THE UNIVERSITY of EDINBURGH

Edinburgh Research Explorer

The fatigue of carbon fibre reinforced plastics - A review

Citation for published version: i

Alam, P, Mamalis, D, Robert, C, Floreani, C & O Bradaigh, CM 2019, "The fatigue of carbon fibre reinforced
plastics - A review', Composites part b-Engineering, vol. 166, pp. 555-579.
https://doi.org/10.1016/j.compositesb.2019.02.016

Digital Object Identifier (DOI):
10.1016/j.compositesb.2019.02.016

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Composites part b-Engineering

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN () ACCESS

Download date: 27. Aug. 2022


https://doi.org/10.1016/j.compositesb.2019.02.016
https://doi.org/10.1016/j.compositesb.2019.02.016
https://www.research.ed.ac.uk/en/publications/39e6e567-b3a1-4170-b044-553c875bfa2c

Available online at www.sciencedirect.com

ScienceDirect Compos B

ELSEVIER Composites Part B: Engineering 00 (2019) 1-35

Review Article

The fatigue of carbon fibre reinforced plastics - a review

Parvez Alam®, Dimitrios Mamalis®, Colin Robert®, Christophe Floreani, Conchir M. 0 Bradaigh®

@School of Engineering, Institute for Materials and Processes, The University of Edinburgh, UK

Abstract

Engineering structures are often subjected to the conditions of cyclic-loading, which onsets material fatigue, detrimentally affecting
the service-life and damage tolerance of components and joints. Carbon fibre reinforced plastics (CFRP) are high-strength, low-
weight composites that are gaining ubiquity in place of metals and glass fibre reinforced plastics (GFRP) not only due to their
outstanding strength-to-weight properties, but also because carbon fibres are relatively inert to environmental degradation and
as such, show potential as corrosion resistant materials. The effects of cyclic loading on the fatigue of CFRP are detailed in
several papers. As such, collating research on CFRP fatigue into a single document is a worthwhile exercise, as it will benefit the
engineering-readership interested in designing fatigue resistant structures and components using CFRP. This review article aims
to provide the most relevant and up-to-date information on the fatigue of CFRP. The review focuses in particular on defining
fatigue and the mechanics of cyclically-loaded composites, elucidating the fatigue response and fatigue properties of CFRP in
different forms, discussing the importance of environmental factors on the fatigue performance and service-life, and summarising

the different approaches taken to modelling fatigue in CFRP.

© 2018 Published by Elsevier Ltd.
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1. Introduction

Carbon fibre reinforced plastics (CFRP) are attractive
engineering materials, primarily because they have a high
ratio of strength to weight. Their stiffness and strength
properties with respect to weight (specific stiffness and
specific strength, respectively) are superior to a range of
popular engineering materials including polymers, met-
als/metal alloys and foams. Figure 1 shows a simplified
log-log Ashby diagram by which means specific stiffness
and strength can be compared [1]. In this figure, the
properties of CFRP with respect to weight, are close to
the apex of both the abscissa and the ordinate of the
Ashby plot. The specific stiffness of CFRP at its high-
est is ca. 100 MNm/kg, while its specific strength is close
to 700 kNm/kg. Technical ceramics are of very high spe-
cific stiffness (ca. 400 MNm/kg), though they can have
respectable specific strengths to CFRP, they are still only
marginally higher than CFRP. Metals and metal alloys
have mid-range values if averaged, but they are high den-
sity materials and as such are not ideal for low-weight ap-

plications.

CFRP can be manufactured in a variety of forms and
can be tailored for different applications. Carbon fibres
have the added advantage of that they are manufactured
in several different forms and from different raw material
sources including; PAN (polyacrylonitrile) carbonisation
and oil or coal pitch carbonisation. As such, carbon fi-
bres offer a very wide selection of properties to suit an
equally wide range of applications. The properties of the
individual fibres will depend on the specific manufacturing
route undertaken, coupled to its raw material source. Car-
bon fibres are nevertheless generally categorised according
to their tensile strength and modulus properties, Figure
2. In this figure low modulus (LM) carbon fibres ten-
sile modulus values range between 40 and 200 GPa, while
their tensile strength values range between 1 and 3.5 GPa,
standard modulus (HT) carbon fibres have higher modu-
lus and strength ranges (200-300 GPa and 2.5-5 GPa, re-
spectively), intermediate modulus (IM) carbon fibres have
the highest strengths, ranging from 3.5-7 GPa (and ten-
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Figure 1. Simplified log-log Ashby diagram showing the specific stiff-
ness against specific strength for different engineering materials.

sile modulus values between 280-350 GPa), high modulus
(HM) carbon fibres exhibit strength ranges that are very
similar to HT fibres (though their moduli are higher, 350-
600 GPa), and ultra high modulus (UHM) carbon fibres
typically do not exceed 4 GPa in strength, but exhibit a
range of very high moduli from 600-950 GPa. In compos-
ites, the carbon fibres are typically used in long or short
filament fibre forms, as chopped or milled fibres, as fibre-
mat, as woven fabrics, or as braids.

1.1. Cyclic loading: theory and overview

1.1.1. Fundamentals of fatigue and cyclic loading

Fatigue is the progressive damage of a material when
subjected to repeated cyclic loading. Even if a material is
loaded at stress levels well below the elastic limit, under
the conditions of continuous cyclic loading, microscopic
damage occurs. This micro/damage accumulates through-
out the material and can grow steadily into macro-cracks,
or, may cause macro-scale damage leading to the ultimate
failure of the material. Mechanical loading, thermal gra-
dients, chemical ingress and environmental conditions all
contribute to the rate at which fatigue damage occurs in
materials. As such, fatigue is a complex process as the
lifetime of a material under cyclic loading can be affected
by many parameters in tandem.

The fatigue life (N) of a component is defined as the
total number of stress cycles required to cause material
failure. The onset of material failure can be subdivided
into distinct stages as shown in Figure 3. In the first stage
of fatigue failure; microcracks and open cracks build up
within the material. This leads to crack nucleation and
minor levels of damage (second stage) which in turn gives

(]
[a T
(V)
N~
IM

I
= HT HM
(V)
Z
& UHM |
A |
N |
L |
= LM :
2 |
< |
o |
. |

TENSILE MODULUS 950 GPa

Figure 2. Strength-modulus ranges for different types of carbon fibres
graded by their mechanical properties. LM - low modulus, HT -
standard modulus, IM - intermediate modulus, HM - high modulus
and UHM - ultra high modulus.

rise to damage through micro-cracking (third stage). At
this stage, the likelihood of crack nucleation increases as a
function of the stress intensity, K. Critical factors influ-
encing K include topography (of surfaces or interfaces),
voids, inclusions and defects. Topographical phenomena
such as roughness are important as they are directly re-
lated to the intensity and density of existing stress con-
centrations. Contrarily, smooth surfaces increase the time
required for cracks to nucleate. The subsequent stage of
fatigue damage is characterised by crack growth, which
occurs in a steady manner to a critical size. On reach-
ing a critical size, the crack propagates catastrophically
through the material as the remaining materials is unable
to sustain any further imposed load.

Micro cracks Crack
and nucleation

voids or damage

Figure 3. The different stages of material damage during fatigue.

The most common fatigue testing regimen involves
cyclic loading between two predetermined levels of stress.
This is termed a constant amplitude stress and is illus-
trated in Figure 4. The first form of fatigue loading within
a constant amplitude stress involves the complete reversal
of cycling (tension-compression loading) as is shown in Fig-
ure 4(a). Here, the sinusoidal loading wave traverses from
a tensile loading mode to a compressive loading mode, the
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maximum and minimum stresses being equal. Figure 4(b)
depicts repeated cyclic loading (zero-to-tension) where a
material carrying no load is subjected to a load, which
is subsequently removed such that the material returns
to zero-load condition in each cycle. Pure tensile cyclic
loading (tension-tension loading) is shown in Figure 4(c)
where the stress is tensile during the entire cycle. Fig-
ure 4(d) shows random or irregular stress cycling, which is
a function of variable amplitudes during loading. This is
perhaps the least typical mode of cyclic loading, and yields
the least predictable fatigue lifetime of any material.

The stress range, Ac = Omaz — Omin, 18 the difference
between the maximum and the minimum stresses imposed
on a material in fatigue. Averaging the maximum and min-
imum values results in the mean stress, o,,,. Half the stress
range is called the stress amplitude, o,, which is essentially
the variation about the mean. Mathematical expressions

for these basic definitions are: o, = &2 = FmarZmin

Oy = Zmazdmin  The maximum, amai, and minimum
Omin Stress values of the stress amplitude can be expressed
as Omazr = Om + 0q and opin = 0y — 04. The signs of
o, and Ao are always positive, since 0,40 > Omin, Where
tension is considered positive. The quantities o,maz, Omin
and o, can be either positive or negative. Ratios such
as the stress ratio R and the amplitude ratio A are com-
monly used and expressed as: R = gm—:’l, and A = g—“,
respectively. A constant fatigue life (CFL) diagram [4] 1s
usually used to the study the effect of R in the fatigue
life of a material. A common procedure involves the use
of stress/life information to predict the expected life (or
expected stress for a particular probability of failure) of a
material by plotting the mean stress against the alternat-
ing stress. A widely used illustrative means of estimating
the influence of the mean stress on the fatigue strength of
a material is through a Goodman diagram [5], Figure 5.
This diagram plots stress amplitude against mean stress
with the fatigue limit (endurance limit) and the ultimate
tensile strength of the material as the two extremes. The
Goodman relationship is expressed as 0, = 044 (1 — :“’:S ),
where where o4 is the fatigue limit for completely re-
versed loading and o5 is the ultimate tensile strength of
the material. The area below the straight line indicates
that the material should not fail at given stresses while
the area above represents the possibility of failure. Then
for any given mean stress, the fatigue (endurance) limit
can be evaluated directly as the ordinate of the lifeline at
the specific value of o,,. As the mean stress of a fatigue
cycle is increased, the number of cycles to failure and the
endurance limit (if existing) decreases. At low stress i.e.
high-cycle-fatigue, the fatigue life increases significantly.
However, for polymer composites the fatigue mechanism
is rather complex and more accurate predictions of the
effect of mean stress on fatigue strength are needed. To
this effect, a modified Goodman curve proposed by Boller
[6] replaces oyts by the flexural strength of the FRP at a
time corresponding to that of the cycle life at the x-axis
intercept.

Fatigue analyses are not always based on the stress re-
sponse, but can also be based on the number of loading
cycles needed to create a macro-crack. A distinction can
therefore be made between low-cycle fatigue (LCF) and
high-cycle fatigue (HCF). LCF relates to loading condi-
tions where the stresses may be high enough to induce
irrecoverable damage within the material. The transition
from low-cycle fatigue to high-cycle fatigue depends on
the properties of the material, but for many materials, it
is typically within the range 102 to 10* cycles [7, 8]. The
physical rationale is that in the case of HCF, the stresses
are sufficiently low that the material remains within its
limit of elastic proportionality. Under LCF, the stress
range may surpass this limit of elastic proportionality and
as such is more prone to macro-cracking and/or premature
failure. As a general rule, when the magnitude of stress is
increased, the fatigue life decreases. Fatigue tests are usu-
ally represented using an S — N or ¢ — N diagram, where
S is the stress, N is the number of cycles to failure and €
is strain. Due to the large variations of N, the abscissa is
usually presented in the form of log(N). The S — N curve
in the low-cycle fatigue region (Figure 6) is often described
by a power law, known as the Coffin-Manson law [2, 3],

which is mathematically represented as: A;” = e/f(2N )¢

where A;P is the plastic strain amplitude, e;c is an em-
pirical constant (the fatigue ductility coefficient - i.e. the
failure strain for a single reversal), 2N is the number of re-
versals to failure (N cycles) and ¢ is an empirical constant
(the fatigue ductility exponent). In the high-cycle region
of stresses (Figure 6), the elastic component of strain is
usually described as the elastic stress amplitude, which

follows a power law function of the fatigue life (Basquin

law) [9]: % = %(2N)b. Here, A;e is the elastic strain

amplitude, %f is the fatigue strength coefficient and b is a

fatigue strength exponent. An important feature is that

the fatigue life is expected to increase with an increase of

a} and a decrease of b. It should be furthermore noted

that the fatigue life point (2NV) in the S-N curve transi-
r1/b—c

tions as: 2NN, = (L2

9f

the sum of both elastic and plastic strain: % = A;" + %.
It is worth noting that the Coffin-Manson linear damage
rule for low cycle fatigue accounts for the plasticity of the
material, while Basquin’s law is a strain dependent law. If
for example, the strain amplitude causes sufficient material
plasticity, the lifetime of the material will be short, result-
ing in an LCF. If however, the stresses are close enough
to zero, we can assume that the strains are elastic and as

such, that the lifetime of the material will be long (HCF).

). The total strain amplitude is

1.1.2. Mechanics of cyclically loaded composites
Composites have gained considerable popularity over
the last five decades as they can be tailored to have
outstanding mechanical, thermal, physical and electrical
properties [10, 11, 12, 13, 14]. The fatigue behaviour
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Figure 5. Schematic example of a Goodman diagram.

of composite materials and structures is complex since
composites fail by a series of, or collection of damage
mechanisms including; fibre breakage, matrix cracking, fi-
bre-matrix debonding, delamination [15] and the effect of
shear-induced diffuse damage on transverse cracks [16, 17].
Fibre fracture is highly dependent on fibre strength and
matrix cracking can be retarded somewhat, if the rein-

Low-cycle
fatigue |

High-cycle
fatigue

Coffin- ™
Manson slope

Log A« (stain amplitude)

: Elastic
1 strain, =,

i

>

Fatigue life
transition, 2N,

Basquin slope

Log N¢(cycles to failure)

Figure 6. Elastic and plastic strain-life curves to produce total strain-
life, e-N, curve of a material.

forced fibres are of high stiffness (such a carbon). This
is because high stiffness and strength fibres can endure
higher loads, which limits the strain in the system, and
thus that of the matrix (under a given load). Debonding
can occur if the interface between the fibre and matrix
is weakly bonded, which is itself a function of (a) wet-
ting (b) fibre topography and (c) the physical chemistry
at fibre-matrix interfaces. If a composite is composed of
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multiple layers (ply-laminated) a ply-delamination failure
mode may occur through fatigue loading. The fatigue per-
formance of composites is influenced by the composite sys-
tem itself. Particularly influential parameters include; fi-
bre and matrix properties, lay-up sequence [18, 19], resid-
ual stresses due to the manufacturing process or due to
discontinuities [20, 21] and the maximum to minimum ra-
tio of stress endured by the material [22, 23, 24, 4], ply
orientation [4], the fibre/matrix fractions [25], and envi-
ronmental conditions affecting the composite components
[26, 27, 28]. Exemplary works on the fatigue of composites
covered from both experimental [29, 22] and theoretical
[4, 30, 31, 32] perspectives may assist in the development
of improved methods by which means composite failure
can be predicted.

1.2. Objectives

This review aims to familiarise CFRP materials re-
searchers with the latest research on CFRP, cyclic-loading
and fatigue. To begin, we will describe the underlying
fundamentals of cyclic-loading, how it differs from static
loading conditions, and we will follow this with a part
on the mechanical theory of fibre reinforced composites
subjected to cyclic-loads. We will then proceed with de-
scribing fundamental research on the fatigue properties of
cyclically-loaded CFRP drawing upon issues such as the
effects of fibre volume fraction and dimensions, fibre sizing,
fibre orientation and properties. The fatigue properties of
CFRP will then be compared against those of other mate-
rials, with an aim of drawing benefits and disadvantages in
using CFRP for different applications. Since several areas
within which CFRP is applied will be subject to extreme
temperature variations, submersion and aging, we will con-
tinue with a section on the effects of heat, water-ingress
and polymer aging on the fatigue properties of CFRP. The
different types of damage with respect to different condi-
tions and CFRP types will then be elucidated, after which
we will collate the different approaches used to model and
predict the fatigue response of CFRP.

2. Cyclically loaded CFRP

2.1. Effect of fibre type on the fatigue life

In the case of composites, where two (or more) con-
stituents are involved the usefulness of an S-N curve may
be questioned as the role of each constituent in the fatigue
life of the composite needs to be determined individually.
Talreja [35], proposed a new framework for the interpre-
tation of fatigue life of composites, where strain and not
stress was plotted against the number of cycles thus yield-
ing an e— NN curve (as shown in Figure 9). This was deemed
necessary as the composite fatigue limit can be governed
to a large extent by the matrix fatigue limit, and that
failure at the first cycle occurs when the composite strain
equals the failure strain of fibres, irrespective of the fibre
volume fraction of the CFRP. The significance of plotting

the maximum strain in the first cycle lies in the fact that
this strain value provides a good reference point in map-
ping the extent of damage from the very first cycle, and
that subsequent damage (and thus the fatigue life) will de-
pend on this damage state. The three distinctive regions
in this e — N curve (Figure 9) can be associated with dif-
ferent modes of damage. In particular, region-1 represents
static-like damage, where the stress applied is high enough
to investigate the early onset of fibre breakage. Region-2 is
a mid-level state of stress representing fracture initiation
and the progressive propagation and coalescence of small-
scale cracks to fibres and interfaces. This eventuates in
debonding and ultimately, composite failure. Region-3 is
the region of no fatigue failure (for a specific number of
cycles), located just below the fatigue limit of the matrix
where the applied stress is too low to result in crack prop-
agation.

Fibres are the main load bearers in composites and they
occupy 30% — 70% of the total volume. It is expected,
for a given type of fibre (e.g. carbon) and a matrix ma-
terial that the stress-strain relationship alters when the
fibre volume fraction and/or the fibre properties in term
of stiffness change. Therefore, commercially available car-
bon fibres with different stiffness and strain failure ranging
from ca. 0.5% up to ca. 2.1% can significantly influence
the shape of e — IV curve, and consequently, the fatigue life
of the composite. The stiffness and failure strain in the fi-
bre direction of a composite are mainly determined by the
fibre properties. As described above, region-1 consists of
the horizontally extended scatter area related to compos-
ite failure strain, €.. This strain limit is a function of the
static strain to failure of the fibres. It worth noting that
if the composite failure strain is less than or equal to the
matrix strain failure, then region-2 can be omitted. The
materials selection of fibres dramatically affects region-2
of the e — N curve. More specifically, given a same mag-
nitude of fibre strain, HM fibres would experience greater
stresses than LM fibres. Hence, lower fatigue degradation
is expected in composites containing HM fibres. Consid-
ering that fatigue failure cannot occur in composites until
cracks are initiated in the matrix, the use of stiffer fibres
makes sense in that they can retard crack growth more
effectively.

Konur and Matthews [99] detailed the influence of the
carbon fibre type (with respect to modulus) on the fa-
tigue properties of UD-CFRP. They summarised the S-N
behaviour of composites made from different carbon fibre
types; high modulus (HM), high strength (HS) and low
modulus (LM), Figure 7. It is clear from the stress-life
curves shown in Figure 7, that HM fibres in UD-CFRP
are superior in fatigue in view of strength retention as a
function of loading cycles [100]. The difference in the dam-
age mechanism between HM, HS and LM fibre UD-CFRP
has also been reported [101]. HM UD-CFRP fail catas-
trophically and in an explosive manner, progressive failure
is observed in HS UD-CFRP samples, and LM UD-CFRP
failure is stepwise and progressive (more so than HS). The
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relationship between fibre stiffness and the failure mode
can be explained in terms of the energy stored. Explosive
failure occurs because there is a large amount of energy
stored and this is released simultaneously once the ma-
trix fractures. Progressive failure, contrarily, is a result
of stress localisation and the gradual stepwise release of
pockets of stored energy.

100 —

75—

50— — up High modulus

D High strengtl

MNormalised stress [%)

25—

o | | | | | | | | |
a 1 2 3 4 5 5] 7 8
Cycle number {log N)

Figure 7. Normalised stress plotted against the number of cycles for
different fibre types in T-T fatigue. Figure inspired by the work of
[99].

2.2. Thermoset and thermoplastic matric CFRP

Tai et al. [33] investigated the fatigue behaviour of
PEEK based CFRP under tension-tension (T-T) R=0.1,
and tension-compression (T-C) R=-0.1 fatigue, using a
quasi isotropic-composite configuration. Figure 8 from
their paper shows that samples tested in T-C are more sen-
sitive to fatigue loading than the T-T ones. This is under-
stood to be due to the fact that the T-C mode of loading is
considerably more damaging to composite materials than
T-T [33]. Gamstedt and Talreja [34] compared the fatigue
behaviour of CF/epoxy (thermoset resin) to CF/PEEK
(thermoplastic resin) composites aligned unidirectionally
(R=0.1 T-T at 10 Hz). They noted that the thermoset
composite (CF/epoxy) was more resistant to fatigue than
CF/PEEK, as only a few microcracks were observed and
crack propagation towards the interface was gradual. Con-
trarily, the thermoplastic composite (CF/PEEK) exhib-
ited widespread debonding, crack propagation and ma-
trix failure. The fatigue life diagrams (FLD) [35] of both
CF/epoxy and CF/PEEK UD systems are shown in Fig-
ure 9. This leads to a quasi-infinite lifespan, though over
time, molecules and interfaces will undoubtedly be affected
by the constancy of induced loads and the composite may
begin to lose stiffness [34]. Considerably more scatter can
be observed in the CF/epoxy composites when compared
against the CF/PEEK composites, Figure 10. The prop-
erties of CF/PEEK composites nevertheless degrade more
swiftly as can be evidenced by the steeper slope in region-
2. One reason for why scatter is often noticeably high in
fatigue samples could relate to the mechanisms of micro-
damage. These are essentially related to factors such as

defects (which may arise during the manufacturing pro-
cess), and the homogeneity of the strength of adhesion
at fibre-matrix interfaces. When cyclically loaded, micro-
damage will preferentially initiate from weak spots along
fibre matrix interfaces, and in places where defects increase
local strain energies. Defects present at interfaces includ-
ing voids and weakly bonded spots, as well as other de-
fective geometrical arrangements such as fibre misalign-
ment guide the way in which strain energies and stress
intensities are distributed (and thus how they propagate)
throughout a fatigue loading cycle [39]. By superposing
both FLD of CF/epoxy and CF/PEEK UD systems, the
authors of [35] inferred that the more ductile PEEK ma-
trix exacerbates the rate at which microscale damage can
occur, leading to a more rapid rupture process of fibres, as
represented by the steeper slope of region-2. Additionally,
region-3 damage, which should be moderate at most, is
more prominent in CF/epoxy composites. While the fa-
tigue behaviour is governed by the initiation of cracks and
their subsequent development (in the case of CF/epoxy
samples), the fatigue properties of CF/PEEK were no-
tably different. In these composites, macroscopic damage
is governed by longitudinal splitting, [36]. To better com-
prehend why there are clear differences between thermoset
and thermoplastic matrix CFRPs in fatigue, we will focus
on how these different matrices affect crack initiation and
development. Comparing the fracture toughness of each
is often seen as a good starting point [37]. Hojo et al. in-
vestigated the relationships between delamination, fatigue
growth and matrix toughness, using PEEK matrix and
epoxy matrix CFRPs as archetypal materials of compar-
ison [37]. They found the fracture toughness (static) to
be considerably higher in the thermoplastic (PEEK) com-
posites as compared to the thermoset (epoxy) composites.
They related this to the higher ductility of the PEEK as
compared to the epoxy. Fibres have an additional effect
of locally constraining the matrix, which decreases the ex-
panse of plastic zone formation, decreasing thus the rate
at which fatigue fractures are able to propagate through
the matrix component of composites [38].

2.8. The effects of fibre volume fraction and fibre orienta-
tion

The properties of strength and stiffness in composites
are usually improved by fibre presence. The fibre volume
fraction (FVF) is therefore a critical parameter when con-
sidering the fatigue properties of composites. Hiremath et
al [40] modelled the effect of fiber volume fraction on dam-
age accumulation within the matrix of an epoxy-matrix
CFRP subjected to fatigue stress. They concluded that
damage accumulation within the matrix of a composite,
decreases as the fibre volume fraction increases. Brun-
bauer and Pinter [41] conducted an extensive experimental
study to discern the effect of mean stress and FVF (30%
and 55%) on damage mechanisms in epoxy matrix UD-
CFRP. The materials were tested under both static and
cyclic conditions in both T-T and T-C modes and oriented
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Figure 9. Fatigue life diagram of longitudinal composites in tension-
tension fatigue. Figure inspired by the work of [34].

at 0°, 45° and 90°. A schematic summary of their research
is provided in Figure 11. The slopes of the S-N curves were
steepest for the T-C fatigue tests. Under static loading, a
higher FVF (solid lines) resulted in strength improvements
in both tension and compression for all fibre orientations.
In fatigue, when comparing samples at 30% (dashed lines)
and 55% FVF (solid lines), the authors found that the FVF
was influential in T-T fatigue over the high cycle fatigue
regime for specimens oriented at 90°. The authors postu-
late that this behaviour is due to a change in the mecha-
nism governing composite damage as it changes from fibre
pull-outs at higher stress levels, to matrix failure at lower
stress levels (in 30% FVF samples) [42]. In T-C, the S-N
trend varies little with respect to FVF. The UD (0°) com-

posite damage mechanisms changed from fibre pull-outs
and single fibre fracture in T-T mode, to the breakage of
entire fibre bundles in T-C mode. This is deemed to be due
to buckling and consecutive fibre bundle breakage initiated
by poor stress transfer. The 45° specimens exhibited both
matrix failure and fibre pull out damage mechanisms in
T-T. In T-C, localised buckling led to fibre-crushing and
the breakage of fibre bundles.

2.4. Heat dissipation in CFRP

It is well known that heat affects material deformation
under the conditions of long-term loading [43]. During
fatigue, heat is produced as a function of material kine-
matics. The build up of heat in CFRP under cyclic loads
is a point of importance as heat can affect the mechani-
cal behaviour, and can also instigate chemical changes to
the polymer matrix. Thermography can be used to mon-
itor heat build up in CFRP, [44, 45, 35]. When cyclically
loading CFRP under high loads and frequencies, hysteresis
loops can be observed to increase in area. This change in
hysteresis is due to local stress release and the creation of
micro-cracks. Hysteresis loop area is directly correlated to
the dissipation of kinetic mechanical energy by the sample.
This converts to thermal energy through molecular friction
within the material. Higher frequency loads cause greater
levels of molecular friction, which in turn results in the
release of more heat. Heat within CFRP can accrue over
time and is sometimes responsible for premature compos-
ite failure. Gornet for example [44], when investigating the
influence of stacking sequences (in epoxy matrix CFRP)
on self-heating, reported that heat was a cause for early
fatigue failure. The temperature elevation was reported
as being higher for angle-ply laminates [+45/-45/+45/-
45] as compared to cross-ply laminates [0/90/0/90], and
greater levels of shearing is the result. This is because the
visco-plastic energy released is much higher in proportion
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in angle-ply laminates as compared to cross-ply laminates
(Figure 12). The influence of frequency on the fatigue of
CFRP is well described through the work of Barron et al.
[46]. In their paper, it is noted that kinetic energy gen-
erated through fibre-matrix shearing during fatigue, will
convert to heat energy within the composite. This heat
dissipates between the fibres and matrix primarily through
shearing, and for this reason £45° oriented CFRP are gen-
erally more affected by frequency than [0°] oriented (UD)
CFRP [46]. £45° oriented CFRP experience greater mag-
ntiudes of deformational shear between fibre and matrix
than UD CFRP and as such convert more kinetic energy
into heat energy, which in turn reduces the stiffness of the
matrix material. At low frequency fatigue, the convec-
tion of heat from the sample to air may enable the matrix
to stay well below its glass transition temperature. How-
ever, under high frequency fatigue more heat is produced
within the composite and the temperature of the matrix
may rise above its glass transition temperature, which in
turn softens the matrix and greatly reduces stress transfer
between matrix and fibre, reducing thus the lifespan of the
composite [47]. Montesano [48] evidenced that heat pro-
duction in epoxy matrix CFRP fatigued over 7000 loading
cycles is inhomogeneous. The samples were loaded from
40% to 80% of the UTS and an IR (Infra Red) camera
used to monitor heat dissipation. At 80% of the UTS, a
higher crack density was noted to occur in localised areas,
which is presumed to have been the instigator of failure
(Figure 13). The self-heating vs fatigue stress study [45]
on a PA6.6 matrix CFRP comprising 2 stacking sequences,
[0]s and [45]s, revealed that under higher loading cycles,
the temperature of CFRP rises more swiftly and this leads
to exacerbated damage (Figure 14). This is because local
heat increases the mobility of polymeric chains and reduces
the stress transfer between the fibres and matrix, allowing
thus, greater straining and more pronounced damage of
the CFRP. Interestingly, the stacking sequence is as im-
portant in thermoplastic matrix CFRP as it is in ther-
moset matrix CFRP, [45]s sequence samples being more
affected by heat induced visco-plasticity than [0]s, once
again because these composites experience more internal
shear.

2.5. The effects of fibre sizing, properties and dimension

The strength of interfacial adhesion can be attributed
to; adsorption and wetting, inter-diffusion, electrostatic at-
traction, chemical bonding, and mechanical adhesion. In-
terfacial properties affect the fatigue behaviour of CFRP
[50]. Good adhesion at the fibre-matrix interface max-
imises the homogeneity of stress transfer from between
the fibres and matrix. Logically fibre sizing, which in-
fluences the strength of the interface, will also influence
the fatigue lifetime of CFRP. Broyles et al. [51] con-
sidered the influence of different types of fibre sizing on
the tension-compression fatigue of carbon fibre/vinyl ester
UD composites manufactured by resin infusion. Two dis-
similar sizing agents were used in the research; poly(vinyl
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Figure 12. Experimental self-heating curves for epoxy based CFRP
(a) [4+45/-45]2s, (b) [0/90]]2s, (c) [+45/-45/90/0]]s. From [44], re-
produced with the permission of Elsevier.

pyrrolidone) (PVP) a brittle thermoplastic, and phenoxy
resin (polyhydroxyether) a ductile thermoplastic. Both
were compared to unsized CFRP composites and both siz-
ings were shown to have an important effect on the fatigue
properties of CFRP. An increase of 60% in the fatigue life
was reported when phenoxy sized fibres were used, and
an improvement of 20% of the fatigue life reported for
the PVP sized fibres. Under similar loading conditions
(207 MPa), the lifespan of phenoxy sized CFRP compos-
ites was found to be 20 times greater than unsized CFRP
composites, Figure 15. Deng et al. [52] reported simi-
lar behaviour when researching 0° and 90° UD-CFRP un-
der tension-tension fatigue. In their study, treated carbon
fibre pre-preg composites showed an improvement in fa-
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tigue life when compared to untreated composites under
high imposed cyclic stresses. At lower cyclic stresses, fi-
bre treatment was noted to have a reduced effect on the
fatigue properties of CFRP.
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Figure 15. S-N curves of UD carbon fibre/vinyl ester composites
with and without sizing in tension-compression. From [51], modified
with the permission of Elsevier.

2.6. Short fibre CFRP composites in fatigue

Despite their superior properties, carbon fibres are not
usually used as short fibres (unlike glass fibres), since they
are more expensive. As such, their target areas are typi-
cally higher performance structures where long fibre rein-
forcements are needed [57]. Fsuchiyama’s [53] research on
randomly oriented CF (T300S, average diameter = 7 mi-
crometer) focused on the length (in a polyester matrix) re-
vealed that maximum flexural strength of CFRP occurred
at a carbon fibre length of 25.4mm. Hitchen et al. [55]
further demonstrated that the tensile properties of short
fibre epoxy-matrix CFRP were unaffected by the length
of carbon fibres up to 5mm within an epoxy matrix. In
their work, they found there was a significant reduction of
strength from S5mm to Imm carbon fibre reinforcements.
Caprino [54] attributed the difference in the fibre length
threshold to both the dissimilar loading modes (T-C vs
T-T) and the specific matrices used (polyester vs epoxy).
Generally, in static tension, mechanical behaviour is gov-
erned by the reinforcement, even though the length of the
fibres may be short (up to 3 mm) [54, 55, 56, 57]. Figure 16
shows how the CF aspect ratio influences the fatigue prop-
erties of carbon short-fibre reinforced plastics (CSFRP).
As the fibres are shortened, load transfer is less effective,
which results in the onset of early cracking. A 10,000 fold
reduction in the lifespan of CSFRP under similar loading
conditions has been reported for 1mm long carbon fibres
as compared to 15mm long carbon fibres [49].

In contrast to short fibre reinforced thermosets, short
fibre reinforced thermoplastics have received considerable
attention [58] since their manufacture through injection
molding is suitable for high tonnage, low cost production.
Mandell et al. investigated both GSFRP and CSFRP us-
ing various thermoplastic matrices, as well as neat PA-
66 Nylon, polyamide-imide (PAI), polycarbonate (PC),
polyphenylene sulfide (PPS), and polysulfone (PSUL) [59].
CSFRP with brittle matrices are more resilient to high-
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cycle fatigue as compared to GSFRP. This tendency is
nonetheless, less apparent when more ductile, thermoplas-
tic matrices are used. The authors postulate that the
cracked regions are more resilient to fracture in brittle ma-
trix composites than in ductile matrix composites, when
subjected to low cycle fatigue. This can be backed up us-
ing CSFRP thermosets as an example, as they are far more
resilient than CSFRP thermoplastics under high-cycle fa-
tigue. Recent efforts in recycling carbon fibre has renewed
a certain interest in the field of CSFRP for structural ap-
plications [60], as SFRP are an appropriate material to
make from recycled fibres and plastics.

2.7. Effect of processing/manufacturing defects on the fa-
tigue properties

The manufacturing of CFRP is somewhat complex as
there are many control parameters that require fine-tuning
to improve the final quality of the composite material. To
claim that the manufacture of defect-free composites is ex-
tremely difficult is by no means an exaggeration. There are
manufacturing challenges to be met if the fatiuge proper-
ties of CFRP composites are to reach a desirable theoreti-
cal level. Types of defects that have been identified as aris-
ing through the manufacturing process of CFRP include;
voids, curing, environmentally induced defects, and fibre
waviness or crimped tows. These are considered amongst
the more significant manufacturing induced defects that
affect the structural performance and thus, the fatigue life
of CFRP [61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71].

Void formation is possibly the most common manufac-
turing defect and is inherent to most composite man-
ufacturing techniques including resin-transfer moulding
(RTM), sometimes vacuum assisted (VARTM), both of
which are well described in the literature [61, 62, 63, 64, 72,
73]. Air entrapment within a composite can occur during
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the early stages of manufacturing as air bubbles can be-
come trapped in the matrix (as a viscous liquid resin) dur-
ing the impregnation and consolidation stages, or through
poor wetting of the filaments. The resultant formation
of voids can detrimentally reduce the intra-laminar and
inter-laminar properties of the final composite. Addition-
ally, volatile components or contaminants can create voids
by vaporisition during the thermal cycle [74]. In poly-
mer composites, voids have been shown to act as stress
concentrators and as a consequence, increase the likeli-
hood of delamination [75, 64, 65, 66, 67, 76, 61, 73], ad-
versely affecting the compressive strength [64, 77, 78], the
shear strength [79, 74, 65, 66, 80], the flexural properties
[67, 62, 81] and the fatigue properties [82, 83] of the com-
posite. S-N curves reveal that voids shorten the fatigue life
of a composite, and increases the rate at which the proper-
ties of the composite degrade from cycle to cycle (in both
T-T and C-C) [83, 84, 81, 69, 85]. A similar degradation of
fatigue life has also been reported for unidirectional CFRP
cyclically loading in flexure [83, 81].

Curing is a complex thermo-mechanical process with
several associated variables that may influence compos-
ite performance, both in the long and short terms. During
the manufacturing process of CFRP the resin will undergo
a curing reaction and it will transform into a solid. This
transformation can cause shrinkage of the resin and this in
turn introduces internal residual stresses within the com-
posite. Whereas, shrinkage is dependent on the physical
properties of the components and their reactions, the cre-
ation of residual stresses within a composite are ultimately
a function of the duration and temperature of the curing
cycle [67, 62]. The correlation between the appearance
of high levels of residual stresses and the fatigue perfor-
mance of composites (CFRPs) has been reported by many
(86, 87, 68, 88, 89]. These researchers have found that the
fatigue lifetime of CFRP decreases with a higher presence
of residual strains within the composite. Other critical
factors such as under-curing or over-curing, cure-induced
voids as well as thermal degradations due to temperature
overshoots, should be taken into account during the man-
ufacture of CFRP [90, 91, 88] as these can also reduce the
service life of the composite.

Fibre waviness and crimping are other problematic de-
fects arising through the manufacturing process. These
defects affect the quality of consolidation and thence the
fatigue life [92, 93, 88, 70, 94, 71]. Out-of-plane wavi-
ness affects the static compressive strength and stiffness of
composites, and decreases its fatigue life (C-C) [95, 96, 97].
The fatigue life of axially loaded CFRP with induced out-
of-plane fibre waviness, gives rise to a severe degradation
of the fatigue life properties of CFRP in (T-T) and (C-C)
loading [98, 70].

2.8. Effect of pre-existing damage on the fatigue properties

Post-impact damage fatigue can be a critical determi-
nant of the materials selection and design of CFRP compo-
nents, joints and parts [102]. The fatigue properties offered
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by CFRP, if lost through impact damage, may negate the
utility of this material in applications where impact and
fatigue are inherently coupled. There are various ways in
which impact will affect the structural integrity of a com-
posite. This will rely on various factors including; the ma-
terials (both fibre and matrix) making up the composite
[103, 104], the orientation and configuration of composite
laminates [105], the number of laminates, the thickness of
laminates [122], and the impacting material: its hardness,
mass and velocity at the point of impact.

Nevertheless, there are certain concepts that can be
taken as good starting points in the consideration of post-
impact fatigue. Following Nettles et al. [107], we can
broadly say that there is an implicit relationship between
damage size, residual strength in compression and the
number of loading cycles to failure in compression. Com-
pression tends to result in more prominent post-impact
fatigue damage evolution as compared to tension [108]
due to the repeated buckling of the composite encouraging
its delamination behaviour at the site of impact-damage
[112]. Cantwell et al [108] researched epoxy matrix CERP
laid up as [+45,—45,0,0, —45,+45,0, 0] using both non-
woven and mixed-woven layers, and found that the resid-
ual tensile strength of post-impact fatigued CFRP actu-
ally improved, whereas in compression it decreased. The
effect was more apparent in non-wovens and less so in
mixed-woven CFRP. Since they also noted that the ma-
jority of damage occurred between [+/ — 45] laminates,
much of the resistance to loading post-impact, falls upon
the [0] oriented laminates, which are inherently suited to
tensile resistance over compressive resistance as they are
geometrically unstable in compression, while have opti-
mal stress transfer in tension. The constant life model
a = f(1 —m)*(c+ m)¥ predicts the alternating stress
as a function of the mean stress for composites in fa-
tigue. Here, a is the normalised alternating stress, m
is the normalised mean stress, ¢ is the normalised com-
pressive strength, the exponents u and v characterise the
shape of the tensile and compressive wings of the bell
curve, and f is a function of the composite laminate ten-
sile strength. In post-impact fatigue, this model reveals a
distinct shift in the shape of the compressive part of the
bell curve, further clarifying the importance in defining
the type of loading that a composite will experience [110].
Certainly, it would seem that compression-compression
fatigue is the most damaging to post-impacted compos-
ites. Comparing post impact damaged composites under
tension-compression (T-C) and compression-compression
(C-C) fatigue, Mitrovic and co-workers reported almost
no difference in T-C damage mode between the undam-
aged and impact-damaged composites, whereas C-C fa-
tigue of impact-damaged composites at high stress lev-
els (70-80%) revealed extensive damage evolution [111].
Melin and Schon [112] further stipulated the post-impact
crack line follows the buckle in the CFRP material during
compressive fatigue, while Ogasawara and co-workers [113]
(using high strength T800S/3900-2B epoxy matrix CFRP)
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reported that in thick (32 ply) quasi-isotropic laminates
[+45,0,—45,+90,0,0]4s, that post-impact compressive fa-
tigue advances damage, but primarily within the bound-
aries of the impact-damaged region.

Cantwell and co-workers [108] also found that fibre ar-
chitecture had a dramatic impact on the evolution of post-
impact damage during fatigue. More specifically, they re-
ported that mixed-wovens exhibited less post-impact dam-
age evolution as compared to non-wovens, which displayed
a considerable growth from the original damaged region
during fatigue. Saito and Kimpara [114] researching multi-
axial stiched CFRP (VARTM manufactured) concluded
that the meeting of post-impact transverse cracks with
cracks propagating during fatigue, gives rise to stress re-
laxation in the composite. Stress relaxation is particu-
larly important when environmental factors such as water
and temperature, influence CFRP during post-impact fa-
tigue [115, 116]. The impact damaged area allows water
to ingress more effectively by creating open areas for wa-
ter to wick along fibre-matrix interfaces, and moreover in-
creases the area available for water diffusion. In both cases,
the impact area becomes more compliant and this cou-
pled with stress relaxation through interconnecting cracks
during fatigue, results in considerably reduced capacity
for post-impact fatigue load-bearing, with larger variances
between dry and wet reported in multi-axial (T700S-12K,
VARTM) over plain-woven (T300B-3K, VARTM) compos-
ites [115].

The type of material used to make up the compos-
ite also plays a critical role in the growth and propaga-
tion of post-impact damage. Uda and co-workers [117]
for example, report that impact induced delaminations
are greater in epoxy matrix CFRP (UT500/Epoxy) than
they are in thermoplastic matrix CFRP (AS4/PEEK).
This is presumably due to the greater polymer com-
pliance in thermoplastics as compared to highly cross-
linked thermosets. This is one of the primary reasons
for why thermoplastic phases are considered judicious ad-
ditions to thermoset matrix CFRPs as a means to im-
proving their impact and post-impact performance [103].
Multi-wall carbon nanotubes (CNT) are also considered
a means to redistribution of impact/post-impact ener-
gies within a composite and have been detailed by [118].
Using quasi-isotropic [0, +45, 90, —45]o; CFRP laminates,
they reported a marginally higher load bearing capacity
for CNT infused CFRP over a compression-compression
(R=10 at 10Hz) fatigue life, though it might be less in-
dustrially applicable once the CNT costs are taken into
consideration.

Gemometrical parameters [119], alongside material and
loading parameters are also necessary considerations in
post-impact fatigue analyses. The energy of impact can
have a critical effect on the fatigue life of a composite.
Symons and Davis [120] report a decade decrease in the
fatigue life of T300/914 quasi-isotropic layup carbon fi-
bre/epoxy when impact pre-fatigue impact energies were
increased from 5J to 10J (T-C cycling at R = —1). Im-
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portantly, they note only slight variations in the damping
ratio, A between 0.65 and 0.7 for their composites between
10 cycles and 65,500 cycles. This indicates that these com-
posites retain much of their brittle character throughout
the entire loading cycle. The damping ratio here is calcu-
lated as A = 5—; where u, is the energy absorbed per cycle,
uq = [ ode, and u,, is the maximum strain energy stored
per CyCIGa Um = %Umaremam + %O—minemin- SymOHS and
Davis work also reports considerable post-impact damage
evolution under fully reversed T-C cycling, more promi-
nently in the case of higher pre-fatigue impact energy.
This is a different outcome to that reported by Mitrovic
et. al. [111] who researched considerably lower energy
impacts (up to ca. 2J) and clarifies thus, the importance
of recognising the extent of impact damage prior to fa-
tigue on damage evolution. Higher velocity impacts, and
thus impact energies, will cause more damage composites
[121]. Altering the geometries of impacted/fatigued mate-
rials can of course alter the extent to which a projectile will
cause damage. Tai et al. [122] for example, studying quasi-
isotropic T300/976 carbon/epoxy composites, report that
stiffness losses in T-T post-impact fatigue are alleviated by
increasing the composite thickness. This in turn increases
material costs and weight, which is unhelpful when weight
saving is a primary goal in using CFRP.

2.9. Effect of fibre architecture on the fatigue properties -
2D CFRP composites

The use of UD laminates is not practical in a plethora of
real-world engineering composite structures. Textile com-
posites offer higher drapability [123], which is needed in
the manufacture of curved structures. Textiles also are
also easier to handle, are consequently less laborious to
work with, and automation with this material is fairly
well established, resulting in high volumes of production.
Textile composites also possess higher interlaminar frac-
ture toughness properties than straight fibre composites.
However, the fibre waviness in textiles leads to the devel-
opment of localised stress concentrations on loading. In
the case of woven composites, the static tensile strength
and Young’s modulus is 15-25% and 20%, respectively,
when compared against equivalent fibre-dominated UD
composites [124]. Contrarily when the composite layups
are matrix-dominated the modulus does not reduce and
there is in fact anobserved increase of 10-15% in the static
tensile strength when compared to UD composites[124].
This is due to fibre-overlap, which reduces in-plane shear
deformations and delamination. In compression, the pres-
ence of crimp in textile fibres encourages the formation of
kink bands, leading to a reduction in static strength when
compared against equivalent UD composites[125].

The fatigue response and damage mechanisms observed
in textile composites are different to those of UD com-
posites. In woven composites tested in on-axis (T-T) fa-
tigue [126, 127, 128], cracks first develop in the weft yarns,
perpendicular to the loading direction. As these cracks
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grow, breakage of isolated axial fibres occurs, followed by
meta-delaminations (i.e. decohesion of warp and weft fibre
bundles), which eventually join at ply boundaries to form
interlaminar delaminations. Final failure occurs abruptly
when large numbers of axial fibres break at the same time.
In the case of (T-C) fatigue [124, 126, 128], delaminations
and transverse cracks develop simultaneously, making fi-
bre bundles weaker against buckling. Final failure tends
to occur during the compression load of the (T-C) fatigue
cycle [128]. This is because the fibre bundles in external
plies buckle from a lack of adjacent ply support, while in-
ternal plies experience fibre bundle kinking, which in turn
leads to final failure. These mechanisms lead to out of
plane deformations and accelerates damage propagation
in (T-C) fatigue as compared to (T-T) fatigue. This is ev-
idenced by the steeper S-N curve observed in (T-C) fatigue
[124]. Very little has been reported on the off-axis fatigue
testing of woven composites [124, 129, 130]. Nonethe-
less, it has been shown in 45° bias fatigue, that dam-
age initiates in the composites through matrix cracking
in resin rich regions [124]. This is followed by the forma-
tion of meta-delaminations, which subsequently coalesce,
and lead to relative displacements between warp and weft
bundles. The final failure is caused by bulk delamination
between the warp and weft bundles. Matrix dominated
damage leads to very high strains to failure (up to 20%)
[130]. Kawai et al. [129] compared the fatigue proper-
ties of plain woven carbon/epoxy laminates at 0°,15°, 30°
and 45° from the warp fibre direction. The on-axis testing
exhibits a straight line on a log-log S-N curve up to 10°
cycles, and shows no apparent fatigue limit to within that
number of cycles. Off-axis laminates exhibit an S shape
on a log-log S-N plot with an increase in slope in the inter-
mediate range of fatigue life (10* cycles), which shows a
greater sensitivity to fatigue than the on-axis tested com-
posites. However, in the high cycle range (> 10* cycles),
the S-N curve flattens, demonstrating the existence of a
fatigue limit. Cracks in woven composites can arise in the
weft direction even at just 10% of tensile strength [131].
The fatigue failure mechanisms of woven composites are
highly complex as they vary depending not only on the
type of loading and direction, but also on the layup.
Knitted composites are an alternative to woven com-
posites as they have enhanced drapability and a higher
impact resistance when compared against other textile-
based composites. They can also allow the manufacturing
of composites with certain features such as holes already
incorporated whilst maintaining continuous fibres. How-
ever, very few papers can be found in the literature where
their fatigue properties are researched. Pandita et al. [132]
compared the fatigue properties of plain woven and knitted
fabric composites under (T-T) fatigue. Initial failure oc-
curs in the form of bundle debonds. In the locations where
the fibres are off-axis to the loading direction, the meta-
delaminations were the damage modes that were found to
propagate fastest. This leads to a realignment of the fi-
bres and hence a slower subsequent growth of the debond.
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In some cases the debond jumped between two fibre bun-
dles creating continuous matrix cracks. The final failure
occurred through fibre pull out. When the S-N curves
were normalised by the ultimate tensile stress, the knitted
composites were shown to perform similarly to woven lam-
inates in the on-axis direction, though much better in the
bias (45°) direction. A stiffness reduction of around 10%
was observed for knitted composites regardless of the load-
ing direction, which was similar to that observed for the
on-axis woven specimen, but was much lower than the 50%
degradation observed during the 45° off-axis plain woven
fatigue test. The same trend was observed for the residual
strength during fatigue.

Similar to knitted composites, very little literature can
be found on the fatigue properties of braided composites.
Three different braid angles (25°, 30° and 45°) were stud-
ied by Kelkar et al. [133, 134]. They reported that the
strength and stiffness of braided laminates decreases as a
function of increasing braid angle. Yet, the fatigue proper-
ties (normalised by the ultimate tensile strength) were also
noted to as being independent of the braid angle. A high
endurance limit of 40-50% of the utlimate tensile strength
was found, although only one million loading cycles were
applied and as such, a fatigue test with a higher number
of cycles would need to be carried out to confirm that this
represents a fatigue limit. A sudden final failure mode,
with no visible cracks or delamination of the plies was ob-
served which would be problematic as it would be difficult
to detect damage progression. Montesano et al. [135] stud-
ied the fatigue of triaxially braided polyimide composites
at room temperature and at 225°C. They found that al-
though the static properties are not really impacted by the
temperature increase, there is a reduction in fatigue life at
elevated temperatures. Even though the higher temper-
ature led to matrix softening (thus mitigating the initial
dominant damage mechanism of braided yarn cracking),
the crack density of the composite was noticeably higher
at the elevated temperature, leading to a shorter lifetime.

2.10. Effect of fibre architecture on the fatigue properties
- 3D CFRP composites

Composite mechanical properties are usually tailored in
2D via stacking sequences, depending on the properties
required by creating the structure (e.g. shear: +45°, lon-
gitudinal: UD 0°, uniform: quasi-isotropic). Neverthe-
less, 2D reinforced composites are prone to delamination
due to relatively poor interlaminar properties. This is es-
pecially true in fatigue. 3D composites may be used to
tackle this intrinsic weakness of 2D composites [136, 137].
Industrially, the use of a 3D preform greatly simplifies the
out-of-autoclave (RTM) manufacturing cycle, saving time
and money [138]. A through-thickness fibre reinforcement,
such as 3D woven, stitched, tufted, z-anchor or z-pinned,
as referenced by Mouritz [139], improves considerably, the
interlaminar fracture toughness [140], the damage toler-
ance, the impact resistance, and it limits the propagation
of macro-delaminations [141] as compared to 2D material.
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However, the in-plane properties of composites are lower
than those of straight fibre engineering composites. An
extensive study of Mouritz and Cox [142] for example, re-
veals a loss of modulus and strength in quasi static tension,
bending, and compression of 3D composites as compared
to their 2D counterparts. A loss in the fatigue strength
and fatigue life has also been reported [142] in many cases,
with some notable exceptions, e.g. Aymerich and Priolo
working with [02/90]s graphite based CFRP with Kevlar
z-reinforcement in (T-T) fatigue [143]. Mouritz and Cox
claims that, if the initial monotonic strength difference
is discarded by normalising the S-N curves, the trend is
then similar in some cases. This so called, knockdown-
behaviour, was demonstrated in compression for a [0, 90]s
stitched CFRP [144], as well as for [£30, 90]s flexure z-
pinned CFRP [145]. Exceptions can be noted, such as
[+45/ — 45/0/90]s quasi-isotropic stitched CFRP in ten-
sion [144], where stitched composites performed better at
high normalised fatigue stresses, and unidirectional (UD)
z-pinned CFRP in tension, where the normalised fatigue
life was decreased by increasing the pin content and diam-
eter [146].

As expected, the fatigue properties of 3D composites
differs from 2D composites and this depends on several
parameters, one of which is the type of reinforcement used
in the z-direction. In this section, we will focus on each of
the following reinforcement types: 3D woven, 3D stitched,
z-pinned and 3D braided.

3D woven composites are standard fabrics with fibres
running in the x-(warp) and y-(weft) in-plane directions,
with a z-yarn binding the fabric layers. There are two main
types of 3D woven composites: interlock fabric, where the
z-binder is interlaced with the in-plane yarns, and orthog-
onal fabric, where the z-binder holds in place the entire
stack of 2D fabrics, thus avoiding crimp and maximising
the in-plane stiffness [139]. Carvelli et al. [147] showed
that there is a dependency of these composites on the
loading direction (when comparing 2D and 3D wovens)
[0,90]s orthogonal CFRP in both warp and weft directions
and tested in (T-T) fatigue. The fatigue performance of
the 2D samples were in between weft (lower) and warp
(higher), although the difference was marginal, especially
when considering the propensity for scatter when it comes
to fatigue of CFRP. Rudov-Clark and Mouritz investigated
the influence of volume content of z-binder yarns on the
fatigue properties of 3D orthogonal woven CFRP in (T-
T) [148]. Adding z-binder reduced the normalised load
cycles-to-failure, which indicates that the 2D CFRP com-
posites have better fatigue properties. They postulate that
this deterioration was caused by the fibre arrangement, the
formation of resin-rich channels, and through fibre damage
due to the weaving process.

3D Stitched fabrics are manufactured by sewing a yarn
through multiple 2D fabrics layers. Sewing methods vary
from the use of simple orthogonal needles to robotic ma-
chines with needles working at different angles simulta-
neously [149]. The microstructures created by the stitch-
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ing process influence the monotonic mechanical properties,
and the final 3D stitched composites sometimes display
better, sometimes worse moduli and failure strengths as
compared to 2D composites [139, 142, 149, 150]. There is
nevertheless, little doubt that the delamination toughness
[151] and impact resistance [152] always improve through
stitching. In fatigue, stitching can be beneficial [143],
detrimental [142] or neither beneficial nor detrimental, de-
pending on the influence of the stitch on properties such
as stiffness and strength. In 3D woven composites, resin
rich regions close to the stitches introduce weak spots in
the composites. The fatigue properties are also influenced
by fibre related issues intrinsic to the manufacturing route
such as tow waviness, crimping and fibre damage/breakage
[153]. In (C-C) fatigue, the misalignment of tows accel-
erates micro-buckling and kinking [154], thereby reducing
the fatigue life of stitched 3D composites. In (T-T) fatigue,
tow waviness and fibre damage/fracture is responsible for
a reduced fatigue life. In both cases of (T-T) and (C-C)
fatigue, the initial in-plane strength to failure and stiffness
knockdown from the original 2D composites contributes to
the shortened fatigue life of 3D stitched fabrics.

Z-pinned composites are stacked 2D fabrics or prepreg
laminates reinforced through-thickness using thin rods
called z-pins, made of extruded metal or pultruded fibrous
composites. The most common way of inserting the pins
is by use of an ultrasonic device [155]. The z-pinning of
CFRP either decreases, or has no effect on the fatigue life
in both (T-T) and (C-C) fatigue [145, 146, 156, 157]. In-
creasing the pin content and diameter beyond a critical
threshold does however reduce the fatigue life [146], the
threshold being specific to the CFRP system pinned. As
for the other 3D CFRP through-thickness reinforcements,
the z-pins cause crimping, misalignment and breaking of
the fibres. Carbon fibre distortion and crimping encour-
ages microbuckling in (C-C) fatigue [142, 156], while wavi-
ness and fibre breakage reduces the (T-T) fatigue strength
[145, 146].

3D braided composites processing technologies are fairly
complex and can be grouped into three categories: 3D
braided fabrics, 3D axial-braided fabrics, multiaxis 3D
braided fabrics, as reported in Bilisik review [158]. From
a mechanical standpoint, 3D braided CFRP are serious
competitors as they exhibit high stiffness, strength energy
absorption and fatigue properties [159]. Furthermore, 3D
braided CFRP are flexible, allowing for the easier manu-
facture of complex parts (near-net-shape) than standard
CFRP counterparts [137]. Quasi static tests in tension
display an initial stiffening effect due possibly to changes
in crystalline orientations [160] and local fibre orientations
in the loading direction [159], before softening occurs due
through the accumulation of damage. Carvelli et al. [161]
compared the normalised S-N curves of UD-CFRP with 3D
braided CFRP in (T-T). The results from their study are
significant, as they show that 3D braided CFRP is the only
CFRP architecture with properties improved upon those of
standard UD-CFRP. 3D non-crimp woven and non-crimp
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stitched are similar to standard UD-CFRP under low cycle
fatigue, but are inferior under high cycle fatigue [159].

2.11. Effect of open holes and notches on the fatigue prop-
erties of CFRP

As understood from the previous section, the fatigue
properties of 3D composites are inferior to equivalent 2D
composites. This is due to a knockdown in the in-plane
mechanical properties and extra premature failures aris-
ing from imperfections within the composite architecture.
Nevertheless, when delamination is a primary mode of fail-
ure, stitches, pins and z-yarns do in fact, slow down the
propagation of cracks that are initiated from edge delami-
nations [144, 154]. This also improves the fracture tough-
ness [140, 162], and can extend the fatigue life of 3D com-
posites. Composites have a higher propensity towards de-
lamination when they have from macroscopic defects [163].
Therefore notched, lap jointed and open hole composites
can actually benefit from such z-direction reinforcements
[164].

Bolted joints are an effective way of mechanically con-
necting composite parts [165]. The circular shape of bolts
can be beneficial in delocalising stresses. Driled holes are
macro-defects and can reduce the ultimate strength of a
composite by ca. 50%, depending on the stacking sequence
[166]. Indeed, open hole CFRP are more prone to cracking
through delamination and as such, improving the through-
thickness performance of CFRP is recognisably important.
Undamaged 3D CFRP, though weaker than undamaged
UD CFRP, has a better resistance to macro-delamination
(as described above) and this results in the improved fa-
tigue performance of 3D composites over UD composites
when the samples contain macro-defects such as open holes
(3D woven [167] or stitched [168]) and notches [169, 170],
with normalised S-N curves. One notable exception can be
found in Tsai et al. [171] who showed that the superposi-
tion of normalised S-N curves for notched and unnotched
samples of 3D woven CFRP were almost identical. Ini-
tially cut fibres (ICF) CFRP have been recently scrutinised
by the composite community due their unique ability to
form complex shapes while retaining excellent mechanical
properties, close to those of continuous fibre laminates. As
complex structures are often required in the industry, new
composite manufacturing routes have to be developed and
properties have to be examined. Sudarsono et al. [172]
investigated the influence of open holes on the fatigue per-
formance of quasi isotropic ICF CFRP manufactured in
autoclave (ICF-A) and through press moulding (ICF-P),
and compared against standard CFRP (continuous fibre).
They reported that the fatigue strength of ICF-P was
about 20% that of the ICF-A, and was slightly higher than
that of the continuous CFRP. One way of avoiding macro-
damage through bolting is to co-cure structures, thereby
creating composite joints. Although the mechanical prop-
erties of bolted structures are usually superior to those of
joints, the one shot curing of large structures can be an
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economical advantage (e.g. in renewable energy turbine

blade technologies) [173].

3. Environmental effects on the fatigue perfor-
mance of CFRP

As has been previously mentioned, CFRP is a mate-
rial of choice that is gaining ubiquity in several industrial
sectors including in transportation, renewable energy and
construction. Its fatigue durability will nevertheless be af-
fected by environmental factors, which may be more or less
extreme depending on where it is applied. When used in
fixed-wing aircraft for example, CFRP can be subjected to
extreme variations in temperature ranging from ca. -55°C
when cruising at altitudes of 7-10 km up to +30-50°C if
landing or remaining stationary in e.g. equatorial coun-
tries. CFRP used e.g. tidal blades are in submerged con-
ditions where water ingress into the bulk of the material
is inevitable. Additionally, there are pressure fluctuations
that affect submerged blades and these will collectively af-
fect the mechanical integrity of CFRP [174]. If CFRP is
used over its service-life, which in tidal blades should be
20-25 years, then there will be a degree of aging that affects
the composite properties, which is important to factor into
life-time predictions as polymer aging weakens a composite
and alters its molecular structure, making it more prone
to interatomic peeling modes of failure, otherwise known
as fast-fracture. The following sections highlight the ef-
fects that different environments and conditions have on
the mechanical and fatigue performance of CFRP.

3.1. Effects of temperature on CFRP and fatigue

Environmental temperatures tend to affect the bulk of
the polymer matrix, and the interfaces of CFRP, more
so than the fibres themselves. Carbon fibres begin the
process of decomposition at ca. 300°C, which is usually
far beyond its utility temperatures when embedded in a
polymer matrix to form CFRP. Using PAN based fibres,
Sauder and co-workers [175] report the stiffness of carbon
fibre as being still above 90% of its original value at tem-
peratures of 1600°C (remaining almost unaffected below
temperatures of 1000°C), whereas the strength of the fi-
bres actually increased to an apical value of 2850 MPa
at 1800°C, after which it decreased to a room tempera-
ture value at 2000°C. In further testing on a rayon-based
carbon fibre, they found the same behaviour to be true,
though Sauder and co-workers were unable to elucidate a
mechanism-based reason for this phenomenon. It is possi-
ble that this phenomenon is implicitly linked to the initial
heat treatment temperature (HTT) of the carbon fibres,
as this has been shown to alter the thermal conductivity
of the fibres at different temperatures ranging from 500-
2500 K [176]. Under reduced temperatures, carbon fibres
retain their resilience and unlike polymers, tend not to be-
come more brittle. Polymers are affected by changes in
temperature, becoming softer under higher temperatures
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and more rigid and brittle at lower temperatures. As such,
it is the polymer component (and its interface with fibres)
that limits the thermomechanical effectiveness of CFRP.

Temperature cycling affects the physical continuum of
a CFRP composite. Cycling the ambient temperature
around epoxy matrix CFRP between ca. -50°C and 150°C,
causes the growth of micro-cracking parallel to the fi-
bre axis beyond approximately 100 cycles in unidirec-
tional (UD) laminates and within 10 thermal cycles for
angular-ply samples [177, 178, 179]. Cracking can be in-
duced at earlier cycles by reducing the temperature further
[180, 181, 182, 183]. Micro-cracking reduces the mechan-
ical performance of CFRP and according to Kaw [184],
tends to instigate from the interfaces of the composite
(where matrix materials and fibre sizing diffuse into one
another creating a weak boundary layer). It can moreover
be logically inferred that hot and cold expansions and con-
tractions, respectively, increase localised stresses between
the fibre and matrix materials, thus damaging the inter-
faces [185, 186, 187, 188]. The idea that thermal cycling
can affect the composite properties within such a short
number of cycles is of importance as thermal cycling in
e.g. fixed wing aircraft and wind turbine blades is regular
and the integrated design of CFRP within these structures
should account for the impact of thermal cycling over the
expected product service-life, alongside the degradation of
CFRP properties due to fatigue.

The fracture behaviour of quasi-isotropic CFRP lami-
nates (UT500/135 and T800S/3900-2B) in flexural fatigue
is affected by temperature in that; whereas under ambi-
ent or low temperatures fractures tend to be localised to
the outermost fibres of the flexural specimen, as temper-
atures increase, so too does the depth at which fractures
will propagate [189]. This brings to light the more adverse
effects of high temperatures on the fatigue life of quasi-
isotropic CFRPs as damage propagation under higher tem-
peratures will more detrimentally affect their residual load
carrying capacities. These fracture patterns are very dif-
ferent to the temperature induced fracture patterns of uni-
directional CFRP under flexure, which at lower tempera-
tures (60°C) are tensile fracture dominant, at mid-range
temperatures (130°C) are compressive fracture dominant
and at very high temperatures (260°C) exhibit microbuck-
ling [189]. Quasi-isotropic laminates are somewhat special
materials as they exhibit several fibre orientations. Fi-
bre orientation tends to guide fracture in composites how-
ever, fibre orientation specific fractures are also affected
by both cyclic loading, and temperature [190], with 45°
oriented coupons showing the largest variation in failure
pattern from equivalent tensile fractured samples. What
is interesting is that when comparing the S-N curves of
[0]s and [0,0,+45, —45] from —20°C to +100°C, it can
be shown that [0]s composites have a larger overall re-
duction in their strength properties than [0, 0, +45, —45],,
though the rate of decline in strength is greater in the
[0,0, 445, —45], as compared to the [0]s composites [191].
Similarly, Wu found that the [0/45] orientations were
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hardly affected by heat (up to the curing temperature) in
terms of strength degradation, but that [0/90] would lose
considerable strength under fatigue as a result of heating
[192]. As such, it would make sense to use high tempera-
ture resistant CFRP in cross-ply CFRP (e.g. AS4/PEEK,
G40-800/5260) [193] however, even these are ultimately
subject to the properties of the matrix materials, and the
orthotropy of CFRP laminates. Premature fatigue fail-
ure through matrix-cracking [194] in cross-ply CFRP at
higher temperatures can nevertheless be circumvented by
increasing the thickness of the plate through the addition
of extra constituent plies within the plate [196].

Miyano and co-workers [197, 198] posit that the ten-
sile fatigue life of time and temperature dependent unidi-
rectional CFRP can be predicted if four hypotheses are
applied to the predictive model. Their predictions are
quite accurate for CFRP using PAN based carbon fi-
bre/epoxy composites [197] and T300/2500, T300/PEEK
and XN40/25C composites [198]. The four hypotheses
upon which their model is based include:

1. That failure at a constant strain rate, in creep and in
fatigue are the same

2. That the same time-temperature superposition prin-

ciple is used for all failure strengths

That the model uses a linear cumulative damage law

for monotonic loading

That there is a linear dependence of fatigue strength

on the stress ratio.

3.2. Effects of water on CFRP and fatigue

Moisture and water enter CFRP composites through
mixed modes of Fickian-diffusion [199, 200, 201], filling
of voids within the matrix bulk [202], and wicking at the
fibre-matrix interfaces [203]. The volume of water that
will enter CFRP will therefore depend highly on the type
of matrix polymer that is used. Epoxy matrix CFRPs tend
to gain more weight through moisture absorption than
vinyl ester and urethane acrylate based CFRPs [204] since
epoxides have molecular structures with larger numbers of
hydrogen bonding potential per unit volume than esters
and acrylates. Similarly to heat-induced swelling, CFRP
will swell when water enters its structure and the extent
of swelling will determine the level of damage caused to
the interfaces through both shear [205] and compressive
movement [206]. The logical consequence of water ingress,
swelling and the internal localisation of stress, is that the
mechanical properties of CFRP are detrimentally affected
[174]. The affect of water absorption into CFRP has been
summarised with respect to damage mechanisms by Selzer
and Friedrich [207]. In their paper, they find that all forms
of damage occur in water saturated CFRP at lower stress
levels than for dry materials. Cracking in 90° layers will
occur prior to cracks in 45° layers, which are precursors
to delamination. Importantly, the ratio of catastrophi-
cally failed CFRP to damage free CFRP is ca. 4.5:1 in
fully water saturated composite, while it is only 3.2:1 in
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dry CFRP, indicating that fatigue damage tolerance is ap-
proximately one-third less in wet CFRP as compared with
dry CFRP. There are nevertheless, distinct differences be-
tween Mode I and Mode II cracking of CFRP in water
and dry conditions. [208]. Mode II cracks tends to dom-
inate with respect to water absorption time, while Mode
I cracking is guided by the number of loading cycles im-
posed on the material. The Mode II maximum energy re-
lease rate of water conditioned end notched epoxy matrix
CFRP (T800/3900-2) flexure specimens in fatigue tends
to be lower than equivalent dry samples [208] and this
presumably relates to the plasticisation of matrix mate-
rial by water absorption [208, 208]. Komai et al. [210]
further hypothesise (using T-1/347 and MM-1/982X +45
CFRP laminates) that the water induced swelling of ma-
trix material increases the concentration of stress at fibre-
matrix interfaces and between individual laminates. This
in turn causes microcracking at the fibre-matrix and inter-
laminar interfaces, as well as interfacial debonding [211],
which promotes further water absorption and results in
a rapid degradation of the fatigue life of water-immersed
CFRP as compared to dry CFRP. This said nevertheless,
the dimensions of larger scale fractures in cyclically loaded
CFRP are an inverse function of water content. Chiou and
Bradley [212] using [+45/0/ —45/90]s epoxy matrix CFRP
(IM7/TACTIX556) find that the crack area does in fact
decrease with the CFRP moisture content. This highlights
a clear difference in understanding the role of fracture and
their locations within CFRP. It could be postulated based
on these reports, that microcracks in the early stages of
fatigue are confined to the interfaces. As they build up
they encourage greater water absorption and thus, plasti-
cisation of the matrix. At the later stages in the fatigue
life (cf. Figure 10) larger scale fractures dominate failure
and the crack areas of highly plasticised CFRP are re-
duced as there is more plastic deformation of the matrix,
and thus reduced matrix cracking (as compared with dry
CFRP). The properties of the matrix materials in CFRP
are also a guide to the mechanisms of failure [213] since
polymers absorb water at different rates, swell to different
extents, and are also mechanically affected by water to dif-
ferent levels. PEEK for example is a semi-crystalline ther-
moplastic polymer with excellent properties of toughness.
The hygrothermal conditioning of PEEK matrix CFRP is
reported to have little influence on its T-T fatigue life com-
pared to dry composites [214]. This is in stark contrast to
epoxy matrix CFRP, which shows not only a strong de-
cline in properties compared to dry composites, but are
moreover highly sensitive to the loading regimen (R ratio)
[215, 216, 217, 218].

4. Fatigue damage in CFRP composites

Composite fatigue damage mechanisms are complicated
because composite materials are intrinsically inhomoge-
neous. Fatigue can be characterised by the initiation
and growth of damage. This includes different competing
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modes of damage, as well as the complex interactions that
occur between them [219, 220, 221, 222]. Different stages
of damage can be described by the Paris law [223]. In this
law, the crack growth rate correlates to the applied energy
release rate of the composite. However, damage initiation
is still somewhat of a conundrum and has been only spars-
ley touched upon in the literature. A simple expression
reported by Corten et al. describes the phase of damage
initiation as the time required for a crack to form and reach
a detectable size [224]. Figure 17 shows the evolution of
cyclic damage in composites, as has been reported in lit-
erature [224, 225, 226]. Three distinct stages are shown in
Figure 17. In the 1st stage intralaminar cracking occurs,
where cracks along the fibre-matrix interfaces or within the
matrix can propagate parallel to the fibre orientation. The
2nd stage is characterised by interlaminar shear stresses,
resulting in crack growth between the fibre-plies (delam-
ination). In the 3rd stage, fibre breakage occurs trans-
verse to the orientation of fibres, resulting in fibre or fibre
ply breakage [224, 225, 226]. A schematic representation
of the aforementioned three modes of damage in FRP is
provided in Figure 18. Understanding and standardising
test methods related to delamination and fracture tough-
ness has been a focus point in numerous research articles
[227, 228, 229, 230]. Generally in composites, fatigue dam-
age can take the form of any or all of the following; ma-
trix cracking and fibre-matrix interfacial debonding in the
off-axis layers, delamination, fibre fracture, matrix failure,
fibre micro-buckling and void growth. These forms of dam-
age may interact with one another to transform damage
from one form to another. Figure 19 illustrates damage
evolution during the fatigue life of a composite laminate
with 0° plies and off (loading) axis plies [219].
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Figure 17. Fatigue damage evolution in composites. Inspired by the
work of [225].

Structural components made of CFRP are often sub-
jected to complex fatigue load histories. To simplify the
analysis of fatigue damage, researchers usually use con-
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Figure 18. Representative delamination modes in FRPs: (a) in-
tralaminar failure between the fibre layers (b) delamination and (c)
fibre breakage.
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Figure 19. Damage modes and the characteristic damage state
(CDS) during the fatigue life of composite laminates. Inspired by
the work of [219].
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stant stress ratios, R, frequencies and comparable wave-
forms. The fatigue life of CFRP composites is highly de-
pendent on the stress ratio [17, 231, 232, 233, 234, 235,
236, 237, 238, 239, 240, 241, 242, 243, 244, 245] and this
influences the shape of the S — N curve, which typically
follows the form S = opy(mlogN + b), where S is the
maximum fatigue stress, N is the number of cycles to
failure, opy is the average static strength, and m and b
are constants where m describes the slope and b is the
stress intercept of the S — N curve. It is worth noting
that low values of m and high values of b indicate a high
fatigue strength. Unlike the fatigue analysis of metal-
lic materials where a linear Goodman [246] diagram has
broadly been used to identify fatigue limits, for CFRP
laminates, the fatigue limit cannot be determined using
a simple linear approach. An effective method of evalu-
ating S-N curves for CFRP with constant amplitude fa-
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tigue loading at different R values is through a constant
fatigue life (CFL) diagram, Figure 20, [244, 245]. CFL di-
agrams describe the fatigue behaviour of CFRP plotting
the alternating stress amplitude against the mean stress.
These diagrams become asymmetric due through differ-
ences in the tensile and compressive strengths. The alter-
nating stress amplitude form the fatigue loading of CFRP
laminates tends to take a maximum value at a nonzero
mean stress [241, 242, 247, 243]. For this reason, many
systematic studies that have been carried out to identify
the most suitable method to recognise a CFL diagram for
CFRP laminates in fatigue. Many posit that these are
bell-shaped curves, regardless of the types of carbon fi-
bres and matrix resins used [239, 241, 242, 247, 243]. The
CFL diagram for has been used for several different kinds
of CFRP laminates [248, 249, 250, 251, 252, 253, 254].
Recently, it was shown by Kawai(2016)[255] that a uni-
directional carbon/epoxy composite, under (T-T) loading
(0 < R< 1) and (T-C) (R < 0) loading, has a steeper S-N
curve slope than (C-C) loaded (R > 1) composites. This
observation is consistent with the quasi—static behaviour of
the composites, which are stronger in tension than in com-
pression. Additionally, Vassilopoulos et al. [256] showed
that the S-N curve at R = 0.1 was steeper than that at
R =10 due to that the accumulation of matrix cracks un-
der tensile fatigue loads was more pronounced and more
catastrophic. However, for specimens cut in the transverse
direction (90°), the most critical loading mode seems to be
in (T-T) at R = 0.1, compared to those of R = —1 and
R = 10, as reported by Vassilopoulos et al. [256]. Here,
the absence of fibres along the loading direction made the
material more vulnerable to (T-T) loading. In addition,
the authors showed that for on-axis composites that failed
due to fibre breakage, the reversed loadings (R = —1) was
more detrimental to the fatigue life than the tensile load-
ings (R =0.1).

The degree of fatigue damage in CFRP relates to the
properties of the fibres and matrices. Relevant properties
include fibre size, stiffness, strength, orientation and stack-
ing, and the viscoelastic properties of the matrix polymer.
Composites containing stiff fibres such as carbon are often
considered as being more resistant to fatigue that lower
stiffness fibres. This is because they are more adept at
carrying load and as such, the weaker component of com-
posites (the polymer matrix), will extend less as a func-
tion of loading when the fibres are stiff, thereby reduc-
ing matrix damage. The loading modes are important
as they govern the dominant damage mechanisms in fa-
tigue, the most damaging loading mode being acknowl-
edged as tension-compression (T-C). Fibre failure crite-
ria under such modes can be either tensile or compres-
sive [30, 257, 258|, with compressive failures often insti-
gated by cross-shear within the fibres, or buckling rupture
of the fibres [261, 262, 263, 264]. Tensile fibre failures
contrarily [259, 260] can be associated to fibre pull-outs
by debonding, and fibre cross-fractures. This said, fibre
pull-outs by debonding are in fact, a function of the bond
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shear strength between the fibre and matrix. Compres-
sive failure is sometimes considered a design limitation
in UD CFRP, since compressive strengths of UD CFRP
are often less than 60% of their tensile strengths. Ma-
trix failure in fatigue may occur either within a ply, or
between plies (delamination). Matrix failure may also
occur at the fibre/matrix interface, which in turn leads
fracture propagation away from the interface and into the
matrix bulk. CFRP delamination occurs due interlam-
inar stresses generated between the plies, and is often
a result of cracks/voids in the matrix phase [265, 229].
Gamstedt et al. [18] researched the influence of matrix
type on fatigue life in UD CFRPs using both thermoplas-
tic (polyetheretherketone, PEEK) and thermosetting ma-
trices (epoxy toughened with a thermoplastic additive).
The two composite cases were loaded in tension-tension
along the fibre direction and fatigue tests revealed that
the thermoset matrix CFRP had a higher resistance to
fatigue failure than the thermoplastic matrix CFRP, the
fatigue life being most likely guided by matrix cracking
[266, 267, 268]. Petermann et al. [232] studied the fatigue
life of carbon-epoxy laminates with £45° angle-ply orien-
tation under tension-tension at high stress ratios (between
0.40 and 0.86 times of the static tensile strength). They
reported that fatigue damage was governed by cyclic creep
due to the absence of 0°-layers angle-ply laminates [232].
It is well-established that the stress ratio affects delami-
nation and delamination growth [229, 269, 270, 271, 272].
Other causes of delamination may arise through machin-
ing and/or the cutting of FRP laminates, residual stresses
from the manufacturing process (e.g. curing), or mate-
rial irregularities and geometrical characteristics including
edge effects, holes and ply-drop offs [20].

Delamination is a failure mode possibly requiring the
least amount of energy. It is hence a major source of con-
cern for composite designers [273]. The fact that this is
difficult to detect during service makes this a more pro-
nounced problem still [274], as it reduces the load carry-
ing capacity of the composite and may lead to premature
failure. Delaminations can be triggered by fatigue loads as
it is almost impossible at present, to manufacture a com-
posite without defects generated either during the curing
process or during machining [275]. Fatigue delamination
in composite structures is more complex than for metals
where cracks deviate to grow predominantly in the mode
I loading direction. Indeed, crack growth is usually con-
strained at the interface between plies and therefore the de-
lamination mode occurring during the service life will most
likely be a mix of modes I, IT and III. In fact, the study
of delamination in the fatigue of fibre reinforced compos-
ites has been the subject of several recent review papers
[276, 277]. A brief overview of this topic will be given here
but the full study of fatigue delamination is beyond the
scope of this review.

There exists three main ways of experimentally charac-
terising fatigue delamination [276]. These are; crack prop-
agation, which is the measure of the rate of crack growth
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per cycle as a function of the stress intensity factor or the
strain energy release rate (SERR), crack onset, which is a
measure of how many cycles are required to visibly extend
an existing crack, and crack initiation, which is a measure
of the number of cycles required to generate a crack in an
ideal (defect free) composite. The crack initiation tests
have so far not been studied extensively and show large
scatter in the results [278]. This, as mentioned previously,
is probably caused by the presence of small defects within
the composite. Crack propagation tests are usually car-
ried out using the ASTM standard for metals for mode
I [279] and allows the determination of the whole crack
growth rate curve. Crack onset fatigue delamination test-
ing in mode I for composites is the only one for which a
standard exists [280]. This leads to the determination of
the SERR as a function of the number of cycles required
for crack growth. However, it is often assumed in the lit-
erature [276] that a small crack propagation is equivalent
to fatigue crack onset and that therefore these phenomena
are the same.

There are three types of delamination modes affecting
the growth of a crack: mode I (normal opening), mode II
(in-plane shear) and mode III (shear scissoring or out of
plane shear). Modes I and II delamination, at least in the
case of static loading, are quite well understood. However,
mode III loading has not been studied extensively and it is
usually assumed that mode III and mode II delamination
have the same properties, which is conservative, consider-
ing mode III has been shown to have a higher interlaminar
fracture toughness [281]. Mode II delamination toughness
is usually higher than mode I toughness for composite ma-
terials [282], although it has been shown during crack prop-
agation tests that the difference in crack growth rate be-
tween the different modes reduces [283] as the cycle count
increases and eventually disappears for carbon/epoxy. It
was also shown that the threshold below which no fatigue
damage occurs is independent of the loading mode [284].
Therefore, the effect of mixed mode ratio on fatigue delam-
ination for high cycle fatigue can be considered negligible.

When the maximum SERR near a crack tip is close to its
interlaminar fracture toughness, the delamination propa-
gates rapidly and the failure is similar to that observed in
a quasi-static test and therefore the R ratio has no influ-
ence on the crack growth rate. However, as the maximum
value of the SERR is reached as a loading cycle reduces,
it has been shown that the effect of the R ratio on fatigue
delamination increases [285]. The damage threshold and
the exponent of the Paris law curve are lower for lower R
ratios for mode I and mode II crack growth rates in car-
bon/epoxy composites for R = 0.1 and R = 0.5. This is
also true for mixed mode delamination [286].

Other factors have an influence on the fatigue delamina-
tion of composite structures such as the loading frequency,
loading sequence, environmental factors such as moisture,
water uptake and temperatures as well as matrix proper-
ties such as the brittleness [276]. However, these topics
are not discussed in this paper. If further information is
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required, the reader is directed to review papers dedicated
to fatigue delamination [276, 277].

5. Fatigue modelling of CFRP

A few review papers have been written on the mod-
elling of fatigue in FRP [297, 298, 299, 22]. While Pascoe
et al. focused solely on methods predicting the fatigue de-
lamination growth in composites [297], Degrieck and van
Paepegem compared a wider variety of modelling methods
for both UD and textile FRP composites [298, 299]. They
proposed a classification system to separate the different
modelling techniques: (i) fatigue life models based on ex-
perimental data such as S-N curves, (ii) phenomenological
models which are not based on physical mechanisms but
rather, on observed macroscopic properties during fatigue,
such as residual strength and stiffness, and (iii) progressive
damage models which take into account damage mecha-
nisms and either, correlate them to mechanical properties
(stiffness and strength), or, measure the damage growth
(delamination size, cracks per unit area). The same clas-
sification system will be used in this section.

5.1. Fatigue models - a general overview

In 1973, Hashin and Rotem developed one of the first fa-
tigue failure models for composites [30]. They considered
two different failure mechanisms; fibre-failure and matrix-
failure. They proposed a failure criterion for each mode
of failure based on three separate S-N curves; longitudi-
nal tensile strength, transverse tensile strength and shear
strength. These curves can be obtained experimentally by
off-axis tensile testing of coupons under uniaxial constant
amplitude stresses. In Equations 1 and 2, o, represents
the longitudinal fiber stress, or the transverse stress, T
the shear stress and Uf , a? and 7° the ultimate tensile,
transverse and shear strengths, respectively. This model
is only applicable to unidirectional laminates.

Oq = Uf (1)
57+ () =1 (2)

ot

A number of fatigue models using S-N curves and vari-
ous failure criterion were developed in the subsequent years
to account for multiaxial laminates which are restricted to
the two failure modes mentioned above. As most of these
models were developed before the early 2000s, they are not
presented in detail in this paper.

Another common approach in fatigue life modelling is
to use constant fatigue life (CFL) diagrams. Here, the
cycles to failure are plotted as a function of mean stress
on the x-axis and alternating stress on the y-axis. They
are useful because they show the mean stress sensitivity of
composites, as have been observed in tests. Through ex-
tensive experimentation on the strength and fatigue life of
aerospace CFRP laminates, Harris et al. [300] showed that
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the CFL envelopes for these materials is asymmetric and
nonlinear, and that their peak positions are shifted to the
right of the alternating stress axis. Ramani and Williams
[301] eperimented on the fatigue behaviour of notched and
un-notched carbon/epoxy composites. They found that
the maximum of the CFL envelope does not occur at R=-
1 but rather, at around R= —0.43 and for a positive mean
stress. Based on these previous studies, Kawai et al. [302]
proposed what they called an anisomorphic CFL diagram,
taking into account the asymmetry of the curve as well
as the occurrence of the peak envelope at a positive mean
stress. It can be built using only the static strength in
tension and compression and a reference S-N curve for a
critical stress ratio equal to the ratio of compressive to ten-
sile strength. It was shown to be valid for the prediction of
fatigue failure in non-woven carbon/epoxy laminates [302].
The approach was extended to predict the fatigue of wo-
ven composites for different temperatures in a later study
[303]. Their approach involved using the critical stress ra-
tio defined above as the ratio between compressive and
static strength x = o¢/or. The CFL is then divided into
two domains, tension-tension dominated and compression-
compression dominated. These two domains have smooth
nonlinear curves connected by a point as shown in Fig. 20
Therefore, the envelope of the anisomorphic CFL diagram
can be defined by the following piecewise function:

(x)

Oq — Oqa
U((LX)
Umfo'gyz,d 2_w:cT)
(==—n5) X
OT —0m,
) UJ(\}() <opm <ot
Jmfgsyi() Q_wfci
(z2—n5) x
OC—0m

where o,,, 0., or and oo are the mean stress, stress
amplitude, tensile and compressive strengths. 1), is the
fatigue strength ratio and takes a value in the range ¢ €
[0,1], x is the critical stress ratio and k is an exponent
used to transform a straight line into a parabola in tension
(1) and compression (¢), and are both based on empirical
data.

The reference normalised S-N curve then has the follow-
ing form:

R S ¢ Sk N

Ky ()™ <¢X — 1/JX(L>>b
where the angular brackets represent the function de-
fined as (z) = mar{0,x}, ¥, ) is the normalised fatigue
limit and K, , a, b and n are material constants which
can be determined by fitting Equation 4 to fatigue data
at the critical stress ratio. This model was shown to give
adequate results for woven carbon/epoxy laminates.

2Ny = (4)
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Figure 20. Example of CFL Diagram for a Temperature of 80°C.
From [302], reproduced with the permission of Elsevier.

Fatigue life models were the first fatigue models devel-
oped. They are often used as they do not require any un-
derstanding of the physical damage mechanisms and are
very simple to use. However, these models require a large
amount of experimental data and are usually calibrated
for one specific case-study. The breadth of applicability to
other problems is therefore very limited.

5.2. Phenomenological models

5.2.1. Residual strength models

Based on previous work carried out on the development
of a residual stiffness model [304], and assuming a linear
stress strain response until failure, Whitworth [305] pro-
posed a strain failure criterion to eliminate the failure stiff-
ness from his model and obtain the following fatigue life

relationship:
oo}

where parameters h and m depend on the applied stress,
loading frequency and environmental conditions, ¢; and ¢y
are constants determined experimentally, N is the number

c15‘U
S

N = emp{ (5)
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of cycles to failure, Sy is the ultimate strength and S is
the maximum applied stress.

Whitworth further proposed the following relation for
strength degradation [304]:

(6)

where v is a material constant determined experimen-
tally and Sg is the residual strength. Once all the ma-
terial parameters have been determined, Equations 5 and
6 can be used to determine the residual strength. Failure
occurs when the maximum applied stress equals the resid-
ual strength. Whitworth also assumed that the ultimate
strength was a statistical variable that he represented with
a 2 parameter Weibull distribution. The model was vali-
dated on T300/5280 graphite/epoxy laminates which were
tested under constant amplitude loading for 50,000 cycles.
The median residual strength after the test was 353 MPa
which the author considered sufficiently close to the value
of 371 MPa predicted by the model.

Yao and Himmel [306] proposed a residual strength
model for FRP polymers that could capture rapid degrada-
tion in the early stages of fatigue life. The model was also
able to account for level and slow degradation that occurs
in the middle of the fatigue life, as well as rapid degrada-
tion in the final cycles. For tension-tension fatigue, they
proposed the following relationship:

sin(fx) cos(f — «)
sin(B) cos(Bx — )

where R(i) is the residual strength at the i'" cycle, R(0)
is the static strength, S is the maximum stress in the load-
ing cycle, @ and B are constants to be determined experi-
mentally and z = i/Ny.

For specimens in compression-compression fatigue, the
following degradation law was proposed:

Sk =Sy - 155 - 8"~

R(0) = [R(0) = 5]

(7)

R(i) = R(0) - [R(0) - S)(5-)" (8)
f
where v is a strength degradation parameter defined in
their study as 0.64. By using fatigue data obtained by
Harris et al. for T800/5245 laminates [307], the model was
validated and showed to have good predictive capability.
Compared to other types of CFRP fatigue models, only
a few models have been found that model the pure residual
strength of CFRP. The main drawback of these models is
that, they are unable to account for the stiffness degrada-
tion (observed experimentally), though they are still able
to predict the fatigue life. The primary issue of contention
is thence that these models are not able to predict the

deformation of composites throughout their fatigue life.

5.2.2. Residual stiffness models

Residual stiffness is not simple to model as there are
several overlapping factors including the rheological re-
sponses, bulk molecular kinematics and variations in
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molecular orientations at fibre interfaces, each as a func-
tion of loading time and frequency [308, 309, 310, 311].
Yang et al. [312] developed a stiffness reduction model
assuming the stress-strain curve to failure as linear. Their
model is valid for laminates with fibre-dominated prop-
erties. However, in the case of laminates with matrix-
dominated properties, the assumption of linearity between
stress and strain to failure is incorrect. They proposed the
following degradation law:

dE(n)
in 9)

where E(0) is the static stiffness, @ and v are parame-
ters dependent on the applied stress level, stress ratio and
loading frequency. Yang et al. defined E(0) using a log-
normal statistical distribution in their model. The model
assumed that failure occurred when the strain in the spec-
imen was equal to the static ultimate strain. The model
was validated using graphite/epoxy coupons in tension-
tension fatigue. The predicted and experimental fatigue
life curves were noted to correlate well with one another.

Khan et al. [313] proposed a stiffness reduction model
where they created a damage variable, D, that related to
stiffness in the following way:

= —F(0)Qun”*

E
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where E 4, G4, v are the Young’s modulus, shear mod-
ulus and Poisson’s ratio in the axial direction, respectively,
while FEp is the transverse modulus of the undamaged
specimen. It is therefore possible to relate the damage
growth per cycle to experimentally measured reductions
in stiffness. Failure is assumed to occur when the maxi-
mum strain in a cycle is equal to the static ultimate strain.
The value of the damage variable at failure can also be
calculated. The cycle count to failure can be obtained by
integrating the damage variable from its initial to its final
value:

Dr 4D

Ne= ], FaeD)

(12)
D;

5.8. Progressive damage models

Shokrieh and Lessard [314] proposed a progressive fa-
tigue damage model combining stress analyses, failure
analyses and material degradation. The modelling method
used is explained in the form of a flowchart in Figure 21. A
finite element stress analysis is first carried out on a spec-
imen, using solid elements. Edge effects are accounted for
by using a higher element density near edges and other
areas of stress concentration such as holes and notches.
Iterative schemes are used to account for nonlinearity in
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Figure 21. Flowchart of Shrokrieh and Lessard Progressive Damage Model. Figure inspired by the work of [314].

the stress state when failure occurs. A failure analysis is
carried out considering seven different failure modes; fibre
tension and compression, matrix tension and compression,
normal tension and compression, and fibre-matrix shear-
ing. The failure criteria used are similar to the Hashin
static failure [257] criteria but the material properties are
functions of cycles, stress state and stress ratio. Additional
parameters have been added to account for material non-
linearity. The fibre tension fatigue criterion for ., > 0
is:

Ozx 2

g%”r = (XT(’I’L, o, K))

2
Ty

%2y 4 35454
2FE3y(n,0,K) + 46033y

S2 3
P — 9 4
2E3y(n,0,K) + 465$y(n’ g5 KJ)

_ T22 3554
2E;(n,0,K) + 4 5019

S2
e T 1955 (n, 0, k)
(13)
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and failure occurs if gp4 > 1. Here, X7, Syy, Sy are
the residual longitudinal tensile strength, the in-plane and
out-of-plane residual shear strengths, respectively. FE,,
and F,, are the residual in-plane and out-of-plane shear
stiffness values, repsectively. 045, 02y and o,, are the
longitudinal, in-plane shear and out-of-plane shear stresses
in the elements, respectively. § is a material nonlinearity

parameter which is considered to be constant. For the
failure criteria of the other failure modes refer to [314].
The final part of the fatigue model considers the material
degradation, which is separated into two parts; sudden and
gradual degradation. Each failure mode is associated with
some of the material properties being reduced to zero. For
matrix compression failure for example, Ey,, vy, and vyz
are reduced to zero. Fibre tension and compression are
considered to be catastrophic failure modes and therefore
are followed by a reduction of all material stiffness values
and Poisson’s ratios to zero. The authors also developed
a generalised residual material property degradation as:

R(n,o,k) =
1/«
log(n) — log(0.25) \”
[1 - <log(Nf) —log((].25)> 1 1
-(Rs—0o)+o0o
E(n,o,k) =

1/~

1 log(n) — log(0.25) A
log(N) — log(0.25) (15)

. (E — i) + i

ef er
where R(n, o, k) and E(n,o, k) are the residual strength
and stiffness, Ny is the fatigue life, o is the maximum ap-
plied stress, Rg and Eg are the static strength and stiff-

ness, a, 3, A and  are curve fitting parameters and €y is
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the average strain to failure. Shokrieh and Lessard com-
pared their model predictions to experimental data on pin
and bolt-loaded graphite/epoxy laminates. These speci-
men were chosen for their complexity and because of the
presence of stress concentrators. A good agreement was
found to exist between the predicted and measured fatigue
life. The main disadvantage with this model was that it
required considerable experimentation for each application
to obtain the gradual degradation parameters.

A similar model was developed by Papanikos et al.
[316] combining stress, failure analyses and material degra-
dation. Seven failure modes were considered but sim-
pler formulations were used with no nonlinear parame-
ter. For delamination in tension and compression, the
Ye delamination criterion was used [320, 321], while 3D
static Hashin Criterion [257] was used to predict ma-
trix tensile and compressive failure as well as fibre-matrix
shearing. In previous work [322], the authors compared
the predicted elastic responses and failure loads of a
bolted joint in a graphite/epoxy composite to experimen-
tal results. They found that better predictions were ob-
tained using the Maximum Stress Criterion (MSC) for
fibre failures in tension and compression than the 3D
Hashin Criterion. They also used a set of rules for sud-
den degradation that yielded a closer fit to their exper-
imental data. Therefore, unlike the model by Shokrieh
and Lessard, once failure occurs, the associated stiffnesses
are not reduced to zero. Also, the generalised residual
property degradation rules used were simplified, using a
linear stiffness reduction and a second-order polynomial
for strength reduction: E(n) = [A(n/Nyf) +1)] Es and
R(n) = [B(n/Ny)? + C(n/Ny) + 1] Rg; where E(n) and
R(n) are the residual stiffness and strength, Eg and Rg
are the static stiffness and strength, A, B and C' are ma-
terial parameters obtained experimentally. Only the max-
imum and minimum cycle loads were modelled to account
for the stress ratio effects. As in some cases, millions of
cycles can occur before failure, conducting a full stress
analysis at each cycle would require tremendous amounts
of CPU time. Therefore, the authors proposed applying a
cycle jump between each FE stress analysis, during which
only material property degradations were applied. How-
ever, the authors did not provide any recommendations on
what increment to use for the cycle jump or how that af-
fects the accuracy of the model. The model was validated
with CFRP laminates tested in tension-compression. It
was shown to not only give an accurate prediction of the
fatigue life but also predicted the onset and growth of the
correct damage modes. Indeed, both the model and ex-
perimental results considered delamination as the main
failure mode for low stresses and fibre tensile failure for
high stresses.

Using a similar approach, Kennedy et al. [317] devel-
oped a model by modifying the Puck Failure criterion [318]
to analyse fatigue in FRPs. They carried out a stress anal-
ysis at the ply level, followed by a failure analysis. A sep-
arate analysis was carried out on the fibre responses and
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Figure 22. Bilinear constitutive law for cohesive elements (a) and its
definition for mixed-mode loading (b). Figure inspired by the work
of [327].

the matrix responses to shear and normal stresses in the
FRP primary axis. The fibre direction strength was re-
duced according to a linear degradation rule, while the
stiffness was reduced linearly as a function of the accu-
mulated damage. Irrecoverable cyclic strains were also
calculated as a function of the degraded fibre direction
modulus. Failure was considered to have occurred when
the fibre direction stresses were equal to the fibre direc-
tion residual strengths. For the matrix response, a failure
analysis was first carried out for Inter Fibre Failure (IFF)
using modified Puck stress exposure equations [319] where
the static strengths were replaced by the fatigue strengths.
Here, IFF occurs when the stress exposure was greater
than 1. At each cycle, the fatigue strengths used in the
failure initiation criteria were reduced according to a lin-
ear degradation rule. Three modes of matrix failure were
considered depending on the combination of shear and nor-
mal stresses, with Mode A corresponding to tensile normal
stress and mode B and C to compressive normal stress. Be-
fore the occurrence of IFF, the shear modulus was reduced
slowly for Mode A while the transverse modulus was re-
duced gradually for modes B and C. After IFF, both the
shear and transverse moduli are reduced rapidly for Modes
A and B, while mode C was taken as leading into an im-
mediate catastrophic failure at that point. This approach
required the use of material parameters that shaped the
moduli degradation rules, and which were obtained ex-
perimentally. The model was validated for quasi-isotropic
E-glass/epoxy samples and shown to have a good correla~
tion with experimentally measured fatigue life and fatigue
modulus degradation. However, at higher stress levels, the
model did show a tendency of over predicting the modulus
degradation. Although this model thus far not been used
for CFRP, the authors claim that it can be applied to any
fibre reinforced composite. It would nevertheless require
an experimental set up for CFRP in order to obtain all the
material parameters for the degradation rules.
Delamination is the failure mode requiring the least en-
ergy. Harper and Hallett [321] developed a fatigue degra-
dation law using cohesive interface elements. These ele-
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ments do not have a single stiffness but are governed by a
bi-linear constitutive law shown in Figure 22, which means
the displacements are initially elastic until the maximum
strength is reached. Damage is then tracked by a variable
and used to reduce the element stiffness. In elements which
exceed their linear-elastic range, a crack tip is formed and
damage initiates. The cohesive zone consists of all the
damaged elements ahead of the crack tip. A static damage
variable was introduced by Harper and Hallet to account
for irreversible damage: ds = 57— , where 0, . is the

o —Om e
element displacement at the mé}f(imuhl stress level, 0, ¢
is the displacement at failure and J,, is the current ele-
ment displacement. The element fails when d; reaches 1.
Cracks are assumed to propagate according to the model
developed by Blanco [323]: 22 = CAG™, where a is the
crack length, AG is the change in the strain energy release
rate (SERR) and C and m are defined in [323], and are
obtained through fatigue experimentation under modes I
and II loading. Interface elements in the cohesive zone
first go through quasi-static damage only, subsequently, as
they get closer to the crack tip, they experience fatigue
damage. A fatigue damage parameter was therefore intro-

ad 1-ds—dy.u :
duced: £ = %@ where dy, is the unwanted
a

oN N>
fatigue damage defined as the fatigue damage accumulated
in the cohesive zone undergoing quasi-static damage, d; is
the static damage variable and L, is the length of the
cohesive zone undergoing mostly fatigue damage defined
in this paper as half the total cohesive zone length. Fail-
ure in an element occurs when the total damage defined
as the sum of static and fatigue damage is equal to 1.
The model proposed here requires the presence of initial
cracks or high initial stress concentrations. May and Hal-
lett extended the model to include a damage initiation
criterion based on the material S-N curve [324]. Allegri
et al. [325] adapted this model to the prediction of mode
IT fatigue delamination growth of moderately tough car-
bon/epoxy specimen. In later work, May and Hallett [221]
introduced the concept of an initiation zone which is de-
fined as the zone where elements have the highest SERR
and where a crack forms. This allows for the identifica-
tion of the location of a crack, and offers a new method by
which means initiation and propagation can be simultane-
ously modelled. Allegri et al. [326] extended the model
further, to account for the effect of the stress-ratio as well
as mode-mixity on delamination propagation. The model
has the option to include propagation thresholds. Only
three independent material parameters are needed for the
model, since the crack propagation threshold is neglected.

All the models proposed in [321, 324, 325, 221, 326]
require that the cohesive zone length be predetermined.
Kawashita and Hallett implemented a cohesive zone model
using the commercial explicit FE solver LS-Dyna [327].
The SERR is calculated for each element at each time step
which allows for the identification of delamination fronts
(as elements with the highest SERR). Using this method,
multiple delamination fronts can be modelled simultane-
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ously. Fatigue damage accrues in the elements until fail-
ure occurs, after which the nearest neighbouring elements
become part of the delamination front. As such, the co-
hesive zone length no longer needed to be pre-determined,
but rather, only the effective element length, which is it-
self defined based on the damage state of the neighbour-
ing elements. This method also allows for the tracking
the damage propagation. This model was validated us-
ing carbon/epoxy central cut-ply specimens, and by using
the NAFEMS benchmark for circular delamination made
from carbon/epoxy. The authors claimed that a good cor-
relation with experimental data could be obtained using a
coarse grid, hence reducing computational time.

Tao et al. [328] proposed a similar model for fatigue de-
lamination growth but a virtual fatigue damage parameter
is introduced to identify crack tip fronts using local infor-
mation only and without degrading elements. This ensures
SERR is kept constant during identification and propaga-
tion stages. A correction factor is introduced to reduce
the mesh sensitivity in the model. Delamination growth
as calculated by this model was shown to have good cor-
relation with experimental data for carbon/epoxy double
cantilever beam and end notch flexure specimens.

Talreja proposed a physical based model, Synergistic
Damage Mechanics (SDM) [329], combining micro-damage
mechanics with continuum damage mechanics (CDM) as
developed in previous works [330, 331]. The CDM ap-
proach consists of a two-step homogenisation. First the
stationary (undamaged) microstructure containing the fi-
bres and matrix is homogenised into a material with gen-
erally anisotropic properties. Following this, the evolving
microstructure containing the damage is homogenised as
shown in Figure 23. This process is carried out over a
representative volume element which needs to carry a suf-
ficient number of discrete entities to represent the effect
of the homogenised response at point P. The damage en-
tity tensor is then defined as the dyadic product of two
vectors on the surface of a defect, a and n representing
the influence of the point on the surrounding medium and
unit normal to the surface: d;; = f gain;dS. The average
of the damage entity tensor over the RVE volume is de-
fined as the damage mode tensor: D;; = Zka(dE?))ka,
where « is the damage mode, V' is the volume of the RVE
and k, is the number of damage entities. A relationship
proposed to relate stiffness reduction to the damage entity
tensor, required the definition of eight material constants
as well as a constraint parameter, which is a measure of the
influence of damage on the response of the material and
is linked to the crack opening displacement. The eight
material parameters include the modulus in longitudinal
and transverse direction, the shear modulus, the principal
Poisson’s ratio and four phenomenological damage param-
eters which are used to estimate the reduction in stiffness
and can be calculated using the initial elastic properties
and their values at a given crack spacing. A 3D FE analy-
sis was carried out at the microscale to estimate the crack
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opening displacement, and therefore the constraint param-
eter, x, [333]. The material constants are determined ex-
perimentally or computationally on a reference laminate.
Subsequently, the stiffness reduction is computed on the
laminate scale (meso-scale). The laminate response to ex-
ternal loading using the reduced stiffness can be calculated
(macro-scale).

In later work, Singh and Talreja extended their model to
predict the evolution of crack density under a quasi-static
load [334]. Singh then improved upon previous models for
damage evolution by accounting for the stochastic nature
of crack propagation [335]. The model was validated using
a variety of carbon/epoxy cross-ply laminates. Although
this approach has thus far been mostly used for quasi-static
loading, it gives a framework for estimating the reduction
in stiffness based on the crack opening displacement and
experimentally obtained material properties. Therefore,
provided the damage parameters can be obtained experi-
mentally and the crack opening and crack sliding displace-
ments can be obtained either experimentally or through a
micro-scale FE, the evolution of crack density and stiffness
during cyclic loading can be estimated. Haojie et al. [336]
used non-destructive testing to obtain the transverse crack
density of [0/£45°]s laminate during a fatigue test. This
allowed them to experimentally obtain the damage param-
eters. Therefore, using an SDM approach, they were able
to predict the reduction in stiffness as a function of ap-
plied load cycles. The obtained reduction in stiffness was
within 5% of the experimental results but the model was
not conservative. This was because due to the limitations
of non-destructive testing, only transverse cracks in the
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/£45° plies were considered and therefore delamination
at the crack tips was ignored.

6. Conclusions

Considerable research has been undertaken to better un-
derstand the behaviour of CFRP in fatigue. Many impor-
tant contributions in the area of CFRP fatigue have been
described in this review, though the review is by no means
exhaustive. We have focused on topic areas in CFRP fa-
tigue of current and generic importance, which has allowed
us to identify the current gaps in knowledge and under-
standing within this area. We will briefly describe each of
the main gaps in understanding in this final conclusions
section.

Much of the research presented here, has dealt with
CFRP fatigue from a macro-scale view point, using pri-
marily a mechanical and materials engineering approach
to interpreting the effects of fatigue on CFRP. This is also
evident from the section on modelling, where modelling
methodologies have been implemented from using macro-
scale physics using finite element methods. With the re-
cent high-level developments in computational power, it is
surprising that molecular modelling approaches have not
been used to understand the intricate materials behaviour
of CFRP in fatigue at the atomic to nano scales. Molecular
modelling dynamics could be used to not only better un-
derstand the finer-scale mechanisms that essentially con-
trol the behaviour of CFRP in fatigue, but also to redesign
CFRP materials structures and interfaces based on devel-
oped fine-scale understandings. Specific examples of areas
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of critical importance to better understand and redesign
at the low-scales include; how unloading and reloading af-
fect the shapes/structures (and thus mechanical proper-
ties) of molecules in the matrix bulk and at fibre-matrix
interfaces, the affects of water on intermolecular interac-
tions (and energies) within the matrix bulk and at fibre-
matrix interfaces, and how local heat developed through
intermolecular friction affects the molecular mobility and
mechanical performance of CFRPs in fatigue.

It is vital that greater research efforts are expended into
understanding how strain is distributed at fibre-matrix in-
terfaces during fatigue. There is currently a gap in our
understanding on how strain fields actually evolve over a
fatigue cycle at the micro and meso scales. This area is
more easily tackled numerically, as it is difficult to map this
reliably in fatigue given the current technologies available
to us.

As has been noted in the review, fatigue testing results
tend to show considerable scatter. The lack of repeatabil-
ity of CFRP in fatigue is a critical concern as it depreciates
engineering confidence in the material. Though we have
suggested possible reasons for why significant scatter is a
typical characteristic of CFRP in fatigue, there is actually
very little research that has been conducted to support
our hypotheses. This represents a major gap in our cur-
rent understanding of CFRP fatigue and should be criti-
cally addressed so that remediation of the problems lead-
ing to scatter becomes a possibility. More focused research
should therefore be conducted to deduce how manufactur-
ing, inherent material defects, cross-link density (curing)
and material homogeneity will affect the extent of scatter
in CFRP under cyclic loads.

Research on the cyclic loading of CFRP has almost en-
tirely been based on the systematic sinusoidal loading of
coupons, often using simple loading modes. Yet, real struc-
tures are subjected to far more complex loading condi-
tions and it could be argued that a worthwhile exercise
would be to collate application specific real-life random
spectral loading data, which can then be extrapolated to
a lab-testing regimen. To include more realistic multi-
directional loading conditions within such a regimen would
increase the complexity of the output, perhaps even in-
crease the extent of scatter, but it might yield enhanced
insight into the actual mechanical profile of CFRP under
fatigue and might positively benefit its utility in engineer-
ing structures (e.g. through improvements in safety factors
and design).
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