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Abstract

Carbon fibre reinforced polymers (CFRPs) have high strength and stiffness, low
density, long fatigue life in the fibre direction and good corrosion resistance.
Nowadays, CFRPs are been used in aeronautics, wind turbine blades, sports goods
and civil industry. However, one fundamental limitation of CFRPs is their brittleness
(low ductility): CFRPs fail catastrophically at a relatively low strain (1.5% to 1.8%)
under the tension with little warning or residual load-carrying capacity. To overcome
this weakness, there is considerable interest to enhance the ductility of CFRPs
exhibiting increased failure strains under tension and more progressive, graceful
failure modes.

In this work, three different methods were developed to improve the ductility of
unidirectional (UD) CFRPs. The first method was to introduce fibre waviness into UD
composites. The fibre alignment angles of the resulting composites and control
composites were assessed and it was found that fibre waviness in UD composite did
result in a stepwise tensile failure mode and an enhanced strain to failure. The second
method was using an air-assisted fibre tow spreading and commingling technology to
manufacture continuous intermingled carbon fibre/glass fibre hybrid tows. After
defining and quantifying the degree of hybridisation (at the filament level) of two
carbon fibre/glass fibre hybrid tows, the one with the higher degree of hybridisation
was selected to manufacture intermingled UD hybrid composites. It was found that
hybridising of continuous glass and carbon fibres resulted in the composites with an
increased failure strain. Moreover, these hybrid composites failed more gradually.
The final method investigated for introducing ductility was the introduction of ply
cuts into PEEK interleaved UD carbon fibre/PEEK composites, which were

manufactured by compression moulding. The resulting cut-ply interleaved carbon



fibre/PEEK composite possessed a non-linear tensile stress-strain curve and ductility
strain of 0.4%, which is due to shearing of the PEEK interleaves in the overlap

regions between the cut carbon fibre plies.
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1 Introduction

Conventional fibre reinforced polymer composites (FRPs) possess high strength and
stiffness, low density, long fatigue life in fibre direction and an excellent resistance to
corrosion. By carefully selecting the type and amount of reinforcement, its alignment
and orientation in a polymer matrix, these composites offer a wide range of
mechanical properties, which hence provide immense design possibilities. Within the
last fifty years the production of fibre reinforced polymer composites has rapidly
increased. It is estimated that the global consumption of carbon fibre reinforced
polymers (CFRPs) will reach $25.2 billion by 2020 [1] and the market for glass fibre
reinforced polymers (GFRPs) will be worth $16.4 billion in 2016 [2]. In the early
days, the application of carbon fibre reinforced polymer composites was mainly
confined to the aeronautics industry [3]. In the recent decades, CFRPs have become
widely used in other areas such as wind turbine blades, pressure vessels, luxury
automobiles, civil construction, marine applications and a vast variety of sports goods.
Despite the advantages of high performance CFRPs, such as their high specific
strength and stiffness, these materials have a fundamental limitation, which is their
inherent brittleness. Conventional UD CFRPs deform elastically to the strain of ~1.5%
[4-7] and then fail catastrophically with no prior warning or little residual load-
carrying capacity. In contrast, some ductile materials, such as some metals and
polymers, can deform plastically with much higher strains to failure and hence
dissipate significant strain energy[8]. The terminology “ductility” is initially used to
describe the ability of solid material to deform plastically under tension without
fracture [9-11]. However, this definition is not quite suitable to describe the ductility
of UD CFRPs, because the tensile properties of UD CFRPs in fibre direction are

dominated by carbon fibre, which has no ductility. In this thesis, the definition of
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ductility for UD CFRPs is mainly referred to whether the CFRPs have an improved
failure strain under tension with a progressive and graceful failure mode.

Due to the lack of ductility of conventional CFRPs, the CFRPs have very limited
residual load carrying capacity after the initial failure occurs. To overcome this
limitation, it is necessary to increase the ductility of CFRPs and this could be
achieved by creating composites with enhanced strain to failure and a more
progressive failure mode. However, to-date much of the research focussed on
improving FRP composite materials has been directed towards improving their
through-thickness properties, i.e. improving delamination resistance and impact
performance, and, more recently, the development of multifunctional [12-15] and
green FRPs [16-20]. Despite achieving plastic deformation of CFRPs using angle-ply
composites [21-23], it seems that little work has been directed towards improving the
ductility of CFRPs. Much more work was published related to enhancing the ductility
of CFRPs used in construction materials [24-26]. However, even in civil engineering,
there has only been a very limited work done for this purpose. In Bank’s review paper
[8] about ductility of FRP composites for civil construction, he stated that “there has
been insufficient attention to exploiting and enhancing progressive failure and energy
absorption in the FRP composites themselves”. It is therefore necessary to develop
methods to enhance the ductility of FRP exhibiting increased failure strains and more
progressive, graceful failure modes.

1.1 Aims and objectives

In 2011, Imperial College London and University of Bristol launched a six-year
research programme, 1i.e. high performance ductile composite technology

(HiperDuCT), to design, realise and evaluate composite architectures that display a
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ductile or pseudo-ductile response to mechanical load while maintaining high strength
and stiffness.
As part of HiperDuCT programme, the research stated in this thesis is aimed to
develop CFRP composites with enhanced ductility, which exhibit increased failure
strains and a more progressive failure mode. Three different approaches
(corresponding to three technical chapters in the thesis) have been explored to achieve
this objective. The three approaches include introducing fibre waviness into UD
composite (Chapter 2), mixing carbon and glass fibres at the filament level to create
ideally intimately intermingled UD hybrid composites (Chapter 3) and adding
polymer interleaves into cut-ply UD composites (Chapter 4).The specific objectives
are listed below:
a) Chapter 2
» Create UD CFRP with randomly distributed wavy fibres
» Characterise the fibre alignment angles and tensile properties of such
composites
b) Chapter 3
» Manufacture continuous UD intermingled carbon/glass fibre hybrid
composites and characterise their tensile behaviour
» Define and quantify the degree of hybridisation (at filament level) in
such composites
c) Chapter 4
» Produce a cut-ply interleaved carbon fibre/PEEK composite and

characterise its tensile behaviour
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1.2 Structure of thesis

The thesis is divided into five chapters. Chapter 1 provides a general introduction and
defines the aims and objective of this research. Chapter 2, 3 and 4 describe the three
approaches taken to develop CFRPs with enhanced ductility. Each of these three
chapters includes an introduction, an individual literature review, descriptions of the
manufacturing techniques, test methods and test results, a discussion and a summary
of the key findings. The final chapter of this thesis provides an overall summary and

conclusion of this research as well as the suggestions for future work.
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2 Indication of the potential of making UD CFRPs with the
enhanced tensile strain via introducing fibre waviness

2.1 Introduction

Unidirectional (UD) carbon fibre reinforced polymers (CFRPs) have high specific
strength and stiffness, but they fail in a brittle manner with little warning when
subjected to uniaxial tension. This inherent brittleness means that the material has no
load-carrying capacity after the initial failure occurs. Changing the failure mode of
UD CFRPs from catastrophic one into gradual one and improving the failure strain of
UD CFRPs, therefore, could potentially reduce the required safety factors. The tensile
properties of UD CFRPs in the fibre direction are dominated by the fibre properties. It
has already been demonstrated that the waviness and fibre misalignment can enhance
the tensile failure strain and produce a non-linear tensile behaviour [22, 23, 27-30],
and this will be discussed in section 2.2. One of the possible failure mechanisms of a
composite containing fibres with various waviness and misalignment is that straight
and well-aligned fibres fail first while the tensile load can stretch and align the wavy,
misaligned fibres in direction of the applied strain until they eventually fail. However,
most work described in previous literature [22, 23, 27-30] focused on theoretical
prediction of the tensile behaviour of UD composite with uniform fibre waviness.
There is little published work available on the experimental tensile behaviour of UD
composites with small fibre misalignment angle and random fibre waviness.

In this chapter, the literature about the effect of fibre misalignment and fibre waviness
on the tensile behaviour of CFRPs, the manufacturing techniques and characterisation
of fibre misalignment and fibre waviness in CFRPs, are reviewed first. Inspired by the
possibility of tailoring the tensile strain to failure and producing a non-linear failure

behaviour, two manufacturing methods were explored for producing UD composites
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containing wavy fibres with small degrees of fibre misalignment. Gas-texturing the
carbon fibre tow and non-constrained annealing carbon fibre/PA-12 were used to
produce such UD composites. The fibre alignment angles and tensile properties of
these two composites and their control samples were characterised.
2.2 Literature review
2.2.1 The effect of fibre waviness and misalignment on the tensile behaviour of
UD composites
Before investigating the effect of fibre or ply misalignment and waviness on the
tensile behaviour of UD composite, researchers firstly began to study the tensile
behaviour of angle-ply (+0)s composites to evaluate the effect of fibre alignment
angle on the tensile behaviour of composites [22, 23, 27, 28]. As can be seen in Figure
2.1 [22], the tensile stress- strain behaviour of UD angle-ply (£0)s composites exhibits
a significant non-linearity. Even though larger fibre alignment angles result in a
significant reduction of the tensile strength and modulus compared with UD
composites, introducing (+0)s fibre alignment angles does provide composites with
non-linear tensile stress-strain curves and a more progressive failure behaviour.

300

x Experimental data at gage 1
— Predicted(FEM) data at gage 1
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Figure 2.1 Predicted and experimental tensile stress-strain curves of (£0)s carbon
fibre/PEEK composite [22]
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Compared with (£0)s angle-ply composite, the tensile behaviour of UD composites
with ply waviness is more complex, because composites with ply waviness contain
different fibre alignment angles within a single ply. Chou and Takahashi [29]
predicted using an elastic constitutive model that Kevlar or glass fibre reinforced
elastomers containing uniform out-of-plane ply waviness exhibit a non-linear tensile
behaviour and enhanced tensile failure strain. Later, Chun et al. [30] built a model to
investigate the tensile behaviour of UD carbon fibre/epoxy composites with uniform
out-of-plane fibre waviness and validated the model experimentally, as shown in
Figure 2.2 (a) and (b). They found that the apparent modulus of such composite was
reduced as the tensile stress increased. The non-linear tensile behaviour and the
failure strain increased with increasing fibre waviness [30], as shown in Figure 2.2 (c).
Unfortunately, both models showed that introducing uniform fibre waviness reduced

the tensile strength and modulus compared with the UD composites.
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Figure 2.2 (a) Schematic drawing of representative volume and coordinates for UD
composite with uniform fibre waviness, (b) photo showing UD composite with
uniform fibre waviness and (c) predicted and experimentally obtained tensile stress-
strain curves for UD composite with uniform fibre waviness but various fibre
waviness ratios [30]

In order to minimise the reduction in the tensile strength and modulus caused by
introducing uniform fibre waviness into the UD composites and to produce

composites with an enhanced failure strain exhibiting a non-linear tensile behaviour, it

is desirable to design UD composite containing wavy and straight fibres, In such a

29



composite, the straight fibres will fail first but the undamaged wavy fibres can still
carry the load. Such composite, therefore, would fail in steps rather than in a
catastrophic manner.

2.2.2 Manufacturing techniques to produce composites containing wavy fibres
2.2.2.1 Producing thermosetting composites containing wavy fibres

In the 1990s, researchers began to develop processes to introduce fibre waviness or
ply waviness into carbon fibre/epoxy composites. Kuo et al. [31] manufactured an
out-of-plane wavy UD carbon fibre/epoxy composite by using a sinusoidal matching
mould, shown in Figure 2.3(a). Later, some investigators added carbon fibre/epoxy
strip into UD composite when laying up UD prepregs to create a UD carbon
fibre/epoxy with out-of-plane ply waviness, as seen in Figure 2.3 (b) [32, 33]. Potter
et al. [34] reported that fibre misalignment and in-plane waviness in uncured UD
carbon fibre/epoxy prepregs (maximum fibre misalignment angle of 3.8°) is mainly
caused by the wvariation in tension applied on the carbon fibres tows when
manufacturing UD prepregs, the twisting within fibre tows, the presence of broken
fibres, which lay across the fibre direction of the prepreg and winding the prepreg for
the storage and delivery. Later, they also produced out-of-plane wavy-ply carbon
fibre/epoxy composites by a carefully designed moulding process. They added a
carbon fibre/epoxy strip (Figure 2.3(b)), one or two UD discontinuous carbon
fibre/epoxy layers (Figure 2.3(c) and (d)) into a number of continuous UD carbon
fibre/epoxy prepregs during the layup process to form a composite with controlled
out-of-plane ply waviness [35]. They found that the presence of ply-waviness can
cause delamination initiating at the ply drops, which negatively affected the

compressive strength of the UD composites [36].
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Figure 2.3 Schematic diagrams of manufacturing techniques to produce thermosetting
composites containing ply waviness (a) [31], (b) [32, 33, 35], (c) and (d) [35, 36]

2.2.2.2 Producing thermoplastic composites containing wavy fibres

UD carbon fibre/thermoplastic composites with out-of-plane ply waviness were
reported by Mrse and Piggott, who designed a crimping moulding method to
introduce ply waviness into carbon fibre/PEEK composites [37]. The authors found
that this process damaged the carbon fibres, which had a negative effect on the
compressive strength of the composite [37]. O’Hare and Hyer [38] developed a three-
step moulding method to manufacture flat cross-wavy ply carbon fibre/polysulfone
(PSU) composites. This moulding method involved creating the wavy ply using a
curved matched mould, then using strips made of carbon fibre/PSU to fill the gaps
between the curved layer and the nearby flat layers to form a flat sub-laminate, finally
laying up the sub-laminate with other carbon fibre/PSU layers and consolidating them
into laminate [38].

As stated above, using curved moulds can only introduce waviness into UD carbon
fibre/thermoplastic composite at ply level, some published work shows that some
continuous UD fibre reinforced thermoplastic composites manufactured by fibre
commingling by gas-texturing can contain a degree of waviness at fibre level [39-42].

In the 1990s, fibre gas-texturing technology was developed to comminglereinforcing
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fibre yarns and thermoplastic polymer fibre yarns to form a hybrid roving, which was
then processed into continuous fibre reinforced thermoplastic polymers using
pultrusion process [39]. Lauke et al. [6] reported that the longitudinal tensile strength
of UD glass fibre reinforced polyamide produced by consolidation of glass
fibre/polyamide fibre hybrid tows was lower than the value predicted by the rule of
mixture but they did not provide tensile stress-strain curves of this composite. The
authors thought that the reduction in tensile strength was caused by the fibre
misalignment in the composite, because some fibre misalignment was observed in the
fibre hybrid tow. However, it seems likely that the damage on the glass fibres caused
by gas-texturing process is another factor contributing to the reduction of tensile
strength of such composite.

Thermal expansion, on the other hand, can produce waviness at filament level without
damaging the fibre. Some investigations show the coefficient of thermal expansion
(CTE) mismatch between the composite materials and mould tools [43], CTE
mismatch between fibre and thermoplastic matrix [44] can cause the residual thermal
stress in fibres, which is large enough to create fibre waviness in UD composite.
Kugler and Moon observed a fibre waviness with a maximum degree of fibre
misalignment of 8.4° in a carbon fibre/PSU composite when investigating the effect
of different processing parameters (mould materials, moulding temperature and time)
on fibre waviness in the resulting composites [43]. The heating/cooling history during
processing of fibre reinforced thermoplastics can affect the magnitude of the fibre
waviness or misalignment in the composite [43]. Cohen et al. [45] observed fibre
waviness in a single glass fibre reinforced polycarbonate sample, which was caused

by polymer melt flow during the consolidation process.
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2.2.3 Methodology of measuring fibre waviness and fibre misalignment

The magnitude of fibre waviness affects the mechanical behaviour of UD composites.
One of the major problems in characterising fibre waviness is the need to determine or
define the shape of a wavy fibre. Many researchers assumed a sinusoidal form (Figure
2.4) when modelling wavy fibres [30, 46-48]. The magnitude of the ideal fibre
waviness can be quantified by the wavelength (1) and the amplitude (4) of a
sinusoidal wavy fibre. The maximum fibre misalignment angle is a function of

wavelength and amplitude (Equation 2.1):

274
0. =tan” (7) Equation 2.1
Y(A)

y= Asin(2r*x/2.)

1
(0
0 N \ max N N
0|0 0.}\ 0 1. 0 X(»)
I A Nominal
4L fibre direction

Figure 2.4 Schematic drawing of a sinusoidal-model waved fibre [30]

However, the problem is that most wavy fibres are in reality not sinusoidal, which
makes it difficult to determine fibre misalignment angles using Equation 2.1. Most
researchers, therefore, measured the ply or fibre misalignment angle directly to
quantify ply or fibre waviness. The out-of-plane ply misalignment can be easily
observed and measured from micrographs of cross-section of the composite in
through-thickness direction [35, 38, 48], as seen in Figure 2.5. Recently, Pain and
Drinkwater [49] also developed a non-destructive evaluation method to detect and

locate the ply waviness using ultrasonic array scattering. In this method, the average
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ultrasonic array scattering matrix of a UD composite without ply waviness was
generated from experimental ultrasonic scanning and statistics-based signal
processing, which was treated as a baseline; the ply waviness in a UD composite was
detected and located by comparing the signals obtained from experimental ultrasonic

scan on this wavy composite with the baseline.

Figure 2.5 Unidirectional carbon/epoxy composite with out-of-plane ply waviness[48]
However, measuring fibre misalignment angles of individual fibres is more
challenging than measuring the ply waviness, because it requires a detection
technique with higher resolution. Since the 1980s, several researchers have
investigated the characterisation of fibre misalignment from the micrographs of
polished section of composites [50-54]. Two of the most popular methods for
measuring fibre misalignment are Yurgartis’ method [50] and multi-field image
analysis [52, 54]. Yurgartis used the fact that a fibre with a circular cross section will
be an ellipse when cut at an angle other than 90° and 0° to the fibre direction. By
measuring the major and minor axial dimensions of the ellipsoid, the individual fibre
alignment angle can be obtained. The accuracy of this method was reported to be +
0.25° [50]. This method will be discussed in detail in section 2.2.3. Creighton and
Sutcliffe [52, 54] designed a multi-field image analysis to determine the degree of
fibre misalignment in a composite from a low magnification microscope image. In

their method, the fibre alignment angle in a domain (250 x 250 pm) of a longitudinal
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section of a UD composite was inferred from the alignment of the elongated features,
which can be a fibre filament, fibre bundle or the matrix between the fibres, as shown
in Figure 2.6. This method is less time-consuming and more effective in measuring

the fibre misalignment in a large domain than Yurgartis’ method, but the results

obtained were less reliable when the domain size was decreased [52, 54].
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Figure 2.6 (a) Optical micrograph of UD composite with a domain and pixel array

highlighted and (b) schematic depiction of a set of domains within which the average
fibre orientation ¢ is to be measured [52]
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2.3 Materials and methods

2.3.1 Materials

Continuous carbon fibre tows (HexTow®IM7-12K) kindly provided by Hexcel Co.

(Cambridge, UK) were used as reinforcement. Polyamide (PA)-12 in powder form

(Vestosint®-2159, Evonik Degussa GmbH, Weiterstadt, Germany) was used as

matrix. Nitrogen (BOC UK Co. London, UK) was used in the gas-texturing process.

2.3.2 Manufacturing UD carbon fibre/PA-12 with fibre waviness

2.3.2.1 Manufacturing unidirectional carbon fibre/PA-12 composite tapes using
gas-texturing method followed by wet-powder impregnation

Gas-textured carbon fibre/PA-12 tape was manufactured using a modular custom-

built composite production line (CPL) [55] (developed by Polymer and Composite

Engineering Group in Imperial College London), shown in Figure 2.7.

(a)

(b)
Tension | | Gas-texturing | | Polymer || Dry || Melt || Heated | | Two-belt
Fibre control device suspension oven oven shear pins puller

Figure 2.7 (a) Photo and (b) flow chart of setup of manufacturing route of UD carbon
fibre/PA-12 composite tape

A 2 L PA-12 suspension (5 wt.%) was prepared for the wet-impregnation bath in the
CPL. In order to aid the dispersion of the polymer powder and avoid cake formation
during rest periods, 0.1 wt.% surfactant (Cremophor® A-25, BASF Company,

Manchester, UK) was added to the suspension. In order to ensure that PA-12 powder
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was homogenously distributed in the impregnation bath, this suspension was stirred
for 2.5 h. Similarly, 1L concentrated PA-12 suspension (15 wt%) was prepared as the
top-up material to maintain the polymer concentration in the wet-impregnation bath
during the manufacture process as otherwise the dispersion would deplete.

Two carbon fibre tows were passed over a perforated PTFE bar (Figure 2.8). A N,
(pressure=2.5 bar) flow passing through these small holes (Qyoe = 1 mm) in the bar
caused the carbon fibre tows to spread into filaments or small bundles and some fibre
misalignment. These spread carbon fibre tows were combined into one carbon fibre

tow after the gas-texturing process.

(a) (b) Nl 20 mm .
N, N,
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Figure 2.8 Design of gas-texturing device (a) photo (b) schematic diagram

The tow was then passed through the PA-12 wet-impregnation bath alternating under
and over 13 pins (Figure 2.9(a)) to increase the space between the filaments in the tow
to allow them to pick up PA-12 powder from the suspension. Two 1 m long infra-red
heating ovens were used to remove the water carried by the fibre tow (set temperature:
120°C) and melt the polymer powder (set temperature: 205°C), respectively. The fibre
tow with the polymer melt passed over and under three heated shear pins (set
temperature: 220°C; Figure 2.9(b)), which provided the composite tape with a smooth
surface. Finally, it was consolidated between the two room-temperature steel rollers.
A two-belt puller was used to control the speed of this manufacturing process at 0.5

m/min.
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.igure 29 Setup of (a 13: pins \us;j(; in wet-impegnation bath and (b) 3 heated shear
pins

Control carbon fibre/PA-12 composite tapes were manufactured using the same
method as the gas-textured carbon fibre/PA-12 except that the fibre tow did not pass
over the gas-texturing device. During this process, the concentration of polymer
powder in the wet-impregnation bath decreases, which results in an increasing fibre
volume fraction in the composite. In order to maintain the powder concentration 50
mL concentrated PA-12 suspension (15 wt.%) was, therefore, added into the bath

every 15 min. The fibre volume fraction of the composite (V)), calculated using

Equation 2.2, was monitored by weighing 1 m of the composite tape:

V _ mef
=
pf(VVc _Wf)+mef

Equation 2.2

where p is the density of the materials (g/m”), W the linear weight of the tape (g/m).
The subscripts ¢, m and f represent composite, polymer matrix and fibre, respectively.
Only composite tapes with Ve = 58-62% were selected in this research.

2.3.2.2 Manufacturing of carbon fibre/PA-12 composite tape using non-

constrained annealing

In order to introduce fibre misalignment into carbon fibre/PA-12 without damaging
carbon fibres, the composite tapes were annealed at temperature from 220 °C to 20 °C
when non-constrained. In this process, two factors cause carbon fibre misaligned after
moulding: a) PA-12 remains a viscous melt for a sufficient long time allowing the

carbon fibres to move as the melt flows; b) the CTE mismatch between carbon fibres
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and PA-12 and the CTE mismatch between composite and mould causes residual
thermal stress in carbon fibres, which in turn cause the carbon fibres to become

misaligned and wavy during the consolidation.

Side view Top view Bl Steel plate
1 Mould release film

Figure 2.10 Schematic diagram of layup process of carbon fibre/PA-12 tapes during
non-constrained annealing

The carbon fibre/PA-12 tape with a width of 6-8 mm was cut into 200 mm long
sections. These tape sections were sandwiched between release films (Upilex® 258,
UBE Industries Ltd., Tokyo, Japan) and placed between two steel plates, as seen in
Figure 2.10. The whole assembly was heated in a pre-heated hot press (Model# 4126,
Carver Inc., Indiana, USA) at 220°C with contact-only pressure (i.e. no actual
pressure applied) for 2 h. It was slowly cooled down to room temperature in 8 hours.
The temperature change of the unit was monitored by a thermocouple (RS 615-8206,
RS Components Co., UK), which is shown in Figure 2.11. After the non-constrained
annealing, some visible fibre misalignment was introduced into the carbon fibre/PA-
12 tape, as seen in Figure 2.12. However, the magnitude of the fibre misalignment
angle cannot be clearly quantified from Figure 2.12 due to the low magnification of

the images.
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Figure 2.11 Mould temperature during the non-constrained annealing process

Figure 2.12 Top views of the carbon fibre/PA-12 tape (a) before and (b) after non-
constrained annealing
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2.3.3 Single-fibre tensile tests on as-received and gas-textured carbon fibres

A Linkam TST350 tensile tester (Linkam Scientific Instrument Ltd, Surrey, UK) with
20N load cell was used to measure the tensile strength and the apparent modulus of
as-received and gas-textured carbon fibre according to the ISO 11566 standard [56].
Single fibres were mounted onto paper cards (seen in Figure 2.13) to minimize the
stress concentration on the fibre in the gripping area. A single fibre was placed at the
centre of the testing card and bonded at both ends of the mounting using an epoxy
adhesive (Araldite® Rapid, Huntsman Advanced Materials GmbH, Switzerland). The
fibre specimen on the paper mount was fixed in the grips, shown in Figure 2.14. Then,
both sides of the cardboard holder were cut at the mid gauge. The single fibres were
loaded at a crosshead rate of 15 um/s. The load-crosshead displacement curve was
recorded until the fibre failed. 25 single fibres from each group, i.e. as-received and

gas-textured, were tested in order to obtain a representative result. The tensile strength

(5 ) and strain to failure ( € ) of the fibres were calculated using Equation 2.3 and

Equation 2.4, respectively.

. AF. .

o= W Equatlon 2.3
. O )
&= 7 Equation 2.4

where F. 1S the maximum measured tensile load, d the fibre diameter, J the
crosshead displacement when the fibre fails and L the gauge length. The apparent

tensile modulus £ is the slope of the linear fit to the tensile stress-strain curve.
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Figure 2.13 Mounting for single fibre tensile test specimen (a) Dimensions of
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Figure 2.14 Setup of single-fibre tensile test
In order to evaluate the variation and distribution of the carbon fibre tensile strength,
the cumulative failure probability Pg; of the i"™ fibre was calculated using Equation 2.5.

The Weibull-modulus (m) of the fibre strength is given by the slope of
In[-In(1-B,,)] as function of In T, plot, see Equation 2.6 [57],

R

1

TN+
In[-In(1-F,,)]=mIng, +C Equation 2.6

Equation 2.5

R,

where R; is the rank of the i™ fibre, N the total number of tested fibres, o) ; the

strength of the i fibre and C a constant.
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2.3.4 Tensile tests of control, gas-textured and non-constrained annealed
carbon fibre/PA-12 tapes
All the carbon fibre/PA-12 tapes were cut into 200 mm-long sections and end tabbed
with glass fibre/epoxy laminate with a thickness of 1.5 mm. The end tabs were
bonded to the tape using cyanoacrylate adhesive (CN-general, Techni Measure Co,
Japan). The dimensions of the tested samples are shown in Figure 2.15. The samples
were tested under uniaxial tensile load (Model 4566 or 5969, Instron Ltd, Bucks, UK,
depending on availability) at a crosshead rate of 0.5 mm/min. Digital image
correlation (ARAMI-2M, GOM UK Ltd, Coventry, UK) was used to record the strain
over the whole gauge length in the control and gas-textured carbon fibre/PA-12
samples. A video-gauge system (Imetrum Ltd, Bristol, UK) was used to measure the
strain in the non-constrained annealed carbon fibre/PA-12. The setup for the tensile

tests is shown in Figure 2.16.
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Figure 2.15 The dimensions of the tensile specimen

Specimen

Figure 2.16 Setup for tensile tests of UD composite tapes
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2.3.5 Measuring fibre alignment angle in carbon fibre/PA-12 composites

2.3.5.1 Microscopy sample preparation

After tensile testing, samples were cut from the undamaged end-tab regions at an
angle of 5° nominal to the fibre direction (Figure 2.17(a)). The cut samples were
embedded in a transparent epoxy resin (EpoCure®, Buehler Ltd., Diisseldorf,
Germany) and cured at room temperature for 24 h. The samples were polished using a
disc polish machine (Motopol-12, Buehler Ltd., Diisseldorf, Germany) with different
grades of sand paper and diamond suspensions (details are given in Table 2.1). The
polishing pressure and speed were 0.2 MPa and 150 rpm, respectively.

Table 2.1 Operation parameters of polishing process

Polishing Polishing grade Tlme
sequence (min)
1 P120 SiC (with water as medium) 10
2 P320 SiC (with water as medium) 5
3 P800 SiC (with water as medium) 5
4 P2500 SiC (with water as medium) 5
5 Nylon cloth (with 6 um diamond suspension as medium) 2
6 Nylon cloth (with 3 pm diamond suspension as medium) 2
7 Nylon cloth (with 1 um diamond suspension as medium) 2

(2) L _; Cut plane
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Figure 2.17 (a) Schematic diagram of cutting sample (b) Typical microscopy image of
polished sample surface

2.3.5.2 Microscopy analysis
The cut surfaces of tested samples were investigated using a reflective microscope

(AX10, Zeiss Ltd., Cambridge, UK) at 50x magnification. Twenty microscopy images
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were taken from each sample. A typical optical micrograph is shown in Figure 2.17(b).
By measuring the major and minor axial dimensions of the cut fibre surfaces, the

apparent fibre angle can be determined using Equation 2.7 [50]:

=sin Equation 2.7

id
apparent ;
where Oparens 1S apparent fibre alignment angle, / and d the major and minor axial
dimensions of the cut fibre surfaces, respectively.

For each image, 10 fibres were randomly selected for measurement. Two hundred
fibre alignment angles, therefore, were measured for each sample. As stated above, 4
samples in each group were tested in the uniaxial tensile test, so 800 apparent fibre

alignment angles in each group (i.e. control, gas-textured and non-constrained

annealed carbon fibre/PA-12) were characterised to obtain a representative result.
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Figure 2.18 Distribution of the apparent fibre alignment angles of a typical gas-
textured carbon fibre/PA-12 sample

The apparent fibre alignment angle 6,,paren: 18 a function of the fibre alignment angle
in the composite and the sectioning angle ¢,. However, the sectioning angle cannot be
determined with a high accuracy by measuring the angle between the cut surface and
fibre direction. Figure 2.18 shows the distribution of apparent fibre alignment angle of

a typical gas-textured carbon fibre/PA-12 tape. It is worth noting that only very few

45



fibres have an apparent fibre alignment angle smaller than 3°, which skews the
apparent fibre alignment angle distribution. When the apparent fibre alignment is very
small (less than 3°), the sectioned fibre segment shows as a quasi-rectangle, which has
a length exceeding the length of microscopy measuring field. These fibre segments,
therefore, were not countable in the measurement. In order to minimise the distortion
caused by the limited microscopy measuring field, the sectioning angle is the median
value (Xcennre) Of the gauss-fitting curves of the apparent alignment angle distribution
instead of the average value of the measured apparent fibre alignment angles. The true
fibre alignment angle (6) is determined via Equation 2.8.

0=0

apparent - qu

Equation 2.8

2.4 Results and discussion

2.4.1 Effect of gas-texturing on the tensile properties of carbon fibres

The typical tensile stress-strain plots of as-received and gas-textured carbon fibre are
shown in Figure 2.19. The tensile properties of as-received and gas-textured carbon
fibre are shown in Table 2.2. The tensile strength and strain to failure of gas-textured
carbon fibres is 15% lower than for as-received carbon fibres. As expected, the tensile

modulus of the carbon fibres is hardly affected by the gas-texturing process.
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Figure 2.19 Typical tensile stress-strain plots of as-received and gas-textured carbon
fibres
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Table 2.2 Tensile properties of as-received and gas-textured carbon fibre

Strength Strain to failure Modulus Weibull modulus of
(MPa) (%) (GPa) strength
A.S_ 4843 £192 1.72+0.07 273.7£2.5 5.34
received
Gas-
4152+ 201 1.48+0.08 267.4+4.2 4.37
textured

The plots of tensile cumulative failure probability Pr as function of the tensile
strength ¢ of as-received and gas-textured carbon fibres fit well to the Weibull
probability distribution (Figure 2.20). The Weibull modulus of as-received carbon
fibres 1s 22% higher than that of gas-textured carbon fibres, which means that the

scatter in the strength of the as-received fibres is lower.
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Figure 2.20 (a) The cumulative failure curve and (b) Weibull plots of as-received and
gas-textured carbon fibres

2.4.2 Tensile behaviour of control, gas-textured and non-constrained annealed
carbon fibre/PA-12 tapes

The tensile strength, modulus and strain to failure of the control, gas-textured and

non-constrained annealed carbon fibre/PA-12 tapes are summarised in Table 2.3.

Because the tensile modulus of gas-textured carbon fibre was same as that of as-

received carbon fibre, the initial tensile modulus of gas-textured carbon fibre/PA-12

was barely changed compared to the control carbon fibre/PA-12 (165.9 GPa versus

164.9 GPa). Compared with the control carbon fibre/PA-12, the strength and the
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initial failure strain of carbon fibre/PA-12 composites manufactured using fibres
which passed the gas texturing process decreased, which is because the carbon fibres
were damaged during the gas-texturing process (see section 2.4.1). The gas flow does
not only spread the fibres but also induced surface flaws or damage by fibre-fibre
contact on the surface of the fibres, causing a reduction in strength and strain to
failure of the carbon fibres. However, there was no reduction in tensile strength of the
non-constrained annealed carbon fibre/PA-12 composite compared with the control
samples, because the carbon fibres were protected by PA-12 melt during the non-
constrained annealing process.

Table 2.3 Tensile properties of control, gas-textured and non-constrained annealed
carbon fibre/PA-12 composite tapes

Failure strain (%)

Modulus (GPa) | Strength (MPa) Initial | Ultimate

Control 165.9+£9.7 2495+105 1.61+0.03
Gas-textured 164.9+7.4 2313+116 1.37+0.07 | 1.58+0.09
Non-constrained annealed 169.6+6.6 2491+158 1.51+£0.08 | 1.96+0.16

It is interesting to note that the tensile stress-strain curves of the gas-textured and non-
constrained annealed carbon fibre/PA-12 showed a stepwise, gradual failure mode
during strain controlled tensile tests instead of the usual sudden, catastrophic failure,
which was observed for the control carbon fibre/PA-12 samples (Figure 2.21). During
the testing of the gas-textured and non-constrained annealed carbon fibre/PA-12 tapes,
part of the sample still carried some load after the first failure occurred, while the
control sample completely failed in a catastrophic manner. The difference in failure
mode is associated with the difference in fibre alignment between the composites
manufactured using carbon fibres that passed through the gas texturing process or
which were subjected to the non-constrained annealing process and the control
samples. The straight fibres will carry the greater stress and so are more likely to fail

first. Of the remaining fibres those with least misalignment will fail next and so the
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failure process was more gradual in the gas-textured and non-constrained annealed
carbon fibre/PA-12 with their large spread of fibre alignment angles. However, due to
the reduction in the tensile strength and failure strain of the fibres, which were
subjected to the gas-texturing process, no increase was observed in the ultimate
failure strain of gas-textured carbon fibre/PA-12 composites compared with the
control samples. Nevertheless it is promising that a higher ultimate failure strain was
observed for the carbon fibre/PA-12 composites which were subjected to non-
constrained annealing compared to the control carbon fibre/PA-12. The higher
ultimate failure strain for this composite was due to the fact that non-constrained
annealing introduced significant fibre misalignment and waviness (see Figure 2.22)
into the composite without damaging the carbon fibres. Compared with the control
carbon fibre/PA-12 composite, the non-constrained annealed carbon fibre/PA-12
composite had enhanced ductility which exhibited in its higher ultimate failure strain

and a more gradual failure mode.
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Figure 2.21 Tensile stress-strain curves of (a) control, (b) gas-textured and (c) non-
constrained annealed carbon fibre/PA-12 tapes

2.43 The fibre alignment angle in the control, gas-textured and non-

constrained annealed carbon fibre/PA-12 tapes

In order to lend support for the proposed failure mechanism of the composites,

containing the fibres which passed through the gas texturing process or were

subjected to non-constrained annealing, the distributions of fibre alignment angles

were quantified (Figure 2.22).
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Figure 2.22 True fibre alignment angle distributions of (a) control (b) gas-textured
and (c) non-constrained annealed carbon fibre/PA-12 composites

The true fibre alignment angles of the control, gas-textured and non-constrained
annealed carbon fibre/PA-12 tapes ranged from -2 to 2°, -3.5 to 4° and -4 to 5°,
respectively. It can be seen that the distribution are symmetric about the 0° degree
position except for higher magnitude of misalignment in the gas-textured and non-
constrained annealed composite. In these cases, there appears to be fewer fibres with
misalignment angle less than -3°, then there are with angle greater than 3°. However,
noted earlier, this is due to the difficulties with the measurement technique, fibres at
angle close to -5° have major axis length which exceeded the length of the

micrograph and so were not counted. Despite this loss of symmetry, the fibre
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misalignment distributions of all these composites are fitted well by Gauss
distribution. A Gaussian distribution as described is Equation 2.9:

-2(6-6,)’
e v Equation 2.9

F(O)=y, +
C wWr/2
where 0. is the median value of the Gaussian fitting curve, y, the offset value in y axis
of the Gaussian fitting curve, 4 the area between the Gaussian fitting curve and y = yj

and w refer to the width of the peak in the Gaussian fitting curves. The width of the
peak in the Gaussian fitting curves when y=y,+(y.. —V,)/2 iswx+In4 [58].

Table 2.4 summarises the parameters of the Gaussian fitting curves of the fibre
alignment angle distributions of the control, gas-textured, non-constrained carbon
fibre/PA-12 composites. Compared with the control carbon fibre/PA-12, the widths of
Gaussian fitting curves of the distributions of fibre alignment angles in the gas-
textured and the non-constrained annealed carbon fibre/PA-12 increased by 77% and
116%, respectively. This indicates that both the annealing process and gas texturing
significantly increase the variance of the fibre alignment angles in carbon fibre/PA-12
composites.

Table 2.4 Parameters of the Gaussian fitting curves of the distribution of the fibre

alignment angles of control, gas-textured, non-constrained annealed carbon fibre/PA-
12 composite

0c (o) w A
Control 0.00 1.00 0.49
Gas-textured 0.03 1.77 0.44
Non-constrained 0.02 216 043
annealed

Ninety five percents of the fibres in the carbon fibre/PA-12 control had less than £1°
misalignment from the fully aligned position. However, only 68.5 % of fibres in the
gas-textured carbon fibre/PA-12 composites were still almost straight, i.e. the
misalignment angle smaller than +1°. The bulk of the remaining 31.5 % were

misaligned up to +3°, but some fibres were misaligned to an even greater extend. This
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was caused by the gas flow during the gas-texturing treatment, which affected the
arrangement of carbon fibre filaments in the tow and so caused the fibre misalignment.
Similar to the gas-textured carbon fibre/PA-12, the variation of fibre alignment angle
in non-constrained annealed carbon fibre/PA-12 is larger than that in control samples,
but now only 57.5% of fibres are aligned within +1°. This indicates that non-
constrained annealing can be successfully used to introduce variable fibre alignment
angles into a carbon fibre/PA-12 composite. In this case, the fibre waviness is caused
by a combination of a) the CTE mismatch between carbon fibre and PA-12, b) CTE
mismatch between composite and mould tool c) the shrinkage caused by the re-
crystallisation of PA-12 and d) movement of PA-12 melt.

2.5 Summary

Two manufacturing methods, gas-texturing and non-constrained annealing, were used
to introduce fibre waviness and misalignment with small fibre alignment angles into
continuous UD carbon fibre reinforced PA-12. It was found that these two
manufacturing methods did increase the width of the Gaussian distribution of fibre
alignment angle. That means that more fibres are misaligned in these two composite
compared to the control sample. In order to evaluate the effect of variation of fibre
alignment on the tensile behaviour of carbon fibre/PA-12, uniaxial tensile tests were
carried out on these two composites and a control. Compared with control carbon
fibre/PA-12, both gas-textured and non-constrained annealed carbon fibre/PA-12
exhibited a stepwise and gradual tensile failure mode under strain control rather than a
sudden and catastrophic failure, which was observed for the control sample. However,
the tensile strength of the gas-textured carbon fibre/PA-12 composite decreased and
no increase in its ultimate tensile failure strain was observed. The decrease in the

tensile strength of the composite is due to the fact that the gas-texturing process
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damaged the carbon fibres. However, for the carbon fibre/PA-12 subjected to non-
constrained annealing, the ultimate tensile failure strain increased without
significantly affecting the composite’s tensile strength and modulus. The more
gradual tensile failure mode of carbon fibre/PA-12 and the increase in the ultimate
tensile failure strain are due to the difference in the fibre alignment and fibre waviness

of non-constrained annealed carbon fibre/PA-12 and its control samples.
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3 Intermingled carbon fibre/glass fibre thermosetting hybrid
composites

3.1 Introduction

UD carbon fibre reinforced polymer composites (CFRPs) have high specific strength
and stiffness, but they fail in a brittle manner at a low strain to failure (1.5-1.8%) [59].
In order to increase the strain to tensile failure of UD CFRP composites, glass fibres
have been used as another reinforcement to hybridise with carbon fibre to obtain a
hybrid composite [60-68]. Ideally, the carbon fibres provide the tensile stiffness in the
initial loading stage, while the glass fibres result in a higher strain to failure of the
hybrid composite. Fibre reinforced hybrid polymer composites have been studied
since the 1970s [69]. Compared with conventional single fibre-type reinforced
polymer composites, hybrid composites can offer more advanced design possibilities
because their mechanical properties can be changed by changing the fibre types and
the fractions of individual fibre types.

Hybrid composites can be realised by laminated hybridisation [60-68], woven
hybridisation [70-73] and intermingled hybridisation [39, 74-78], which will be
discussed in detail in section 3.2. The difference between these three hybrids is that
the fibre types are hybridised at different levels (i.e. layer, fibre tow and fibre
filament). The level of hybridisation affects the mechanical properties of hybrid
composites [24, 25, 74, 78-82]. Peijs et al. [79] found that tow-to-tow carbon
fibre/high performance polyethylene (HPPE) reinforced epoxy hybrid had a higher
strain to failure than the control carbon fibre reinforced epoxy, while the strain to
failure in sandwiched carbon fibre/HDPE hybrid composite did not increase. Pimenta
and Robinson [81] also reported that the tensile strain to failure of hybrid composites

improves at the finer hybridisation level. Hence, to manufacture hybrid UD
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composites containing two fibre types hybridised at the filament level is a potential
way to produce high-performance composites with improved strain to failure.

If two fibre types are completely hybridised at filament level, then the two fibre types
should be randomly distributed within polymeric matrix. When such intermingled UD
hybrid composites are subjected to longitudinal tension, the initial failure is most
likely to occur in the fibre type with the lower failure strain while the nearest
neighbouring fibres of the other fibre type with a larger strain to failure should still
carry load and stop the failure from propagating. Such a hybrid composite therefore
should have a higher strain to failure with a gradual tensile failure behaviour as
compared to single fibre type composites. Some investigators attempted to use
simultaneous filament winding [80, 83, 84], co-weaving [72, 73] and an air-texturing
commingling process [76] to produce the fibre hybrid composites hybridised at the
finer level than the conventional fibre hybrid composites that are produced by making
a laminate from two prepregs of different fibre types [60-68]. There are few
experimental studies in the literature which establish a relationship between the
composites hybridised at different levels and the corresponding tensile behaviour [79,
81]. In addition, only few literatures were found to provide the definition and
quantification of the degree of hybridisation at filament level. For instance,
Summerscales [85] proposed that the contiguity index can be used to define the
intimately-mixed hybrid composite. The contiguity index is the ratio of the number of
changes of fibre type (along a transect of the micrograph) to the number of fibre-fibre
space. However, this method is only able to quantify the degree of hybridisation in the
one dimension.

In this research, an air-assisted fibre tow spreading technology was used to increase

the spacing between the fibre filaments within carbon fibre and glass fibre tows
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separately. After assessing the quality of the spread carbon fibre and glass fibre tows,
the spread fibre tows with best quality were selected and combined by airflow to
produce two types of hybrid tows. In order to evaluate the degree of hybridisation at
the filament level, a model was developed to assess the hybridisation in a commingled
tow consisting of two randomly distributed fibre types. In order to characterise the
experimental degree of hybridisation, an image recognition programme was
developed to analyse cross-sectional micrographs of the hybrid tows. By comparing
modelling results with experimental results, it was possible to quantify the degree of
hybridisation of two produced intermingled hybrid tows. The fibre tow with the
higher degree of hybridisation was selected for the manufacture of a carbon
fibre/glass fibre reinforced epoxy hybrid composite via the resin film infusion
technique. Finally, the tensile behaviour of this hybrid composite and of control
samples was characterised.

3.2 Literature review

3.2.1  The definition and classification of fibre hybrid composites

A hybrid composite is normally considered to be a composite which consists of at
least two different reinforcements in a matrix [86]. The reinforcement can be particles,
short or continuous fibres but also woven fabrics. This literature review focuses on
hybrid composites which contain different types of continuous fibres, i.e. fibre hybrid
composites.

Fibre hybrid composites can be classified into three types based on their structure,
namely laminated hybrid composites, woven hybrid composites and intermingled
hybrid composites (Figure 3.1) [87, 88]. Laminated fibre hybrid composites are the
most common hybrid composites among these three types, which consist of two or

more types of fibre prepregs [60-68]. Woven fibre hybrid composites consist of a
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woven fabric made from different types of fibre tows. One type of fibre tow is in the
weft while the other type is in the warp direction, but often there are more than two
types of fibre tows even in weft or warp direction [72, 73]. However, in intermingled
hybrid composites, at least two continuous fibres are aligned but randomly dispersed
throughout a matrix [89]. In these three composites, the fibres are hybridised at three

different levels, i.e. prepreg layer, fibre tow and single filament.

(a) (b)

(©)

Figure 3.1 Classification of fibre hybrid composites: (a) laminated, (b) woven and (¢)
intermingled

3.2.2  Tensile behaviour of UD fibre hybrid composites

3.2.2.1 Hpybrid effect

The purpose of manufacturing fibre hybrid composites is to create a material, which
will retain the advantages of the constituent reinforcements. Because different hybrid
composites have different fibre types and different fractions of individual fibre types
in the total fibres, it is difficult to evaluate the synergistic effect of hybridisation on
the properties of corresponding composites relative to those only containing one fibre
type. Therefore, the “hybrid effect” was defined as the difference between the
properties of the hybrid composites and the properties predicted by the rule of
mixtures (ROM) based on the properties of the composites only containing one fibre

type [84]. One requirement to applying ROM for property prediction of hybrid
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composite is that the predicted property has a linear relationship with the fraction of
the individual fibre types in the total reinforcement. However, some properties are not
linearly dependent on the fraction of the individual fibre types in the total
reinforcement. For instance, Manders et al. [63], Kretsis [86] and Peijs et al. [79]
found that the tensile strength of hybrid carbon fibre/glass fibre or carbon
fibre/polyethylene fibre composites is bi-linearly dependent on the volume fraction of
carbon fibre in the reinforcement (considering the total fibre volume fraction in the
composite is 60%).

The “hybrid effect” was re-defined as the deviation of the strain to primary failure of
the hybrid composite from the strain to failure of the un-hybridised composite
containing the fibres with the lower strain to failure [60]. Since the 1980s, many
investigators found that hybrid composites provided additional strain to failure
ranging from -5% to + 35%, which was highly dependent on the type and volume
fraction of the high-elongation fibre in the composite and the hybrid structure [86].
However, Chamis et al. also observed a large negative hybrid effect when tow-by-tow
hybridising high modulus carbon fibre and glass fibre [62]. Recently, Swolfs et al.
pointed out the second definition of “hybrid effect” required an accurately-measured
baseline, i.e. the strain to failure of the un-hybridised composite made from low-
elongation fibre. This baseline is often affected by stress concentrations in the
gripping areas of the test specimens. The effect of stress concentrations on low-
elongation fibres was reduced when testing hybrid composites due to the protection
provided by high-elongation fibres in the hybrid composite, which may result in an
overestimation of the hybrid effect [88].

To sum up, both definitions of “hybrid effect” provide a method to evaluate the

effectiveness of the hybridising strategy, but both definitions have their drawbacks: a)
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the first definition is invalid when the properties of the hybrid composite are not
linearly dependent on the fraction of individual fibre types in the total reinforcement;
and b) the second definition requires an accurately-measured failure strain of low
elongation fibre composite as a baseline, which is difficult to achieve due to stress
concentration caused by the grips in the test. For this research project, it is more
important to evaluate the effectiveness of the hybridisation based on different research
aims, such as the aimed stiffness, strength, impact resistance or economic cost rather
than using the terminology of “hybrid effect”.

3.2.2.2 Tensile modulus of UD fibre hybrid composite

For UD fibre hybrid composites, it was found that the measured initial longitudinal
tensile modulus fits the value predicted by the ROM [24, 60, 63, 65, 68, 79, 84, 90-
92]. It is important to select correct fraction of individual fibre type in the total
reinforcement when using ROM to estimate the tensile modulus of hybrid composites
[93]. For example, the weight fraction, filament number fraction, ply fraction and
volume fraction of each fibre in the total reinforcement are not always the same
because the densities and diameters between the constituent fibres can be different.
The initial longitudinal tensile modulus of fibre hybrid composites, Ey, is estimated
using Equation 3.1 (the contribution of the polymer matrix is assumed to be

neglectable),

n

E, =2 EV, Equation 3.1

i
where E; is the elastic modulus of individual constituent fibres and V; the volume
fraction of the constituent fibres in the hybrid composite. However, some papers
showed that the longitudinal tensile modulus of hybrid fibre composite was smaller
than the predicted value [25, 64]. This is possibly caused by fibre misalignment in the
hybrid composite.
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3.2.2.3 Strain to failure of UD fibre hybrid composite
a) Primary failure strain of UD fibre hybrid composite

As discussed in section 3.2.2.1, one of the definitions of the “hybrid effect” considers
the deviation of the primary failure strain of the hybrid composite from the failure
strain of the un-hybridised composite containing only low-elongation fibres. In this
section, this definition will be used to evaluate the impact of hybridisation on the
primary failure strain of UD composites, as shown in Table 3.1 [24-26, 60-63, 65, 68,
73,79, 91]. It was found that the positive and negative hybrid effects are both present
on the failure strain of UD composites. The “hybrid effect” in most of the
investigations is in the range of -5% to + 35% [25, 26, 60, 61, 63, 65, 68, 73, 79, 91]
despite of several exceptions such as the works carried by Chamis et al. [62] and
Bakis et al. [24] (Table 3.1). Both of these two works shows a large negative hybrid
effect, so Chamis et al.’s work was discarded as unrealistic in review papers on fibre
hybrid composites published in 1987 [86] and 2014 [88]. However, it seems that their
work has some value, because no investigators studied the hybrid effect of UD hybrid
composite containing very high content of low-elongation (LE) fibre in the total
reinforcement. Their work did show that a positive hybrid effect is difficult to be
achieved when the majority of fibres in hybrid composites are low-elongation fibres.
In Bakis’ work, the very large negative hybrid effect is possibly due to the fact that
the researchers used different methods to manufacture and test the control composite
and hybrid composite rods.

Table 3.1 Overview of the investigations on the hybrid effect of continuous UD fibre
hybrid composites

Volume ratio Hybrid Hybrid
Investigators | Year | Fibre type between LE s tl‘l};C ture effect” Note
and HE fibre (%)
Hayashi [60] | 1972 CF/GF 1/3 Layer-by-layer 44
Bunsell & 42 &
Harris [61] 1974 CF/GF 1/1 & 1/2 Layer-by-layer 85
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Zweben [69] | 1977 | CF/Kevlar 1/1 Layer-by-layer 4
. LMCEF/GF 9/1 & 8/2 16 &
Chamis et al. -5
(62] 1981 Tow-by-tow 9&
HMCF/GF 9/1 & 8/2 0
1/19-4/1 Layer-by-layer | 35-8.7
Multiple
Manders et 1981 CF/GF Thin layer CF CF :Ehlure
al.[63] 1/249-1/16 sandwiched 52-30 .
debonding
between GF
between
GF layers
Peijs & Kok CF/High
[79] 1992 | performance- 3/2 Layer-by-layer 0
PE Tow-by-tow 8.5
Hybrid
Qiu et al. 1993 | Kelvar/S-GF 43 Filament-by- 1 sevep-ﬁbre
[91] filament micro-
composite
Saha et al 1/3,1/1 & 15.7,
" 11996 GF/PEF ’ Layer-by-layer | 9.8 &
[65] 3/1 59
Bakis et al 1/120, 1/2.7 | Core/surface -12.5, - Suspicious
4] | 2001] CFGE &7 | hybridisedrod | 2% | baseline
1.6 Core/surface (9 or
' hybridised rod | 27)"
Depends
Youetal. 1007 |  cr/GF filament-by on the
[25] (14 or . )
1/1.6 filament 33)° dispersion
hybridised rod of two
fibres
Cui et al. CF/Twaron Core/surfaces
26] | 29| BGE/ steel F | VOB | opridised rod | ©
Multiple
Czél etal 1/29,1/14.5 46,37, | ¥ N
[68] 2013 CF/GF 110 & 1/7.5 Layer-by-layer 229& debonding
between
GF layers
Woven
CF/SRPP mat
Swolfs et al. CF/self- c (CF/PP in 0°
73] | 29" | reinforced PP | (3| direction) and |
SRPP (in 0° &
90° direction)
Note:

a) Hybrid effect = (&, 1/ &1; —1)x100% , where &), ;; is the primary failure strain of the

hybrid composite, £, ,. the failure strain of un-hybridised composites containing only the low-

elongation fibre;
b) Authors used ultimate failure strain of the hybrid composite to calculate the hybrid effect;

¢) The ratio shown here is the volume ratio of carbon fibre in self-reinforced PP.
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The enhancement in the failure strain of UD composites by hybridisation is affected
by many factors, such as the volume ratio between low-elongation fibre and high-
elongation fibre, the scatter of the failure strain of the low-elongation fibre and the
degree of hybridisation in the composite. The larger volume ratio between low-
elongation and high-elongation fibres resulted in a bigger hybrid effect [61, 63, 65,
68]. Zweben et al. found that increasing the scatter of the failure strain of low-
elongation fibres can also enhance the hybrid effect [69]. Later, Fukunaga et al. [94]
pointed out that the hybrid effect should be zero if the scatter of the failure strain of
low-elongation fibres is zero. Swolfs et al. [88] thought the hybrid effect investigated
after 1990 tended to decrease compared with that investigated in the 1970s and 1980s,
which was due to the smaller scatter in the failure strain of carbon fibre. Furthermore,
as discussed in section 3.1, the large degree of hybridisation in the hybrid composites
is also an important factor, which contributes to the enhancement in the hybrid effect
[25, 63, 81].

One of the main factors causing the hybrid effect is that the presence of high-
elongation fibres in the hybrid composites changes the damage development
compared to that in UD un-hybridised composites [68, 69, 81, 95, 96]. In the 1970s
and 1980s, it was found that the high-elongation fibres in the hybrid fibre composites
arrested the crack propagation initiated by the failure of low-elongation fibres [63, 69,
82]. Recently, Czel et al. [68] also observed that the failure of the thin carbon fibre
layer was arrested by the sandwiched glass fibre blocks, which resulted in multiple
carbon fibre ply fragmentation and then progressively-developing delaminations
between carbon fibre and glass fibre layers in hybrid fibre composites. The damage
development of such hybrid composites is different from that observed in UD un-

hybridised composites, which results in a high hybrid effect [95]. Another factor
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causing the hybrid effect are the different coefficients of thermal expansion (CTE)
between the different fibre types in the composite resulting in residual thermal
stresses in hybrid composites after curing [61, 63, 65, 69]. For instance, the typical
values of the CTEs of PAN-based carbon fibre/epoxy and E-glass fibre/epoxy are -
0.3x10°/°C and 6x10°/°C [3]. Due to this mismatch in CTEs of carbon fibre and
glass fibre, there is a compressive thermal residual stress on carbon fibre and a tensile
residual stress on glass fibre, which contributes to the positive hybrid effect under
tensile load in fibre direction.
b) Ultimate failure strain of UD fibre hybrid composite

Compared with the primary failure strain of fibre hybrid composites, less attention has
been paid to studying their ultimate failure strain. So far, the published papers show
that the ultimate failure strain of UD fibre hybrid composites is lower than the failure
strain of un-hybridised composites containing only the high-elongation fibres but is
higher than that of composites containing the low-elongation fibres [60, 61, 68, 91]
(see Table 3.2). The main possible failure mechanism is that: a) the stress
concentrations as a result of the failure of low-elongation fibres cause the nearby
high-elongation fibres to fail; followed by b) a cluster of broken low-elongation and
high-elongation fibres is formed as the increasing tensile strain; then c) the fibre
hybrid composites fail completely when the size of the broken fibre cluster exceeds a
critical value [88, 96]. Due to this failure mechanism, the ultimate failure strain of
hybrid fibre composite is smaller than the failure strains of the un-hybridised

composites containing only high-elongation fibres.
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Table 3.2 Comparisons of ultimate failure strain of the hybrid composites and their
corresponding un-hybridised composites

Failure strain of LE | Ultimate failure strain . .
) } . Failure strain of HE
Investigators fibre composite of fibre hybrid fibre composite (%)
(%) composite (%) P °
Hayashi [60] 1.5 2.31 2.8
Bunsell &
Harris [61] 0.26 1.25 1.75
Qiu et al. [91] 1.79 2.58 4.71
Czél et al. [68] 1.5 2.75 34

Note: the detailed information about fibre types, fibre volume ratio and structure in hybrid
composite is shown in Table 3.1.

3.2.2.4 Tensile strength of UD fibre hybrid composite

As already mentioned in section 3.2.2.1, the theoretical tensile strength of UD fibre
hybrid composites is bi-linearly dependent on the volume fraction of low-elongation
fibre in the total fibres (shown in Figure 3.2), which is obtained by the damage
development [63, 79, 86, 97]. This process is divided in to three stages: i) the low-
elongation fibre and high-elongation fibre carry the tensile stress when the tensile
strain of the hybrid is less than the failure strain of low-elongation fibre; ii) all low-
elongation fibres fail and stop carrying any tensile stress when the tensile strain of the
hybrid composite exceeds the failure strain of low-elongation fibre, while all high-
elongation fibres still remain intact and continue to carry tensile stress; and finally iii)
the high-elongation fibres fail when the tensile strain exceeds the failure strain of the
high-elongation fibres causing complete failure of the hybrid composite. The tensile
strength of such a hybrid composite is either the stress in hybrid when low-elongation
fibres fail or the stress in hybrid when high-elongation fibres fail, depending on which

one has a higher value.
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—AD Stress in hybrid when LE fibres fail
— BE Stress in hybrid when HE fibres fail
—BCD Tensile strength of hybrid

Stress in hybrid

E

0 Volume fraction of LE fibres in total reinforcement 1
All HE fibres All LE fibres

Figure 3.2 Theoretical tensile strength of fibre hybrid composite [63]

However, the experimental results show that both positive deviation [25, 63, 65, 79]
and negative deviation [24, 26, 62, 68, 91, 98] from the theoretical tensile strength of
hybrid composite. It is due to the fact that the damage development in the hybrid
composites in the experiment is not as simple as the one stated above. Firstly, there
are variations in the tensile strengths of low-elongation and high-elongation fibres,
which means that not all low-elongation fibres and high-elongation fibres in the
hybrid composite fail at the same time. Secondly, the stress concentration as result of
the failure of low-elongation fibres possibly causes the nearby high-elongation fibres
to fail at strains, which are much lower than their ultimate failure strain, as discussed
in section 3.2.2.3.

3.2.3  Manufacturing of UD fibre hybrid composites

3.2.3.1 Fibre hybridisation at layer level

Layer-by-layer stacking has been a well-used technique for the production of fibre
hybrid composites since the 1970s [60-68]. Hybrid composites are produced by

stacking layers of prepregs containing just one fibre type followed by prepregs
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containing another fibre type in the desired stacking sequence. This lay-up is then
vacuum-bagged and autoclaved at the required temperature and pressure [68]. The
main advantage of this technique is that it is very simple, but the degree of
hybridisation in this laminated hybrid composite is limited by the thickness of the
prepregs used, which is normally around 125 pm. As discussed in section 3.1 and
3.2.2, the degree of hybridisation plays an important role in controlling the tensile
behaviour of UD hybrid composites. Very recently, Cz¢&l and Wisnom [68] used thin-
ply carbon fibre prepregs with a ply thickness of 22 pm to hybridise with glass fibre
prepregs with a ply thickness of 125 um, which increased the degree of hybridisation
compared to traditional laminated hybrid composites.

3.2.3.2 Fibre hybridisation at tow level

Simultaneous filament winding [79, 80, 83, 84, 98, 99] and weaving [70-73] are two
techniques which can be used to hybridise continuous fibres at the tow level.

In simultaneous filament winding, two impregnated continuous fibre tows are
simultaneous wound onto a mandrel to obtain a UD fibre hybrid prepreg [98]. Then
the prepregs are stacked together and autoclaved into hybrid composites. The degree
of hybridisation and the volume ratio between the fibre types in such composites are
mainly controlled by the size of the fibre tows. Compared with laminated hybrid
composites, the composites manufactured using this technique have a higher degree of
hybridisation [79, 83]. However, fibre misalignment in hybrid prepregs can be higher
than in the commercially available prepregs and pultrused products.

Woven hybrid fabrics have been commercially available for over two decades [100].
Some researchers studied the mechanical properties of woven hybrid composite
containing one fibre type in the warp and another fibre type in the weft direction [70-

72]. Because this chapter focuses on continuous UD fibre hybrid composite, using co-
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weaving technique to manufacture such hybrid composite will not be reviewed here.
It is worth noting that Swolfs et al. [73] used the co-weaving technique to
manufacture woven hybrid fabrics containing carbon fibre/polypropylene tape and
self-reinforced polypropylene tape in the warp and only self-reinforced polypropylene
tape in the weft direction. It means that they produce a woven composite hybridised at
the tow level in the warp direction.

3.2.3.3 Fibre hybridisation at filament level

Hybridising two types of fibres at filament level is very challenging, as it requires
commingling and intimately mixing the two fibre tows together to form a fibre hybrid
tow. In order to produce UD fibre hybrid composites, the fibre hybrid tows have to be
impregnated by (thermoplastic or thermosetting) polymer and then cured or
consolidated. However, the original purpose to develop commingled fibre tows was
not to manufacture UD fibre hybrid composites but continuous UD fibre reinforced
thermoplastic composites (an example is TWINTEX®, Fibre Glass Industries, Inc,
USA). In this process, the reinforcement fibre tow and a thermoplastic fibre tow are
combined by commingling and then the thermoplastic fibres within the combined tow
are melted and consolidated in a pultrusion process [39].

Two techniques are available to commingle two fibre tows together, namely gas-
texturing and in-situ commingling. In the former case, an air flow is used to spread a
fibre tow into thousands of individual filaments and relocate the positions of different
fibres, so the reinforcement fibre tow and polymer matrix fibre tow are commingled
together [39, 74]. Herath et al. [76] used the gas-texturing technique to produce hybrid
reinforcement tows (carbon fibre/glass fibre and carbon fibre/aramid fibre). They
found that the degree of hybridisation of this hybrid yarns was higher than those made

by simultaneous filament winding. Unfortunately, they did not provide sufficient
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information about the tensile behaviour of their commingled UD composites. The in-
situ commingling technique was first reported by Méder et al. in 2007; they used this
technique to combine and hybridise self-spun glass fibres and polypropylene fibres. In
their process, the polypropylene fibres and glass fibres were spun separately and then
combined. The degree of hybridisation in the glass fibre/polypropylene fibre tow can
be optimised by changing the spinning speed and spinning nozzles [78]. This process
did provide a fibre hybrid tow with a higher degree of hybridisation degree compared
with the gas-texturing process, but it requires fibre manufacturing to be operated
simultaneously with the commingling process, which is rather difficult to do
especially when aiming to hybridise carbon fibre with glass fibre or polymer fibre.

33 Materials and methods

3.3.1 Materials

The continuous carbon fibre tows and glass fibre tows used are listed in Table 3.3 and
Table 3.4, respectively. An epoxy resin film (HexPly®M?21, 37g/m2) from Hexcel Co.
was used as matrix.

Table 3.3 The detail information of carbon fibres

Sample Fibre Tow Diameter of Modulus of Manufacturer
P type size fibre” (um) fibre” (GPa)

CF-A AS4 19K 7 230 Hexcel Col.j Igambrldge,
Toray International UK

CF-B | T700SC | 12K 7 230 Led. London UK
Toray International UK

CF-C | M40J | 12K 5 377 Lid. London UK
Toray International UK

CF-D | T800SC | 12K 5 294 Led. London UK

CF-E | IM7-GS* | 12K 5 276 Hexcel Coﬁlgamb“dge’

CF-F | IM7-TS' | 12K 5 276 Hexcel Coﬁgambr‘dge’

CF-G | AS4-GS' | 12K 7 230 Hexeel Co., Fambridge,

CF-H | AS4-GP* | 12K 7 230 Hexcel Coﬁgambndge’

CF-1 | AS7-GS"| 12K 7 241 Hexcel Coﬁgamb“dge’
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CF-J P?;SX 48K 7 242 Zoltek Co., St. Louis, US
CF-K | Testing” | 3K Unknown Unknown Hexcel Coﬁl(éambrldge,
CF.L | As4-GS 3K 7 230 Hexcel Co{.3 ISarnbrldge,

Note: a) the information of fibre types is confidential required by Hexcel Co.
b) the information is provided by the corresponding manufacturers

Table 3.4 The detail information of glass fibres

Sample Fibre Zi?ev Diamaeter of Modz}llus of Manufacturer
type (tex) fibre” (um) fibre® (GPa)
E- Taishang Fibre Glass
GE-A T635B 2400 17 72 Inc. Taian, China
AGY World
GF-B | E-5744 735 15 75 Headquarters, Aiken,
US
AGY World
GF-C | S-2-933 675 9 94 Headquarters, Aiken,
US

Note: a) the information is provided by the corresponding manufacturers

3.3.2  Air-assisted fibre tow spreading and intermingling technology

3.3.2.1 Spreading of carbon fibre and glass fibre tows

The principle of the air-assisted fibre tow spreading technology is to let air pass
through a fibre tow in a low-tension or tension-free state [101, 102]. Under these
conditions the space between the filaments is increased as seen in Figure 3.3, which
allows filaments of another fibre type to be inserted into the increased space to form

an intermingled fibre hybrid tow.

r—

Initial state [ L ——=  After spreading
O .10
Ol O
O 10O
Air flow
Filament

Figure 3.3 Schematic figure of air-assisted fibre spreading process [101]
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The air-assisted fibre tow spreading machine (Izumi International Inc, Greenville, US)
was used in this research (Figure 3.4 (a)). The spreading machine consists of four
parts, namely a fibre sizing loosening system, a tension and speed control system, a

vacuum system and a fibre winding system (Figure 3.4 (b)). The components,

operation parameters and functions are summarised in Table 3.5.

Roller #1 Dancer

@

5P Fibre

@ ®

® ®
Figure 3.4 Setup of fibre tow spreading machine (a) photo (b) flow chart

Table 3.5 Summary of function, component and operating parameters of fibre tow
spreading machine

Component | Operating parameter | Function
Airflow rate of H_o't a1r1t31110w1ng does ?(t)it_en fibre
Sizing blower O S12INg. 1AE purpose ot this
loosening DB Air flow rate and treatment 1s to prevent sizing on
fibres from sticking the filaments
system temperature of . .
bl ® together during the spreading
owet process.
Tension & | Tension Tension in fibre tow Low tension or tensmp-free state in
speed sensor before blower (D the fibre tow is essential for
controlling | @@ Soeed of spreading, which allows filaments
system peed o process to relocate within fibre tow.
Vacuum Reduced pressure Vacuum suction provides airflow
@® Width of vacuum to pass through fibre tow to spread
system . .
suction window fibre tows.
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Winding
system

Winding torque
Transverse
travelling speed of
winder

Winding torque controls the
tightness of the fibre tow packing
on the creel. Transverse travelling
speed controls the winding pattern
of the fibre tow.

In order to understand the capacity of the fibre tow spreading machine and determine

the optimal spread fibre tow for the commingling of fibre tows, 12 types of carbon

fibre and 3 types of glass fibre (details shown in Table 3.3 and Table 3.4) were used

explored. Because tow size, fibre diameter, sizing type and sizing content on the fibre

surfaces are different between these tested fibres, the manufacturing parameters had to

be adjusted for each fibre type separately. By assessing the stability of the spread fibre

tow and the spreadablity of the fibre tows (its details will be discussed in section

3.4.1.1), the optimal parameters for spreading each fibre type are shown in Table 3.6.

Table 3.6 The manufacturing parameters of spreading carbon fibre and glass fibre

tows
Tension bef Hot air bl Gauged vacuum . q
ension before ot air blower ressure (kPa)* rocess spee

Samele | ) e o (m/min)
CF-A 1 Off -6.5 -11.3 1
CF-B 1 Off -7.5 -13.5 1
CF-C 1 Off -9.3 -16.2 1
CF-D 1 Off -7.2 -14.0 1
CF-E 1 Off -9.3 -15.6 1
CF-F 1 Off -9.1 -15.4 1
CF-G 1 Off -8.1 -114 1
CF-H 1 Off -9.5 -12.8 1
CF-I 1 Off -9.0 -12.5 1
CF-J 2 Off -5.0 -14.5 1
CF-K 0.5 Off -5.5 -8.2 1
CF-L 0.5 On -5.5 -9.6 1
GF-A 1 On -7.4 -13.6 0.75
GF-B 0.5 On -8.5 -14.3 0.75
GF-C 0.5 On -9.5 -15.2 0.75

3.3.2.2 Manufacturing of intermingled carbon fibre/glass fibre hybrid tows

After assessing the quality of spread carbon fibre and glass fibre tows (see Section

3.4.1.1), one type of carbon fibre (CF-B) with the best quality and two types of glass
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fibre (GF-A and GF-B) were selected as base materials for manufacturing
intermingled carbon fibre/glass fibre hybrid tows A and B. Fibre types, number of
filaments of each fibre type and volume ratio between carbon fibre and glass fibre in
the carbon fibre/glass fibre hybrid tows are shown in Table 3.7. Figure 3.5 shows the
principle of the hybridizing process: the spread carbon fibre and glass fibre were
firstly overlapped together and then passed through the air-assisted hybridisation unit
to insert the individual fibres into the spaces created by the spreading between the
filaments of the tows to create a hybrid tow.

Table 3.7 Fibre types, number of filaments of each fibre type and volume ratio
between carbon fibre and glass fibre in the carbon fibre/glass fibre hybrid tows

Type Number of filaments (K) )
Sample CF GF CF GF Ver:Vor
A CF-B (T700SC) | GF-A (E-T635B) 12 3.87 1:2.14
B CF-B (T700SC) | GF-B (E-5477) 12 1.63 1.55:1
Initial state [ : > After commingling

| -I. {'I / .'r '-II \
oﬂ\t \QO | q/! o o o o
00O, | oo O~ O7C

Fibre B Fibre A

Figure 3.5 Schematic figure of air-assisted fibre hybridisation process

In order to hybridise carbon fibre tow and glass fibre tow together by air flow, the
fibre tow spreading machine (Izumi International Inc, Greenville, US) was self-
modified by adding tension controlled fibre creels, as shown in Figure 3.6. The E-
glass fibre tows were first spread and then hybridised and commingled with T700
fibres by vacuum suction unit #2, which was initially spread by vacuum suction unit
#1. In order to achieve the maximum hybridisation degree, two key requirements need
to be met in this process: a) the width of the spread carbon fibre should be the same as

that of the spread glass fibre before entering the hybridisation unit (vacuum suction
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unit #2); b) the spread carbon fibre and glass fibre tows should fully overlap. The
manufacturing parameters, therefore, were carefully set to meet these requirements, as
shown in Table 3.8. In order to obtain control glass fibre tow and carbon fibre fibre
tow, as-received glass fibre tow and carbon fibre tows passed through the spreading
unit and then hybridising unit without adding the other fibre type. The parameters
used in producing control fibre tows were same as the manufacturing parameters used

for producing carbon fibre/glass fibre hybrid tow.

Spreading glass fibre tow

/"—

E-GF

Spreading carbon fibre tow Hybridising carbon fibre tow and glass fibre tow
— AL A

T700 Sp E-GF Hybrid fibre tow

. .Tension controdled fibre creel .

Figure 3.6 Manufacturing of intermingled carbon fibre /glass fibre tow

Spreaded E-GF

Table 3.8 The manufacturing parameters of hybridising carbon fibre/glass fibre tows

Measured vacuum pressure p d

Process Fibre type (kPa) (r;(;f;isrf) Spee
@ ©®

Step 1 GF-A -1.2 -14.0 0.75

P GF-B 85 “143 0.75

-7.0 -18.3

Step 2 CF-B (spreading) (hybridising) 0.75

3.3.3 Microscopy analysis of carbon fibre/glass fibre hybrid tows

In order to evaluate the distribution of glass fibre and carbon fibre within the fibre
hybrid tows, a dry carbon fibre/glass fibre hybrid tow was carefully fixed using
adhesive tape between two microscope slides to minimise accidental changes to fibre
arrangement within the tow. Then it was embedded in a transparent epoxy

(EpoxyCure ®, Buehler Ltd., Germany) and cured at room temperature overnight.
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The samples were polished (details are seen in section 2.3.5.1) and observed using a
reflective microscope (AX10, Zeiss Ltd., UK) at a magnification of 20x. A typical
microscopy image is shown in Figure 3.7. The micrographs were analysed using an
image recognition program developed to evaluate the fibre distribution within the
carbon fibre/glass fibre hybrid tow, which is discussed in section 3.4.2.2. In order to
obtain a representative result, six images taken from different locations in each of the

fibre hybrid tows were analysed using this program.

Figure 3.7 Typical micrograph of a carbon fibre/glass fibre hybrid tow (type B)

3.3.4 Determination of fibre diameters

The modified-Wilhelmy technique was used in order to determine the diameters of the
fibres used. As shown in Figure 3.8, five fibres, attached to an ultramicrobalance
(4504 MP8, Sartorius, Gottingen, Germany) was vertically immersed into n-dodecane
(99 % purity, Fisher Scientific), which completely wets the fibres. The fibre diameter,

D, was calculated using Equation 3.2:

Am
D, = =8 Equation 3.2
e

where 4m is the recorded mass change determined during immersion into or
withdrawal from the test liquid, g the acceleration due to gravity (9.8 N/kg) and y, the

surface tension of n-dodecane (25.4 mN/m).
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(a) Ultramicrobalance

Fibre

N-dodecane = i

i
L‘ = '
Figure 3.8 (a) Schematic diagram and (b) photo of the setup used to measure fibre
diameters using the modified-Wilhelmy technique

3.3.5 Manufacturing of carbon fibre/glass fibre reinforced epoxy hybrid
composite
The carbon fibre/glass fibre reinforced epoxy composites were manufactured by resin
film infusion. The dry carbon fibre/glass fibre hybrid tows with a length of 200 mm
and width of 20 mm were carefully laid up on the epoxy films to maintain the fibre
alignment. The stacking sequence of the lay-up process was E/(H/E)s, where E is
epoxy resin film and H is the dry carbon fibre/glass fibre hybrid tow. Six uncured
specimens were placed into a mould containing six 200 x 20 mm slots, which was
coated with a mould release agent (Release agent-8185, Buehler Ltd., Germany). A
schematic and photo of the mould is shown in Figure 3.9. The mould containing the
uncured specimens was placed in to a hot press (Model #4126, Carver Inc, Indiana,
USA) and heated up from room temperature to 180°C at a rate of 3°C/min under a
pressure of 0.8 MPa. The samples were kept at 180°C and 0.8 MPa for 2.5 h and then
cooled down to room temperature. The control carbon fibre reinforced epoxy and
glass fibre reinforced epoxy resins were manufactured using the same method as
described above. The fibre volume fractions in control carbon fibre, glass fibre and

carbon fibre/GF reinforced epoxy composite are all from 30-40%.
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l< 250 mm S|

Figure 3.9 (a) Schematic and (b) photo of the mould used to manufacture carbon
fibre/glass fibre reinforced epoxy hybrid composite

3.3.6  Tensile test of carbon fibre/glass fibre reinforced epoxy composite

The carbon fibre/glass fibre reinforced epoxy, control carbon fibre reinforced epoxy
and control glass fibre reinforced epoxy composites were end tabbed with woven GF
reinforced epoxy (Croylam®-F, Croylek Limited, Surry, UK) with a thickness of 1.5
mm and then cut to 100 x 5 mm (Figure 3.10). Five specimens of each group were
tested under uniaxial tensile load (Instron 5969, Instron Ltd, Bucks, UK) at a
crosshead speed of 0.5 mm/min. A video extensometer (Imetrum, Imetrum Ltd.,

Bristol, UK) was used to record the strain over the whole gauge length.

¢

0 —

E L Fibre direction

T=0.5 mm W= 5 mm L=50 mm E=25 mm
Figure 3.10 Dimensions of the specimen used for the tensile testing
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N
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34 Results and discussion

34.1 Spreading and comingling of carbon fibre/glass fibre tows

3.4.1.1 Effect of different fibre types on the efficiency of fibre tow spreading
Because the quality of spread fibre tow affects the degree of hybridisation of the
intermingled carbon fibre/glass fibre tows, it was important to investigate the effect of
different fibre types on the fibre tow spreading and select the suitable spread carbon
fibre tow and glass fibre tow for hybridisation. In order to assess the quality of spread
fibre tow, the “spreadability” and the “stability” were defined and used. Because the
fibre tows used in this research have different tow sizes and fibre diameters, the
“spreadability” (S) is defined as a function of the number of fibre filaments within a
tow and the fibre diameter:

/4 :
S=—>~= Equation 3.3
NxD

where W is the width of the spread fibre tow (mm), N the number of filament in a
fibre tow and D the fibre diameter. Some fibre tows have a fairly high “spreadability”,
but the width of the spread tow is not stable during the process. Hence, a grading
system (see Table 3.9) based on appearance of the spread fibre tow was designed to
determine the “stability” of the spread fibre tows. The higher grade in the system
means that the width of the spread fibre tow was more stable for a longer length of
produced spread tow. Table 3.10 gives a summary of the width and the quality of the

spread fibre tow. Figure 3.11 shows the appearance of the spread fibre tows.
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Table 3.9 Grading system used to quantify stability of the spread fibre tow width

Grade Appearance of spread fibre tow

1 Width of spread tow varies by ca. 60% within a ca. 100 mm long spread
fibre tow and spread tow was split into several parts most of the time.

2 Width of spread tow varies by ca. 50% within a ca. 150 mm long spread
fibre tow and spread tow was often split into several parts.

3 Width of spread tow varies by ca. 50% within a ca. 2 m long spread fibre
tow and spread two was split into two parts occasionally.

4 Width of spread tow is almost stable within a ca. 5 m long spread fibre
tow.

5 Width of spread tow is almost stable within a ca. 20 m long spread fibre
tow.

The air-assisted fibre tow spreading technology allows to spread, i.e. to increase the
width of carbon fibre tows by ~5 times with a reasonable stability except for CF-G
(see Table 3.10). CF-A and CF-G are the same carbon fibre type except that CF-G is
sized with stiff and heavy sizing while CF-A is unsized. Because the sizing sticks the
filaments within fibre tow together, the “spreadability” of CF-G is lower than that of
CF-A. CF-B, CF-D, CF-I and CF-K had the most stable spread tow width and
consistently good fibre arrangement in through-thickness direction of the spread tow
(see Figure 3.11). There was no obvious gap or split within these four spread fibre
tows. It is worth noting that CF-K had the largest “spreadability” amongst these four
carbon fibre tows, which implies that these carbon fibres might be most suitable for
the proposed hybridisation step. Unfortunately, CF-K is commercially confidential, so
it cannot be used for the hybridisation experiments. Therefore, CF-B was selected for

the hybridisation experiments considering their spreadability and availability.
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Table 3.10 Summa

of the a

pearance of spread carbon fibre and glass fibre tows

Original
tow
width

(mm)

Sample
name

Spread
tow
width

(mm)

Stability
(Grade)

Spreadability

Fibre
breakage

Comment

CF-A | 5-7

25-30

0.30-0.36

Yes

Significant fibre
entanglements
and fibre
misalignment

CF-B

25-30

0.30-0.36

No

Good fibre
arrangement and
alignment

CF-C 3-4

10-14

0.17-0.23

Some fibre
entanglement
and fibre
twisting

CF-D |5-7

25-30

0.30-0.36

No

Good fibre
arrangement and
alignment

CF-E 3-4

10-14

0.17-0.23

Good fibre
arrangement and
alignment

CF-F 3-4

10-14

0.17-0.23

No

Some fibre
entanglement

CF-G | 5-7

8-12

0.09-0.14

No

Good fibre
arrangement and
alignment

CF-H |5-7

20-25

0.24-0.30

No

Non-uniform
fibre
arrangement
through-
thickness
direction. Gap
between the
fibre filaments.

CF-1

20-25

0.24-0.30

No

Good fibre
arrangement and
alignment

CF-J 13-15

40-45

0.12-0.13

No

Significant fibre
misalignment
and
entanglement

CF-K |2

8-10

0.38-0.48

Yes

Good fibre
arrangement and
alignment
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CF-L

5-8

0.24-0.38

Yes

Non-uniform
fibre
arrangement in
through-
thickness
direction. Fibre
tow splits in the
middle.

GF-A

5-7

20-25

0.27-0.34

Yes

Significant fibre
entanglements
and fibre
misalignments

GF-B

8-14

0.29-0.50

Yes

Significant fibre
entanglement
and fibre
twisting

GF-C

3-4

8-15

0.21-0.36

Yes, but
not as
obvious
as GF-
A&B

Some fibre
entanglement
and large gap
between yarns in
the tow

Among the three glass fibre tows, GF-C had the least

stable spread tow width and

smallest spreadablility. It is possibly due to the fact that this GF-C tow contains 10

yarn bundles, which consist of hundreds of individual filaments, but are not connected.

Therefore the glass fibre tows readily split between these yarns during the spreading

process. Whereas GF-A and GF-B tows consist of thousands of individual filaments,

so it is less difficult to spread these two glass fibre tows than GF-C. The widths of

GF-A and B fibre tows were increased by ~400% after spreading. Because quality of

spread glass fibre tow will affect the hybridising carbon fibre and glass fibre, GF-A

and B which have relatively high spreadablity, were selected as the base material for

the hybridising process, which has been shown in section 3.3.2.2. However, fibre

breakage was more often observed in GF-A and GF-B than in GF-C, which was

probably due to the low mechanical strength of E glass fibres.
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Figure 3.11 Photos of carbon fibre and glass fibre tows taken during fibre spreading

During the spreading it was found that twists, half twists and fibre entanglements
within carbon fibre and glass fibre tows are the main factors affecting the stability of
spread tow. Figure 3.12 shows the appearance of a spread carbon fibre tow (CF-H)
with and without twisting. The width of the spread carbon fibre tow containing twists
is only 1/5 of that of the twist-free tow. Unfortunately, the presence of twists within

the fibre tow is unpredictable, which increases the difficulty of fibre hybridisation.
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Figure 3.12 Appearance of same spread carbon fibre (CF-H) tow with and without
twists

Fibre breakage was still observed for E glass fibre, which was probably caused by the
low mechanical strength of the E-glass fibres. The stability of the width of the spread
glass fibre tow was lower than those of all spread carbon fibre tows (CF-A to I). This
is possibly due to the fact that they contained more “true twists”, half twists or an
uneven fibre arrangement within the glass fibre tows.

To sum up, this air-assisted fibre tow spreading technology does increase the width of
carbon fibre tows by up to 5 times with a reasonable stability, while it increases the
width of glass fibre tows by up to 4 times but the spread tow width was much less
stable and some fibre breakage occurred. The quality of the spread fibre tows was
assessed by the degree of “spreadability” of the fibre tow and the stability of the width
of the spread fibre tow, which is influenced by the fibre size, the degree of twisting
and the number of fibre entanglements within the fibre tow and the mechanical
properties of the fibre. A heavy and stiff size on the fibre surface does reduce the
“spreadability” of the fibre tow. Furthermore, the combination of twists, half-twists
and fibre entanglements in the fibre tow largely affects the stability of the spread tow

width. After assessing the ability to spread 12 different carbon fibre tows and 3 types
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of glass fibre tows, CF-B, GF-A and GF-B were selected for the hybridisation
experiments.

3.4.1.2 Hpybridisation of carbon fibre and glass fibre tows

After spreading carbon and glass fibre tows individually, the spread carbon fibre tow
and glass fibre tow were combined and hybridised in the air-assisted hybridising unit.
Figure 3.13 shows the appearance of carbon fibre/glass fibre hybrid tows A and B. In
Figure 3.13(a), the spread carbon fibre tow was barely seen from top, which means
that the spread carbon and glass fibre tows were overlaid, i.e. a layer by layer hybrid
tow was created rather than being commingled at filament level. On the other hand,
the type B fibre hybrid tow had a larger degree of hybridisation than type A, because
the spread carbon fibre tow which was originally located underneath the spread glass

fibre tow could be clearly seen after hybridsation (Figure 3.13(b)).

Figure 3.13 Appearance of carbon fibre/glass fibre hybrid tows (a) Type A and (b)
Type B

Even though the appearance of the hybrid tows is an indication of the degree of the
hybidisation, it is only a qualitative measure to assess the degree of hybridisation. The
reason is that the diameters of CF-B (6.9 £ 0.1 pum), GF-A (17.5 £ 0.8 pum, used in
type A fibre hybrid tow) and GF-B (14.9 = 0.5 um, used in type B fibre hybrid tow)
are too small to observe by naked eye. The photos of hybrid CF/GF tows do not show

the distribution of carbon fibres and glass fibres within the fibre tow.
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34.2 Characterisation of the degree of the hybridisation of carbon fibre/glass
fibre tows

In order to be able to quantify the degree of hybridisation of carbon fibre/glass fibre
tows, a carbon fibre/glass fibre hybrid tow containing randomly-distributed carbon
fibre filaments and glass fibre filaments throughout the hybrid tow was first defined
and generated using a computer model (it will be discussed in detail in section
3.4.2.1). The micrographs of carbon fibre/glass fibre hybrid tows were analysed using
an image recognition program (it will be discussed in detail in section 3.4.2.2). By
comparing the distribution of carbon fibres in the hybrid tow determined from
micrographs of the cross-sections with that of the hybrid tow containing randomly-
distributed carbon fibre filaments and glass fibre filaments generated by a computer
model, the degree of the hybridisation of carbon fibre/glass fibre tows could be
defined and quantified (it will be discussed in detail in section 3.4.2.3).

3.4.2.1 Definition of the intermingled fibre hybrid tow: A model to describe

randomly-distributed, commingled two-fibre-type tows

Some investigators used hexagonal or cubic manner as the ideal fibre pattern to model
the fibre packing in UD composite [10, 11, 103-105]. If these two ideal fibre pattern
are used in modelling the fibre hybrid tow containing two fibre types, the ideal hybrid
tow is that each fibre is surrounded by a fibre from a different type (seen in Figure
3.14). However, the ideal intermingled hybrid tow is almost impossible to achieve in
the experiment. The filament number ratios between carbon fibre and glass fibre in
the ideal intermingled hybrid tow are 1:2 (in hexagonal fibre packing) and 1:1 (in
cubic fibre packing), which are different from the ratios in the currently-produced
hybrid tows. Therefore, the ideal intermingled fibre hybrid tow shown in the Figure

3.14 is not suitable for modelling intermingled fibre hybrid tow.
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(b)

@ Carbon fibre
O Glass fibre

Figure 3.14 Schematic diagrams of ideal intermingled fibre hybrid tow containing two
fibre types in the (a) hexagonal fibre package and (b) cubic fibre package

In order to make the model realistic and suitable for the hybrid tows with different
filament number ratios between carbon fibre and glass fibres, the truly intermingled
carbon fibre/glass hybrid fibre tow in the model should be one in which both carbon
fibres and glass fibres are randomly distributed in the hybrid tow (seen in Figure 3.15).
A computer model was built in MATLAB (seen in Appendix I) to describe this truly
intermingled carbon fibre/glass fibre hybrid tow. In this model, elements A and B
were randomly distributed in an m-by-m matrix. The dimension of the matrix (m) was

calculated using Equation 3.4:
m=1nt(\ N + Ng) Equation 3.4

where N¢r and Ngr are the numbers of carbon and glass fibre filaments in the hybrid

tow.

!4 4 B|B ..|B 4 B A CF

B 4 4|4 ..| 4 B B B GF

BB A|B .|B B 4 o
1445 T4 4 4 [ ] Analysis window
{ B B|B ..|4 4 B

4 4 B|4A ..|B B A4

1B B 4|4 .| 4 4 4

m X m matrix

Figure 3.15 Schematic of the model to describe randomly-distributed, comingled two
fibre-type hybrid tow

The number ratio between A and B in the model is the same as the corresponding

hybrid tow to be produced. This matrix was subdivided into a certain number of
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square analysis windows, shown in Figure 3.15. Then the proportion of the cross-
sectional area of carbon fibre in the total fibre cross-sectional area in each analysis

window generated by the model (4P cr moqer) Was calculated using Equation 3.5:

N,D;
APcr roda = 2 E— 2 Equation 3.5
N Dep + NypDgpe

where N4 and Njp are the numbers of elements A and B in each analysis window,
respectively and D the fibre diameters of the fibres used to create the hybrid
composite (see Table 3.11).

Table 3.11 Diameters of the fibres used in hybridisation

Hybrid tow type A Hybrid tow type B
CF (um) GF (um) CF (um) GF (um)
6.9+0.1 17.5+0.8 6.9+0.1 149+0.5

Note: Fibre diameter was determined using the modified-Wihelmy technique

MATLAB was used to generate the random distribution of element A and B in this
matrix. However, the distribution of A and B does vary when the model is run
multiple times. Therefore the effect of running the model different numbers of times
on the probability distribution of APcrmoder at different sizes of analysis window had
to be studied to evaluate the statistical sensitivity of this model, shown in Figure 3.16.
The fibre hybrid tow type B was investigated as an example to investigate this effect.
The probability distribution of APcr model Of the fibre hybrid tow barely changed with
increasing number of times the model was run. It indicates that the model does
provide a consistent result to describe the probability distribution of APcpmodel €Ven

when the model is only run a limited number of times.
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Figure 3.16 Probability distribution of APcr model for a model fibre hybrid tow type B

when the model was run 1, 10, 100 and 1000 times at the sizes of analysis windows of

(a) 3x3 (b) 6x6, and (c) 14x14 fibres

The coefficient of variation (CV) in APcrmoder @8 function of the size of the analysis

window and the number of times the model was run is plotted in Figure 3.17. When

the length of analysis window is the same, the CV in APcr model 1S almost independent

of the number of times the model was run, which confirms the previous statement that

Model barely changed as the number of the model

5

the probability distribution of APcr

runs is increased. Furthermore, it is worth noting that the CV decreased with

increasing size of the analysis window. It is due to the fact that the possibility of

APcrModer 1n the larger analysis window closing to the mean of APcrmoder 1S higher

than that in the smaller analysis window. It suggests that the size of the analysis

window in the model needs to be carefully selected to quantify the degree of
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hybridisation of a real fibre hybrid tow/composite. If the analysis window in the
model is too large (for example, the size of the analysis window is 14x14 fibres), the
distribution of element A and B within an analysis window tends to be neglected,
which is not suitable to analyse a fibre tow hybridised at the filament level. On the
other hand, if the analysis window in the model is too small (for example, the size of
the analysis window is 3x3 fibres), the variation of APcrmoder 1S too large (as seen in
Figure 3.16(a) and Figure 3.17 black dots) to be useful as a baseline to determine the
degree of hybridisation of real hybrid tow/composite. Hence, 6x6 fibres were used as
the suitable analysis window size to determine the degree of hybridisation of real

hybrid tows.
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Figure 3.17 Coefficient of variation in APcg model for fibre hybrid tow type B at as
function of the size of the analysis window and number of times the model was run

3.4.2.2 Microscopy analysis of carbon fibre/glass fibre hybrid tows using image
recognition

A MATLAB program (code is attached in Appendix II) was coded to evaluate the

distribution of carbon fibre and glass fibre in micrographs of cross-sections of carbon

fibre/glass fibre hybrid tows. The flow chart of this program is shown in Figure 3.18.
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The carbon fibres and glass fibres were detected based on their image colour intensity,

i.e. grey level (see Figure 3.19).

Divide all the pixels in the
image into m groups based
on their colour intensity

v

The group with maximum
amount of pixels represents
background of the image

A

v
Set the tolerant ranges (A)
for CF and GF pixel groups Resetn and A
respectively x

v

Based on the amount of pixels in
each group and the set tolerant
ranges, detect CF and GF

The detection of CF and GF
by program is the same as
that by manual observation

Divide image into square
analysis windows

v

Output the area of
CF and GF in each
analysis windows

Figure 3.18 Flow chart of the program to evaluate the distribution of carbon fibre and
glass fibre in micrographs of cross-sections of carbon fibre/glass fibre hybrid tows
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Figure 3.19 Detection of carbon fibres and glass fibres from original micrograph
using an image recognition program: (a) original micrograph, (b) carbon fibre within
the micrograph and (c) glass fibre within the micrograph

Two methods were used to determine the reliability of this image recognition program.

In method I, the reliability, R;, was determined using Equation 3.6,

‘A'T,CF /(A'T,CF+A'T,GF ) - AT,CF /(AT,CF + AT,GF )‘

R, =100% - ' L
A T,CF /(A T,CF+A T,GF )

Equation 3.6

where A is the cross-sectional area of each fibre type (as indicated by the subscript) in
a typical micrograph of the fibre hybrid tow (Figure 3.19(a)), which was determined
using this image recognition program and A’ is the cross-sectional area of each fibre
type determined by visual observation. The advantage of method I is that it can
accurately assess the reliability of this program because the cross-sectional area ratio
between glass fibres and carbon fibres in the typical micrograph are obtained
manually and used as baseline. However, method 1 is very time-consuming, which is
why only one characteristic micrograph was used for this reliability analysis. Method
I, therefore, is suitable to analyse the local reliability of this program. The reliability
obtained by method I is 93.0%, which suggests that the program does distinguish
accurately between carbon fibre and glass fibre.

In method II, the reliability, R;;, was characterised using Equation 3.7,
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|NCFD2‘F /(NepDe + N Do) — ZACF /(ZACF + ZAGF )|
NFFD?'F/(N('FD?'F-'-NGF‘DéF)

R, =100% — Equation 3.7

where 24 is the total cross-sectional area of each fibre type in 6 micrographs taken at
different locations in the analysed hybrid tow, which was determined using this image
recognition program, N and D are number of filaments and fibre diameters of each
fibre type in the hybrid tow. The advantage of method II is that it is much less time-
consuming than method I and does provide a reliability analysis of all micrographs.
The disadvantage of method II is that the total cross-sectional area ratio of carbon
fibre and glass fibre in the analysed micrographs may be different from the volume
ratio between carbon fibre and glass fibre in the hybrid tow, but it can be minimized
or eliminated if sufficient micrographs are used for this analysis. Method I, therefore,
is suitable to analysis the global reliability of this program. Ry is 95.4%, which
indicates that this image recognition program is satisfactory and the number of
micrographs (6) used for the analysis is sufficient to represent the degree of
hybridisation in the entire fibre tow.
To sum up, by analysing the reliability of the image recognition program globally and
locally, the program can be used as a reliable and accurate tool to analyse the degree
of hybridisation of experimental hybrid tows.
";.’l.-ﬂi;:; l}iﬁi"ﬁ(h {ﬂ D A_ua]_xg]r, window

4 I r-' r: S ]

0 ll ign
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Figure 3.20 Schematic of subdividing the micrograph into square analysis windows
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After the detection of carbon fibres and glass fibres in the micrographs of fibre hybrid
tows, the image was subdivided into square analysis windows (see Figure 3.20). The
proportion of cross-sectional area of carbon fibre in the total cross-sectional area of
fibres in each analysis window in the micrographs, APcr experimen; Was calculated as

follows,

AC F

,Experiment =
' ACF + AGF

AP, CF Equation 3.8

where A is the cross-sectional area of carbon fibre or glass fibre in each analysis
window. As mentioned in section 3.3.3, six images taken from different locations in
the hybrid tow were analysis using this program to obtain a representative result.
3.4.2.3 Definition and quantification of the degree of hybridisation

Even though fibre hybrid composites have been investigated since the 1970s [63, 65,
68, 69, 73, 74, 98, 99, 106, 107], only very few researchers proposed a definition of
the degree of hybridisation at the filament level[85]. This may be because it is
difficult to manufacture such hybrid composites from conventional continuous fibre
tows and, therefore, intimately intermingled unidirectional continuous hybrid fibre
composites have yet to be reported. Some researchers attempted to use simultaneous
filament winding [80, 83] and air-texturing [74, 78] to manufacture commingled fibre
composites, which are partly hybridised at the filament level but they did not define or
quantify the degree of hybridisation of their products. Here, a quantification method
which is based on comparing the differences between the probability distribution of
APCcEModel and APCE Experiment Was proposed.

In order to make this comparison, the size of the analysis window used in the model
should be identical to that used for the analysis of optical micrographs of real hybrid

tows. The size of analysis window in the model is based on the fibre diameter, while
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in the experimental micrographs the size is based on the real length. In order to unify
them, the nominal fibre diameter, D,ominas, Was defined (Equation 3.9) and used as unit

of the size of the analysis window for both models and experiments:

NepDZ + N De
D = \/ s T Equation 3.9

nominal — NCF +NGF

where N and D are number of filaments and fibre diameter of each fibre type used in
the hybrid tow.

When the distribution of carbon fibres and glass fibres in the hybrid tow is the same
as the distribution of elements A and B in the model, the highest possible degree of
hybridisation of carbon fibre/glass fibre tow was achieved. The probability
distributions of APcrmodet and APcr gxperiment for the fibre hybrid tow type B as
function of the size of the analysis window are shown in Figure 3.21. With increasing
size of the analysis window, the probability distribution of APcF gxperiment became
closer to APcrmodel- However, it is clear that carbon fibres and glass fibres were not

completely randomly distributed (shown in Figure 3.15) in the hybrid tow.
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Figure 3.21 Probability distributions of APcr model and APcr gxperiment for fibre hybrid
tow type B as function of the size of analysis windows (a) (3Dnomina)’s (b)
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window (Figure 3.22). The CVppde decreased sharply from 0.45 to 0.2 with
increasing (analysis window size)o'5 when it is less than 5Dpomina. Hence, when the
(size of the analysis window)o'5 is too small (less than 5Dpominal), the distribution of
APcr even in the model has a large scatter. On the other hand, a larger analysis
window contains many more filaments, which tends to neglect the distribution of
carbon fibres and glass fibres within an analysis window. Therefore, (analysis
window size)™ of 6Dnomina Was selected for the analysis. The degree of hybridisation,
H, was calculated using:

CVModel
Cv,

Experiment

H = x100% Equation 3.10
where CViger and CVeyperimen: are the coefficients of variation in APcpmodel and

. . . . 2
APCE Experiment When the size of analysis window is (6 Dnominal)”.

0.7 L] = model
® experiment

0% 06 °
<
c
= 0.5+
3 .
= 0.4
s - °
s 0.3 [ ]
>
G
— 024 ]
c
g 0.1 "
= - " m
5 LI
3 .

0.0

T T T T T T T T T
0 5 10 15 20 25 30 35 40 45

(Size of analysis window)o'5 (Pnominal)
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3.4.3  Degree of hybridisation of carbon fibre/glass fibre hybrid fibre tows

The degree of hybridisation of hybrid fibre tow type A and B were quantified using
the method described in section 3.4.2. The degree of hybridisation of the hybrid fibre
tow A and B was 25.4% and 32.4%, respectively, indicating that carbon fibre and

glass fibre were only partly hybridised at the filament level. The difficulties of
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achieving a fibre tow with a higher degree of hybridisation are: (a) a continuous
hybridisation process requires that the fibre feeding and wind-up point are fixed and
tension has to be applied to the fibre tow when it is wound up, which only allows the
filaments to be relocated in a very limited space within the fibre tow; (b) twists, half-
twists and fibre entanglements within the as-received fibre tows affected the width of
spread fibre tows, which does not allow for commingling of the two fibre types.

The degree of hybridisation of hybrid tow B was increased by 28% compared with
hybrid tow A, which can be seen in typical optical micrographs shown in Figure 3.23.
In fact, hybrid fibre tow A (Figure 3.23(a) and (b)) was simply a combined spread
fibre tow in which the carbon and glass fibre tows were mostly lying on top of each
other. Only some of the carbon fibres and glass fibres in the middle of the tow were
commingled (see Figure 3.23(b)). The carbon fibres and glass fibres in the hybrid tow
B were better commingled than those in type A, which may be due to the fact that the
spreadability of glass fibre tow (GF-B) in hybrid tow B is higher than that in the
hybrid tow A (GF-A). Especially in left part of Figure 3.23(c), most of the glass fibres
were surrounded by carbon fibres. By analysing the optical micrographs of tow cross-
sections and comparing with the results of the image analysis and data reduction, it
seems promising that the methods developed here can be used to determine the degree

of hybridisation of two fibre type tows.
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Figure 3.23 Characteristic optical micrographs of cross-sections of fibre hybrid tow A
(a and b) and fibre hybrid tow B (c and d)

3.44  Tensile properties of carbon fibre/glass fibre reinforced epoxy
composites
Fibre hybrid tow B containing commingled CF-B carbon fibre and GF-B glass fibre,
having a higher degree of hybridisation, was selected for manufacturing carbon
fibre/glass fibre reinforced epoxy hybrid composites. Figure 3.24 shows the typical
tensile stress-strain curves of the control carbon fibre reinforced epoxy and glass fibre
reinforced epoxy and hybrid composites. It is interesting to note that the hybrid
composite failed more gradually than the control carbon fibre/epoxy. There are
multiple drops in the tensile stress-strain curves of the hybrid composites. The
ultimate failure strain of the hybrid composite was 14% higher than that of the control
carbon/epoxy (Table 3.12). This improvement in ultimate failure strain and the
difference in failure mode between hybrid composites and control carbon fibre/epoxy
composite could be associated with the fact that glass fibre and carbon fibre were
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partially commingled in hybrid composites with the degree of hybridisation of
32.45%. When some of the carbon fibres in the hybrid composite failed, the nearby
glass fibres and remaining carbon fibres possibly cause the load redistribution and
delayed crack propagation, which resulted in the more gradual failure of the hybrid
composites. The possible damage development of this intermingled hybrid composite
is that: a) carbon fibres fail when the tensile strain of the hybrid reaches their failure
strain, which results in the first drop in the tensile stress-strain curve; then b) the glass
fibres and remaining carbon fibres still carry the load and the nearby glass fibres delay
the propagation of the crack initiated by failed carbon fibre, which causes the second
increasing tendency in the stress-strain curve; finally ¢) more fibres fails in the hybrid
as the tensile strain increases, which eventually causes the complete failure of hybrid
composite. However, the stress concentration generated by the failure of carbon fibre
resulted in the glass fibre in the hybrid composite failing earlier than in the pure glass
fibre composite, so the ultimate failure strain of hybrid composite is lower than that of

control glass fibre composite.
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Figure 3.24 Typical tensile stress-strain curves of control carbon fibre/epoxy, carbon
fibre/glass fibre/epoxy and control glass fibre/epoxy (V¢=30-40%, Vcr:Vgr=1.55:1)
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The tensile modulus of the hybrid composite (51.7 GPa) is very close to that predicted
by the rule of mixtures (53.4 GPa), which indicates that the rule of mixtures can be
used as a guide to design commingled hybrid fibre composites with required tensile
stiffness by carefully selecting the volume ratio between carbon fibre and glass fibre.
However, the tensile strength, strain to failure and failure mode of the hybrid
composite cannot be easily predicted by the rule of mixtures, because the degree of
hybridisation in the composite affects the load distribution after the fibres with
smaller strain to failure fail. Very recently, Pimenta and Robinson [81] predicted that
composites with a higher degree of hybridisation have a larger strain to failure than
composites with lower degree of hybridisation even when these two composites have
a same volume ratio between carbon fibre and glass fibre. The air-assisted spreading
and commingling technology provides a potential manufacturing route to produce a
carbon fibre/glass fibre hybrid composite with reasonable degree of hybridisation,
which has a higher strain to failure and exhibits a more graceful failure mode than
pure carbon fibre composites.

Table 3.12 Tensile strength, modulus, strain to initial and final failure of control
CF/epoxy, CF/GF/epoxy and control GF/epoxy composites.

Max stress Modulus Initial failure Ultimate failure

(MPa) (GPa) strain (%) strain (%)
CF/Epoxy 1055+ 167 73.0 + 8.8 1.34 +0.06 1.34 £ 0.06
CF/GF/Epoxy | 719 + 103 51.7+£5.0 1.33+£0.08 1.52+0.05
GF/Epoxy 458 + 14 229+09 2.04+0.11 2344+0.14

Note: VF=30-40%, Vcr:Vgr = 1.55:1

3.5 Summary

Twelve different carbon fibres and 3 glass fibre tows were spread using the air-
assisted fibre tow spreading technique. The “spreadability” of the fibre tows and
stability of spread fibre tow width was characterised and the following fibres CF-B,
GF-A and B were selected for hybridisation. Two types of unidirectional carbon
fibre/glass fibre hybrid tows were successfully manufactured using air-assisted fibre
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tow commingling. The degree of the hybridisation of carbon fibre/glass fibre tows
was defined and determined by comparing the distribution of the fibres of a model of
a hybrid tow containing randomly distributed two-fibre-types and the distribution of
fibres of the manufactured hybrid tows, which was characterised by analysing optical
micrographs of cross-section of hybrid tows using an image recognition program. The
degree of hybridisation of type A fibre tow and type B fibre tow were 25.4% and
32.4%, respectively, which means that carbon fibres and glass fibres were partially
hybridised at the filament level. The hybrid tow B containing CF-B carbon fibre and
GF-A glass fibre with a higher degree of hybridisation was selected as the
reinforcement to manufacture fibre reinforced epoxy hybrid composites by resin film
infusion. Compared with the control carbon fibre/epoxy, the hybrid composite
exhibited a more gradual tensile failure and 14% improvement in its ultimate failure
strain. It indicates that the intermingled hybridisation of carbon fibre and glass fibre
can enhance the ductility compared to that of the control UD CFRPs. However, the
ultimate failure strain of the hybrid composite was lower than the failure strain of the
control glass fibre composite due to the stress concentration caused by the failed

carbon fibre.
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4 Ductile cut-ply interleaved carbon fibre/PEEK composites

4.1 Introduction

Two types of the most common materials which exhibit ductility are metals (such as
steel and aluminium etc.) and polymer (such as polyethylene, polypropylene and
polyether ether ketone etc.). Such materials can plastically deform in tension without
fracture, but in mark contrast conventional continuous UD CFRPs deform elastically
under tension in the fibre direction and fail suddenly without little warning and
residual load-carrying capacity. The reason is that the longitudinal tensile behaviour is
dominated by carbon fibre, which has a brittle tensile failure. As defined in section 1,
the conventional continuous UD CFRPs have no ductility in fibre direction, which
limits their application ranges. For instance, the UD CFRPs cannot be used as critical
structural components in civil engineering.

One potential method of increasing the ductility of UD CFRPs is to add
discontinuities to form a cut-ply UD carbon laminate (seen in Figure 4.1) though this
may reduce the strength and stiffness. The cut-ply UD CFRP composite can exhibit
ductility because of the shear response of the polymer matrix in the cut region and the
shear deformation of the polymer matrix in the overlapping region between the cut
layers. Recently, Pimenta and Robinson et al. [108, 109] proposed an analytical shear-
lag model for composites with ‘brick-and-mortar’ architecture considering non-linear
matrix response and failure. The model indicated that a ductile tensile response can be
achieved by selection of a polymer matrix with suitable properties and by the careful
design of the structure of the cut-ply composite (i.e. the length of overlapping region
between two bricks, the thicknesses of the brick and mortar interlayer). In the research

reported here, a cut-ply interleaved carbon fibre/PEEK composite (shown in Figure
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4.1) was designed to achieve a ductile response. This composite was then

manufactured and its tensile behaviour investigated.
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um, thickness of PEEK layer (t;) = 100 pm

A 4

Figure 4.1 Schematic diagram of cut-ply interleaved carbon fibre/PEEK composite

A significant challenge in this research is to create cut-ply interleaved carbon
fibre/PEEK with an accurate internal structure as seen in Figure 4.1. Because PEEK is
a thermoplastic material, the carbon fibre/PEEK is often manufactured via
compression moulding method [100]. The solid PEEK in the prepreg and interleaved
film is transformed into a very viscous liquid when it is heated up to its melting
temperature. This may cause two effects: a) the melt from PEEK interleaved film can
enter into carbon fibre/PEEK region, resulting in carbon fibre/PEEK layer with non-
uniform fibre volume fraction; b) the melt could flow into the pre-cut region and so
push the adjacent two carbon fibre/PEEK layers away from each other, which would
decrease the accuracy of the pre-cut alignment in the through-thickness direction. The
compression moulding process, therefore, has to be optimised to minimise these two
effects.

In this research, the cut-ply interleaved carbon fibre/PEEK composite was designed
based on strength and fracture energy criteria. Then, the effect of the various
manufacturing parameters (the thickness of the PEEK film, the temperature and

pressure used in the compression mould) on the internal structure of the resulting
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composite were studied in small scale plates. After optimising the manufacturing
method, the cut-ply interleaved carbon fibre/PEEK composite was manufactured at a
larger scale. Specimens cut from the plate were tested in tension with a digital image
correlation (DIC) camera measuring the strain over a range of the gauge lengths
bridging the overlap zone between the cut layers. Finally, fracture surfaces of the cut-
ply interleaved carbon fibre/PEEK composite were analysed using scanning electron
microscopy (SEM).

4.2 Literature review

Previous researchers have studied cut-ply UD CFRP composite to a) improve
formability of UD prepreg and decrease the difficulties in manufacturing composite
structures with complex shapes [110-112]; b) avoid a single catastrophic failure of
UD CFRP in a four-point bend test by replacing it with several smaller failures [113,
114]; c) study the failure mechanisms in tension of cut-ply UD CFRP with different
structures [115-117], which is of particular relevance to the current research. In the
early 2000s, Iarve and Kim [115, 116] developed a model to study the failure
mechanism for UD discontinuous tow composite laminates (their structures are shown
in Figure 4.2). They found that the failure strain of such a composite is mainly
dominated by the strain to failure of the top and bottom UD discontinuous tow
composite layers (contains multiple cuts in a single layer). The geometry (width,
thickness and length) of the tow section had a significant effect on failure strain of
this composite, but they did not report the stress-strain curves of their composites.
Baucom et al. [117] also studied a tiled composite, which contained continuous
carbon fibre in the outer layers and cut-ply CFRP (only one cut in each layer) in the
middle layers. They found that the strength of such composite was influenced by the

spacing distance between the resin pockets in the adjacent cut-ply layers.
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Figure 4.2 Schematic diagrams of UD discontinuous tow composite laminates [116]

However, these works do not specifically address the aim of the current research
which is to assess the potential of a cut-ply UD composite to exhibit ductility
experimentally. The thermoplastic polymer matrix, PEEK, is used in this research
rather than the thermosetting matrix, epoxy, in the previous published works [110-
117]. Compared with epoxy, the PEEK is a more ductile polymer, which exhibits a
non-linear tensile stress-strain response. The ductility of the PEEK interleaf layers is
key to achieving ductility in the cut-ply interleaved carbon fibre/PEEK composite.

4.3 Materials and method

4.3.1 Materials

Carbon fibre/PEEK composite prepreg with a thickness of 150 um (APC-2, VF = 53.9%
measured by reflective microscopy with the magnification of 20 x) and PEEK films
with thicknesses of 100 pm and 50 um (APTIV ® 1000-100G and 1000-050G,
supplied by Victrex Plc., UK) were used to manufacture cut-ply interleaved carbon

fibre/PEEK composites.
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Table 4.1 Properties of carbon fibre/PEEK prepreg and PEEK [7, 118]

0° tensile properties Shear
: .. | Thickness of | of CF/PEEK [7] Mode II strength of
Melting point CF/PEEK fracture PEEK
of PEEK (°C) prepreg Modulus, | Strength, | toughness of P ’
[118] ’ Ecepeek | Ocp pezx | CF/PEEK, Gy | 725K
t mm
crpegk (Mm) (GPa) (MPa) (kJ/m?) [7] ﬁ\’{l;?)
346 0.15 138~ 20700 |2 50.3

"Note: Values listed above are typical for the composite with a Vi of 60%. The actual Vi in
the carbon fibre/PEEK prepreg used in this research is 53.9%, so Ecgprex and &CF/ pEEk are
corrected to 124 GPa and 1860 MPa, respectively.

4.3.2  Cut-ply interleaved carbon fibre/PEEK design

Since it is shearing of the PEEK interleaf that will result in ductility, it is important to
ensure that shear failure of the PEEK interleaf occurs before tensile failure of the
whole laminate. Assuming that shear failure is due to yielding, and using the
configuration shown in Figure 4.1, then the shear failure can be ensured if the overlap
length L satisfies Equation 4.1(its derivation is attached in Appendix III) ,

A

o
L<

Xt

cut—ply total

Equation 4.1

Tppex X Mppex

where &, ;.

is the tensile strength of the cut-ply interleaved carbon fibre/PEEK
assuming no shear failure of the PEEK interleaf, #,,, the thickness of the composite ,
Tpeee the shear strength of PEEK and npgex is number of PEEK interleaves in the

composite. Assuming the tensile load carried by the PEEK interleaf is negligible, then

..., €an be referred to the tensile strength of carbon fibre/PEEK by Equation 4.2,

Xt = Equation 4.2

o 1
il = Ocr ek | 2 X pggie XM o) pgge ¥E

OA_cut— ply CF/PEEK
where n’crpeek 1S the number of carbon fibre/PEEK prepregs in the inter CF/PEEK
layer, O cp peex and fcrpeek are the tensile strength and the thickness of continuous

unidirectional carbon fibre/PEEK prepreg. By substituting Equation 4.2 into Equation
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4.1, the critical overlapping length between carbon fibre/PEEK layers (L. iicq1) can be
obtained via Equation 4.3,

< Ocrpeek X1

critical —

CF/PEEK

Equation 4.3

T pEEK

P/2 ¢
< t,/2 P
Unit cell t | I:>
<—
P/2 t2= 2tcr/pEEK

w is the width of specimen, which is in the through-plane direction

Figure 4.3 Analysis of the unit cell in the cut-ply interleaved carbon fibre/PEEK
composite

To ensure delamination growth does not occur prior to failure, the elastic strain
energy release rate when the interleaved composite fails should be less than the
critical mode-II fracture toughness (G ) of UD carbon fibre/PEEK composite. The
mechanical response of the entire composite can be analysed through the unit cell
shown in Figure 4.3. The elastic strain energy release rate (G) of this unit cell is

determined by Equation 4.4,

1 2x(P/2)° P’
=—I
2w

- <G c Equation 4.4
2E cpipppx WXt 12 2E )y ><2l‘2w] . qu

where Ecrpeek 1s the tensile modulus of UD carbon fibre/PEEK composite, w the
width of specimen and P the load applied on this unit cell. P can be determined by

Equation 4.5.

P/2=0p ppx Xt 12xW Equation 4.5
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By substituting Equation 4.5 into Equation 4.4, the critical thickness of carbon
fibre/PEEK prepreg (tcr/peek criical), below which delamination will not occur, can be
obtained via Equation 4.6,

t _ 4 x ECF/PEEK X G[[c
CF /| PEEK critial —

Equation 4.6

GAzCF/ PEEK
According to the properties shown in Table 4.1, the Lyiicar and tcrpeek criticar are 5.55

mm and 0.286 mm respectively. Considering the tolerances involved in cutting and
laying-up the carbon fibre/PEEK prepregs, the designed overlapping length between
carbon fibre/PEEK layers was set as 4 mm. The carbon fibre/PEEK prepreg used in
this research has a thickness of 0.15 mm, which is less than the critical thickness of
the prepreg.
4.3.3 Manufacturing method of cut-ply interleaved carbon fibre/PEEK
As stated in section 4.1, the key challenge in this research is to avoid or minimise
PEEK melt from the interleaved film entering the carbon fibre/PEEK and the cut
region, so the product can have a distinct interleaved polymer region and a well-
controlled carbon fibre/PEEK region, as seen in Figure 4.1. In order to meet this
challenge, the interleaved samples were initially produced at small-scale to optimise
the manufacture process. This process was then scaled up to produce cut-ply
interleaved carbon fibre/PEEK composite panel from which tensile specimen could be
prepared.
4.3.3.1 Optimisation of compression moulding process

a) Small-scale interleaved carbon fibre/PEEK manufacturing
The carbon fibre/PEEK prepregs (C) and PEEK films (P) were cut to 150 mm x10
mm and laid up in the sequence of [C/(P/C;),P/C]; in stainless steel mould (as seen in

Figure 4.4) covered with mould release film (Upilex® 25S, UBE Industries Ltd.,
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Tokyo, Japan). The assembly was then put in a hot pressing machine (Model #4126,
Carver Inc., Indiana, USA). The processing consists of three steps:
e pre-heating (step A): the laminate was pre-heated at a temperature of
magnitude Temp A for 15 mins without applying pressure;
e hot pressing (step B): pressure of magnitude Pres B was applied to the
laminate for 8 mins;
e consolidation (step C): the laminate was finally consolidated at a temperature

of Temp C and pressure of Pres C for 10 mins.

! XJ,

Figure 4.4 Photo of the mould for manufacturing small-scale interleaved carbon
fibre/PEEK composite

In order to determine the satisfactory manufacturing parameters, various combination
of the thickness of PEEK film, temperature and pressure, as shown in Table 4.2, were
used in compression moulding to manufacture the small-scale interleaved carbon
fibre/PEEK composite. The effect of the thickness of PEEK film, the temperature and

pressure in compression moulding will be discussed in section 4.4.1.

Table 4.2 Manufacturing parameters of compression moulding of small-scale
interleaved carbon fibre/PEEK composite

Thickness | Pre-heating Hot pressing c
Sample | of PEEK (step A) (step B) Consolidation (step C)

film (um) | Temp A (°C) | Pres B (MPa) | Temp C (°C) | Pres C (MPa)

S-1 100 400 1.3 200 1.6

S-2 100 400 0.65 200 0.78

S-3 100 360 1.3 180 1.6

S-4 100 360 0.65 180 0.78

S-5 50 400 1.3 200 1.6
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S-6 50 400 0.65 200 0.78
S-7 50 360 1.3 180 1.6
S-8 50 360 0.65 180 0.78

b) Microscopy analysis on the small-scale interleaved carbon fibre/PEEK
composite

In order to assess the quality of the small-scale interleaved carbon fibre/PEEK
composite, the thicknesses of PEEK layers between carbon fibre/PEEK regions were
measured at 20 locations in each of five microscopy images (at 5x magnification) of
the longitudinal section of interleaved carbon fibre/PEEK composite.

4.3.3.2 Cut-ply interleaved CF/PEEK composite panel manufacturing

After optimising the compression moulding process by manufacturing the small-scale
interleaved carbon fibre/PEEK composite, the dimensions of the composite sample
were increased up to 150 mm x 150 mm. In order to create the cut-ply interleaved
carbon fibre/PEEK composite with an accurate internal structure (as shown in Figure
4.1), it is important that: a) the locations of the cut in alternate carbon fibre/PEEK
layers should be same; and b) the cut-ply carbon fibre/PEEK layers do not move in
the mould. The mould, therefore, was carefully designed as shown in Figure 4.5. This
mould was used not only during the compression moulding of the composite but also
during the lay-up and cutting process. One dowel was located near each of the four
corners of the mould to help ensure that each layer of carbon fibre/PEEK would not
move during the lay-up and cutting processes. Two alternative cutting templates were
designed (shown in Figure 4.6) to help position the cut in each carbon fibre/PEEK
layer according to Figure 4.1 with an intended overlap of 4.5 mm. Specimens were
manufactured using both templates and the structures of these specimens were

examined to establish which cutting template was more effective.
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(b)

Figure 4.5 (a) Schematic diagram and (b) photo of the mould for manufacturing large-
scale cut-ply interleaved carbon fibre/PEEK composite

The steps of the cutting and lay-up processes for making cut-ply interleaved carbon
fibre/PEEK composite were as follows:

1. All the prepregs and PEEK films were cut into 150 mm x 150 mm by a scalpel and
punched at the corners by a hole-puncher with the aid of the cutting templates.

2. The prepreg was put into the mould Part A which was previously covered with
mould release film (Upilex® 25S, UBE Industries Ltd., Tokyo, Japan). Then the
discontinuous cutting pattern was created with a scalpel by cutting through the slot (as
shown in Figure 4.6) in the cutting template.

3. The cutting template was removed from the mould Part A. The prepreg in the
mould was cleaned by air duster to remove any residual debris from the cut.

4. Another prepreg was put into the mould Part A and cut in the same way stated in
step 2. Before cutting, a thick cardboard layer was put between the two prepreg plies
to avoid cutting the prepreg below and this was removed after cutting. The carbon
fibre/PEEK prepregs and PEEK films were laid up in the sequence of [C/(P/C,),P/Cl];.

5. Mould Part B and Part C were assembled with mould Part A.
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Figure 4.6 Schematic diagrams of cutting template (a) A and (b) B

As discussed in section 4.4.1.1, the manufacturing parameters determined in the
small-scale fabrication trials were used to make the large-scale cut-ply interleaved
carbon fibre/PEEK composite panels. The mould, complete with prepregs and
polymer films, was pre-heated at the temperature of 360 °C for 15 mins, then
subjected to a pressure of 0.65 MPa for 8§ mins and finally consolidated at the
temperature of 180 °C and a pressure 0.78 MPa for 10 minutes. The composite panel
was taken from the mould after it was cooled down to room temperature. The panel
was cut into 8 mm x 120 mm specimens by a disc saw (DIADISC-5200, Mutronic
GmbH & Co, Germany). The structures of these specimens were examined by a
reflective microscope to assess which cutting template gave the composite a more
accurate cut-ply interleaved structure. The tensile properties of the composite made
via the more effective optimal cutting template were then tested in tension.

4.3.4 Tensile test method of cut-ply interleaved carbon fibre/PEEK

Both side edges of the cut-ply interleaved carbon fibre/PEEK samples (dimension: 8

mm X 2.4 mm x120 mm) were polished using SiC paper (CarbiMet®-S-P320 and
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P1200, Buehler Ltd., Diisseldorf, Germany) and then painted to create a black-white
speckle pattern. The samples were tested under a uniaxial tensile load (Model 5969,
Instron Ltd, Bucks, UK) at a crosshead speed of 0.1mm/min. The strain on both edges
of each sample was measured by two 2D digital image correlation (DIC) cameras
(ARAMIS ®, GOM UK Ltd., Coventry, UK). The distance between the grips was 20
mm. Gauge lengths of 6, 8, 10, 12 mm (as shown in Figure 4.7 (a)) were used in the
DIC strain-measuring program to evaluate the effect of gauge length on the strain to

failure and tensile modulus of the composite. The tensile test setup is shown in Figure

4.7(b).

(a) ]

Gauge length =|| ||{4H | | Free gripping
6,8,10, 12 mm length = 20mm|

/ﬂ

Figure 4.7 (a) Schematic diagram from the side view and (b) photo of the tensile test
setup

The tensile modulus is the slope of the best-fit straight line of the stress-strain curve in
the strain interval from 0.1% to 0.25%. The yield stress (oy) and yield strain (gy) are
the stress and strain at the “yield” point (marked as the blue point in Figure 4.8). It is
found by drawing a parallel line to the linear-fitting line of the initial stress-strain
curve, but offset by a strain of 0.1%. The point of intersection between the tensile
stress-strain curve and the offset parallel line is defined as the “yield” point. Ductile

strain (g4) is calculated based on the definition of the ductility of material [9-11]
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shown in Figure 4.8, which is the difference between the strain to failure (g,) and the

strain at a stress equal to 95% of tensile strength based on the initial modulus.
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Figure 4.8 Definition of initial modulus, 0,8, 8u and ¢,

4.3.5 Fractography

The fracture surface of the specimen (schematic in Figure 4.9) was gold sputtered
then observed by a scanning electron microscope (S-3700N, Hitachi High-
Technology Co., Japan) at the magnification of 1000x and 1600x with an acceleration

voltage of 5 kV.

Fracture surface
. / -
]

Figure 4.9 Schematic diagram of fracture surface of cut-ply interleaved carbon
fibre/PEEK
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4.4 Results and discussion
4.4.1 The micro-structure of cut-ply interleaved carbon fibre/PEEK
composite
4.4.1.1 The effect of manufacturing parameters on the micro-structure of small-
scale interleaved carbon fibre/PEEK composite
Figure 4.10 shows the thicknesses of the PEEK region between the carbon
fibre/PEEK regions in the composite fabricated via the various manufacturing
parameters shown in Table 4.2. Compared with the original thickness of PEEK film,
the thickness of the PEEK interleaf region in all the samples was reduced after
compression moulding. For the composite made from the PEEK film with an initial
thickness of 50 um, the PEEK interleaf thickness was reduced to 30 um, causing the
boundaries between interleaved PEEK regions and carbon fibre/PEEK regions to
become indistinct as shown in Figure 4.11 (a). These indistinct boundaries and very
thin polymer regions could possibly cause non-uniform shear load transfer between
carbon fibre/PEEK regions and lead to a premature failure of the composite. On the
other hand, the composite made from the PEEK film with a thickness of 100 um had a
distinct boundary between PEEK interleaf region and carbon fibre/PEEK region, seen
in Figure 4.11 (b). The PEEK film with the thickness of 100 um, therefore, was
selected to manufacture large-scale cut-ply interleaved carbon fibre/PEEK composite

panels.
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Figure 4.10 The thicknesses of PEEK region in small-scale interleaved carbon
fibre/PEEK composites manufactured from the PEEK films with the thicknesses of (a)
100 pm and (b) 50 pm via various temperature and pressure used in compression
moulding

When the temperature of step A and B (Temp A) in compression moulding was
400 °C, the thickness of PEEK region fabricated under 1.3 MPa (Pres B) was 35%
less (for the composite made from 100-pm-thick PEEK film) and 25% less (for the
composite made from 50-um-thick PEEK film) than those manufactured under 0.65
MPa. However, when Temp A was 360 °C, the thickness of the PEEK region was
almost the same for these two pressures. This possibly means that liquid PEEK melt
predominately remained in its original location at 360 °C. Also, the thickness of the
PEEK region in the composite manufactured under a pressure of 0.65 MPa was less
variable than that manufactured under 1.3 MPa. This suggests that the lower pressure
allows the PEEK melt in the interleaf region and in the carbon fibre region to move
more evenly. Considering these two factors, 360 °C and 0.65 MPa were selected as
the optimal Temp A and Pres B to be used in compression moulding. As seen in
Figure 4.11(b), the interleaved carbon fibre/PEEK composite manufactured under
such parameters has a distinct PEEK interleaf region with an average thickness of 86

um and no obvious voids.
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composites made from (a) 50-um-thick PEEK film (sample: S-8)and (b) 100-um-
thick PEEK film (sample :S-4)

4.4.1.2 The effect of cutting template on the micro-structure of large-scale cut-ply
interleaved carbon fibre/PEEK composite
Figure 4.12 shows the micro-structures of the large-scale cut-ply interleaved carbon
fibre/PEEK composite obtained using the two different cutting templates. When using
cutting template A, all the carbon fibre/PEEK layers in the interleaved composite
were dislocated after the compression moulding, as seen in Figure 4.12(a). The length
of PEEK pocket in the cut region was 8-9 mm, which was even larger than the carbon
fibre/PEEK layer overlapping length of 4.5 mm. It was possibly due to the fact that
the cutting template A had a 120-mm-long cut, which allowed the carbon fibre/PEEK
layers near the cut region to be easily pushed away from each other by the melt PEEK
pocket. On the other hand, using cutting template B with the discontinuous cut
(shown in Figure 4.6(b)) significantly improved the micro-structure of cut-ply
interleaved carbon fibre/PEEK composite, as seen in Figure 4.12(b), so the composite

obtained via using cutting template B was selected in the further investigation.
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Figure 4.12 The micro-structure of the large-scale cut-ply interleaved carbon
fibre/PEEK composites obtained using cutting templates (a) A and (b) B

4.4.1.3 Comparison of the micro-structure of the manufactured cut-ply interleaved
carbon fibre/PEEK composite with the designed structure
As seen in Table 4.3, the thicknesses of the carbon fibre/PEEK layer and PEEK layer
in the cut-ply interleaved carbon fibre/PEEK composites were 288 + 31 and 87 + 11
um respectively, which were less than the thicknesses of the as-received carbon
fibre/PEEK prepreg (300 um) and the PEEK film (100 pm). These thickness losses
were probably caused by the polymer melt flow during the compression moulding. In
particular, some PEEK melt from the PEEK film and the carbon fibre/PEEK prepreg
flowed to the cut region and formed a polymer pocket, as seen in Figure 4.13.
Furthermore, the overlaps between the carbon fibre/PEEK lengths were less than the
intended value of 4.5 mm achieved in the lay-up process, indicating that the carbon
fibre/PEEK layers were possibly pushed away by the PEEK pocket. Due to the
variation of the micro-structure of manufactured carbon fibre/PEEK compared with
the design structure, the actual dimensions of the micro-structure of cut-ply
interleaved carbon fibre/PEEK (shown in Table 4.3) were used to analysis its tensile

behaviour.
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Table 4.3 The micro-structure of cut-ply interleaved carbon fibre/PEEK (produced by
cutting templates and measured in the micrographs)

Thickness of the carbon fibre/PEEK layer (um) 288 + 31
Thickness of the PEEK layer (um) 87+ 11
Overlapping length between the carbon fibre/PEEK (um) 2241 + 752
Length of the PEEK pocket (um) 1530 + 781
| — |
| | T — —
l 0 Compression | .
e >] moulding 1
Original overlapping length A 2”31 overlapping leggth
CF/PEEK Original overlapping length
BN PEEK

Figure 4.13 The schematic diagram of micro-structural changes in cut-ply interleaved
carbon fibre/PEEK composite caused by compression moulding

4.4.2  Tensile behaviour of cut-ply interleaved carbon fibre/PEEK composite
Table 4.4 shows the tensile properties of cut-ply interleaved carbon fibre/PEEK
composite. As seen in Figure 4.14, there is a non-linear relationship between the
tensile stress and strain of the cut-ply interleaved carbon fibre/PEEK composites. At
the initial stage of tensile testing, the stress in the specimen was linearly increased
with increasing strain. After the tensile strain reached the 0.45-0.50%, the slope of the
stress-strain plot gradually reduced. During this stage, no obvious damage or cracking
was observed in the tested specimen. When the tensile strain was ~0.85%, the
complete composite failure occurred, which resulted in a crack along the PEEK
interleaves and pockets.

Table 4.4 The tensile properties of cut-ply interleaved carbon fibre/PEEK composite

Strength (o, MPa) 230 £22

Initial Modulus (E, GPa) 47.6+5.5
Strain to failure (g¢, %) 0.84 +£0.25

“Yield” stress (oy, MPa) 215+23
“Yield” strain (&y, %) 0.50 +£0.09
Ductile strain (g4, %) 0.40+0.23

Note: the strain recorded in this table was measured at the gauge length of 10 mm.

The non-linearity of the shear behaviour of PEEK interleaf layers caused the non-

linear tensile stress-strain behaviour of the entire composite. Assuming that complete
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composite failure occurred when the shear stress in the interleaved PEEK region
exceeded the shear strength of the PEEK, then the average shear strength of the
interleaved PEEK (7)) is calculated by Equation 4.7,

F O xt

max —

7= Equation 4.7

WXL ><nPEEK - L ><nPEEK
where F,,, i1s the maximum tensile load applied to the specimen, npggx is the number
of PEEK interleaves in the specimen, & is the tensile strength of the cut-ply
interleaved carbon fibre/PEEK, L in the average overlapping length between carbon
fibre/PEEK layers, w and t are the width and thickness of the specimen. Using
Equation 4.7, the measured shear strength of PEEK, 40.7 £ 4.8 MPa, which is less
than the value of 50.3 MPa reported by the manufacturer of the PEEK film (Victrex
Plc., UK) [7]. This may be due to: a) there is a shear stress concentration zone near
the cut region, which means that the local shear stress in the cut region when the
complete composite failure occurred was higher than the measured average shear
strength of PEEK; b) the shear strength of PEEK is affected by its degree of
crystallinity, which is influenced by heating/cooling history in the compression

moulding process.
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Figure 4.14 The typical tensile stress-strain curves measured from the front and back
view at the gauge length of 10 mm
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Figure 4.14 shows the typical tensile stress-strain curves measured from the front and
back view. At the initial stage of the tensile testing, the two curves are almost
identical, indicating that the initial tensile modulus of such composite obtained via
measuring the strain changes from the front and back views are the same. However,
the strains to failure of the cut-ply interleaved carbon fibre/PEEK composite
measured from the front (1.17%) and back (0.90%) views have a 30 % difference.
The main possible reason is that the micro-structures of this specimen observed from
the front and back views are not exactly the same, as seen in Figure 4.15. Such
difference in the micro-structures from the front and back causes the different
displacement as the carbon fibre/PEEK layers pull out from the nearby interleaf
PEEK layers, which in turn affects the strain changes measured from the front and
back view. However, it is promising to see that the specimen measured from the both

views had a ductile behaviour.

500 pm

Figure 4.15 The micrographs of a cut-ply interleaved carbon fibre/PEEK composite
observed from the (a) front and (b) back views

The gauge length also affects the strain to failure of the composite. As seen in Figure

4.16, the strain to failure decreased with increasing gauge length and the modulus
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increased. This indicates that the strain change along the gauge length is not uniform.
For a short gauge length, the majority of the strain change is produced by shear strain
of the interleaf PEEK layer in the overlapping region. As the gauge length is
increased, the significance of the strain in the overlapping region is reduced in

comparison to the overall strain in the gauge length.
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Figure 4.16 A typical plot of the effect of the gauge length on the strain to failure and
modulus of the cut-ply interleaved carbon fibre/PEEK composite

This effect can also be seen in Figure 4.17 which shows that the non-linear region in
the tensile stress-strain curve becomes smaller as the gauge length is increased. This
suggests that the gauge length should be equal to the overlapping length between
carbon fibre/PEEK layers in the ideal case to obtain the maximum ductile strain. In
these experiments it was not possible to reduce the gauge length to the overlap size
due to the limitation of the DIC camera.
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Figure 4.17 The typical tensile stress-strain curves of cut-ply interleaved carbon
fibre/PEEK composite at the gauge length of 6,8 10 and 12mm
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4.4.3  Fractographic analysis of the cut-ply interleaved carbon fibre/PEEK
composite
Fractographic analysis of the cut-ply interleaved carbon fibre/PEEK composite
confirms that the shear fracture occurred in the PEEK interleaf region, as seen in
Figure 4.18. The likely failure mechanism is: a) the PEEK in the interleaved region
was plastically deformed and then cracked in shear; b) then the PEEK was smeared by
abrasion during the subsequent relative movement of the fracture surfaces. The PEEK
fracture surface (shown in Figure 4.18) exhibits edges overlapping like fish scales
from right bottom of the image to the left top, which indicates the direction of the
shear loading (which is aligned with the global shear direction). Similar fracture

surfaces of PEEK were reported by Purslow in 1988 [119].

)T

Stheared PEEK /) 1

Figure 4.18 The SEM images of PEEK fracture surface of cut-ply interleaved carbon
fibre/PEEK composite at the magnifications of (a) 1000 x and (b) 1600 x

4.5 Summary

In order to manufacture a cut-ply interleaved carbon fibre/PEEK composite, small-
scale compression moulding trials were conducted at a range of temperatures and
pressures with PEEK films of various thicknesses. By evaluating the thickness of the
interleaved PEEK layer in the small-scale samples, optimised compression moulding
parameters were obtained. A manufacturing method involving the optimised

compression moulding and a novel cutting and layup design was developed for
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making a larger scale cut-ply interleaved carbon fibre/PEEK composite panel. By
measuring the longitudinal strain on both edges of the cut-ply interleaved carbon
fibre/PEEK composite during tensile testing, it was found that there was a softening
non-linear relationship between the tensile stress and strain for this type of the
composite i.e. the composite exhibits ductility. The ductility of this composite is
provided by the shear yielding of the interleaved PEEK region between the carbon
fibre/PEEK layers. SEM inspection confirmed that abrasive PEEK shear failure
characteristics could be observed on the fracture surface of the cut-ply interleaved

carbon fibre/PEEK composite.
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5 Conclusions and future work

5.1 Summary of findings

In the present investigation, three approaches were explored to create UD CFRP

composites with enhanced ductility. The findings described in this thesis provide a

better understanding of the mechanisms that can be used to introduce a more graceful,

gradual failure in UD CFRP composites subjected to uniaxial tension load in fibre
direction. The main findings and achievements from three research packages are
summarized below.

5.1.1 Introducing fibre waviness into UD composites

Two manufacturing methods, gas-texturing and non-constrained annealing, were used

to introduce fibre waviness into continuous UD carbon fibre/PA-12 composites. The

fibre alignment angle and tensile behaviour of the manufactured composite tapes and
the unmodified control samples were characterised. The findings are listed below.

e The width of Gaussian distribution of fibre alignment angle in carbon fibre/PA-12
tapes was increased by gas-texturing and non-constrained annealing methods and
inferred that fibre waviness had been successfully introduced.

e The fibre waviness resulted in a more gradual tensile failure mode of the
composites under uniaxial tension rather than the single, catastrophic failure,
which was observed for the control samples.

e Ultimate tensile failure strain of carbon fibre/PA-12 was increased by non-
constrained annealing in comparison to the control sample. This increase was
caused by fibre waviness in the composite, but there was no improvement in
failure strain of gas-textured carbon fibre/PA-12 due to the damage of the carbon

fibre caused by gas-texturing process.
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5.1.2  Intermingled UD carbon fibre/glass fibre hybrid composites

Twelve types of carbon fibre tows and 3 types of glass fibre tows were spread via an

air-assisted fibre tow spreading technique. After assessing their “spreadabilty” and the

stability of the width of spread fibre tows, the carbon fibre tow with highest

spreadabilty and stability was separately mixed with two glass fibre tows with largest

spreadabilty via air-assisted tow commingling to produce two types of continuous

intermingled carbon fibre/glass fibre hybrid tows. Finally, a hybrid carbon fibre/glass

fibre/epoxy composite was manufactured via resin film infusion. The main

achievements of this research are summarized below.

The air-assisted fibre tow spreading technology does allow the increase of the
width of carbon fibre and glass fibre tows by up to 5 and 4 times, respectively.
The “spreadability” of the fibre tow and the stability of the spread tow width were
affected by the sizing on the fibre tow, the number of tow twists and fibre
entanglements in the fibre tow as well as the tensile properties of the fibres.

A characterisation method was developed to quantify the degree of hybridisation
(at filament level) in UD carbon fibre/glass fibre hybrid tows.

Two continuous intermingled UD carbon fibre/glass fibre tows with the degree of
hybridisation of 32.5% and 25.4% were successfully manufactured via air-assisted
commingling process.

Compared with carbon fibre/epoxy composite, the intermingled carbon fibre/glass
fibre hybrid composite exhibited a more gradual failure mode under tension.
Intermingled hybridising increased the ultimate failure strain of the composite by

14%.
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5.1.3  Interleaved cut-ply carbon fibre/PEEK composites

A cut-ply interleaved carbon fibre/PEEK composite panel was manufactured. The

structure of the interleaved, cut ply composite was influenced by the thickness of the

interleaved PEEK film, and the temperature and pressure used during compression
moulding. The key findings are shown below.

e The resulting composite exhibits non-linear tensile behaviour with a ductile strain
of 0.40%, which is mainly caused by the shear yielding of the PEEK interleaves
between the adjacent carbon fibre/PEEK layers in the overlapping area.

e Abrasive PEEK shear failure characteristics were observed by SEM inspection of
the fracture surface of the cut-ply interleaved carbon fibre/PEEK composite.

5.1.4 Comparison of the three approaches to produce CFRP with enhanced

ductility

The three approaches explored in this thesis did result in CFRP with enhanced

ductility. The tensile properties of the composites produced by three approaches are

summarised in Table 5.1. The tensile behaviour of the composites produced by the
first two approaches (introducing fibre waviness and intermingling carbon fibre and
glass fibre) is similar: the stress linearly increases with increasing strain followed by
several load drops when the tensile strain is close to the ultimate failure strain. The
hybrid shows a final massive stress drop (catastrophic failure) and in comparison the
wavy fibre specimens show a much more progressive failure process, but the stress
carried by the wavy composite after initial failure is lower than that carried by hybrid

composite. However, the cut-ply interleaved carbon fibre/PEEK composite exhibits a

different behaviour: a stress plateau was observed following the linear elastic region,

indicating no drop in the load carrying capacity of the cut-ply interleaved composite.

Regarding to the value of failure strain, tensile strength and modulus, the UD CFRP
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composite containing fibre waviness has the highest values amongst these three
composites. Compared to the control sample, the wavy fibre composites have
improved ultimate failure strain without significantly changing its tensile strength and
modulus. The hybridisation of carbon fibre with glass fibre tows did also result in an
increase of the ultimate failure strain of the carbon fibre composite but with reduction
in the tensile strength and modulus. In the case of interleaved cut-ply carbon
fibre/PEEK, it has obviously a much lower tensile strength and modulus than other
two types of composites even though it exhibited a ductile strain of 0.4%.

Table 5.1 The tensile properties of the composites produced using wavy fibres, hybrid
tows and by ply cutting and interleaving

UD composite UD hybrid _ Cutply
ntaining wa carbon/glass interleaved
containing wavy £ CF/PEEK
fibres composites .
composites
y y -
y
Schematic of stress (y)-
strain (x) curve
X X
X
Initial value 1 514008 1.33 40.08 0.50 = 0.Q9 (yield
(%) strain)
Failure | Oimate 1.96+0.16 1.5240.05 0.84 +0.25
: value (%)
strain N/a
Imp(r;‘;egl ent 21 14 (Ductile strain =
° 0.4%)
. Value (MPa) 2491+158 1438 ¢ 230 £+ 22
Tensile I ot
strength mp r(g/v; f‘ne 0 -32 N/a
0
Tensile | Value (GPa) 169.646.6 103.4°¢ 47.6 £5.5
modulu | Improvement
S (%) ° 0 -29 N/a
- -
Note: a) Improvement = ( certain propertyof produced composite 1)x100%

certain propertyof its control composite
b) Improvement in ultimate failure strain
¢) Because the fibre volume fraction of the hybrid composites made in this study is
only about 30%, its tensile strength and modulus were normalised to that of composites
with fibre volume fraction of 60%.
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To conclude, all of these three investigated approaches hold some promise in
enhancing the ductility of UD CFRP composites, but they all have weaknesses.
Specifically, the UD composite containing wavy fibres has the largest improvement in
ultimate failure strain among these three composite without significantly changing the
tensile strength and modulus, but it can only carry very limited stress after the first
failure occurs. The intermingled hybridisation of carbon fibre and glass fibre also
offers an enhanced failure strain but decreases the tensile strength and modulus
compared with carbon fibre composite. Cut-ply interleaved carbon fibre composite
has most promising tensile stress-strain curve among these three types, but its tensile
strength and modulus are much lower than those of the other two.

5.2 Suggestions for future work

The work discussed in this thesis opens up new possibilities to create UD CFRP
composites with enhanced ductility. It is worthy studying the unloading tensile,
compressive and flexural behaviours of currently-developed materials (i.e. non-
constrained annealed carbon fibre/PA-12, intermingled carbon fibre/glass fibre hybrid
composite and cut-ply interleaved carbon fibre/PEEK composite) in the future.
Further investigations derived from the three individual work packages are discussed
in the following sections.

5.2.1 Introducing fibre waviness into UD composites

In order to gain a better understanding of the failure mechanism of UD composites
containing wavy fibres, a micro-level UD composite containing tens of wavy and
straight fibres should be tested under tension while being monitored using micro-CT
or SEM to observe the initial individual fibre breaks and subsequent behaviour. Then

a model of the tensile behaviour of such manufactured composite should be developed
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to optimise the fibre waviness (i.e. content, wavelength, amplitude and location) in the
composite.

Another research direction derived from this work package is to develop a new
technique to manufacture the UD composite with a range of fibre waviness in a
controllable manner, such as partially overfeeding a carbon fibre tow into composite
production line. The fibre waviness should be created because the length of overfed
carbon fibres in the composite is larger than the length of produced composite tape. It
is anticipated that the fibre waviness can be controlled by the overfeeding ratio of
carbon fibres and the speed of composite production. Compared with the currently-
used method, non-constrained annealing of thermoplastic (it was demonstrated for
carbon fibre/PA-12) tapes, the proposed method is less time-consuming and has better
control of the fibre waviness. However, the challenge of designing overfeeding fibre
system in the current composite tape production line is foreseen in the future
investigation.

5.2.2  Intermingled UD carbon fibre/glass fibre hybrid composites

Inspired by the fact that hybridising continuous glass with carbon fibre tows can
increase the failure strain of composites, hybrid composites with the same volume
ratios of carbon fibre/glass fibre but the different degrees of hybridisation should be
investigated to further understand the failure mechanism of intermingled carbon
fibre/glass fibre composites under tension. These results can be used to develop and
validate the modelling of the tensile behaviour of intermingled hybrid composites,
which can be then used to explore the optimisation of the degree of the hybridisation
and carbon fibre content in the hybrid composite.

The spreading and hybridising process can be modified to improve the degree of

hybridisation of the UD hybrid tow. So far, the largest width of the current produced
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fibre tow is only 28mm, which is limited by the width of the vacuum window in the
equipment. Enlarging the size of vacuum window in the future investigation will
increase the width of the spread fibre tow, which can reduce the difficulties of
intermingling two spread fibre tows together. Another modification in the
manufacturing process is to build an automatic resin film feeding or resin
impregnation system, which will follow the air-assisted fibre tow commingling unit.
Instead of manually laying up hybrid fibre tow and resin film together to produce
hybrid composite, the modified process will produce intermingled hybrid carbon
fibre/glass fibre/resin prepreg of consistent quality. More importantly, using resin
impregnation or an in-situ resin film feeding (i.e. producing and feeding feed resin
film simultaneously) system can potentially apply smaller amount of resin on the
hybrid tow than the resin film infusion method, which will result an increase in the
total fibre volume fraction in the hybrid composite.

5.2.3 Interleaved cut-ply carbon fibre/PEEK composite

It was found that interleaved cut-ply carbon fibre/PEEK composite exhibited a
softening non-linear tensile behaviour with a ductile strain of 0.4%. The ductility of
such a composite is mainly the result of shearing of the PEEK interleaf in the
overlapping region. However, the produced composite in this work package only
contains one overlapping region, so overcoming the manufacturing challenges of
producing interleaved cut-ply carbon fibre/PEEK composites containing multiple
overlapping regions (shown in Figure 5.1) might result in composites which exhibit
progressive failure and enhanced ductile strain, which could be potentially be used in

damage tolerant structures.
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Overlapping region

[ | N
$=__._._I=
Figure 5.1 Schematic diagram of interleaved cut-ply carbon fibre/PEEK composite
containing multiple overlapping regions

There are significant difficulties presented by such configuration. One is the
manufacturing difficulty of ensuring the overlap geometry is consistently produced.
This difficulty was not completely resolved for the single overlap configuration tested
in this work and it can be anticipated that this will only become more complex for the
multiple overlap configuration shown in Figure 5.1. One strategy might be to replace
the cuts in each ply with partial cuts or perforations. Another difficulty is that the
tensile stress-strain response for the single overlap specimens described in this thesis
reached a plateau and this means that if the same materials are used in the
configuration shown in Figure 5.1 then this multiple overlap specimen will suffer
from localisation of failure subjected to uniaxial tension and the overall ductility will
be very low. To improve this, some mechanism is required to ensure that after one
overlap (the weakest) has undergone its plastic shear distortion that this overlap can
then carry an increased load to enable the next weakest overlap position to start failing
and so on that all overlaps undergo plastic deformation prior the final failure. To
achieve this one approach is to investigate other but shear strain-hardening polymers

for the interleaf and matrix materials.
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Appendix I

MATLAB codes of a program to define the truly intermingled hybrid fibre tow (i.c. a

model to describe randomly-distributed, commingled two-fibre-type tows) and obtain

the APcrmodel from the defined model are shown below.

1) Code of main program

close all;
clear all;

F B = 22;
stepR window = 10;
stepC window = 10;

run_number = 5;

D A = 14.95;

DB =26.9;

% T Define output

o°

................................. Define dimension of output
Output number ratio 0

zeros ( (floor (A _size/stepR_window)) "2, run number) ;

for i = l:run number
column_ratio 0 =

S e e e et ettt e Define output number ratio 0

Random H Anlys (A size,F A,F B,stepR window,stepC window) ;
for j = 1:(floor (A size/stepR window))"2
Output number ratio 0(j,i) = column ratio 0(j,1);

end

Output area ratio 1 =

Define output area ratio 1 (CF)
zeros (size (Output number ratio 0));

for 1 = 1:(floor (A size/stepR window)) "2

for j = l:run number
Output area ratio 1(i,j)=

(1-

Output number ratio 0(i,J))*D B*2/((1-
Output number ratio 0(i,j))*D B”"2+Output number ratio 0(i,j)*D A"2);

end

R Output area ratio 1

str window size = num2str (stepR window) ;

str_ run number = numZStr(run_number);

Filename = strcat(str window size, 'x',str run number,'.txt');
Fid = fopen(Filename, 'wt'");

[L,W] = size(R Output area ratio 1);

textformat = [repmat('% ,1,L),"'\n"];

fprintf (Fid, textformat,R Output area ratio 1);

fclose all;

Histro count =

Initialization

Define parameters

matrix
matrix

matrix

matrix

T mmmmm e Change the format of Output area ratio 1 into txt
Output area ratio 1'; % reverse the
Define file name

matrix

Histrogram count

Hist (Output area ratio 1,[0.05,0.15,0.25,0.35,0.45,0.55,0.65,0.75,0.8

5,0.951);
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i1) Code of function “Random H Anlys.m”

function [ column ratio 0 ] =

Random H Anlys (A size,F A,F B,stepR window,stepC window )
%Random H Anlys

% 1 Input = A size(H matrix size), F_A(number of GF),F B(number of
% CF),stepR window (length of anlys window), stepC window (width anlys
window)

% 2 Output = column ratio O (one-column matrix show the number %
fraction of GF/ (CF+GF))
§ —mmmmm e Define two-fibre-type,randomly-distributed matrix
A = zeros(A size,A size);
% .. Generate randomly matrix (consider whether number of elements in
matrix is exactly divided by F A+F B)
if mod(A size”2,F A+F B) == 0
A = Random Hmatrix (A size,F A,F B);
else
for i = (A size*(F_A+F B)):(-1):A size
if mod(i"2,F A+F B)== 0
trans A size = i;
end
end
trans A = Random Hmatrix(trans A size,F A,F B);
for i = 1:A size
for j = 1:A size
A(i,J)= trans A(i,3);
end
end
end
% —m—————————— - Divide fibre matrix A into windows and calculate
% number CF/ (CF+GF) in each window
T Define analysis window and output matrix
n window row = floor (A size/stepR _window);
n window column = floor (A size/stepC window) ;
M ratio 0 = zeros (n_window_row,n window column);
M ratio 1 = zeros (n _window row,n window column);
e e e e e e e e e e e e e e e e e Rule of Indexing indexR and indexC
Pt Rule of Indexing indexR indexC
S 1 2 e n_window column]
%[n_window column+l n window column+2 ... 2*n_window_ column]
S C.. c. c. k*n window column]
S ce ce n window row*n window column]
for i = 1:n window row*n window_column
window = zeros (stepR window, stepC window) ;
indexR = ceil(i/n _window_ column);
if mod(i,n window column)== 0
indexC = n window_column;
else
indexC = mod(i,n window_column) ;
end
e e e put elements in fibre matrix into window (indexR, indexC)
R = stepR window* (indexR-1)+1;

u
R b = stepR window*indexR;
1 = stepC window* (indexC-1)+1;
C r = stepC_window*indexC;
window = A(R u:R b,C 1:C r);
................ calculate the number ratio in window (indexR, indexC)
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for m = 1: (R _b-R u+l)
for n = 1:(C_r-C 1+1)

if window (m,n)== 0
sum 0 = sum 0+1;
else
sum_1 = sum 1+1;
end

end
end
M ratio 0 (indexR,indexC)=sum 0/stepR window/stepC window;
M ratio 1 (indexR,indexC)=sum 1/stepR window/stepC_window;

% End here we get matrix of number ratio in each window
G e e transfer matrix M ratio into column
column_ratio 0 = zeros(indexR*indexC,1);
column_ratio 1 = zeros(indexR*indexC,1);
for 1 = 1l:indexR
for j = 1l:indexC
column ratio 0((i-1)*indexC+j,1) = M ratio 0(i,3);
column_ratio 1((i-1)*indexC+j,1) = M ratio 1(i,]);
end
end
end

ii1) Code of function “Random_ Hmatrix. m”

function

[Random Hmatrix]=Random Hmatrix (matrix size,number A, number B)

% Function Random Hmatrix

% 1 Generate a square matrix (Length = matrix size) which only
contains element 1 and 0. Element 1 and 0 randomly distributed in
this Random Hmatrix

% 2 Number ratio element 0/ element 1 = number A/number B

% 3 Note: mod(matrix size”2, number A+number B) == 0

Random Hmatrix = zeros (matrix size, matrix size);

B e e e et e e e e Form a random integer (1 to matrix size”2)
Initial matrix R = randperm(matrix size”"2);

for i = l:matrix size”2

if Initial matrix R(1,1i)<=
number_A*matrix_sizeAZ/(number_A+number_B)

Initial matrix R(1,1i) = 0;
else
Initial matrix R(1,1i) = 1;
end
end
for i = l:matrix size
for j = l:matrix size
Random Hmatrix(i,j) = Initial matrix R(1, (i-1)*matrix size+j);
end
end
end
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Appendix IT

MATLAB codes of image recognition program for detecting carbon fibre and glass
fibre and obtaining APcr, Experiment from micrographs of hybrid carbon fibre/glass fibre
tow are shown below.

1) Code of main program

close all
clear all

g mm e INITIALIZATION
e e e et ettt ettt et e et e ettt e e e Input Image
I = imread('33.7pg");
¥ —mm IMAGE HISTOGRAM
Id = im2double(I)% convert image to double precision to use 'hist'
nbins = 16; % scalar, use nbins number of bins
n = hist (Id(:),nbins);% vector of [1,nbins], count elements in
each bin
P = n./sum(n); % calculate the percentage of elements in each bin
& SEPARATE FIBRES
B e e e e ettt et et e e e General Settings
top = 520;
bottom = 560; % parameters for cutting the blank area
step = round (256/nbins) ; % capacity of each bin
% choose the highest bin of elements
[pm,pi] = max(p); % pli is the index of the chosen bin
P carbon fibre separation
ITtmpl = I; % duplicate for carbon fibre and cut blanks
Itmpl = Itmpl (top:end-bottom, :);
delta = 2; % tolerant range small blob selection
bound = (pitdelta) *step; % upper tolerant scale
Itmpl (Itmpl<bound) = 0; % eliminate grey blobs with intensity <bound
esl = strel('ball',8,8);
Itmpl = imopen (Itmpl,esl); % denoising
Itmpl = im2bw(Itmpl) ; % dual-value black-white image
e et e e e et ettt e e e e e Large grey blobs separation
Itmp2 = I; % duplicate for large blobs and cut blanks
Itmp2 = Itmp2 (top:end-bottom, :);
deltalU = 1; % Upper bound of large blob selection
deltal = 1; % Lower bound of small blob selection
boundU = (pit+deltalU) *step;
boundL = (pi-deltal-1) *step;
ITtmp2 (Itmp2<boundL) = 0;

Itmp2 (Itmp2>boundU) 0;

[

% denoising
level = graythresh (Itmp2);

Itmp2 = im2bw (Itmp2,level); % dual-value black-white image
figure () ;imshow (Itmpl) ;

figure () ;imshow (Itmp2) ;

$ ———— e RATION CALCULATION
nbinR = 5;

nbinC = 5;

ratiol = subsections (Itmpl,nbinR,nbinC); % see subsections.m
ratio2 = subsections (Itmp2,nbinR,nbinC);
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i1) Code of function “subsections.m”

function ratioM

[r,c] = size (Ibw);
stepR = round(r/nbinR) ;
stepC = round(c/nbinC) ;
area = stepR*stepC;
nbins = nbinR*nbinC;
ratioM = zeros (nbinR,nbinC) ;
for i = l:nbins
% Rule of Indexing
s [ 1 2 3
$ [ nbinc+l nbinC+2 nbinC+3
5 [
% [ ... ...
indexR = ceil (i/nbinC);
indexC = mod (i, nbinC);
if indexR ==
Ru-=1;
R b = stepR;
elseif indexR == nbinR
R u = stepR* (nbinR-1)+1;
R b = r;
else
R u = stepR* (indexR-1)+1;
R b = stepR*indexR;
end
if indexC == 1
c1l=1;
C r = stepC;
elseif indexC ==
C 1 = stepC* (nbinC-1)+1;
Cr=c;
indexC = nbinC;
else
C 1 = stepC*(indexC-1)+1;
C r = stepC*indexC;
end
Mtmp = Ibw(R u:R b,C 1:C r);
% Caution:
ratioM (indexR, indexC) =
end
end

subsections (Ibw,

Q
°

138

nbinR,

nbinC)

nbinC ]
2*nbinC ]
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o©
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5 C 1,
C r,

left
right

o\°

mod (10, 5) =0

Ibw should be a black-white image
sum (Mtmp (:)) /area;

bound of subsections
bound of subsections

bound of subsections
bound of subsections

which makes no sense

to continue



Appendix III

Overlapping region [1 CF/PEEK
A B PEEK
~ ~
teotal
b L >

w is the width of specimen, which is in the through-plane direction

Figure Schematic of cut-ply interleaved CF/PEEK composite

Because aim of designing this structure is to allow the shear failure of the PEEK
interleaf in the overlapping region occur before the tensile failure of the entire
specimen, overall force causing shear failure (Fgheor) should be less than the force

causing the tensile failure (Fiepsite) in the whole laminate.

So
Fpear < Flensite
Tpgx XL XN e XW < &cutfply XLpgar X W
I < &cut—ply X iotal
Tpeex X M
where &, . is the tensile strength of the cut-ply interleaved carbon fibre/PEEK

assuming no shear failure of the PEEK interleaf, npgrx is the number of PEEK
interleaves in the composite, #, the thickness of the composite and 7, the shear

strength of PEEK.
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