composites, with
some biaxial plies, are employed for the spar caps. Figure 10.18 illustrates a
typical fibre orientation employed in the shells, shear webs, and box section.
Accurate fibre orientation has an essential role in providing good performance
and durability of a blade.

The quality of the manufactured structure was improved by the use of vacuum
infusion and prepreg-based processes. For example, the Vestas Company (Denmark)
employs prepreg technology for the manufacture of blades.

The most widely employed processes is resin infusion, such as RTM and VARTM,
while SCRIMP (Seemann composites resin infusion moulding process) is employed

Table 10.5. Functions of components for maintaining the shape of wind turbine blades [28]

Component Function Choice of materials

Blade shell Maintenance of blade shape;
resist wind and gravitational forces

Strong, lightweight composites

Unsupported areas of the shell Resist buckling loads Sandwich structures with
lightweight cores and
multidirectional fibre laminates

Integral web, spars, or box
beam

Resist buckling of the shell and
shear stresses arising from
flap-wise bending

Biaxial lay-ups with fibres at �45�

Adhesives for composite
laminates with the web and the
blade shell

Maintain out-of-plane strength and
stiffness of the blade

Optimum adhesives for the chosen
matrix
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when non-crimp fabric reinforcements are utilized with specific fibre orientation.
Resin infusion is a lower-cost process than employing prepreg technology, whereas
the latter achieves structures with less variability in fibre orientation and volume
fraction and hence control over mechanical properties. Prepreg enables a better choice
of matrix resins but also lends itself to a higher degree of automation. The employ-
ment of 3D woven and glass, carbon, and hybrid fibre textile reinforcements is being
examined and it has been demonstrated that spar caps with improved performance and
lower weight can be made.

The unsupported areas of the blade shell are manufactured from sandwich compos-
ites, which ensure the shape stability of the blade shell. The sandwich structures
provide much higher flexural stiffness to simple laminates, where the loads are mainly
transverse to the fibres. Typically, polymer foams, balsa wood, or in some cases
honeycomb structures such as those manufactured from Nomex fibre composites are
used as sandwich core materials.

10.7.2 Wind Turbine Power

Wind power depends on wind speed. On excessively windy days blade rotation cut-off
occurs at a speed of �80 km h–1 [28,32].

The power of a wind turbine is given by

P ¼ 1
2
ηρAv3 ¼ 1

2
ηρπr2v3, (10.3)

where P is performance of the wind turbine; η is efficiency of the wind turbine
ðη ¼ Eout

Ein
Þ; Eout is energy out; Ein is energy in; ρ is air density (1.2 kg m–3); A is the

swept area of wind turbine ðA ¼ πL2Þ; L is the length of the blade (in effect the radius
(r) of the swept circle); and v is the wind velocity.

We see from eq. (10.3) that the power output from a turbine is proportional to the
square of the length of the turbine blade:

PαL2: (10.4)

Figure 10.18 Cross-section of a wind turbine blade showing a typical choice of fibre orientation in
selected composite areas [31].
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Therefore, for high power generation we need to maximize the length of the turbine
blades. To achieve a long blade that meets the requirements given above, high-
modulus fibres, such as carbon, need to be used for blade construction. The higher
specific stiffness of carbon fibres and their composites helps to offset the weight
penalty associated with increasing blade length. The development of blade design to
accommodate the use of carbon fibres is underway and represents a future opportunity
for the industry.

10.8 Conclusions

The aim of these examples of composite applications is to demonstrate how the
use of composite materials has developed over recent decades and to identify
future uses. One of the important issues is the demand for carbon fibres for use
in the civil engineering and automotive sectors. Without research and development
into new fibre-spinning options, the demand created by these successes is limited
by the available supply and the need for lower-cost precursor systems for
carbon fibres.

10.9 Discussion Points

1. Consider each example in turn and identify the principle reasons for the use of
composites in each application.

2. Utilize your conclusions to refresh your understanding of composite
micromechanics and choice of fibres and resin matrix, as presented elsewhere.
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peel-ply method, adhesively bonded joints, 307–308
peel stresses

adhesively bonded joints, 308–311
non-tensioned CFRP strips for, 366

peroxide catalysts, polyester resin curing, 110–112
phase separation, polymer–resin compatibility,

96–98
phenolic plastics, 1–3
phenolic resins

composite manufacture, 86
development of, 83
novolak resins, 85–86
resole resins, 83–85

pitch precursors, carbon fibres, 32–34
Pitkethly, J. B., 203–204
plane deformation, Griffith’s criterion, 251
plasma treatments, adhesively bonded joints, 308
plasticization

hydrolytic degradation vs, 286–287
non-aqueous environments, 293–295
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plastics industry, glass-fibre composites and, 1–3
ply lamination, resole resins, 83–85
Poisson’s ratio

continuous-fibre reinforcements, 165
crack growth, 250–251
Halpin–Tsai equation, 163
longitudinal modulus, 160–162
transverse modulus, 162–163

polyacrylonitrile (PAN)
carbon-fibre precursors, 25–32
mechanical properties of carbon fibres and,
35–37

synthesis chemistry, 26–32
polycondensation, unsaturated polyester resins,

106–107
polyester resins

composition, 108–109
curing, 110–116
fibreglass composites, 1–4
fibres and, 22–25
microstructure, 116–118
non-aqueous environments, 293–295

polyether ether ketone (PEEK)
moisture absorption, 274
rocket modules, 349–351

poly(ethylene-co-methacrylic acid) (EMMA),
330–332

polyethylene sulphone, moisture absorption, 274
poly (p-phenylene benzobisoxazole) (PBO) fibre, 59
poly (p-phenylene benzobisthiazole) (PBT) fibre, 59
polyimides, thermosets, 121–123
polymerization of monomeric reactants (PMR)

systems, 121–122
polymer–matrix composites (PMCs)

failure mechanisms, 254–265
longitudinal strength, 171–177
properties of, 7–8
selection criteria for, 16–18
strength of, 180–181

polymers
epoxy resin compatibility, 94–98
viscoelasticity, 76–77

polypropylene (PP) fibres, 62–74
polyvinyl acetate emulsion (PVAc), glass-fibre

sizing and binding, 52–53
poorly bonded fibres, transverse strength of, 167–169
Porter, D., 276–279
post-curing, monomer diffusion, 114–115
power generation, wind turbines, 372–373
prepreg

crush-resistant composites, 357–360
fibre fabrication, 140–141, 143–146
recycling of, 337
wind turbine blade composites, 371–372

pressure delivery healing, 330–332
pre-tensioned CFRP strips, flexural strengthening

with, 366–367

Prime, R. B., 100–102
processing costs, specific strength and reduction of,

14–18
process selection, 16–18
progressive crushing, crash-resistant composites,

353–358
progressive folding, crash-resistant composites,

352–353
propellers, composite materials in, 348–350
puckered rings, carbon-fibre production, 27
pull-out test, fibre–matrix composites, 203–204
pultrusion

fibre fabrication, 135–136
pre-tensioned CFRP strips, 366–367

push-in test, fibre–matrix interfaces, 201–202
pyrolysis, thermoset composites, 337–340

quaternary phosphonium salts, co-curing agents,
92–93

Rauf, A., 335–336
reaction-induced phase separation, blended

polymers, 96–98
reaction injection moulding, automotive

composites, 352
reactive diluents

epoxy resins, 93
unsaturated polyester resins, 109

recycled composites, 337–340
bridge construction, 364–365
thermoplastics, 337
thermosets, 337–340

Reifsnider, K., 262–263
reinforced concrete, fibre-reinforced plastics

composites, 367–369
reinforced plastics

composites as, 1–4
external carbon-fibre-reinforced plastic,

365–369
short-fibre-reinforced composites, 183–200

reinforced reaction injection moulding (RRIM),
fibre fabrication, 138–139

reinforcements
continuous fibre, 160–165
discontinuous fibrous materials, 191–195
elastic matrices, 194–195
elasto-plastic matrices, 194–196
multiple matrix cracking, 188–191
particulate fibres, 68–69

reinforcing fibres, properties, 22–25
Reissner, E., 340–345
relaxation modulus, polymer viscoelasticity, 76–77
re-mendable matrix polymers, 317–321

chain addition polymerization–depolymerization,
317–318

ionomers, 320–321
step-growth polymerization, 318–319

385Index

                     

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139565943.012
https://www.cambridge.org/core


repair of composite materials, 312–315
autonomic healing, 325–326
bridge repairs, 365–369
carbon-fibre composites, 333–335
glass-fibre composites, 335–336
re-mendable matrix polymers, 317–321
self-healing strategies, 315–332
smart composites, 332–336
thermal self-healing agents, 321–327
thermoplastic infusion, 330–332
vascular systems, 329–330

reptation
healing agents, 323–325
unvulcanized/non-crosslinked rubber
deformation, 79–80

residual strength degradation
life prediction and, 261–262
R values, 263–264

residual stress, moisture absorption, 288
residual thermal strains, cross-ply laminates,

215–220
resins

addition polymerization, 86–87
bisimides, 122–123
cast resins, 117–119
composite manufacture, 86, 152–157
cyanate resins, 123
durability design, 295–296
epoxy resins, 102–103
gel coat resins, 119
high-temperature resin systems, 121–123
impurities and unreacted components, 287–288
low-profile resins, 119
mendable matrix resin, 315
microstructure of, 116–118
moisture sensitivity, 272–274
novolak resins, 85–86
phenolic resins, 83
polyimides, 121–123
requirements, 81
resole resins, 83–85
thermoset resins, curing of, 82–87
time-dependent moisture content prediction, 272
unsaturated polyesters, lamination applications,
102–109

vinyl ester resins, 119–120
vinyl urethanes, 120–121

resin transfer moulding (RTM)
fibre fabrication, 137–138
propeller composites, 348–350
wind turbine blades, 371–372

resitol resin, 83–85
resit resins, 83–85
resole resins, 83–85
REXUS research rocket, thermoplastic composites,

349–351
Reynolds, W. N., 25–27

R-glass, 39–40
ring-opening metathesis polymerization (ROMP),

autonomic healing, 325–326
rocket modules, carbon-fibre composites,

349–351
rotor blades, composite materials, 346–349
Rowe, W. P., 40–41
R ratio, residual strength and damage accumulation,

263–264
rubber

epoxy resin toughening, 93–94
modulus magnitude in, 79–80

ruthenium catalysts, autonomic healing, 325–326

Saffil fibres, 68–69
scarf joints, 311

repair, 312–315
Schmitz, G. K., 8–13, 42–43
Scorex technique, injection moulding, 151–152
Scorim technique, injection moulding, 151–152
Scott, R., 96–98
Scott Bader and Co. Ltd., 102, 110–112
Seemann Composites Resin Infusion Moulding

Process (SCRIMP)
fibre fabrication, 137–138
wind turbine blades, 371–372

seismic performance, fibre-reinforced plastics
composites, 368–369

self-assembly, thermal self-healing agents, 325–327
self-catalysis, unsaturated polyester resin synthesis,

106
self-healing repair strategies, 315–332

thermal self-healing phase systems, 321–327
self-sensors

carbon-fibre composite healing, 334
glass-fibre composites, 335–336

S-glass, 39–40
Sharp, J. V., 25–27
shear lag model, transverse cracking in laminates,

212–216
shear stress

fibre–matrix composites, 187
fibre-reinforced plastics composites, 369
mechanically fastened joints, 302–306

sheet composites
fibre-reinforced plastics composites, 367–369
pre-tensioned CFRP strips, 366–367

sheet moulding compound (SMC), fibre fabrication,
139–143

short-fibre-reinforced composites, properties,
183–200

silane coupling agents
glass-fibre composites, surface hydrolysation,

48–50
selection criteria, 51–52

silk fibres, 64–65
single lap joint, 308–311
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sizing and coating
aramid fibres, 58
carbon-fibre production, 30–32
glass-fibre composites, 48–55
pitch precursors, 32–34
selection criteria, 52–53

slurry processing, ceramic matrix composites,
76–125

small-diameter fibres, non-oxide, 66–67
smart composites, 332–336
sol-gel processing, ceramic matrix composites,

125–126
solid state, metal matrices, 127
solid-state extrusion (SSE), HMPE fibres, 61
solubility parameters

healing agents, 323–325
polymer–resin compatibility, 94–96

solvents, adhesively bonded joints, 308
solvolysis, thermoset recycling, 337–340
Soutis, C., 291–294
special acrylic fibre (SAF), carbon-fibre production

and, 25–29
specific strength, properties of, 13–18
Spectra fibres, 61
spinning, continuous-filament glass-fibre

production, 40–41
spin–stretch factor, special acrylic fibre (SAF),

25–27
splayed fibres, crash-resistant composites, 356
spray-up process, fibre fabrication, 134
square-ended tubes, crash-resistant composites,

354–357
squeeze casting, metal matrices, 127
static fatigue

composite materials, 249
glass fibres, 44–46

steel, specific strength of, 13–18
step-growth polymerization

curing hardeners, 90–91
re-mendable matrix polymers, 318–319
thermoset resins, 82–83

stepped joints, 311
stiffness

degradation analysis, 262
properties of, 13–18

Storck Bridge, 363–365
strain energy release rate, 250–251

cyclic loading and, 262–263
strain–life curves

composite materials, 254–265
cross-ply laminates, 257–258
prediction with, 259–264
residual strength degradation, 261–262
unidirectional fibre composites, 260–261
wear-out methodology, 259

strain magnification, well-bonded fibres, 169–170
strain magnification factor (SMF), 169–170

Straits of Gibraltar, bridge proposal for, 365
straw, as composite, 1–4
strength

actual strength, 8–13
complex loads, multi-ply laminates, 237–241
damage detection and, 241–246
distribution of, 42–43
fibre–matrix interfaces, 200–205
of glass fibres, 41–47
Griffith’s theory of, 42
multi-ply laminate, 230–232, 236–237
post-impact residual strength, 240–241
residual strength degradation, 261–262
theoretical strength, 8
unidirectional fibre composites, 233–236
Weibull statistics of, 43–44

strength-to-weight ratio, 13–18
stress corrosion phenomenon

durability design, 296–298
static fatigue of glass fibre, 44–46

stress intensity factor, Griffith’s criterion, 251
stress profiles

angle-ply laminates, 224–237
crash-resistant composites, 354–357
fibre stress, 203–205
orthotropic lamina, 227–230

stress–strain measurements, fibre stress profiles,
203–205

stress transfer
β estimation, 185–186
constant shear stress model, 183–188
Cox theory, 183–185
at interface, 180–188
matrix effects, 255–256
shear stress variation, 187

structural composites, dominance of fibres in,
9–10

structural health monitoring (SHM), damage
detection, 241–246

structural reaction injection moulding (SRIM), fibre
fabrication, 138–139

sulphur-containing curing agents, 92–93
supercritical fibres, strength of, 196–198
surface free energy, Griffith’s theory of strength

and, 42
surface hydrolysation, glass-fibre composites, silane

coupling agents, 48–50
surface treatment

aramid fibres, 58
HMPE fibres, 61–62
pitch precursors, 32–34

tacticity, polyacrylonitrile (PAN), 26–32
Takano, N., 330–332
Talreja, R., 254–265
Technora, 56–58
Te Nijenhuis, K., 95
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tensile strength
assessment of, 13–18
glass fibres, 41–42
matrix fatigue, 255–256
mechanically fastened joints, 302–306
unsaturated polyester resins, 117–119

tension–compression tests, cyclic loading, 252–253
tension–tension tests

cyclic loading, 252–253
R values, 263–264

tertiary amines
co-curing agents, 92–93
epoxy resin curing agent, 88–89

theoretical strength, defined, 8
thermal cycling

moisture absorption, 289
wet laminates, 289–291

thermal environments, composite materials and, 298
thermal self-healing phase systems, 321–327

thermoplastic infusion, 330–332
thermal spiking, 284–286

water absorption, 281–282
thermal strain estimates

ceramic matrix composites, 264–266
laminates, 218–223, 288–289

thermomechanical response, moisture absorption,
282–284

thermoplastic composites
composite matrices, 80–81
crash-resistant matrices, 358–360
epoxy resin toughening, 93–94
infusion, composite repair and, 330–332
injection moulding, 149–152
moisture absorption, 273–275
recycling of, 337
resins, 81
rocket modules, 349–351
short-fibre-reinforced composites, 183–200

thermosetting composites
curing of, 82–87
glass transition temperature, 98–102, 275–276
injection moulding, 149–152
matrices, 80–81
moisture absorption, 273–275
polyimides, 121–123
recycling of, 337–340
resins, 81
water absorption, 279–282

Thomason, J. L., 48, 203–204
through-thickness moisture diffusion, laminates,

272
time-dependent moisture content prediction, 272
time–temperature–transformation (TTT) diagram,

cure properties, 100–102
Torayca carbon fibres, 35–37
total linear density (TEX), glass-fibre production,

53–55

toughening techniques
ceramic matrix composites, 264–266
epoxy resins, 93–94

tough materials, fracture mechanics, 249
transverse cracking

cross-ply laminates, 223
laminates shear lag model of, 212–216
ply thickness of laminates, 221–222

transverse debonding test, fibre strength, 205
transverse modulus, continuous-fibre reinforcement,

162–163
transverse strength, continuous-fibre reinforcement,

166–170
Treloar, L. R. G., 79–80
Tripathi, D., 202–203
Tsai–Hill criterion

multi-ply laminate, 236–237
off-axis unidirectional fibre composites, 235–236

Twaron, 56–58
Tyranno fibres, 67

ultrahigh molecular weight (UHMW) polymers, 61
ultrasonic inspection, repair of composite materials,

312–315
unbalanced laminates, 230–232
unbonded fibres, multiple matrix cracking, 189–192
unidirectional fibre composites

ceramic matrix composites, 264–266
mechanically fastened joints, 305–306
reinforcements, 191–195
strength of, 233–236
stress–life curves, 260–261

unidirectional lamina, stress profiles, 227–230
unidirectional laminates, damage to, 254–265
unimpregnated fibre bundles, strength of, 175–180
unreactive resin components, 287–288
unsaturated polyester resins

composite materials, 86
composition, 107–108
copolymerization, 113–114
flexural properties, 117–119
impurities, 287–288
lamination applications, 102–109
maleate-fumarate cis–trans isomerization,

106–107
microstructure of, 116–118
polyester formulation, 108–109
reactive diluents, 109
structure, 103–104
synthesis, 106

ureas, co-curing agents, 92–93

vacuum-assisted resin transfer moulding (VARTM)
fibre fabrication, 137–138
wind turbine blades, 371–372

vacuum infusion, wind turbine blade composites,
371–372
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van Krevelen, D. W., 95
Varley, R., 320–321, 325–327
vascular repair systems, 315, 329–330
vehicular crashes, crush tube members for,

352–358
Vestas Company, 371–372
vinyl ester resins, 119–120
vinyl urethanes, 120–121
viscoelasticity, in polymers, 76–77
vitrification, TTT diagram, 100–102
Volkersen, O., 308–311
volume fraction, transverse strength, poorly bonded

fibres, 167–169
vulcanization, rubber stabilization, 79–80

Ward, L. M., 61
water absorption

glass transition temperature, 279–282
molecule location, 281–282

Watt, W., 27
wear-out, fatigue prediction, 259

Weibull statistics of strength, 43–44
unimpregnated fibres, 175–180
variable strength of fibres, 174–178

well-bonded fibres, transverse strength of, 169–170
wet filament winding, fibre fabrication, 136–137
wet lay-up, pre-tensioned CFRP strips, 366–367
whole life cycle cost, composite materials, 340–345
Wilcott suspension bridge, 363–364
wind turbine blades, composite materials for,

369–373
Wool, R. P., 325

Young, R. J., 203–205
Young’s modulus

ceramic matrix composites, 264–266
continuous-fibre reinforcement, 160–165
crack growth, 250–251
glass fibres, 41–42
glassy polymer deformation, 79

Zako, M., 330–332
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