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ABSTRACT

The ability of fibre reinforced composites to deform with a non-linear stress—strain response and gradual, rather than sudden, catastrophic failure is reviewed. The
principal mechanisms by which this behaviour can be achieved are discussed, including ductile fibres, progressive fibre fracture and fragmentation, fibre reor-
ientation, and slip between discontinuous elements. It is shown that all these mechanisms allow additional strain to be achieved, enabling a yield-like behaviour to be
generated. In some cases, the response is ductile and in others pseudo-ductile. Mechanisms can also be combined, and composites which give significant pseudo-
ductile strain can be produced. Notch sensitivity is reduced, and there is the prospect of increasing design strains whilst also improving damage tolerance. The
change in stiffness or visual indications of damage can be exploited to give warning that strain limits have been exceeded. Load carrying capacity is still maintained,
allowing continued operation until repairs can be made. Areas for further work are identified which can contribute to creating structures made from high perfor-

mance ductile or pseudo-ductile composites that fail gradually.

1. Introduction

Fibre-reinforced polymer (FRP) composites offer exceptional
strength, stiffness, and durability. When combined with their low den-
sity, excellent corrosion and environmental resistance, they are
increasingly the materials of choice for many high-performance appli-
cations. However, a major drawback is that they normally exhibit sud-
den brittle failure, with a linear elastic response right up to the point of
final fracture. Although some analyses suggest the possibility of gradual
degradation in laminates as a result of successive ply failures, such
behaviour is rarely observed experimentally, and failure is normally
catastrophic with little prior indication that it is about to occur. The
severe consequences of such abrupt failures have sparked the quest to
create materials and architectures that give a more gradual failure with
indications of damage whilst retaining the other excellent properties of
composites.
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Ductility is normally defined as the ability to sustain plastic defor-
mation under load before failure, typically with a plateau in the
stress—strain response and no loss of modulus on reloading. It is very
important in achieving progressive rather than sudden failure,
increasing toughness and absorbing energy. It is also crucial in redis-
tributing load at stress concentrations, thus reducing notch sensitivity
that often leads to catastrophic structural failure. Truly ductile response
is very difficult to achieve with current high-performance composites,
such as carbon fibre / epoxy, where both constituents are themselves
brittle. Using a ductile matrix such as a thermoplastic polymer does not
normally help, because the matrix only carries a small proportion of the
load, and failure is controlled by the brittle fibres.

An alternative phenomenon is pseudo-ductility, which may be
defined as the ability to deform significantly with a softening response
but without complete fracture, while maintaining load carrying capa-
bility. Pseudo-ductility can be achieved with non-linearity or “pseudo-
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yielding” via elastic deformation and macroscopic damage rather than
mechanisms at the microscopic or molecular level. Although damage
results in a loss of modulus on reloading, it can allow load redistribution
around stress concentrations, and potentially increases damage toler-
ance. Furthermore, the reduced stiffness can also be exploited in
detecting or monitoring damage. A long plateau on the stress-strain
curve is desirable, preferably with a positive slope. Such “work hard-
ening” avoids localization of failure which could otherwise occur once
strain increases at a certain point without a corresponding increase in
the stress to stop further localised deformation. A schematic pseudo-
ductile response is illustrated in Fig. 1.1.

Ductility is usually related to the failure strain of a material in ten-
sion. Since the elastic contribution is normally small proportionately,
the failure strain is similar to the plastic strain, i.e. the length of the
yielding plateau, or the permanent strain in the sample if unloaded just
before failure. Pseudo-ductile strain can be defined analogously,
although there may or may not be any permanent deformation in the
material. Pseudo-ductile strain can be used as a measure to compare
different materials and architectures and is taken here as the difference
between the final failure strain, and the elastic strain at the same stress
based on the initial modulus E, as shown in Fig. 1.1. In some cases, a
sharp “yield” point (often referred to as “knee-point™) is observed, but in
others there is a gradual non-linearity with smooth transition between
the elastic and plateau parts of the stress—strain curves. To account for
this gradual transition, the stress oy at an offset “plastic strain” ¢, can be
used, analogous to the proof stress in metals, with corresponding
pseudo-yield strain, ey. A value of 0.1 % is shown in Fig. 1.1, but may be
chosen to be appropriate for the particular material. Depending on the
mechanism, some pseudo-ductility may be associated with minor load
drops as damage accumulates. To be usable, the composite should retain
integrity; although it is difficult to apply a universal, absolute criterion,
where there is substantial damage that limits important characteristics
of the composite, it should no longer be considered as pseudo-ductile.

This paper reviews research on polymer matrix fibre-reinforced
composite materials that exhibit ductile or pseudo-ductile response.
The topic has not been reviewed previously except for the 2013 paper by
Bank, on progressive failure and ductility of FRP composites related to
the construction sector [1]. Its focus was mainly on structural response
and on crushing of composite tubes, where progressive destruction leads
to a plateau in the load-deflection response, which is also good for
crashworthiness in transport applications. In contrast, the current paper
focuses rather on the basic material behaviour at a coupon rather than
component or structural level, and summarises the large amount of
research that has been conducted more recently. This paper does not
cover materials with high stiffness metallic or ceramic matrices where
the matrix carries a substantial proportion of the load, and which have
significantly different failure mechanisms from polymer matrix com-
posites. Laminates of composites and metallic layers such as GLARE are
also out of the scope of this review, but both continuous and discon-
tinuous fibre composites are considered, with a range of different fibres.
The main focus is on research reported on fundamental tensile behav-
iour, and responses observed under other loading conditions including

Stress Pseudo-ductile strain €p

o, Pseudo-yield stress
a
(]

I

i

|

€, Pseudo-yield strain

Strain

Fig. 1.1. Typical response and definition of pseudo-ductile strain.
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compression and bending are also considered where available. The
different mechanisms by which ductile or pseudo-ductile response can
be created are discussed. Section 2 deals with ductile fibres and their
composites, including polymeric, metallic, and natural fibres, as well as
those based on carbon nanotubes. Section 3 covers ductility and pseudo-
ductility created via fibre reorientation, where the architectures allow
additional strain to be achieved over and above that in the fibres
themselves. Section 4 discusses pseudo-ductility via progressive fibre or
ply fracture in continuous FRPs, covering both single-fibre materials and
hybrids, with a particular focus on fragmentation, which is a very
important and promising mechanism for generating gradual failure.
Section 5 presents work on ductility and pseudo-ductility in discontin-
uous composites, including fragmentation and the additional mecha-
nisms of matrix deformation and slip between reinforcing elements.
Section 6 reviews notched response, and Section 7 summarises the
different approaches, considers the trade-offs between strength, stiffness
and ductility, and discusses remaining challenges and future
perspectives.

2. Ductile fibres and their composites
2.1. Introduction

The ideal way to produce ductile composites would be to embed fully
ductile reinforcing fibres in a ductile matrix. However, traditional high-
performance fibres, such as carbon, glass and even polymer fibres, are
brittle. On the whole, there is a well-recognised materials trade-off be-
tween strength, modulus and ductility. Some more ductile fibres do exist
and research, as reviewed below, has addressed polymer fibres (Section
2.1), natural and cellulose based fibres (Section 2.2), ductile carbon-
based fibres exploiting spun carbon nanotubes (Section 2.3) and steel
fibres (Section 2.4).

2.2. Polymer fibres and composites

Polymers with random molecular chains often show high ductility,
and fibres can be created by drawing either in the melt or gel phases.
With increasing draw ratio (and hence molecular alignment), the fibre
tensile strength and modulus increase, but the strain at failure decreases
and the fibres tend to become more and more brittle, as exemplified by
the response of cold-drawn isotactic polypropylene (iPP) fibres at
different values of the draw ratio, A, in Fig. 2.1.

Self-reinforced polypropylene (SRPP) composites can be produced
by a variety of processing strategies. One classic example incorporates
highly stretched iPP fibres possessing a high degree of crystallinity in an
amorphous polypropylene (PP) copolymer matrix, with a lower melting
temperature [3]. Alternatively SRPP can be prepared by hot compaction
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Fig. 2.1. Effect of draw ratio A on stress-strain response of single poly-
propylene fibres [2].
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of woven aligned PP tapes during which fractions of the PP melt and fuse
[4]. SRPP materials were first commercialised under the tradenames
Curv™ or Pure™, but the concept has been considered for a number of
polymers [5], and is attracting current interest for recyclability [6]. This
approach can indeed produce a ductile response for SRPP, as shown in
Fig. 2.2, but the strength and modulus of such composites are low
compared with high-performance fibre reinforced polymers. The prop-
erties are necessarily limited by the modest performance of the semi-
crystalline PP fibres; better modulus can be obtained with more ordered
polyethylene fibres, although the hot compaction process leads to a
significant loss in strength [5]. The different commercially available
materials have been reviewed in [7]. The properties of self-reinforced
polymers can be significantly improved by hybridising with higher
performance fibres such as glass or carbon, as discussed in Section 4.4,
but usually at the expense of ductility.

Polyvinyl alcohol (PVOH) fibres, although not traditional re-
inforcements, have moduli and strengths up to 70 GPa and 2.3 GPa
respectively [8]. Composites made from woven fabrics of PVOH fibres
with a volume fraction of 30 % in the loading direction show a non-
linear response, with a knee point at around 70 MPa, strength of 250
MPa, initial modulus of 10.7 GPa and failure strain over 7 % [9]. A
variety of hybrid woven combinations of PVOH fibres and glass fibres
produced composites which all showed similar non-linear responses,
and strengths up to 350 GPa. All-glass balanced woven composites with
a fibre volume fraction of 40 % also showed a non-linear response,
despite the linearity of the fibres, suggesting that the woven architecture
may have been the reason for the non-linearity. Very high strains of 5.7
% were reported, raising potential questions about the way the dis-
placements were corrected for machine compliance.

Most other commercially available high performance polymer fibres,
such as poly(paraphenylene terephthalamide) (Kevlar™), ultra-high
molecular weight polyethylene (Dyneema™), or poly(p-phenylene-
2,6-benzobisoxazole) (ZylonTM) have excellent tensile strength (up to
5800 MPa) and energy absorption, but are brittle, with relatively low
failure strains, generally up to 4 %. Composites made of polymer fibres
such as aramid or PBO exhibit highly non-linear behaviour in
compression. For example, Kevlar 49 / epoxy with a volume fraction of
49 % shows a stress—strain response with a plateau beyond 0.5 % strain
and a pseudo-yield stress of about 210 MPa [10] due to defibrillation
and kinking of the fibres. This value is low compared to the strength of
about 1300 MPa and linear response in tension. However, in bending,
substantial load can be carried with pseudo-ductility as the material
“yields” progressively through the thickness, effectively forming a
plastic hinge [10].

Aramid fibres have been consolidated, by partial dissolution, to form
dense, high loading fraction composites with good strength and stiffness,
but no expected increase in ductility [11]; similar approaches have been
applied to consolidated, orientated films [12].

Improvement in truly ductile fibre matrix composites may rely on the
development on new fibrous reinforcement, particularly exploiting
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Fig. 2.2. Non-linear response of self-reinforced polypropylene loaded at
different strain rates [13].
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nanostructures (see also Section 2.4 below). The ultimate strength of
highly oriented polymer fibres increases with decreasing diameter,
consistent with the Griffith theory [14]. Beyond conventional polymer
fibre spinning followed by further (cold) draw down, or bicomponent
“islands-in-the-sea” spinning strategies, smaller diameter (nano)fibres
can be produced by electrospinning. Non-linear stress—strain responses
have been observed and the most impressive increases in tensile prop-
erties have been reported for atactic polyacrylonitrile nanofibres with
diameters smaller than 200 — 250 nm. Elastic moduli of 48 GPa, tensile
strengths of 1750 MPa and strains to failure of 60 %, as shown in Fig. 2.3
[15], highlight the potential to simultaneously increase fibre tensile
properties and toughness. The reported increases in strength and elastic
modulus are in line with the highest reported tensile properties of so-
lution spun superdrawn (A = 80) ultrahigh molecular weight PAN fibres
with moduli of 35 GPa and strength of 1800 MPa [16], the highest PAN
fibre properties reported so far [17]. Whilst these results are stimulating,
there are considerable challenges, both in fundamental understanding,
and scaling nanofibre production and integration, to produce compos-
ites at a meaningful scale.

2.3. Natural fibres and composites

Natural lignocellulose fibres often exhibit some non-linearity in part
attributable to their internal nanocomposite or nanostructured archi-
tectures. For example, certain flax fibre types have a high strength of up
to 1500 MPa [18] and show a reduction in stiffness at about 0.6 % strain
followed at ~ 1.5 % by strain hardening response until final failure at ~
2.2 %. The non-linear stress-strain behaviour is attributed to realign-
ment of the helically wound microfibrils with the fibre axis enabled by
rearrangement due to viscous flow of the amorphous matrix polymers, i.
e. hemicellulose and pectin, linking the structural crystalline cellulose
fibrils [18-21], although the effect is relatively small. Other natural fi-
bres show greater ductility, but at the expense of stiffness and strength.
For example, coir fibres show a knee point in the stress-strain curve,
effectively representing a yield point, attributed to realignment of cel-
lulose fibrils in the fibre direction at about 2 % strain. Typical failure
strains are 17-47 %, depending on fibre diameter and initial elastic
moduli range from 3 to 6 GPa, but mean strengths are normally only up
to around 175 MPa [22]. Coir fibres fail by uncoiling of elementary
cellulose microfibrils in the cell walls of the fibres. Properties of natural
fibres vary significantly depending on botanical species and processing
steps, such as scutching and the degree of retting [23], however, the
irregular fibre geometries, and associated uncertainty determining
cross-sectional area, have a strong influence on the scatter of reported
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Fig. 2.3. Non-linear response of small diameter polyacrylonitrile (PAN)
nanofibres [15].
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tensile properties.

Silk (natural protein) fibres, such as those produced by the larvae of
the mulberry silkworm (Bombyx mori), are superb textile fibres but have
limited absolute strength and stiffness when compared with synthetic
reinforcing fibres. However, the best silks provide the strongest natural
fibres, exhibiting the highest tensile properties and strains to failure,
with the most outstanding fibre properties displayed by small diameter
dragline spider silk fibres (Fig. 2.4).

For instance, the dragline silk fibres produced by forced silking of
red-legged golden orb-weaver spiders (Trichonephila inaurata) have an
initial modulus of ~ 14 GPa, a strength of ~ 1500 MPa at strains to
failure of ~ 40 % [24] with considerable non-linearity and outstanding
toughness, even at low temperatures. The stress—strain curves of frame
silk of the grey cross-spider (Araneus sericatus) (Fig. 2.5) exhibit ideal
elastic behaviour up to strains of 2 % with relatively high initial modulus
(10 GPa) tending towards a plateau before undergoing significant strain-
hardening beyond strains of 8 % with a modulus of still 4 GPa [25]. An
overview of the mechanical properties of various spider silks can be
found in [26]. As for all polymer fibres, especially natural products, the
tensile properties of spider silk fibres are dependent on many factors,
such as strain rate, temperature, and humidity (Fig. 2.6), [27]. With
increasing moisture content the fibre’s elastic modulus and strength
drop while their strain to failure increases. Unfortunately, it is not easy
to produce significant amounts of natural spider silk fibres, because of
the cannibalistic nature of spiders, but research (and significant com-
mercial activity) focuses on biotechnological approaches to develop
artificial spider silks [28]. Due to availability, silkworm silk is most
explored both as a fibrous reinforcement [29], and as a matrix rein-
forcement for flax fibre composites [30], showing some ductility at
strengths up to 300 MPa. Experiments with high performance (recom-
binant) protein fibres may prove a promising direction in the future
[31].

Natural fibres, such as flax, used to make composites are discontin-
uous, with fibre lengths ranging from 30 to 100 mm, and heterogeneous,
limiting the opportunities for high performance composites. Natural fi-
bres as extracted from plant material can be converted into (twisted)
yarns using conventional textile processes, and can in turn be woven into
fabrics. Unimpregnated natural fibre yarns and textiles have a large
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Fig. 2.5. Characteristic non-linear stress—strain curve of frame silk of Araneus
sericatus determined at a rate of 140% extension/min [25].

variability in length, and processing induced defects [32]. Nevertheless,
it has been shown that natural fibre reinforced composites could
potentially replace glass fibre reinforced polymers in tensile stiffness-
critical, though not strength-critical, applications [33]. Composites
containing highly aligned textile preforms, such as interlaced woven
fabrics and unidirectional fabrics produced from natural fibre yarns,
possess considerably better properties than those made from random
non-woven mats.

Some of the difficulties of using natural fibres can be avoided by
converting bioderived precursors into synthetic fibres with less
geometrical variability and more uniform properties. Cellulose for
instance can be processed into continuous technical fibres by dissolu-
tion, spinning and regeneration. Regenerated cellulose fibres show a
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Fig. 2.4. Stress—strain curves of a range of bio/polymer and glass fibres. Teklan is a polyacrylonitrile fibre [24].



M.R. Wisnom et al.

25

25% RH

Force [mN]

0 5 10 15
Strain [% of initial length]

Fig. 2.6. Effect of humidity on the performance of dragline silk [27].

much greater degree of ductility than the original lignocellulosic fibres,
with Cordenka™ (RT700) being one of the most promising examples.
When twisted into fibre cords, Cordenka™ 700 (Super 3) has a modulus
of 21 GPa, failure strain of 14 % and strength of 800 MPa, with a yield
point at around 200 MPa at 1 % strain [34]. Cyclic tests show a high
degree of viscoelasticity and plasticity (Fig. 2.7). Cordenka™ compos-
ites with EpoBioX resin and 40-50 % volume fraction have a tensile
strength of around 300 MPa and 6 % strain. Fig. 2.8 compares the me-
chanical response with that for similar composites reinforced with flax
fibres. The regenerated cellulose shows much greater ductility and
strain, although lower modulus than flax fibre reinforced composites
due to the much lower modulus of Cordenka fibres as compared with
flax (21 GPa vs. 55 GPa). Shamsuddin et al. made composites with sized
and unsized Cordenka™ fibres [35]. The matrix was inherently brittle
polyhydroxybutyrate (PHB), neat or containing 2.5 wt% nano-fibrillated
cellulose, having a fibre volume fraction of 50-55 %. Even higher
ductility was achieved, with a failure strain of 12-15 %, as shown in
Fig. 2.9.

2.4. Nanoreinforced ductile fibres

High aspect ratio one dimensional nanomaterials are well-suited
reinforcements for structural fibres, because they match the dimen-
sionality, pack effectively, and are small enough to be included within
the fibre structure. A variety of building blocks have been explored,
particularly carbon nanotubes, but including other species, such as
nanocelluloses, and inorganic nanotubes (e.g. imogolite); 2D platelets
have also been considered although less obviously suited to fibre ge-
ometries. At present, the focus remains on the processing and properties
of the primary fibres, rather than their composites, but the successful
creation of intrinsically ductile fibres with higher performance should

Stress (MPa)
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Fig. 2.7. Cyclic stress-strain curves from loading-unloading tests on twisted
regenerated cellulose (Cordenka™) fibre bundles [34].
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Fig. 2.8. Regenerated cellulose (Cordenka™) composites using predominantly
bio-based epoxy (EpoBioX), show greater ductility than flax [34].
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Fig. 2.9. High tensile strains with Cordenka™/ polyhydroxybutyrate (PHB)
composites [35].

translate into useful ductile composites in the future. Two strategies can
be considered. One is to improve the performance of an existing polymer
fibre by using a nanoreinforcement, another is to build a new generation
of fibres assembled entirely from nanomaterials. The former may be
more straightforward to implement, the latter may offer greater benefits
in the future.

An example of the former strategy, extending the natural fibre theme
discussed above, uses bioderived nanomaterials incorporated in
optionally renewable matrices. Lee et al. used uniform dispersions of
cellulose nanocrystals (CNC) in polyvinyl alcohol (PVOH) solutions to
prepare high CNC loading fraction high strength nanocomposite fibres
by gel spinning, followed by hot-drawing [36]. These CNC/PVOH
composite fibres contained 40 wt% CNC, offering a strength of almost
900 MPa and stiffness of ~ 30 GPa, at a strain-to-failure of 5.6 %,
Fig. 2.10. The improvements were quantitatively attributed both to the
stiffening contribution of the CNCs though increased PVOH crystallinity
(from 12.8 to 17.9 %) also contributes; further improvements could be
expected using more regioregular (stereochemically homogeneous)
PVOH and further optimisation of the spinning and drawing process.
Ductile continuous fibres based purely on cellulose nanofibrils have
been spun with strengths up to 300 MPa [37]. Even higher performance
cellulose fibres were reported for nanostructured macroscopic cellulose
fibres assembled from cellulose nanofibrils (CNF), with moduli up to 70
GPa, strength of 1100 MPa, a yield stress of 700 MPa and strain to failure
of 6 % as shown in Fig. 2.11 [38]. Increasing the length of CNF from 390
nm (CNF-1360) to 680 nm (CNF-820) used for fibre production results in
a significant increase in tensile strength but does not affect the knee
point.

The most extensive and promising work on nanomaterials-based fi-
bres explores the use of carbon nanotubes (CNT), due to the combination
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Fig. 2.10. Characteristic tensile stress-strain curves of different wt% CNC/
PVOH composite fibres. All fibres have the same draw ratio of 6 [36].
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Fig. 2.11. Nanostructured cellulose nanofibre tensile response with different
surface charge densities [38].

of excellent intrinsic properties and low density [39]. Full consideration
is beyond the scope of this paper, especially because much of the field
focusses on multifunctional applications [40], but a few results are
reviewed here to highlight the potential for this approach to provide
alternative high performance carbon-based fibres with a non-linear
ductile response. Boncel et al. reported on CNT fibres that were
continuously spun and then treated in hexadiene followed by UV initi-
ated crosslinking [41]. A typical stress-strain response is shown in
Fig. 2.12. A specific stiffness of about 75 GPa cm®/g was reported, with a
distinct change in slope and lower modulus from around 0.5 % strain.

©® 2.5 HDE UV 30 min

Stress GPa

123456 7
Strain %

Fig. 2.12. Non-linear response of carbon nanotube fibre. The unit GPa/SG (SG
= specific gravity) is equal to GPa cm®/g [41].
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The average failure strain was about 6 % and specific strength 2.3 GPa
cm?’/g. These values are approximately equivalent to stiffnesses and
strengths of over 100 GPa and 3 GPa, respectively. The maximum spe-
cific strength obtained was 3.5 GPa cm®/g.

Lee et al. grafted PVOH of varying molecular weights to single-
walled carbon nanotubes (SWCNTs) and produced PVOH-grafted sin-
gle-walled carbon nanotube composite fibres with non-linear response,
Fig. 2.13. Mean tensile strengths of up to 1100 MPa, stiffnesses up to
38.5 GPa and strains to failure of up to 23 % were obtained [42]. Cyclic
loading-unloading data previously unpublished showed that the fibres
are truly ductile, with elastic-perfectly plastic response and strains of up
to 40 %, as shown in Fig. 2.14. Previous work by Miaudet et al. on
nanotube/PVOH fibres showed even higher strains of up to 430 % [43].
The presence of the polymer, here, mediates the plastic response, whilst
the CNTs provide the load bearing and stiffness.

An analogous system, using inorganic rather than carbon nanotubes
simplifies processing, and enables in-situ observations, while exploring
some key issues associated with packing and alignment. Interestingly,
this system, based on double-walled aluminogermanate imogolite
nanotubes and PVOH, demonstrates the potential to heal broken struc-
tural fibres [44]. Lyotropic imogolite nanotube suspensions were wet
spun with PVOH into fibres with a tensile modulus of 24 GPa and
strength of 800 MPa and strains to failure of 5.5 %. The fibres containing
8.1 wt% imogolite nanotubes exhibited a yield point at 0.5 % strain
associated with the intrinsic PVOH response. Broken nanocomposite
fibres (and only nanocomposite fibres) could be healed using water as a
medium for evaporation-induced self-assembly at modest temperatures
(~80 °C), yielding intact fibres with exceptionally high absolute
strength and stiffness for a healed system.

The highest performance CNT-based fibres are generally prepared by
superacid spinning of lyotropic solutions, analogous to polyaramid
processing. Although the response tends to become more brittle as the
order and absolute performance improve, as for polyaramids, some non-
linearity can be retained. Combined with graphitisation treatment,
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Fig. 2.13. Characteristic stress—strain curves of SWCNT/PVOH composite fi-
bres. The traces show the effect of covalently grafting different molecular
weights of polyvinyl alcohol (PVOH) side chains (5, 10, 30, 60 kDa) to the
SWCNTSs before incorporation in the PVOH matrix (40 wt% loading of grafted
SWCNT). As controls, the results are compared with pure PVOH (100 wt%,
matrix only) fibre and unfunctionalized SWCNT (3 wt%)/PVOH composite fibre
(loading limited by the poor stability of unfunctionalized SWCNT dispersions).
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Fig. 2.14. Cyclic plastic response of CNT-PVOH composite fibre, demon-
strating true plasticity, and large strain to failure over numerous loading cycles.
The fibre contains around 40 wt% SWCNT grafted with 10 kDa-PVOH, similar
to samples described in [42].

recent results indicate a non-linear response in tension with strengths up
to at least 5 GPa at 3 % elongation [45,46]. The major alternative
approach relies on direct spinning from the gas phase, which offers an
attractive reduction in overall process complexity, although production
rates remain limiting. These fibres similarly offer promising specific
strength, and some non-linearity particularly before densification; sec-
ondary densification with acid provides promising strengths although
the strain to failure reduces [47]. Strengths can reach around 2.5 N/tex
(equivalent to 2.5 GPa if specific density is one, or proportionately
higher, if fibres are more effectively densified), with a non-linear
response up to 6 % strain to failure [48]. Thermal annealing, can
improve the performance further, providing fibres with high strengths
(over 6 GPa), high modulus (600 GPa), and non-linear strain to failure
(>1.5 %) [45]. Much work remains to be done to scale up production,
but significant commercial progress is being made on both direct spun
fibres (Huntsman, Qflo) and acid spun fibres (Dexmat), amongst others.
The results suggest the potential to create truly ductile high performance
fibre based composites in the medium term. Although again, there ap-
pears to be a trade-off between strength and strain to failure, macro-
scopic SWCNT based fibres already offer an improved balance of
properties, with current rapid progress. Plenty of headroom remains
before reaching the intrinsic strengths observed for bundles of small
numbers of SWCNTs that approach 100GPa, with non-linear strains up
to 15 % [49].

2.5. Metal fibre composites

Whilst steel, of course, has an undesirably high density compared to
other fibre reinforcement materials, highly drawn steel wires have an
interesting balance of strength, stiffness, and strain to failure, that may
both be directly useful, and serve as a model system [14]. Polymer
matrix composites reinforced with ductile steel fibres can produce a
highly non-linear response by fibre yielding. Allaer et al. prepared
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Fig. 2.15. Ductile steel/epoxy composite and its constituents [50].

Unidirectional (UD) 316L stainless steel fibre/epoxy composites (based
on a low viscosity diglycidyl ether of bisphenol A, Epikote™ RIM 135)
that yielded and achieved nearly 20 % strain and 300 MPa strength as
shown in Fig. 2.15 [50]. Callens et al. reported similar properties for UD
stainless steel / epoxy composites, with silane modification to improve
adhesion, and tested cross-ply laminates as well [51]. They also used a
PP matrix, which gave a ductile response with up to 13 % strain and 128
MPa strength [52]. Hybridisation with SRPP resulted in similar ductility
with strains up to 12 % and strengths up to 145 MPa [53]. Hannemann
et al. successfully produced hybrids with steel and carbon fibres in epoxy
[54] although steel fibres (~30 pm) are typically significantly larger
than carbon fibres (~5 pm). In tension, they showed a large load drop
when the carbon fibres failed, but some configurations continued to
carry substantial stress beyond that point. Layups with 0°, 90°, and +
45° layers of carbon fibres comprising 53 % of the total volume fraction
plus 11 % 0° steel fibres carried 150 MPa stress reducing to about 50
MPa up to about 12 % strain. McBride et al. hybridised E-glass and
stainless-steel fibres in an epoxy matrix [55]. Yielding of the steel pro-
duced a non-linear response with ductility, with stresses depending on
the proportion of glass to steel, but catastrophic failure occurred when
the glass fibre failure strain was reached. The benefits of ductile metal
fibres have also been explored by multi-scale modelling [56].

Metallic fibres are sometimes introduced into polymer matrix com-
posites for multi-functional purposes such as actuation, de-icing or
lightning strike protection, and may also add some ductility as a sec-
ondary benefit. For example, embedding steel fibres and meshes can aid
thermographic non-destructive evaluation, and provide integrated ice
protection [57], and embedding shape memory alloy wires has been
shown to improve impact performance [58].

3. Ductility and pseudo-ductility via fibre reorientation
3.1. Introduction

The fibres in most modern composites are brittle, and so offer little
opportunity for ductility or pseudo-ductility without fracture. However,
additional strain beyond that in the fibres can be generated in a number
of ways by reorientation of the fibres, enabled by deformation in the
matrix. This can occur by angle-plies scissoring, and fibres becoming
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more aligned with the loading direction, as discussed in Section 3.2.
Additional strain can also be generated by inherently wavy fibres un-
dergoing straightening, reviewed in Section 3.3. Other possibilities exist
to exploit hidden length to create extra strain as a result of the archi-
tecture, and some examples of this at the structural level are presented in
Section 3.4. Depending on the matrix response, in some cases the
composite’s response may be recoverable, producing true ductility, as
opposed to pseudo-ductility when damage or irreversible deformation
occurs. Fibre reorientation contributes to the non-linearity exhibited by
some 3D woven and braided composites, and is discussed in Section 4.6
as it is also related to fragmentation. A further possibility is non-linear
response due to buckling. Gordon and Jeronimidis mimicked the
structure of wood by creating hollow cylindrical tubes with helically
wound fibre walls [59]. Pseudo-plasticity occurred under tensile loading
due to buckling of the walls, with high energy absorption, and a
maximum for a winding angle of 15°.

3.2. Angle-ply laminates

From the early days of composites, it was observed that angle-ply
laminates could exhibit significant non-linearity due to the high shear
strains the matrix may be able to reach and the lack of restriction from
fibres in the loading or transverse directions. It was found that a single
parameter flow rule plasticity model was able to represent the off-axis
behaviour of epoxy composites even though thermoset polymers do
not exhibit true plasticity, and the stress-strain responses for a range of
off-axis angles could be fitted using the same plasticity parameter [60].
In particular, laminates with + 45° plies exhibit substantially non-linear
response. Fig. 3.1 shows typical results for scaled [(+45/-45),]s carbon/
epoxy laminates with n = 1, 2, 3, 4 [61,62]. The strain at failure
increased substantially as the number of plies increased, due to the
reducing effect of damage starting with transverse cracks at the central
double plies leading to delamination. For the 8-ply case these represent a
quarter of the total thickness, leading rapidly to complete failure,
whereas for the 32-ply laminates the damaged plies are a much smaller
proportion of the total thickness. Even higher strains can be achieved
with angle-plies with thermoplastic matrices, e.g. polycarbonate [63].
Pseudo-ductility in angle-ply laminates under flexural loading has been
studied [64], and the mechanisms involved in the behaviour of angle-ply
laminates in tension and compression have been investigated and
modelled [65].

By using thin plies, matrix cracking and delamination can be sup-
pressed in angle-ply laminates even with normally brittle matrices,
allowing much higher strains to be achieved. For example, with a
(£45)ss layup of high strength carbon/epoxy plies of only 0.03 mm
thickness, strains of over 20 % and necking behaviour were obtained
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Fig. 3.1. Tensile behaviour of [(+45/-45),]s carbon/epoxy laminates, n = 1, 2,
3,4 [61].
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Fig. 3.2. Necking and non-linear tensile response of thin-ply + 45 angle-ply
carbon/epoxy laminates [66].
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Fig. 3.3. Predicted (dot-dashed lines) and measured (full lines) response of
thin-ply angle-ply carbon/epoxy laminates [68].
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Fig. 3.4. Response of thin-ply + 25° carbon/epoxy laminate [66].
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Fig. 3.5. Cyclic loading of (+£26)s; thin-ply carbon/epoxy laminate [71].

despite the brittle nature of the matrix, as shown in Fig. 3.2 [66]. A
pseudo-ductile strain of about 14 % was achieved. The initial non-
linearity is caused by the yielding of the matrix, but as the strains in-
crease, the fibres start to reorient towards the loading direction, giving
rise to an increase in stiffness [67].

There is a trade-off between the stresses and strains that can be
achieved depending on the angle, as shown in Fig. 3.3, and this has been
investigated in modelling studies [68,69]. High strains can only be
reached for relatively high angles, leading to a reduction in modulus and
strength. A good balance of properties can be achieved for example with
+ 25° thin-ply carbon/epoxy laminates that were found experimentally
to give a pseudo-ductile strain of 1.23 %, a maximum stress of 927 MPa
and a modulus of 39 GPa, Fig. 3.4 [66]. Mizumoto et al. reported a
failure strain of 8.7 % and stress of 340 MPa for + 30° carbon/PP
composites with 0.15 mm plies [70].

Tests involving loading, unloading, and then reloading have shown
that the initial modulus is fully recovered, and so these laminates may be
considered as ductile rather than pseudo-ductile, Fig. 3.5 [71].

Many other studies have shown pseudo-ductility in angle-plies, for
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Fig. 3.6. Effect of angle on performance of thin-ply laminates.
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example Vieille and Taleb for standard thickness plies woven carbon/
epoxy and polyphenylene sulfide (PPS) at room temperature and 120 °C
[72]. Moreno et al. [64] and Caminero et al. [73] showed pseudo-
ductility in standard thickness + 45° angle-ply carbon/epoxy lami-
nates loaded in bending. Higher strains and greater pseudo-ductility
were obtained for thicker laminates with more ply blocks. Yuan et al.
studied + 15°, +£30°, and + 45° thin-ply carbon/epoxy laminates and
the effect of ply block thickness, showing substantial pseudo-ductility
[74]. Their model based on dividing the composite specimen into sub-
cells was able to fit the data and separate the effects of material non-
linearity and fibre reorientation.

Bergmann et al. showed extensive results for + 45° woven ply
composites with a range of different fibres, matrices and ply thicknesses
and architectures [75]. Aramid, DyneemaTM, and Vectran™ showed
higher strains than glass and carbon, although with lower strengths in
most cases. The effect of using a more ductile poly(ether ether ketone)
(PEEK) versus epoxy matrix had much less effect. All materials showed a
substantial strain rate effect, with larger strains at lower loading rates
and generally lower strengths. Braided composites showed a more
brittle response than woven ones.

Angle-ply composites inevitably have lower strength and modulus
compared with the unidirectional material. The trade-offs are illustrated
in Fig. 3.6 which shows the relation between pseudo-ductile strain and
strength for the thin-ply laminates presented in Figs. 3.2-3.4. There are
similar trade-offs for modulus. For example the 4+ 45° and + 25° lami-
nates have initial moduli of only 9 and 39 GPa compared with 102 GPa
for the unidirectional material. Parametric studies have explored the
relationship between strength, pseudo-yield stress and strain for a range
of different material properties and laminates [68].

3.3. Wavy ply concepts

Kuo et al. demonstrated theoretically and experimentally that strains
of over 6 % could be achieved using wavy carbon fibres with both
parallel, in-phase and more random, out-of-phase waviness [76],
although there was a stiffening rather than pseudo-ductile response.
Stresses were very low because the matrix was a silicone elastomer,
however similar effects can also be achieved with high stiffness matrices.
For example, Chun et al. investigated the effect of waviness in the
through thickness direction on in-plane response of carbon fibre/epoxy
composites [77]. As the ratio of waviness amplitude to wavelength (a/A)
increased, a significant increase in non-linearity, additional strain and
reducing stiffness were predicted and measured experimentally in
compression tests, as shown in Fig. 3.7.

As well as offering additional strains due to reorientation, wavy fi-
bres can also vary the overall strain at which fibres break, creating a
more gradual failure. This was shown with non-constrained annealing of
carbon fibre/Nylon (PA-12), which produced wavy fibre composites
[78]. Also using a gas-flow-assisted process to spread fibres resulted in a
broadening of the fibre alignment distribution albeit with a slight
degradation of the fibres. Both the wavy and spread fibre composites
gave a stepwise and more gradual tensile failure, with the wavy com-
posites having an average ultimate failure strain of 2 %, at which the
load-bearing capacity is fully lost, significantly higher than the 1.6 % of
the control composite, Fig. 3.8.
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Fig. 3.7. Non-linear response due to through-thickness waviness in compression [77].
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Fig. 3.8. Tensile stress-strain curves of (a) control, (b) gas-textured spread and
(c) non-constrained annealed carbon fibre/PA-12 wavy tapes [78].

10

X3
o *
e
/
—
—
—.
X
1
Conventional
Tailored
FO5
.
0 L
0 0.5 1 1.5 . 2 25 3 35
S

Fig. 3.9. Normalised load-displacement response of tailored undulating energy
absorber concept versus conventional straight fibres [80].

3.4. Structural concepts

Dancila and Armanios developed an energy absorption concept
consisting of undulating and straight sections of glass fibre reinforced
rubber loaded in tension [79,80]. When the straight sections failed, the
undulating portions underwent straightening, allowing additional
deformation whilst still carrying load, resulting in a substantial increase
in energy absorption, as shown in Fig. 3.9.

Pimenta and Robinson devised a wavy ply sandwich concept with
symmetrical undulating skins and crushable foam cores [81]. The wave
geometry, foam material, and shape of epoxy fillet were optimised
through a combination of analytical modelling and FE simulations.
Under tensile loading specimens exhibited large deformations, without
the load drops observed in Fig. 3.9. This was achieved through
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Fig. 3.10. Wavy ply sandwich concept and experimental results [81].

straightening of the wavy composite skins and high energy-absorption
through crushing of the foam core cells, with a strength of 1570 MPa
and “strains” of up to 9 %, as shown in Fig. 3.10. This concept gave high
energy absorption of over 9 kJ/kg.

4. Pseudo-ductility via progressive fibre fracture in continuous
fibre composites

4.1. Introduction

One of the earliest analyses of composite tensile failure was Rosen’s
cumulative weakening model [82]. This was based on statistical varia-
tion of fibre strengths due to defects and postulated that when fibres
failed, load was redistributed equally on to the remaining continuous
fibres. Fibre breaks were assumed to accumulate until complete failure
occurred when one section was weakened to the point of no longer being
able to carry the load. This model predicted gradual failure, with a large
number of broken fibres throughout the composite, but in practice
composites were found to fail suddenly, with much less cumulative
damage than expected based on this early model. This discrepancy was
explained by Zweben in terms of stress concentrations on fibres adjacent
to breaks leading to a cascading failure, whereby once a critical cluster
of fibres forms, adjacent fibres immediately break, leading to an un-
stable catastrophic failure [83]. More recent models capture the stress
concentrations and interactions between fibres at different positions
along the length more accurately, but similarly predict catastrophic
failures e.g. [84], as is typically observed experimentally. However, in
some circumstances it is possible to overcome this limitation and this
section discusses mechanisms whereby globally stable tensile failure can
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Fig. 4.1. Brush-like failure in UD carbon/epoxy specimen tested in
bending [85].

be achieved, leading to pseudo-ductility. Gradual failure in conventional
composites and hybrids is considered in Section 4.2, then fragmentation
in thin-ply composites and hybrids in Section 4.3. Fragmentation in
carbon - polypropylene hybrids is presented in Section 4.4, and finally
combined fragmentation and reorientation of fibres in thin-ply com-
posites (Section 4.5), and in 3D woven and braided architectures (Sec-
tion 4.6).

4.2. Conventional Composites and Hybrids

Whilst conventional carbon fibre composites normally fail cata-
strophically, there are examples where gradual failure has been
observed in bending. For example, Fig. 4.1 shows a picture of a XAS/913
high strength carbon/epoxy specimen loaded in compression in a pin-
ended buckling rig that is failing gradually in tension through the
thickness, producing a brush-like appearance, but without failure on the
compression surface [85]. Gradual failure occurs because the stress
gradient through the thickness promotes earlier failure of the highly
stressed fibres on the surface, while the fibres away from the surface are
less highly stressed. The fibres on the surface are only constrained on
one side, and small bundles can separate from the rest of the composite
via splitting and delamination, which relieves any stress concentrations
on adjacent fibres that could cause the fracture to cascade, and reduces
the bending stiffness. This behaviour can be explained by a bundle of
bundles model where the composite is assumed to act as a number of
small elements that can split and act independently. The model captures
the mechanism and higher strains in bending compared to tension that
are observed experimentally [86]. This type of gradual flexural failure
can only occur if unstable compressive failure does not occur first, either
because the material has a higher compressive than tensile strength or is
sufficiently thin that microbuckling is suppressed by the strain gradient
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Fig. 4.2. Gradual failure in UD glass-carbon layered hybrid composite [95].

through the thickness [87]. Adequate roller sizes are also necessary to
avoid local failures. Current carbon fibre composites tend to have a
lower ratio of compressive to tensile strength than older systems such as
XAS/913 and so are less likely to exhibit such gradual failure.

Another way that tensile failure may be made more gradual is by
increasing the variability of fibre strengths. For example, the afore-
mentioned gas-flow-assisted process to spread fibres (Section 3.3)
developed by Diao et al., resulted in a broadening of the distribution of
fibre strengths as well as of the alignment of the individual filaments,
and this gave rise to a more gradual failure with several successive load
drops compared to a sudden catastrophic failure with the baseline un-
spread material as shown in Fig. 3.8b [78]. Fibres with nacre-like
layered interfaces have been produced which help to limit damage
spreading from one fibre to another [88], leading to significantly
increased number of fibre breaks before failure (as detected acousti-
cally), higher failure strains and potentially more gradual failure [89].
More gradual failure has also been achieved in carbon fibre composites
in flexure by printing a polycaprolactone grid on the surface of the fabric
prior to infusion [90]. Cracks near the locally weakened inter-layered
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Fig. 4.3. Schematic of matrix fragmentation creating pseudo-ductility in
ceramic matrix composites.
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zones required more energy to propagate, delaying the onset of final
failure. Introducing artificial delaminations in the layup created more
gradual failure of cross-ply carbon laminates loaded in three-point
bending [91], and models have also suggested that interleaving of uni-
directional (UD) composites with a soft polymer has the potential for
delaying catastrophic failure under tension [92].

The distribution of fibre strengths can be greatly widened by mixing
fibres of different types to create hybrid composites. Hayashi et al.
showed the synergistic effects of mixing different fibres in their study on
unidirectional layered glass/carbon hybrid composites [93]. They re-
ported a “hybrid effect”, referring to an enhanced strain to failure of the
carbon fibres compared to that measured in an all-carbon/epoxy com-
posite. However, the stress-strain response showed a sharp load drop
after the failure of the carbon which had a lower strain to failure than the
glass. This is indicative of substantial delamination between the frac-
tured carbon and the glass, leading to a loss of integrity, and so the
response cannot be considered as pseudo-ductile. There has been much
controversy about this hybrid effect, clouded by underestimation of the
difficulties of obtaining reliable test results. Some of the factors affecting
the strength of hybrids have been reviewed by Swolfs [94].

Bunsell and Harris reported progressive failure in tests of a layer of
carbon/epoxy between two layers of glass/epoxy, as shown in Fig. 4.2
[95]. The failure was more gradual than reported by Hayashi et al., with
smaller load drops compared with similar specimens with a double layer
of carbon, although the failure strains were quite low as a result of the
fibres used. There was significant acoustic emission after the knee point
due to the carbon fibre failure.

Aveston and Sillwood developed the theory of synergistic fibre
strengthening in hybrid composites [96]. They noted the importance of
spreading the brittle fibres thinly and evenly and created a composite
with layers of carbon tows of 10,000 fibres spread to a width of 150 mm
alternating with glass fibre layers, with overall fibre volume fractions of
3.5 % and 35 % respectively. The degree of non-linearity was modest,
but very gradual failure of the carbon fibres was obtained, with multiple
fibre fragmentations visible as small closely spaced cracks on the sur-
face. This in-situ fragmentation is a very important mechanism for
creating pseudo-ductility.

It is similar to the mechanism in fibre reinforced brittle matrix
composites, where it is the matrix that fragments rather than the fibres
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Fig. 4.4. Pseudo-ductile response of UD S-glass/high strength carbon hybrid
(reproduced from [104,105]).

[97]. Fig. 4.3 illustrates this mechanism, which creates pseudo-ductility
in ceramic matrix composites, e.g. [98]. Similarly pseudo-ductility has
been created by sandwiching thin alumina plates between layers of
carbon/epoxy, with the alumina fragmenting under tensile loading [99].
The ply fragmentation mechanism is discussed in more detail in Section
4.3 for thin plies. However, fibre level fragmentation may also give
pseudo-ductility in a similar fashion, for example, with suitable
hybridisation to ensure that multiple fragmentation dominates over
localized failure. Aligned discontinuous hybrid composites discussed in
Section 5 demonstrate that pseudo-ductility can be obtained in the limit
where fibres are already broken. Initial work mentioned above with a
nanonacre interface increased the number of fibre breaks before failure
[89], and with further fragmentation, this mechanism should lead to
non-linearity.

A number of authors have investigated the use of hybrid composites
to produce reinforcing bars for concrete that fail gradually. For example,
Bakis et al. presented results of hybrid pultruded rods with various
combinations of glass, carbon, Kevlar and PVOH, reporting pseudo-
ductile behaviour [100]. Cui and Tao tested rebars made combining fi-
bres of steel, carbon, glass, and Twaron™ [101]. Yielding of the steel
provided non-linearity before failure of the carbon fibres, and the bars
were able to sustain load up to higher strains as the remaining fibres
failed. These concepts produced gradual failure, but usually associated
with load drops as the different fibres failed. Ali et al. later considered
the role of delamination in the stress-strain response of basalt/carbon
and glass/carbon hybrid rebars, and showed that the load drops could be
controlled by appropriate design of the composite [102].

0.14
01 — ———
N G,/C,/G
— ™. Single delamination [6/C/C.]
E o1 .
g 008 . \\\[Gz/ C./G,)) //”
< Carbon fragmentation . e
= diffuse delamination [G,/C,/G,] g =
2 0.06 [} o
[ \. [G/C,/G] Premature
5 N\ glass failure
a \
S 0.04
(&) N\
a a N
0.02 [G,/C/G,] [G/C/G)
Carbon fragmentation '
0

0.1

0.15
Proportion of carbon

0.2 0.25

Fig. 4.5. Damage mode map for E-glass/thin carbon hybrid composite [106].
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4.3. Ply fragmentation in thin-ply hybrids

Thin-ply composites have become widely available commercially
with the development of tow spreading technology, and this has led to
new opportunities to create pseudo-ductility via ply fragmentation. Thin
plies of a single material tend to suppress matrix cracking and delami-
nation, leading to a more brittle overall response [103]. However, in UD
interply hybrid composites where one ply type has a significantly lower
failure strain than the other type, a gradual failure can be produced. In
this case the ply thickness is crucial, as explained by Czél and Wisnom.
Thin plies avoid delamination, which can lead to undesirable load drops
after failure of the low-strain layer, since the energy available to drive
the delamination from the low-strain layer fracture is proportional to its
thickness [104]. For typical epoxy-based high strength carbon/glass
hybrid composites, a critical carbon layer thickness of about 0.06 mm
was calculated, and it was shown that hybrid composites with carbon
ply thicknesses below this limit did indeed fail by progressive
fragmentation.

4.3.1. Pseudo-ductility in unidirectional tension

Fig. 4.4 shows the response for two 0.029 mm plies of high strength
TR30 carbon fibre / epoxy with approximately 1.9 % failure strain
creating a 0.058 mm low-strain ply-block sandwiched between single
0.155 mm thick S-glass epoxy plies (corresponding to the high-strain
plies) on either side [105]. There is a broad and smooth plateau after
the knee point due to the progressive fragmentation, with the amount of
local delamination kept low, as a result of the thin carbon layers.
Fragmentation started just before the knee point and continued, so that a
pseudo-ductile strain of 1.23 % was obtained. There is also a striped
pattern visible on the surface of the hybrid composites due to the
translucence of the glass and the local damage at the ply interface
associated with the fragmentation, which forms the basis for a strain
overload sensor concept (see Section 4.3.3).

Modelling has shown that both the relative thickness (i.e. the pro-
portion of carbon to total thickness) and absolute thickness of the carbon
plies are important in controlling the hybrid response [106-108]. With
the choice of the appropriate thicknesses, premature brittle failure of the
whole hybrid specimen and catastrophic delamination can be avoided.

Damage mode maps can be produced such as Fig. 4.5, with the
different failure mode regions in this case indicated approximately
based on finite element (FE) analysis and compared with experimental
results [106]. Ply tensile strength was represented stochastically, and
cohesive elements were used to model delamination. This captures the
different mechanisms of complete ply failure, fragmentation and
delamination, and their interaction, and highlights the importance of
the absolute as well as relative thickness of the low strain plies.
Simplified analytical models allow the boundaries to be calculated
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Fig. 4.6. Stress-strain response for UD [T1000,/XN80,/T1000,] thin carbon
hybrid. Replotted from results in [114].
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explicitly, enabling parameter studies to be undertaken to understand
what controls the failure mechanisms [107,108]. Tavares et al. inves-
tigated the mechanics of hybrid composites using analytical and
computational models at the micromechanical rather than ply level,
taking account of the variability of individual fibre strengths but not
considering delamination. This gave further understanding of the factors
controlling pseudo-ductility, showing in particular the need for conti-
nuity in the strength distributions of both fibre types [109]. Three
dimensional progressive failure micro-mechanical modelling based on a
chain of bundles has also been used to simulate the fragmentation
mechanism, giving much faster solutions than FE [110]. Mesquita et al.
presented a dual scale stochastic model linking the micromechanical
and ply levels which was able to capture the experimental stress—strain
behaviour and fragmentation lengths [111], although with some dif-
ferences due to delamination which was not included in the model. A
parametric study showed that a lower Weibull modulus for the low
strain plies, indicating higher strength variability, predicted a more
gradual development of failure. Conde et al. produced a micro-
mechanical spring element model to analyse hybrid composites which
was fast enough to be able to be used to optimise pseudo-ductility [112].
The model showed that high fibre dispersion favours pseudo-ductile
behaviour. Ribeiro et al. applied an analytical model for the hybrid ef-
fect to predict pseudo-ductility and create damage mode maps for
composites targeted at civil engineering applications [113].

There is a trade-off between pseudo-ductility on one hand, and
pseudo-yield stress on the other [105,108]. A range of different glass-
carbon hybrid configurations has been evaluated, and pseudo-ductile
strains of up to 2.64 % have been obtained with a pseudo-yield stress
of 520 MPa, or 0.80 % pseudo-ductile strain with a plateau stress of
1358 MPa [105], with moduli between 50 and 124 GPa depending on
the type and fraction of carbon fibres.

Pseudo-ductile response has also been demonstrated with hybrids
with different grades of carbon fibres. Fig. 4.6 shows the response of
hybrid specimens made from 0.094 mm of Granoc XN80 ultra-high
modulus pitch-based carbon fibres between 0.064 mm layers of T1000
intermediate modulus polyacrylonitrile-based carbon fibres, giving
0.94 % pseudo-ductile strain [114]. Pseudo-ductility for intermediate /
high modulus carbon hybrids has also been reported by Danzi et al.
[115].

Pseudo-ductility with standard thickness high modulus pitch / in-
termediate modulus carbon hybrids has been obtained where the carbon
failed at a strain below that required to cause delamination [116].
Pseudo-ductile hybrids of intermediate modulus, high strain carbon / S-
glass with about 0.1 mm carbon ply thickness have been created by
toughening the glass/carbon interfaces using 0.03 or 0.06 mm thick
epoxy films [117] or thinner electrospun nanofibrous polyamide PA6
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mats of only 2-20 g/m? [118]. Pseudo-ductility was also achieved with
the same intermediate modulus carbon and S-glass/epoxy composite
layers, using thin PA12 film interleaves to toughen the interfaces [119].
Hybrids with tows of glass and carbon fibres laid side by side using
tailored fibre placement showed pseudo-ductile response [120]. Glass/
carbon hybrids manufactured by 3D printing can also show pseudo-
ductility, with pseudo-ductile strains of up to 0.76 % reported depend-
ing on the ratio of materials [121]. Pseudo-ductile response of various
interlayer hybrids of high strength carbon, high modulus carbon, basalt
and E-glass for civil engineering applications were presented by Ribeiro
etal. [122].

When the low strain plies in the hybrid laminates are very thin, it has
been shown that there is an enhancement in the strain to failure of the
plies which can be referred to as a hybrid effect [123]. For high strength
carbon/glass hybrids this only occurs for plies less than 0.1 mm thick
and can be as high as 20 % for a single 0.03 mm ply. The effect can be
modelled, and has been shown to be due to the constraint on forming
critical clusters of fibre breaks [123]. This means that as well as pro-
ducing pseudo-ductile response, these hybrid laminates are able to take
greater advantage of the intrinsic properties of the carbon fibres. Similar
enhancements in the failure strain have also been measured with thin
high modulus carbon sandwiched between intermediate modulus car-
bon plies [124]. It is interesting to compare this with the well known
enhancement of transverse tensile cracking strain for thin plies, as re-
ported by Parvizi et al. [125] and studied in detail more recently by Paris

€d x10°
) 14
é [SG2/C4/SGa] 2
177 12
w
g 01Q Catastrophi
ata phic
.§ o delamination 10
.8 [SG/C5/SG]
= » 8
S ‘
e
> 6
= 0.05
5 4
'8 Premature
8 failure 2
0.1 0.2 0.3 0.4 0.5
Carbon/glass proportion

Fig. 4.8. Damage mode map for UD S-glass/carbon hybrid laminates illus-
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et al. [126]. Although the mechanisms are different, in both cases there
is constraint on the joining up of micro-scale damage, leading to an
increase in failure strain when the plies are sufficiently thin.

Loading-unloading-reloading tests show a reduction in initial
modulus due to the fragmentation damage and local delamination, so
that such laminates are pseudo-ductile rather than truly ductile
[127-129]. The reduction in the reloading modulus represents the
amount of damaged carbon fibres no longer contributing or contributing
less to carrying the load. When laminates are loaded in tension beyond
the knee point and then loaded in compression, they may fail earlier
than pristine laminates due to delamination of the fragmented carbon
plies starting from the ply fractures [130].

It has been shown that acoustic emission can be used to detect
fragmentation, with a direct correlation between acoustic and frag-
mentation events, allowing the technique to be used to detect frag-
mentation in opaque carbon/epoxy laminates [128,131]. It is also
possible to separate the glass and carbon fibre breakages [132].

Introducing cuts into the low strain plies is an alternative means of
producing pseudo-ductility via controlled local delamination of the
discontinuous plies before they fragment [133]. A similar strategy can
be used to produce pseudo-ductile behaviour in non-hybrid laminates by
introducing cuts in selected plies. Layers of aligned short fibres can also
be used for the low strain material [134]. Pseudo-ductility has been
successfully introduced into the stiffeners of grid-stiffened structures by
means of cut tows, giving increases of 30-50 % in maximum load car-
rying capacity and pseudo-ductile displacement under bending and
tensile loading [135]. Discontinuous fibre approaches are discussed in
detail in Section 5.

The trade-offs between pseudo-ductile strain, pseudo-yield stress and
modulus are illustrated in Fig. 4.7 for various glass-carbon and car-
bon-carbon hybrids using the data from [105,114]. Fig. 4.7a shows the
expected reduction in pseudo-yield stress with increasing pseudo-ductile
strain for both types of hybrid. In contrast, Fig. 4.7b shows a positive
correlation, with modulus and pseudo-ductile strain tending to increase
together. The increasing proportion of high modulus fibres generates
greater pseudo-ductility so long as the threshold is not exceeded that
would cause a change to catastrophic failure. The trend is illustrated in
the damage mode map in Fig. 4.8 for some of the same S-glass/carbon
hybrids included in Fig. 4.7. The predicted pseudo-ductile strain is
superimposed on the damage mode map. The maximum values are in the
area where fragmentation and localized delamination both occur,
increasing with greater proportion of carbon until the boundary is
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Fig. 4.9. Alternative quasi-isotropic hybrid configurations.
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reached when the failure mode switches to catastrophic delamination or
fibre failure. Optimal performance is close to the boundary, whilst
leaving sufficient margin to avoid the risk of catastrophic failure. This
trend shows the very beneficial effect of adding higher modulus fibres to
a given material, simultaneously improving stiffness and creating more
gradual failure. The trade-off then is between modulus and pseudo-yield
stress, as higher modulus fibres tend to have lower failure strains, thus
bringing the pseudo-yield (i.e. damage initiation) point earlier. Further
parametric studies and discussion are presented in [108].

4.3.2. Pseudo-ductility in multi-directional laminates and loading modes
other than tension

Modelling showed how pseudo-ductile behaviour could be achieved
in multi-directional layups [136] and this has been demonstrated
experimentally with quasi-isotropic laminates made from UD thin-ply
hybrid sub-laminates with different carbon fibres [137]. An alterna-
tive concept with sublaminates formed by blocks of the same material
with different ply orientations rather than blocks of different materials
with the same orientation has also been proposed, as shown in Fig. 4.9,
producing pseudo-ductile quasi-isotropic laminates of standard thick-
ness S-glass and 0.029 mm high strength carbon plies [138]. This
reduced the risk of free edge delamination and gave similar response in
all the fibre directions in a slightly different layup, as shown in Fig. 4.10
[139]. Differences in the knee point strain were observed for different
stacking sequences, and these were attributed to variations in the hybrid
effect influenced by the stiffness of the adjacent plies as well as the
carbon ply thickness. FE analysis suggests this is due to changes in stress
concentrations affecting the interaction between fragmentation in
different plies [140]. Loading at small off-axis angles also produces
pseudo-ductile response, although the pseudo-ductile strain decreases
[141]. Kohler et al. have also shown pseudo-ductility in quasi-isotropic
hybrids of HR40/T800 carbon fibres, with 0.47 % pseudo-ductile strain
and a strength of over 900 MPa [142]. Czél demonstrated pseudo-
ductility in glass/carbon laminates with cross-ply glass and either
cross-ply or spread-tow carbon fabric [143].

Fragmentation can also occur in compression, for example in uni-
directional 0.03 mm ply M55 carbon / standard thickness S-glass lam-
inates on the surface of specimens loaded in bending [144]. The carbon
fibres break, forming a crack at an angle through the thickness, and then
some relative movement between the fracture surfaces allows further
loading and failure elsewhere, leading to a similar fragmentation
behaviour and associated change in stiffness to that observed in tension.
The visually observable fragmentation pattern and a schematic of the
failure mechanism are shown in Fig. 4.11 [145]. Similar behaviour has
also been obtained in direct compression tests, giving a significantly
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Fig. 4.11. Fragmentation of S-glass/ M55 carbon hybrid in compression [145].
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Fig. 4.12. Effect of ply thickness on pseudo-ductile response of UD S-glass/
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Fig. 4.13. Fragmentation cracks on compression (top) and tension side (bot-
tom) of S-glass/M55 laminate in bending [147].

non-linear response as shown in Fig. 4.12, although with a reduction in
slope after the knee point rather than a plateau [146]. The stress con-
tinues to rise more slowly after the knee point as fragmentation con-
tinues, but the carbon continues to carry some load, although the
increasing load is taken mostly by the glass plies until delamination
occurs, followed by complete failure. The strain at which delamination
occurs decreases as the thickness of the carbon ply blocks increases, but
the knee point strain does not change. When these laminates are loaded
in bending, fragmentation first occurs on the compression side, then in
tension followed by final failure in compression [147]. The different
morphology of the fragmentations in compression (angled cracks) and
tension (clusters of broken fibres close enough together to interact) is
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Fig. 4.14. Flexural response of asymmetric UD S-glass/pseudo-ductile carbon
laminate [148].

illustrated in Fig. 4.13. The different behaviour in tension and
compression highlights the challenge in optimising response for general
applications.

Tests were carried out on S-glass/carbon hybrids under bending,
with higher strain TR30 carbon fibres rather than high modulus M55
carbon fibres. A single block of two thin carbon plies between standard
thickness glass plies was placed at the surface, with the specimen core
made of glass. Fragmentation occurred in tension, but not in compres-
sion. Sudden failure then occurred in compression, with compressive
strains as high as 2.5 % obtained in the carbon plies with no prior
damage observed [144]. Analogous behaviour was found in hybrids
with similar TC35 thin carbon plies throughout the thickness and layups
[SG/TC35,/SGl4s with n = 1, 2. Substantial non-linearity occurred due
to fragmentation in tension. The final failure occurred in compression at
strains of 2.66 % and 3.00 % for the 2 and 1 ply cases, which is more than
double the expected compressive failure strain of the carbon, suggesting
a strong hybrid effect in compression [147].

The different behaviour in compression with TR30 compared with
M55 shows the importance of selecting appropriate fibres. Only the
higher modulus carbon fibres tend to fail in compression by fibre failure,
as required to produce pseudo-ductility, with most other fibres giving
rise to catastrophic laminate failure due to microbuckling. Polymer fi-
bres also have low compressive strength and might be suitable to
hybridise with stronger fibres, although this does not appear to have
been investigated yet.

Compressive failure in bending can be suppressed completely by
putting a block of higher strain glass fibres on the compressive side of a
pseudo-ductile laminate [148]. Fig. 4.14 shows the flexural response of
an asymmetric laminate designed using a simple beam analysis. It has
about 1.08 mm of S-glass on the compression side and then eleven
repeats of a carbon hybrid sublaminate 0.16 mm thick of plies about
0.03 mm thick with layup (T10002/M55/T10003), giving a total
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thickness of 2.96 mm. Substantial non-linearity was obtained initially
due to fragmentation of the M55 plies, and large deflections. Load drops
then occurred due to failure of T1000 plies followed by delamination,
starting at the surface sublaminate which was under the highest tension
and continuing progressively through the thickness, creating the
load-deflection response in Fig. 4.14, with a large amount of energy
absorbed. The reduced stiffness of the specimen meant that it bent
double and could pass through the support rollers without completely
failing. These results again show the potential to tailor the behaviour to
the application, in this case to maximise pseudo-ductility and energy
absorption under bending in one direction.

Fatigue response of pseudo-ductile hybrids has been shown to be
good. Cyclic tension testing on unidirectional S-glass/TC35 carbon hy-
brids at 80 % of the knee point strain which showed no fibre failure on
first loading sustained no damage after 100,000 cycles [149]. Specimens
that were loaded statically until initiation of fragmentation and then
fatigued showed gradual growth of damage until the carbon layers were
fully delaminated after a few thousand cycles at 90 % of the knee point
stress or a few tens of thousands of cycles at 70 %. Tests on glass/high
modulus carbon and high modulus/high strength carbon/epoxy unidi-
rectional fabric laminates for civil engineering applications have also
shown good fatigue performance [129].

The good fatigue performance has also been shown to carry across
into multi-directional laminates. Tension fatigue tests were carried out
on two quasi-isotropic interlayer hybrids of Xstrand-glass/M46JB car-
bon and S-glass/T300 carbon, with the latter having a lower ratio of
carbon to glass. Similar behaviour was found as for the unidirectional
hybrids. The higher carbon content hybrid with the higher modulus fi-
bres showed no stiffness reduction after 100,000 cycles at a stress level
of 80 % of the knee point stress, but the lower carbon content hybrid
showed a gradual reduction of up to about 10 % due to matrix cracking
[150]. Even increasing the stress level to 90 % of the pseudo-yield stress
gave only a gradual stiffness reduction up to about 10 % after 2000
cycles for the higher carbon content case, although the stiffness of the
lower carbon hybrid reduced steadily, reaching a plateau of 50 % after
6000 cycles. These reductions were due to the appearance of fragmen-
tation and delamination in addition to the matrix cracking in the low
carbon case. Variables such as the ply thickness, the cyclic energy
release rate and the interfacial fracture toughness were reported to
control the fatigue induced damage, and can be selected to give the
desired response. These results suggest that fatigue is not likely to be a
serious limitation for well designed pseudo-ductile hybrids provided the
cyclic loading is kept well below the fragmentation strain.

Tensile tests on S-glass / thin high-strength carbon hybrids at high
loading rates have shown that fragmentation and pseudo-ductility still
occur [151]. Pseudo-ductility is also maintained at —50 °C and + 80 °C
[152]. Mousavi-Bafrouyi showed that pseudo-ductility of woven basalt /
thin carbon hybrids loaded in bending tends to increase with increasing
temperature [153].

Initial results under static indentation representative of impact [154]
show different behaviour to conventional laminates, with carbon ply
fibre fracture and delamination under the indenter and less damage to
the inner layers, giving the ability to tailor the response and modify the
failure mechanisms. Mousavi-Bafrouyi et al. investigated the effect of
stacking sequence on the flexural and impact behaviour of woven basalt
/ thin carbon composites, showing pseudo-ductility when the carbon
was placed away from the surface [155]. More research is needed to
investigate impact response and residual strength after impact.

4.3.3. Other applications of fragmenting hybrid composites

The striped pattern visible on thin carbon/glass hybrids as shown in
Fig. 4.2 can be used as a simple visual overload indicator, either forming
the surface load bearing layer of the structure, or as a separate bonded-
on sensor for composite or metallic structures [156]. It can also be
incorporated into a smart self-warning repair patch [157]. By incorpo-
rating a pre-cut in the carbon layer, it can be used as a fatigue sensor.
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Fig. 4.15. Pseudo-ductile performance of carbon self-reinforced polypropylene
of different volume fractions and treatment [169].

The clearly visible extent of delamination can be calibrated to estimate
the number of fatigue cycles a structure has undergone [158]. Impact
damage can also be detected that would otherwise not be visible by
placing a hybrid sensing layer on the surface [159,160]. The simplicity,
ease of manufacturing and implementation of carbon/glass hybrids as
structural health monitoring sensors are advantageous compared to
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other mechanochromic systems based on dye-filled materials, modified
polymers and structural colour materials, as reviewed in [159], offering
great potential as user-friendly and cheap sensors that do not require
power.

Hybrid specimens can also enable improved tensile testing. The glass
plies on the surface of glass/carbon hybrids can completely eliminate
the stress concentration where the specimen is gripped, producing
consistent gauge section failures [144]. This gives higher experimental
failure strain measurements than other test methods and allows some
fundamental effects to be explored that could otherwise be obscured by
variability and premature failure. Scaled hybrid specimens can be used
to determine the size effect, whereby the tensile strain at failure de-
creases with increasing specimen volume [161]. Study of progressive ply
fragmentation tests can be used to estimate the intrinsic variability of
the material and deduce the Weibull modulus [161]. Hybrid specimens
with cut plies can also be used to study the delamination behaviour at
the interface, and to deduce the mode II traction-displacement relation
for use in cohesive finite element analysis [162,163]. Since thin plies
suppress delamination, and tab failures can be avoided, thin-ply hybrids
allow some innovative methods of investigating the interaction of
different stress components on failure. For example, thin carbon-fibre
angle-plies sandwiched between glass have shown very limited effect
of high in-plane shear stresses on fibre direction tensile failure [164].
Angle-plies have also been used to demonstrate the very limited inter-
action of large transverse compressive stresses on tensile failure of
unidirectional plies [165].

4.4. Fragmentation in self-reinforced polymer and carbon fibre hybrids

Hine et al. studied hybrids of carbon fibre and self-reinforced poly-
amide 12 using different hybridisation methods, and observed pseudo-
ductile behaviour in bending, although the tensile response was brittle
[166]. Swolfs et al. investigated woven intralayer hybrids of carbon fi-
bres and drawn polypropylene (PP) tapes [167], and obtained pseudo-
ductility in bending tests. The importance of the interfacial bonding
was highlighted, with maleic anhydride treated polypropylene (MAPP)
producing higher strengths and moduli, but lower failure strains. In
another paper various combinations of woven and unidirectional carbon
and self-reinforced polypropylene (SRPP) were investigated [168].
Pseudo-ductility was obtained in tension with fragmentation of the
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carbon plies associated with load drops on the load-displacement
response. Further work studied the brittle to ductile transition and
showed how this could be controlled by suitable choice of stacking
sequence and carbon fibre volume fraction, as presented in Fig. 4.15
[169]. Stress—strain responses were smooth, with strains of up to 15 %
and significant increase in stiffness and yield stress compared with the
baseline SRPP. Higher adhesion MAPP produced less desirable response
with more load drops and lower ductile to brittle transition volume
fraction. Mencattelli et al. showed that the response of carbon / SRPP
hybrids could be further engineered by introducing laser cuts, leading to
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Fig. 4.17. Compressive behaviour of [+27,/0]s MR60/M55J carbon layup, a)
Pseudo-ductile stress-strain response and b) compressive ply fragmentation in
the central 0° plies [178].
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Fig. 4.16. Pseudo-ductile tensile response of [+265/0]s laminate [172].
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higher displacements, even more gradual failure, and greater energy
dissipation [170]. Pseudo-ductility has also been successfully obtained
with glass-fibre reinforced SRPP [171].

4.5. Combining fragmentation and reorientation in thin-ply composites

In Section 3 the concept of creating additional strain via reor-
ientation of angle-plies was discussed. Introducing thin O plies into the
layup allows fragmentation to occur in these plies in a similar way as in
the thin-ply hybrids. In other words, the angle-plies behave like high-
strain material sandwiching the O° plies, similar to hybrids. Combining
the two mechanisms of fragmentation and fibre rotation of the angle-
plies gives a highly non-linear response, as shown for example in
Fig. 4.16. This laminate of TR30 carbon/epoxy with a ply thickness of
0.03 mm and layup of [+265/0]s gave a pseudo-ductile strain of 2.2 %
[172], higher than would be achieved by either mechanism on its own.
On reloading, these laminates do show some loss of initial modulus due
to the fragmentation of the 0 plies, and so are pseudo-ductile rather than
fully ductile [71]. Unpublished work found that gradual failure is
maintained when loaded at angles of up to 6 to the O'plies, although with
reduced pseudo-ductile strain. High strain rate testing has demonstrated
that pseudo-ductile behaviour can be retained, with modified response
[151]. The effects of different temperatures and moisture on response
have also been assessed [173]. Pseudo-ductility decreased at —50 °C but
increased at 80 °C. Moisture had less effect on pseudo-ductility, but the
strength was substantially reduced at 80 °C.

Different materials can be used for the 0fand angle-plies. For example
layups [+25/0/+25] and [+25,/0]s using thin ultra-high modulus
YSH70A carbon for the O plies and MR60 intermediate modulus thin
carbon for the angle-plies produces sub-laminates which are pseudo-
ductile and only 0.15 mm and 0.25 mm thick respectively, with a sub-
laminate modulus of about 130 GPa [174,175]. Multi-directional lami-
nates of these pseudo-ductile sub-laminates can then be created, which
also give a pseudo-ductile response [174]. A layup of [(+277/0)sl2
MR60 angle-plies and M55J 0° plies gave a pseudo-ductile strain of 3.9
% [176]. Static indentation and impact tests were carried out, and
subsequent tensile tests showed some pseudo-ductility was retained,
although with reduced strains. Xiang et al. developed a model
combining the effects of material non-linearity, fibre rotation and
fragmentation that gave good predictions for the pseudo-ductile
behaviour of angle-ply laminates with and without O plies [177].

Fragmentation of the O plies can also occur under compression,
giving an analogous pseudo-ductile response to that in tension, although
with lower strength and strain, as found for thin-ply hybrids. Layups of
[+277/0]s with MR60 angle-plies and M55J 0° plies tested in a sand-
wich beam showed the response in Fig. 4.17a, with a pseudo-ductile
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Fig. 4.19. Compressive response of 3D layer-to-layer carbon (A), layer-to layer
S glass (B), 3D through-the-thickness carbon (C), through-the-thickness S-glass
(D) and neat epoxy (e) [182].

strain of 0.41 % [178]. Removing the outer layers revealed a pattern
of angled cracks across the width of the carbon plies, as shown in
Fig. 4.17b. Flexural loading was also investigated, showing the inter-
action between the different responses previously observed in tension
and compression, leading to a more complex overall non-linear flexural
response and delayed final failure in compression.

Fatigue response has been shown to be good, similar to pseudo-
ductile hybrids. Cyclic loading of [+257/0]s carbon/epoxy laminates
with intermediate modulus angle-plies and high modulus O plies showed
no damage up until 10° cycles at 80 % of the pseudo-yield stress and up
to 1000 cycles at 95 % [179]. Specimens pre-fractured by loading
beyond the knee point also showed no significant damage when cycled
at 80 % severity for 10° cycles, but delaminated slowly at higher
loading. Laminates with all standard modulus carbon and layup [+25¢/
0]s showed similar behaviour, but with slightly lower performance.

A number of demonstrators have been manufactured and tested
showing that the concept can be applied to real components including a
skateboard [180] and a tubular tension member. The latter was 350 mm
long and 50 mm diameter, made of TR30 carbon thin plies with layup
[+264/0]s and successfully carried nearly 90 kN with pseudo-ductile
failure, Fig. 4.18 (unpublished work).

4.6. Fragmentation and reorientation in 3D woven and braided
architectures

3D woven composites can show non-linear response, with localised
failures constrained by the 3D fibre architecture, although performance
is lower than in laminated composites due to the lower fibre volume
fraction and non-straight fibres. For example Cox et al. showed consid-
erably higher failure strains in tension than those of the carbon fibres in
layer-to-layer and through-the-thickness interlock weave architectures

3.00

Fig. 4.18. Pseudo-ductile response of a tubular tension member.
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Fig. 4.21. Pseudo-ductility in triaxially braided composites loaded in braided fibre directions [185].
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Fig. 4.22. Effect of axial tows on pseudo-ductility of + 35° braided composites [186].

as a result of tow straightening and discrete tow ruptures that were
contained [181]. Highly ductile behaviour was obtained in compression
for both carbon and glass fibres, with strains occasionally exceeding 15
%, Fig. 4.19 [182]. More recently Das et al. modelled response of 3D
non-woven composites in compression, simulating the multiple
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constrained kink bands giving rise to the non-linearity [183].

Grace et al. created triaxially braided fabrics for reinforcing concrete
structures [184]. Axial tows consisted of low extension ultra-high
modulus carbon, medium extension high modulus carbon and high
extension E glass fibres. Tows at 45° consisted just of high modulus
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Fig. 4.23. Stress-strain response of dry microbraids compared with baseline fibres with braiding angles of 14° (HMB1), 33° (HMB2) and 39° (HMB3) [189].

carbon and glass. The fabrics showed considerable non-linearity when
loaded in both axial and 45° directions, as shown in Fig. 4.20, and this
behaviour carried across into the response of reinforced concrete beams.

Wehrkamp-Richter et al. investigated triaxially braided composites
of HTS40 / RTM6 carbon epoxy with [0/+30], [0/+45] and [0/+60]
fibre orientations [185]. Flattened braided specimens showed consid-
erable pseudo-ductility when loaded in one of the braided fibre di-
rections, caused by transverse cracking, alignment of the angle-plies,
debonding and pull-out of the tows. The [0/4+30] layup showed load
drops at first failure, but the [0/+45] and [0/+60] cases exhibited a
smoother transition with a long plateau region, as shown in Fig. 4.21.
Meso-scale modelling was also presented. Potluri et al. showed pseudo-
ductility in braided high strength carbon composites with braiding an-
gles of 35, 45 and 55°. Best pseudo-ductile performance was obtained
with the lowest braiding angle and no 0° fibres, with higher stresses but
lower strains obtained with the inclusion of 0° fibres, as shown in
Fig. 4.22 [186].

Another architecture with the potential to offer a lower-cost ductility
solution in comparison to thin-ply prepreg-based laminates is dry fibre
micro-wrapped hybrid tows. Unidirectional fabric laminates consisting
of high modulus fibres wrapped with high strain-to-failure fibres

exhibited pseudo-ductility through progressive fibre fragmentation and
pull-out with up to 1.3 % pseudo-ductile strain [187].

Del Rosso et al. made hybrid dry microbraids by braiding Dynee-
ma™ fibres over a unidirectional core of T300 carbon fibres at various
angles [188,189]. Very high strains were achieved with load drops as the
carbon fibres progressively failed and the load was transferred via fric-
tion on to the Dyneema™ fibres. Stresses of up to 500 MPa and strains
up to 30 % were measured depending on the braiding angle, Fig. 4.23.

5. Ductility and pseudo-ductility in discontinuous composites
5.1. Introduction

It is widely accepted [190] that a discontinuous-reinforcement ar-
chitecture (e.g. based on discontinuous fibres or platelets) can provide
mechanisms for ductility or pseudo-ductility in composites. These
mechanisms typically involve slip at the interface between the rein-
forcing elements (i.e. fibres or platelets) and the matrix, and/or addi-
tional matrix deformation near the ends of the reinforcing elements
through plasticity and/or damage.

Nature is a main source of inspiration to use discontinuous-

Remote composite stress Fibre stresses

Matrix shear stresses
+Sm

Ve X X
2
0
0 er —lf/2

Remote composite strain

0

Position along fibre

—Spm
=l /2 0
Position along fibre

+1p/2 +l /2

(a) Composite stress vs. strain
curve (shown as a fraction of
the fibre failure strain e, and
stresses shown as a fraction of
the equivalent continuous-fibre
composite strength Vi - X¢; the
matrix stiffness is neglected).

(b) Longitudinal fibre stresses
(shown as a fraction of the
fibre strength X¢).

(c) Matrix shear stresses (shown
as a fraction of the matrix yield
strength Sy)).

Fig. 5.1. Tensile response of an aligned discontinuous composite with critical fibre length, Iy = L., according to a unit-cell shear-lag model assuming a perfectly-
plastic matrix. Each point highlighted in the subfigure (a) corresponds to a stress profile in subfigures (b) and (c).
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reinforcement architectures in synthetic composites [190]: most bio-
logical composites with a structural function (e.g. nacre, bone, tooth
enamel) feature a discontinuous architecture, which is key to the com-
bination of high stiffness with damage tolerance typically observed in
natural composites. This has motivated the development of several
synthetic fibre-reinforced discontinuous composites with improved
damage tolerant features, e.g. high impact resistance [191], high frac-
ture toughness [190,192], and a non-linear stress—strain response under
flexure [193,194] or under tension; this section will focus on the latter,
since a non-linear response is required to obtain pseudo-ductile strains
as defined in Section 1, and tensile loading is intrinsically more brittle
than flexure.

When manufacturing discontinuous composites for high-
performance applications, it is key to achieve a dense packing of the
reinforcing elements (since they are the main load-carrying element in
the composite), which requires very good alignment [195,196]. Such
high alignment has the additional advantage of maximising the stiffness
and strength in the reinforcement direction. Therefore, this section will
focus on aligned discontinuous composites (and their laminates), with
discontinuities either at the micro- (i.e. fibre) or meso- (i.e. ply) scales.

Section 5.2 will introduce the main deformation, damage and failure
mechanisms in discontinuous composites, and how they can be related
to ductility or pseudo-ductility. Sections 5.3 and 5.4 will review com-
posites with pseudo-ductility induced by discontinuities at the ply or
fibre level, respectively; Section 5.5 will focus on hybrid discontinuous
fibre-composites with pseudo-ductility governed by fibre fragmentation.

5.2. Mechanisms for ductility or pseudo-ductility in discontinuous
composites

The most classical model for failure of discontinuous composites is
Kelly and Tyson’s yield theory [197]. This proposes that, in an aligned
short-fibre composite with a perfectly-plastic matrix (which is a
reasonable approximation for polymeric matrices, as they lack strain
hardening under shear [198,199]), stresses are transferred to the fibres
through shear of the matrix, in a shear-lag process; this leads to two
fronts of matrix yielding initiating at the fibre-ends and propagating
stably along the length of the fibre, linearly building up longitudinal
stresses in the fibre (as schematically represented in Fig. 5.1), until one
of the two failure mechanisms occurs:

(i) The two matrix yielding fronts meet at the central section of the
fibre, after which the perfectly plastic matrix will not be able to
transfer any additional load to the fibre and will continue to
plastically flow until the fibre pulls out and the composite fails.
This failure mechanism should dominate composites with rela-
tively short fibres, and lead to a ductile composite response;
The longitudinal tensile stresses in the central region of the fibre
reach the fibre tensile strength, at which point the fibre fails in
tension. This failure mechanism should dominate composites
with relatively long fibres, and lead to a brittle composite
response.

(i)

The transition between these two failure mechanisms defines the
critical fibre length [. (for a fibre radius r¢), which is governed by the
matrix yield stress in shear S;,, and fibre tensile strength X¢:

lc = —If.

5. (5.1)

A key consequence of Kelly-Tyson’s model is that the critical aspect-ratio
a. = l./r¢ of a discontinuous composite is independent of the absolute
size of the reinforcement, and depends only on the ratio between the
strength of the fibre and the matrix; modelling work (validated by ex-
periments) in Section 5.3 will demonstrate this is not strictly valid,
especially for large reinforcing elements.

22

Composites Part A 181 (2024) 108029

Kelly-Tyson’s model [197] has been proposed several decades ago,
and since then many models have been developed to capture the
response of discontinuous composites more accurately (as will be
described in Sections 5.3-5.5). Nevertheless, Kelly-Tyson’s critical fibre
length concept is still the most widely used [200-203] to design
discontinuous composites and to predict and explain their response,
both with ductile and brittle polymer matrices, and with reinforcing
elements at several length-scales. Nevertheless, it is now acknowledged
that failure of discontinuous composites is much more complex and
governed by several different mechanisms and features which are not
accounted for in Kelly-Tyson’s model:

e Reinforcement (e.g. fibre) failure: this typically leads to a brittle
composite response, unless the strength distribution of the rein-
forcing elements is extremely wide. A pseudo-ductile response can be
achieved [204] by hybridising fibre types (as already reviewed for
continuous-fibre composites in Section 4), which will be explored in
Section 5.5;

Progressive shear yielding of the matrix / interface (this is considered
by Kelly-Tyson’s model, and typically leads to some non-linearity in
the stress—strain curve, although ductility can be significantly hin-
dered by variability in the microstructure (e.g. random location of
fibre-ends, as will be explained in Section 5.4) [205];

Progressive interfacial debonding (i.e. shear-dominated crack initi-
ation): this is a similar mechanism to Kelly-Tyson’s matrix yielding,
but governed by the mode-II initiation fracture toughness of the
matrix/interface rather than by the matrix shear yield stress. This
mechanism may lead to some pseudo-ductile behaviour, depending
on the balance between the toughness of the interface and the di-
mensions of the reinforcing element [206] (as will be explained in
Sections 5.3 and 5.4);

e Sudden transverse matrix cracking or sudden interfacial debonding:
this is initiated by stress concentrations at the fibre ends in com-
posites with a brittle matrix and/or brittle interface, and it typically
leads to a very brittle composite response [202] (so it will not be
discussed in this paper);

Sudden macro-scale fracture propagating from a cluster of micro-
scale damage: composites with significant microscale variability (e.
g. with stochastic fibre strength distributions, random interfibre
distance and fibre packing, stochastic matrix properties, random
position of fibre ends) may fail due to unstable (and, therefore,
brittle) crack growth from small clusters of microscopic damage,
governed by the fracture toughness of the composite [205,207-209]
(as will be discussed in Section 5.4).

5.3. Pseudo-ductile composites with slip due to ply-level discontinuities

Composites with ply-level discontinuities can be manufactured by
introducing cuts across the fibres in unidirectional prepreg-plies to form
the ends of the discontinuous reinforcing elements and laying up the
plies accordingly to the desired geometric arrangement of the reinforc-
ing elements. The cuts can be introduced with manual cutters [210],
automated ply cutters [211,212], laser micro-milling machines
[192,213], or through automated tape placement [214]. It is usually
beneficial to use a lay-up alignment system [192] if the relative position
of the discontinuities in different plies is to be controlled, as small shifts
between the desired position of the plies may lead to a reduction in
performance [213].

Composites with perfectly-staggered, ply-level discontinuities (as
shown in Fig. 5.2a) are analogous to “Brick-and-Mortar” (BaM) com-
posites, where the “bricks” are the composite discontinuous-ply units,
and the “mortar” is the interface between plies (which can physically
represent a resin-rich-region, an interleave, or simple interface). BaM
composites constitute the simplest model system for discontinuous
composites: they have a (nominally) regular microstructure and (nearly)
deterministic micromechanical properties, which represent significant
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(b) Shear-lag analysis of the region highlighted
in subfigure (a).

Fig. 5.2. Schematic representation of a brick-and-mortar composite, where the bricks are shown in blue, and the mortar is shown in orange [206]. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5.3. Strength, pseudo-ductile strain, and failure modes of a BaM composite, as predicted by Pimenta and Robinson’s non-linear shear lag model [206]. Black
dashed lines represent combinations of brick aspect ratio and thickness which result in the same composite strength (a) or pseudo-ductile strain (b), and white lines

represent transitions between failure modes.

advantages over composites with discontinuities at the fibre level. This
makes BaM composites particularly well suited for analytical modelling,
which is usually done through shear-lag approaches [206,215] (as
illustrated in Fig. 5.2b).

Most shear-lag models for BaM composites consider a perfectly-
plastic (analogous to Kelly-Tyson’s [197] Eq. (5.1) mortar. However,
Pimenta and Robinson [206] developed a shear-lag model considering a
generic shear response of the mortar, which accounted for a non-linear
stress—strain relationship and finite fracture toughness of the mortar for
the first time. This model demonstrated that the response of a BaM
composite is governed not only by the brick aspect ratio (as suggested
from Eq. (5.1), but also by the absolute brick thickness, as illustrated in
Fig. 5.3 for a specific material (representative of a standard carbon/
epoxy composite); the strength of BaM composites with thick bricks and
large aspect ratio is bounded by the propagation of mode-II cracks in the
mortar, governed by fracture mechanics (i.e. fracture toughness) rather
than plasticity (i.e. yield strength).

This non-linear shear lag model [206] has been used to design BaM
specimens with UD ply blocks as the bricks, and the interlaminar region
as the mortar [210,214,216]. These experiments successfully demon-
strated a non-linear response governed by fracture mechanics (Fig. 5.4),
using different bricks materials and different methods to create the

discontinuous microstructure. The effect on pseudo-ductility of platelet
overlap length, platelet staggering; pattern, platelet thickness and
interlaminar fracture toughness have also been investigated experi-
mentally and by computational simulations [217]; this showed that, for
a given platelet thickness, intermediate levels of toughness maximise
both pseudo-ductility and strength, and that staggering the position of
platelet-ends in a less regular manner would lead to a small increase in
strength and reduction of pseudo-ductility.

This non-linear response provides a warning before failure (which
can be used to increase the actual design limit of these materials), while
maintaining the high modulus of the UD prepreg. By using thermoplastic
interlayers it is also possible to make delamination damage repairable by
the application of heat [119].

A key problem with BaM composites is that, once a mode-II crack is
fully initiated, there is no strain-hardening mechanism intrinsically built
in the architecture (unless there is a very significant R-curve behaviour
at the scale of the overlap length), which leads to localisation of damage
and, consequently, limits pseudo-ductility [206]. This can be overcome
through hybrid interleaving between the bricks, using a tougher mortar
insert at the centre of their overlaps (shown in Fig. 5.5) [218]. FE sim-
ulations predicted an intermediate stress plateau corresponding to crack
propagation in the brittle mortar, followed by strain-hardening up to the
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(a) Carbon/epoxy bricks,
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represent experimental
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I, = 14.3) [216].

(b) Carbon/PEEK bricks,
manufactured manually by
Bachmann et al. (for brick
thickness t, = 0.56, overlap length

(c) Carbon/epoxy bricks,
manufactured by automated tape
placement by Rodriguez-Garcia
and Guzman de Villoria (for
three distinct brick lengths (i.e.
2 x 1), brick thickness t, =
0.184) [214].

Fig. 5.4. Experimental tensile stress—strain curves of BaM composites, showcasing a non-linear response due to mode-II crack initiation between the bricks. All

dimensions in mm.
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Fig. 5.5. BaM composite with hybrid interleaving, using a tougher mortar insert to provide a strain-hardening response [218].

stress corresponding to crack propagation in the tougher insert.

While a perfectly-staggered and two-dimensional BaM architecture
(as shown in Fig. 5.2a) is a useful model system, real-life applications
will necessarily have a more complex staggering of the bricks, with
stochastic asymmetries in the overlaps between bricks, both in the
length-wise and depth-wise directions. Nevertheless, FE simulations by
Kravchenko et al. [200] demonstrated that it is still possible to generate
some pseudo-ductility despite these asymmetries; the benefit of large
brick aspect-ratios in the strength of BaM composites was demonstrated
not only by an increase of average strength, but also by a reduction of the
variability due to stochastic asymmetries in brick staggering.

BaM architectures have been extended to two hierarchical levels
[213,219], where large-scale bricks are themselves brick-and-mortar
composites. Experimental results demonstrated that, compared to non-
hierarchical counterparts, hierarchical BaM microstructures dissipate
more energy stably before failure, present a more non-linear response,
delay damage localisation further, and are less sensitive to microstruc-
tural imperfections [213]. Moreover, by relaxing self-similar constraints
and exploiting synergies between the scales [219], it was possible to
design non-self-similar hierarchical BaM microstructures which
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exhibit a tailorable non-linear response, stable damage diffusion
throughout the entire specimen, permanent deformation after damage
initiation, and a stable stress plateau even under cyclic loading.

The concept of generating a non-linear response in composites
through controlled mode-II crack initiating from ply-level discontinu-
ities has been demonstrated in multi-directional laminates [220]. The
possibility of exploring friction (instead of adhesion) between discon-
tinuous reinforcing elements with a bow-tie shape (designed to promote
interlocking during pull-out) has also been explored [221]. In addition,
ply-level discontinuities introduced at the low-strain ply of interply
hybrid composites (reviewed in Section 4.3.1) [133,222,223] provide
specific initiation points for mode-II delaminations, which can increase
pseudo-ductile strains further; moreover, introducing ply-level discon-
tinuities in the low-strain ply rather than relying on its fragmentation
can expand the design space of interply hybrids, by enabling the use of
thicker low strain layers without risking sudden load drops at the onset
of fragmentation.



M.R. Wisnom et al.

Composites Part A 181 (2024) 108029

(a) Extensive fibre pull-out on the fracture
surface.

500

400

= 300
=
=

2 200
g
Z

100

0

0 0.2 0.4 0.6 0.8 1 1.2
Strain (%)
(b) Non-linear stress-strain curve under tension.

Fig. 5.6. Carbon/PP ADCs with non-linear response due to slip at the fibre-matrix interface [231].

5.4. Pseudo-ductile composites with slip due to fibre-level discontinuities

While composites with fibre-level discontinuities have been used in
industrial applications (e.g. in injection moulded components) for de-
cades, aligning the fibres has been historically a key challenge to
achieving high fibre content and high performance. A wide range of
processes have been developed to align discontinuous fibres in com-
posites, as reviewed by Such et al. [195]; most are based on dispersing
the fibres in a fluid carrier that re-orients them through convergent flow,
centrifugal forces, or a change in momentum.

Early work on Aligned Discontinuous Composites (ADCs) has pro-
duced composites with a non-linear stress-strain curve, either with
thermoplastic or thermosetting matrices, using carbon fibre lengths
around 1 mm (which is the minimum fibre length for which a good fibre
alignment has been observed by Sanadi and Piggott) [224]; however,
the fibre content was very low (20 % in volume), leading to poor
strength (around 100 MPa) and limited failure strain (around 1.2 %).
Further experimental research by Nishikawa et al. [201] using injection
moulding to produce aligned carbon fibre/PP ADCs has slightly
improved strength, although this was still very much limited by a low
fibre content.

The development of alignment processes has seen tremendous ad-
vances in the last decade, with state-of-the-art processes reported to
produce ADCs with nearly 60 % fibre volume fraction and over 90 % of
the fibres aligned within 10°: HiPerDiF (High Performance Discontin-
uous Fibre technology, invented at the University of Bristol [225,226]),
TuFF (Tailored Universal Feedstock for Forming, invented at the

University of Delaware [227,228]), and a centrifugal hydrodynamic
alignment process, developed at the University of Nottingham
[196,229]. These processes led to a breakthrough in mechanical prop-
erties, producing ADCs with Young’s modulus and tensile strength
reaching those of the continuous-fibre counterparts [203,229,230];
however, this was achieved using fibres one order of magnitude longer
than Kelly-Tyson’s critical value, so the stress—strain curves were linear
and no ductility or pseudo-ductility was observed in those cases.

To produce ADCs with pseudo-ductile response, the HiPerDiF pro-
cess was used to align 3 mm long carbon fibres embedded in a PP matrix,
that gives a poor interfacial adhesion [231]; the fibre length was
approximately the same as the Kelly-Tyson critical fibre length (as
estimated by Eq. (5.1). The measured stress—strain curve showed sig-
nificant non-linearity, with a progressive reduction of the tangent
modulus, and the fracture surface featured extensive pull-out (as shown
in Fig. 5.6); therefore, this is the most convincing demonstration of
ductility or pseudo-ductility in a composite through slip introduced at
the fibre-level. Nevertheless, the failure stress (400 MPa) and strain
(below 1 %) were modest compared to other HiPerDiF results, partially
due to the introduction of fibre misalignments during the compaction
process, and partially due to a low fibre content (36 % in volume).

A similar non-linear behaviour, has been observed with natural fibre
composites, produced with the HiPerDiF method [232], particularly
when reducing the length of caraua fibres from 6 to 2 mm, and therefore
approaching the Kelly-Tyson critical fibre length, or changing the matrix
type from Epoxy to PP.

Despite these advances, the strength and ductility/pseudo-ductility
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Fig. 5.7. Stress—strain response of ADCs: experimental results [203,231] vs. predictions from a semi-analytical virtual testing framework (VTF) [208].
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Fig. 5.8. Effect of fibre length and type of matrix on the predicted response of ADCs (for Vi = 36%) [205].

measured experimentally for ADCs [231] is still considerably lower than
that predicted by Kelly-Tyson’s model (shown in Fig. 5.1), with pseudo-
ductile strains below 0.4 %. Further development of FE simulations of
small Representative Volume Elements (RVEs, representing less than 50
individual fibres explicitly) also suggested that it is possible to combine
high strength and ductility for intermediate fibre lengths [233,234],
although this has not been confirmed experimentally; a possible expla-
nation is that models focused on such small scales cannot capture the
intrinsic variability and failure processes of actual ADCs.

To bridge the gap between model predictions and experimental re-
sults and to provide a design tool for ADCs, a semi-analytical virtual
testing framework has been proposed to simulate the material behaviour
across the required length-scales (from the fibre—fibre interaction up to
the full specimen) [205,208,209,235]. This framework considers the

(a) ADC with 20% HMC fibres and 80% EG
fibres.

finite shear strength and finite mode-II fracture toughness of the matrix
(and/or interface) through a shear-lag model [206], and fibre strengths
governed by a Weibull distribution; it also considers several critical
sources of variability (most importantly in the position of fibre ends, and
also in inter-fibre distance, matrix strength, and fibre stiffness), which
significantly impact the ultimate strength and failure strain [208].
Crucially, final failure is predicted by a homogenised non-linear fracture
mechanics criterion (modelling the formation of critical clusters of
damage from which fracture may propagate unstably), which captures
the behaviour of specimens with linear and non-linear response, as
observed experimentally (Fig. 5.7).

The predictions from this virtual testing framework [205] suggest
that, for a carbon fibre (CF) ADC with brittle matrix (e.g. epoxy), the
ultimate strength, failure strain, and pseudo-ductile strain could all be

(b) ADC with 40% HMC fibres and 60% EG
fibres.

Fig. 5.9. Cross-section microstructure of intermingled ADCs with High-Modulus-Carbon (HMC) fibres (shown in white) hybridised with E-Glass (EG) fibres, pro-

duced by the HiPerDiF method [204].
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(a) HMC/EG hybrids [204]

(b) HMC/HSC hybrids [134].

Fig. 5.10. Pseudo-ductile response of intermingled hybrid ADCs (with epoxy matrix), using High-Modulus-Carbon (HMC), High-Strength-Carbon (HSC), and E-Glass

(EG) fibres (3 mm long).

maximised for fibres 1.0-1.5 mm long (Fig. 5.8); however, achieving a
good alignment of such short fibres has proven difficult [231]. Replacing
the brittle epoxy matrix with a ductile and strain-hardening one could
potentially increase the ductility of ADCs with fibres less than approx-
imately 1 mm long, however, using such short fibres leads to a signifi-
cantly reduced strength (as shown in Fig. 5.8f) [205].

An alternative to aligning short fibres to create ADCs is to introduce
fibre ends in composite prepregs or tapes in-situ, e.g. through stretch-
breaking [195]; however, this creates discontinuous fibres much
longer than Kelly-Tyson’s critical length, and therefore cannot promote
pseudo-ductility (although it can improve the composite’s formability).
This limitation could be overcome by modulating the strength and
diameter of carbon fibres along their length using laser irradiation
[236]: this could effectively generate fibre-breaks in-situ at the required
length scales, and also promote mechanical interlocking during slip at
the interface due to wedging as a result of the varying diameters, which
could potentially stabilise the failure process.

5.5. Pseudo-ductile composites with fragmentation of short fibres

As mentioned in Section 4, hybridising Low Strain (LS) with High
Strain (HS) fibres is an effective approach to introduce non-linearity in
the response of composites. However, with continuous-fibre composites,
the level of intermingling is limited (typically to interply hybrids, where
the different fibre types are segmented in different plies, as reviewed in
Section 4.3.1), which constrains the selection of suitable LS and HS
materials, and prevents the full exploitation of hybrid effects [84]. On

the contrary, discontinuous fibre architectures can maximise intermin-
gling of fibre types (as shown in Fig. 5.9) and, therefore, open scope for
hybrid composites with a wider range of fibres and more tailorable
mechanical properties.

Aligned discontinuous composites with hybrid fibre types were first
produced by Parratt and Potter and Richter in the 1970s [237,238],
using flow-based alignment processes as mentioned in Section 5.4.
Tensile testing of ADCs reinforced with 25 % or 40 % of High Modulus
Carbon (HMC) fibres intermingled with 75 % or 60 % of E-Glass (EG)
fibres showed a non-linear and pseudo-ductile stress-strain curve,
similar to those reported for interply hybrids in Section 4 (i.e.
comprising an elastic region, a stress plateau corresponding to frag-
mentation of the HMC fibres, and a strain-hardening region from the end
of fragmentation to the failure of the EG fibres) [237].

More recently, several hybrid ADCs have been manufactured with
the HiPerDiF process [204]; this is achieved by dispersing the different
fibre types together in a water suspension, and using the same water-
based alignment process as used for mono-fibre composites (described
in Section 5.4). Most of the work [204,209,239,134] has focused on
hybridising HMC with EG or with High Strength Carbon (HSC) fibres;
this successfully produced pseudo-ductile responses for hybrid ADCs
with well-designed ratios between the LS HMC fibres and the HS EG and
HSC fibres, with a tailorable trade-off between the Young’s modulus and
pseudo-ductility, as shown in Fig. 5.10. Hybridising HSC and EG fibres
did not produce a pseudo-ductile response, due to the relatively similar
failure strains of the two fibre types (which led to catastrophic failure of
the EG fibres before fragmentation of the HSC fibres could develop);
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(a) Using a model for interply hybrids [204]. Full
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Fig. 5.11. Response of HMC/EG hybrid composites: experimental results [204] vs. model predictions [107,208,235] for distinct ratios between the fibre types.
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Fig. 5.12. Effect of clustering the LS fibres on the response of hybrid ADCs, as measured experimentally [209] (adapted).

however, it did produce a clear hybrid effect (i.e. an enhancement in the
apparent HSC failure strain, visible as a shift of the strain at which the
knee point occurs in the stress—strain curves, due to the utilisation of the
full strength distribution of the fibres, as described in Section 4.2)
[134,204,240].

For large fibre aspect-ratios (as used experimentally, with
Imm < [ < 3mm), the effect of the discontinuous nature of the fibres on
the Young’s modulus, ultimate strength and failure strain is small
[235,241]. Therefore, the response of hybrid ADCs is relatively similar
to that of interply hybrids with similar fibre types and ratio (apart from
ADCs not being susceptible to delamination, due to the high level of
intermingling). Nevertheless, the onset and end of fragmentation of the
LS fibres is smoother for hybrid ADCs than for interply hybrids, and the
fragmentation region has a distinct positive slope [204,134] (rather than
being a stress plateau, as occurs for interply hybrids). These differences
are due to the large number of fractures and the variability in the
strength distribution of individual LS fibres, which creates a range of
stresses over which fragmentation occurs [208,235] (while, for interply
hybrids, the strength of a LS ply is closer to a deterministic value).

Another difference between the response of interply continuous-fibre
and intermingled ADC hybrids is a negative hybrid effect on the Young’s
modulus of the latter, which makes a hybrid ADC slightly softer than
predicted by the conventional “in-parallel” rule-of-mixtures (and this
difference increases with increasing levels of intermingling). This
negative hybrid effect on the modulus is due to two effects: firstly, in the
intermingled fibre arrangement the different fibre types are no longer
working exclusively “in parallel”, but also partially “in-series” (in which
case the rule-of-mixtures results in a modulus dominated by the softer
material); secondly, linear-elastic shear-lag modelling shows that the
stress transfer between dissimilar neighbouring fibres is less efficient

than that between fibres with the same diameter and modulus
[241,242].

Given the similarity between the response of ADC and continuous-
fibre hybrids, analytical models developed for the latter [107] can be
used to predict the response of the former with reasonable accuracy
(apart from the small negative hybrid effect on stiffness and the effect of
variable LS fibre strength, as discussed in the previous paragraph), as
illustrated in Fig. 5.11a [204,134]. However, to capture hybrid effects,
the progressive fragmentation of the LS fibres, and final failure due to
formation of critical clusters of damage at the fibre scale, the virtual
testing framework for ADCs described in Section 5.4 has been extended
to account for hybrid fibre types [235,241], with results illustrated in
Fig. 5.11b. This framework can be used to optimise the material design
of hybrid ADCs for a wide range of scenarios [243].

Although a key advantage of ADCs over interply hybrids is max-
imising fibre intermingling, HiPerDiF can also be used to manipulate the
arrangement of different fibre types [209]; this showed that promoting
clustering of the LS fibres reduces the strength, the failure strain, and the
pseudo-ductile strain of a hybrid ADC, due to premature failure propa-
gating unstably from the LS-fibre clusters, as illustrated in Fig. 5.12.
Results from the semi-analytical virtual testing framework suggest that
isolating individual LS fibres in a hybrid could lead to significant im-
provements of ultimate strength and strain, as well as pseudo-yield
strength and pseudo-ductile strain [209]; this potential is still to be
realised experimentally. Moreover, using ADCs can expand the design
space of pseudo-ductile hybrids even in interply configurations; this has
been experimentally demonstrated for SRPP hybridised with carbon-
fibre plies, which presented stable pseudo-ductility over a wider range
of carbon ratios using ADC carbon plies rather than continuous ones
[245].
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Fig. 6.1. Open-hole tension of QI hybrid carbon/epoxy specimens [137].

The fibre-type arrangement in hybrid composites can be further
tailored to produce hierarchical pseudo-ductile hybrid composites,
hybridising HS continuous-fibre plies (with S-Glass fibres) with ADC
hybrid intermingled layers (which themselves hybridise HSC or EG fi-
bres with HMC fibres) [134]. These hierarchical hybrid composites can
be tailored to produce stress—strain curves with two distinct knee points:
the first corresponding to fibre-level fragmentation of the LS HMC fibres
in the ADC hybrid layer, and the second corresponding to ply-level
fragmentation of the entire ADC hybrid layer (i.e. due to failure of the
EG or HSC fibres). This combination further increases the design space of
pseudo-ductile hybrid composites, and it has been observed to increase
pseudo-ductile strains compared to those in non-hierarchical hybrid
ADCs (by promoting dispersed delaminations propagating from the ply-
level failures of the hybrid ADC layer, in well-designed configurations).

Hybrid ADCs also offer the possibility to exploit recycled carbon fi-
bres (rCFs) to create a pseudo-ductile response governed by fibre frag-
mentation in hybrid combinations that would not be feasible with virgin
carbon fibres (vCFs) only; this pseudo-ductile response is enabled by a
decrease of the strength of recycled fibres, due to damage that occurs in
some fibre-reclamation processes. Examples of hybrid composites
featuring a non-linear response due to fibre fragmentation include
intermingled rCF/vCF interply with E- or S-glass layers (illustrated in
Fig. 5.13) [246], intermingled rCFs with different fibre lengths interply
with EG layers [247], and flax/rCF intermingled composites [248].

The pseudo-ductile response of hybrid ADCs has been demonstrated
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not only in UD composites as described previously in this section, but
also with quasi-isotropic lay-ups [239], using HMC fibres hybridised
with either HSC or EG. Although this led to a small reduction in pseudo-
ductile strains, the stress—strain curves of the quasi-isotropic ADC lam-
inates were distinctively non-linear, with a clear knee point corre-
sponding to the onset of fragmentation of the HMC fibres in the 0° ADC
plies, followed by a strain-hardening region.

6. Notched response of ductile and pseudo-ductile composites

One of the main reasons for introducing ductility and pseudo-
ductility into composites is to allow the associated non-linearity to
redistribute load at stress concentrations in a similar way to stress
redistribution due to plasticity in ductile metals.

The effect of pseudo-ductility due to fragmentation in hybrid com-
posites has been shown to be effective in reducing notch sensitivity, as
expected. This has been investigated by modelling, which showed that
the ratio of pseudo-ductile strain to failure initiation strain is a key
parameter [249]. Notched quasi-isotropic pseudo-ductile laminates
were made from hybrid carbon sub-laminates with layup [45/90/-45/
0]s where each “ply” consisted of a hybrid sublaminate with layers of
XN-80 ultra-high modulus fibres between T1000 intermediate modulus
layers each about 0.06 mm thick with the same orientation and a total
thickness of 0.192 mm. Specimens 16 mm wide were tested with and
without 3.2 mm holes and sharp notches of the same width [137].
Fig. 6.1 shows the response, indicating that the failure stress of the
specimens at the ligaments (net section stress) has actually exceeded the
un-notched strength of the laminate. Although the initial response ap-
pears quite linear, fragmentation is occurring at the notch quite early on,
but the load is redistributed and complete failure does not occur. In
addition, after the net section strength has been reached, specimens did
not immediately fail catastrophically. The pseudo-ductility is not suffi-
cient to maintain the full stress beyond this point but there is still some
residual load carrying capacity, gradually reducing with further increase
of the overall strain. A similar notch-insensitive response was obtained
with sharp notches [137]. Multi-directional glass/carbon hybrids have
also been investigated. Sub-laminates of quasi-isotropic thin T300 car-
bon plies between standard thickness S-glass with layup [60g/-60¢/0G/
0¢c/60¢/-60c]s were tested and shown to be insensitive to sharp notches
or open holes [250]. Similar reduced notch sensitivity was also shown
for Xstrand-glass/M46JB carbon hybrids with 0/+60 and 0/+30 layups.

Notched pseudo-ductile hybrids have been shown to have good fa-
tigue performance. Tension fatigue tests have been carried out on open
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Fig. 6.2. Notch insensitivity of 9% volume fraction UD carbon/SRPP hybrid [254].
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hole quasi-isotropic Xstrand-glass/M46JB carbon and S-glass/T300
carbon interlayer hybrids, with the latter having a lower proportion of
carbon plies [150]. There was no stiffness reduction after 100,000 cycles
at a stress level of 50 % of the knee point stress for the unnotched
Xstrand/M46JB hybrid with the higher carbon content, and only a
gradual reduction in stiffness of up to about 10 % for the S-glass/T300
hybrid. At higher cyclic loads there was some damage, but the com-
posites were still able to withstand thousands of fatigue cycles. At 70 %
of the pseudo-yield stress there was a reduction in stiffness of about 5 %
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for Xstrand/M46JB after about 2000 cycles, but 40 % at 30,000 cycles
for S-glass/T300.

Sapozhnikov et al. demonstrated notch insensitivity in open hole
tension tests on quasi-isotropic Dialead™ high modulus / T800 inter-
mediate modulus carbon hybrids with standard ply thicknesses using a
tough epoxy resin [251]. Danzi et al. carried out double edge notch
tension tests on cross-ply T800 intermediate modulus / HR40 high
modulus carbon hybrids using specimens with different notch to width
ratios to establish the translaminar fracture toughness and R-curve
[115]. Specimens with two 0.023 mm HR40 plies sandwiched between
three 0.053 mm T800 plies each side showed less effect of notch size on
strength than baseline laminates with alternating single 0 and 90 plies.
The double ply specimens also showed much higher translaminar frac-
ture toughness, although this was attributed mainly to the thicker ply
blocks.

Pseudo-ductility and notch insensitivity has also been demonstrated
in quasi-isotropic composites with some of the plies cut perpendicular to
the fibre direction or cut perpendicular to the loading direction [220].

Gradual failure has been found in bearing and bearing-bypass tests
[252] and in compact tension tests on similar glass/carbon laminates
[253].

Nijs et al. demonstrated notch insensitivity in UD carbon fibre / SRPP
hybrids [254]. With optimised manufacturing similar open hole net
section strength could be achieved as the un-notched strength, with
some pseudo-ductility in the notched specimens, Fig. 6.2. There is still a
sudden load drop for this case with 9 % carbon fibre volume fraction, but
with only 6.2 % carbon, pseudo-ductility was maintained beyond the
peak stress, with fragmentation spreading over the whole length of the
specimen.

Table 1
Summary of properties of different examples of pseudo-ductile composites. UD tension unless otherwise noted.
Approach Example Ref.  Figure Initial Yield / pseudo-  Strength Pseudo- Comments Symbol in
modulus yield stress (MPa) ductile Figs. 7.1, 7.2
(GPa) (MPa) strain (%)
Polymer fibres SRPP 13 2.2 4 35 130 15 Recyclable [ ]
Cellulose fibres Cordenka/PHB 35 2.9 15 100 250 10 Recoverable [ |
stiffness - ductile
Steel fibres Stainless steel/ 50 2.15 82 174 312 19 High density [ ]
epoxy
Reorienting angle-plies +45° thin carbon/ 66 3.2 9 64 400 14 Recoverable L3
epoxy stiffness - ductile
66 3.4 39 454 927 1.2
+25° thin carbon/ .
€poxy
Wavy plies Carbon/epoxy 77 3.7 48 ~100 250 0.5 In compression ¢
Fragmenting continuous Glass/thin carbon/ 105 4.4 53 1129 1300 1.2
fibre hybrids epoxy
HM/IM thin 114 4.6 245 990 1300 0.9 [ ]
carbon/epoxy
SRPP/carbon 169  4.15 6 80 100 12 o
Combined [+265/0]s thin 172 4.16 40 692 801 2.2 [ ]
fragmentation/angle- carbon/epoxy
ply reorientation
3D woven Carbon, through- 182 4.19 38 240 240 12 In compression (]
thickness angle
interlock
Braiding +35 carbon 186  4.22 22 300 344 12 (]
Microbraiding +39 Dyneema, 189  4.23 13 500 750 15 Large load drops [ ]
carbon core
Discontinuous plies Carbon/epoxy 210 5.4a 149 ~800 1010 0.23 Non-linear - no A
Carbon/PEEK 216  5.4b 42 ~200 530 1.2 sharp knee point A
Discontinuous fibres Carbon/PP 231 5.6b 57 ~300 401 0.24 A
Fragmenting short fibre HM carbon/glass 204 5.10a 134 441 542 0.88 A
hybrids
Typical values for UD IM carbon/ - - 160 2800 2800 0 X
conventional materials  epoxy
6061-T6 Al alloy - - 69 275 310 11.6 b 4
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McBride et al. investigated the notched behaviour of hybrid unidi-
rectional composites made from layers of glass and steel fibres with an
epoxy matrix [55]. The all-steel fibre composites showed a ductile
behaviour with little reduction in net-section tensile strength with a
hole. Glass-fibre composites showed some reduction in open-hole
strength compared to unnotched specimens, but glass-steel specimens
showed less reduction, demonstrating the benefits of hybridising glass
fibre composites with steel fibres.

Regarding other architectures, Vieille and Taleb showed that
ductility and damage in angle-ply laminates reduces hole sensitivity in
[+45] laminates of woven carbon/epoxy and PPS at both room tem-
perature and 120° C [72]. Cox et al. showed that 3D woven composite
plates with a circular hole showed little notch sensitivity [181].

Pseudo-ductility also greatly reduces notch sensitivity in thin-ply
angle-ply laminates with fragmenting 0° plies. FE modelling has
shown that a notch-insensitive response should be obtained provided the
ratio of pseudo-ductile strain to pseudo-yield strain (i.e. strain at the
knee point) is sufficiently high [255]. Fig. 6.3 shows the response of a
[+255/0]54 laminate with intermediate modulus angle-plies and high
modulus O plies. The unnotched behaviour is compared with that of a 16
mm wide specimen with a 3.2 mm hole, showing that the net-section
open hole strength is similar to the unnotched pseudo-yield stress
[175]. Gradual failure with load redistribution has also been demon-
strated in bolt bearing tests on angle-ply laminates with 0° plies [256].

7. Summary and perspectives

This review has considered the mechanisms by which high perfor-
mance ductile or pseudo-ductile composites can be created, including
via ductile fibres, fibre reorientation, fragmentation, and slip between
discontinuous layers and fibres. A summary of the main different ap-
proaches and typical properties achieved is given in Table 1.

Ductile polymer fibres exist, as discussed in Section 2.2, but there is a
trade-off between high stiffness and strength on the one hand and high
strain and ductility on the other. Fibres such as PP can produce truly
ductile composites, but only modest performance. Similarly natural and
man-made cellulose-based fibres (Section 2.3) can exhibit a non-linear
response, with Cordenka™ being one of the most promising. However
stiffness and strength are still modest compared with conventional fibres
such as carbon and glass. Composites made of polymer fibres such as
aramid or PBO, although brittle in tension, exhibit highly non-linear
behaviour in compression. Although their strength is low, they can
carry considerable load in bending, with high pseudo-ductility. They
may also be interesting to hybridise with other fibres. Some high per-
formance carbon nanotube based fibres have been reported (Section
2.4), with high stiffness, strength, failure strain and true ductility. There
is considerable scope to further develop and optimise these fibres and to
use them to create high performance composites. Ductile composites can
be produced with steel fibres, providing high initial stiffness, but
strengths are modest when using fibres possessing high failure strains,
and they may not be suitable for weight sensitive applications (Section
2.5).

Fibre reorientation in angle-plies (Section 3.2) can produce high
strains with brittle fibres such as carbon, provided matrix cracking and
delamination is avoided by using thin plies or tough resins. Much of the
deformation can be reversible, making these composites truly ductile.
Large angles can produce pseudo-ductile strains of as much as 14 %, but
with low moduli and only modest strength. The angle can be chosen to
obtain the desired trade-off between strength and modulus on the one
hand, and pseudo-ductile strain on the other, with studies suggesting 25-
30° provides a good balance. The key issue here is to avoid delamina-
tion, which has been successfully demonstrated using thin plies. There is
also scope to investigate tougher matrices, which may allow similar
performance with standard ply thicknesses. Some concepts with wavy
fibres have been shown to generate additional strain, especially in ten-
sion (Section 3.3). Some concepts exploiting extra length can also be
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extended to the structural level to produce components with high strains
and energy absorption (Section 3.4).

Progressive ply fracture can be achieved in conventional composites
under certain conditions, producing gradual failure (Section 4.2). For
example, in composites loaded in bending, and for materials where
failure initiates in tension rather than catastrophically in compression,
progressive fracture and delamination from the surface can occur. Since
there is damage, there is a loss of modulus, and so this behaviour is
pseudo-ductile rather than ductile. Broadening the distribution of fibre
strengths tends to give more gradual failure, and merits further research.
Work to date has been more concerned with reducing variability without
recognising that there may be benefits in increasing it. Hybridising with
fibres of different stiffnesses and failure strains is an excellent way to
achieve this. Much work has been done with hybridised rebars, although
there are usually load drops as the different fibre types fail, which may
be acceptable for this application, but in other cases is less desirable.

To get a truly pseudo-ductile response without load drops, pull-out of
failed fibres or delamination of fractured plies must be avoided. Pre-
venting or postponing localised failure can be done by intimate mixing
of different fibres, and whilst it is very difficult to achieve the necessary
arrangements with continuous fibre fibre tows, the strategy has been
deployed successfully with short fibres (Section 5.5). Improved tech-
niques to mix different continuous fibres merit further consideration.
Alternatively, with thin plies, there is insufficient energy to drive
delamination and a pattern of progressive fragmentations can be
created, producing a plateau on the stress-strain curve and significant
pseudo-ductile strain, as discussed in Section 4.3. The relative volume
fraction of the different fibres needs to be carefully chosen to avoid
catastrophic failure when the low strain fibres break. Analysis methods
have been developed, and damage mode maps proposed, to design
pseudo-ductile laminates that fail without catastrophic delamination or
complete fibre breakage, and to achieve the best balance between
pseudo-yield stress and pseudo-ductile strain. There is a strong trade-off
between pseudo-ductile strain and strength, but a synergistic relation-
ship with modulus. Hybridising with higher modulus, lower strain fibres
creates pseudo-ductility whilst at the same time increasing the com-
posite modulus. Various combinations of fibres can be hybridised, with
glass/carbon and high modulus/high strength carbon receiving most
attention. The broad selection of available fibres opens up the design
space to create materials optimised for particular applications. A hybrid
effect with higher failure strains can also be achieved in very thin plies
due to constraint on forming critical clusters of broken fibres, enabling
greater advantage to be taken of the basic strength of the fibres.

The fragmentation observed in thin-ply hybrid composites carries
over to produce pseudo-ductile response in multidirectional laminates.
Here an additional challenge arises in avoiding delamination between
plies that may arise at discontinuities such as free edges, and again the
use of thin plies is beneficial. Ply fragmentation can also occur in
compression with high modulus fibres, producing a non-linear response
with a change in the slope of the stress—strain curve, although the flat
plateau seen in tension does not arise as the broken fibres can still carry
some load in compression. Again, thin plies are needed to avoid cata-
strophic delamination after fibre failure. Pseudo-ductile behaviour is
different in tension and compression, and only certain types of fibres
fragment in compression, so careful selection and tailoring is required to
obtain optimal performance under general loading. More combinations
of different fibres should be investigated, including hybrids with poly-
mer fibres for potential pseudo-ductility in compression.

Pseudo-ductile behaviour of thin-ply hybrids can be achieved in
bending, and the challenge here is to optimise the layup to take
advantage of the different responses in tension and compression.
Different materials can also be used on the two sides when the bending is
predominantly in one direction. Thin-ply hybrids have been shown to
have good fatigue performance if the strain is kept below 80 % of the
knee point. If this value is exceeded, delamination is likely to occur, but
may propagate quite slowly depending on the configuration and load
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amplitude. Pseudo-ductility can be maintained over a range of temper-
atures and at high strain rate.

Pseudo-ductility and high strains can be achieved by adding carbon
fibres to SRPP, although the strength and stiffness are limited by the
modest amounts of carbon that can be added without reverting to brittle
failure (Section 4.4). Hybridising with fibres other than carbon would be
interesting. For example, it may be possible to introduce a larger pro-
portion of lower modulus fibres without creating brittle failure. Further
optimisation of the adhesion may also be beneficial.

Fragmentation and fibre reorientation can be combined (Section 4.5)
for example by replacing the glass in a glass/carbon hybrid with carbon
angle-plies, which have a higher failure strain and lower modulus than
0° plies. Pseudo-ductile strains of over 2 % and failure strains of over 4 %
have been achieved in an all-carbon laminate as a result of combining
the mechanisms. However, pseudo-ductility is reduced at high strain
rates and low temperature. These laminates can also fragment and
exhibit pseudo-ductility in compression with high modulus 0° fibres.
Fatigue behaviour has also been investigated, with similar good
behaviour as with hybrids. There is considerable scope to investigate
different combinations of materials to optimise performance. Braided
and 3D woven architectures have been shown to be capable of demon-
strating pseudo-ductility, with similar fragmentation and fibre reor-
ientation mechanisms, although often with less smooth stress-strain
responses (Section 4.6). Most of these materials were not developed
specifically to increase pseudo-ductility, and there are opportunities to
tailor the architectures to reduce the undesirable load drops.

Discontinuous composites provide an additional mechanism for
generating extra strain by slip between ply fragments (Section 5.3) or
fibres (Section 5.4), producing a non-linear response that gives a
warning before failure. However, the extra strain that can be obtained is
limited due to the very high stresses arising at the discontinuities, and
failure strains and strengths are always lower than those of continuous-
fibre composites; moreover, the discontinuities at the ply- or fibre-ends
are potential triggers for damage initiation under cyclic loading, which
need further investigation. Discontinuous fibre composites allow inti-
mate mixing of different fibres, which is very difficult to achieve with
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continuous fibres. Aligned fibre hybrid composites have demonstrated
the largest potential for pseudo-ductility and other performance targets
in discontinuous materials (Section 5.5). The design space can be greatly
increased by combining different lengths as well as different types of
fibres to optimise performance. A range of pseudo-ductile responses
have been demonstrated in tension, and more work is needed to look at
other loading modes, especially compression and fatigue. Aligned
discontinuous fibre composites provide a route to make use of recycled
fibres, which are usually in a discontinuous, randomly-oriented form.
This approach enables the creation of a high value product, contributing
to the sustainability of composites. Recycled and virgin fibres can be
combined to optimise mechanical properties. These discontinuous fibre
composites can also show a ductile response during component
manufacturing, allowing more complex geometries to be formed with
less defects. The understanding gained on the mechanics of brick and
mortar composites has also been a stepping stone towards the devel-
opment of models for randomly-oriented discontinuous composites.

There is scope to incorporate the mechanisms in discontinuous fibres
as discussed in Section 5 into continuous composites, by designing them
to fragment into discontinuous composites, under load, leading to the
non-linear, pseudo ductile responses seen in aligned discontinuous
composites (ADC). The challenge is to isolate the fibre breaks to prevent
localisation that would lead to premature failure. The approach is
analogous to that in thin-ply hybrid composites such as glass/carbon,
where the glass supports the multiple fragmentation of the carbon plies
(Section 4). A similar approach could be achieved, in future, using fibre
scale hybridisation, developing the models explored for glass/carbon
hybridisation in ADCs [208].

Alternatively, nanostructured interphases could provide a means to
increase fragmentation, by minimising stress concentrations associated
with fibre breaks at the same time as limiting debonding. Initial work,
mentioned in Section 4.2, suggests that the interphase approach is worth
further exploration. Specifically, a nanonacre interface increased the
number of fibre breaks before failure significantly, and increased abso-
lute composite strength in tension as a result [89]. Logically, with
further fragmentation, non-linearity would be expected to develop.
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Fig. 7.1. Trade-off between strength and ductility (see Table 1 for full key).
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Fig. 7.2. Trade-off between modulus and ductility (see Table 1 for full key).

The research on discontinuous composites summarised in Section 5
highlighted the importance of the exact microstructure (e.g. the relative
staggering of fibre- or ply-ends [199,207,212,216], or the relative po-
sition of different fibres in hybrid composites [208]) on the magnitude of
pseudo-ductility generated. Although further research is needed, the
work reported seems to suggest that pseudo-ductility could be maxi-
mised by precisely placing the fibres, e.g. by controlling the staggering
of fibre- or ply-ends and the intermingling of hybrid fibres. This could
motivate the development of manufacturing methods able to generate
structured and controlled assemblies of fibres, and also further analyt-
ical/numerical studies to explore optimal geometries of those
assemblies.

Several studies have confirmed that pseudo-ductile hybrid compos-
ites show greatly reduced sensitivity to notches due to the ability for
local damage to redistribute load around the stress concentrations, as
discussed in Section 6. Similar effects can be expected in compression
and with other pseudo-ductile architectures and should be investigated.
Lack of sensitivity to stress concentrations is very important given that
notched strength is a major driver of composite structural design,
especially in compression. Less work has been done on impact response,
and compression after impact, and these aspects should be a key priority
for further research. Impact damage can have a similar effect of redis-
tributing load as a notch, so pseudo-ductility may be beneficial. How-
ever, delamination is crucially important, and has not yet been
investigated in detail. The ability to tailor behaviour by hybridising
different fibres offers considerable scope to optimise performance, and a
wider range of fibres and combinations should be investigated.

Fig. 7.1 plots the strengths and pseudo-ductile strains of the exam-
ples from Table 1. The different symbol shapes correspond to the ap-
proaches in Sections 2 to 5, with the colour key given in the table.
Conventional UD carbon/epoxy and an aluminium alloy are also
included for comparison. The figure shows the trade-off and the diffi-
culty in simultaneously achieving high values of both properties. Com-
posites such as carbon fibre/epoxy are very strong, but brittle. All the
approaches to introducing ductility involve a reduction in strength. A
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Fig. 7.3. Typical pseudo-ductile stress-strain response showing potential to
increase design strain.

group of four points circled in red on the left show promising responses,
with some pseudo-ductility whilst retaining reasonable strength. On the
other hand approaches producing high ductility generally have low
strengths. The three points circled in red on the right have better com-
binations of properties, but all have some disadvantages. The micro-
braided composites show a series of load drops rather than a smooth
stress-strain response; reorienting thin angle plies have low initial
modulus; and steel fibre composites have high density.

The wavy-ply sandwich concept (Fig. 3.10) was not included in
Table 1 or Fig. 7.1, because the low initial modulus followed by a very
pronounced strain hardening renders the calculation of the pseudo-
ductile strains problematic; nevertheless, this concept demonstrates
that it is possible to combine large failure strains up to 9 % with very
high strength of 1570 MPa and high energy absorption of over 9 kJ/kg.

Fig. 7.2 shows a similar trade-off between modulus and pseudo-
ductile strain. Most of the materials have moduli less than aluminium
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alloy. The comparison would be more favourable plotted in terms of
specific moduli, but not all values for density were given in the papers.
The two materials circled on the left stand out as having high stiffness
combined with some pseudo-ductility. These are both hybrids including
high modulus carbon fibre, demonstrating how it is possible to create
more gradual failure by fragmentation and simultaneously increase the
modulus over the baseline material. The high modulus/intermediate
modulus carbon hybrid also featured in the ringed group on the left of
Fig. 7.1, and the high modulus/glass short fibre composite was not far
below.

Overall, the examples circled on the left of Fig. 7.1 appear to be the
best in introducing more gradual failure without too much sacrifice of
other properties. Three of these examples involve ply fragmentation, one
is based on ply reorientation and one combines the two mechanisms,
thereby producing the highest pseudo-ductile strain of the group.
Fragmentation appears to be the most promising approach for creating
pseudo-ductility, especially when combined with angle plies, and can
also produce pseudo-ductility in compression, as shown in Fig. 4.10. The
approach is capable of translating into structural performance, as shown
in Fig. 4.16. Hybridising with high modulus carbon enables a good
modulus to be obtained as well. Further research should be carried out to
optimise the choice of fibres for a wider range of loading cases and to
investigate behaviour in notched compression and compression after
impact.

Since pseudo-ductility is associated with a reduction in ultimate
strength, research into truly ductile fibres, for example based on high
stiffness and strength nanomaterials with high aspect ratio should be a
priority. However, composite design strains are much lower than the
ultimate failure strains of the fibres, due to the effects of notches and
impact damage. If these concerns can be alleviated through the intro-
duction of pseudo-ductility, it may be possible to increase design strains.
Fig. 7.3 shows the tensile response of a quasi-isotropic thin-ply T1000/
M55 laminate with an average knee point strain of 0.82 %. Typical
design strains are less than half of this, and so there should be scope to
use higher strains whilst still keeping well below the point of onset of
damage. Further work is needed to see to what extent this ambition can
be achieved.

A key benefit of pseudo-ductile laminates is the additional strain
beyond the knee point (or onset of non-linearity) that can allow exces-
sive deformations to be safely handled. The damage and reduction of
stiffness means that the effect of such occurrences can be detected.
Warning that strain limits have been exceeded whilst still maintaining
load carrying capacity allows continued operation until repairs can be
made. With glass/carbon hybrids the fragmentation produces a striped
pattern which can be observed visually, without any special equipment,
offering a very simple non-destructive test for unpainted structures. For
painted areas excessive strains can still be detected by conventional
approaches such as ultrasonic scanning. There are many potential ap-
plications to be explored, either for load bearing surface layers or for
bonded-on sensors. High energy absorption is another benefit of some of
the pseudo-ductile configurations that have been investigated, and
should be researched further.

Such materials can lead to composite structures that avoid cata-
strophic failure and have increased damage tolerance with additional
margins to safely handle overloads. This more forgiving behavior offers
huge opportunities for widening the areas where composites are used,
and more work is needed to explore potential new applications. Areas of
further research have been identified above that could further
contribute to generating ductility or pseudo-ductility, and to creating
high performance polymer matrix composite structures that fail
gracefully.
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