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Abstract

The automotive industry is under increasing pressure to produce light weight and fuel-
efficient vehicles to meet stringent global emission targets. Discontinuous carbon fibre
composites with thermoset resin are being favoured in the industry due to their potential
for easy automation, short cycle times, and overall cost efficiency. The complex
interactions of material, process, and microstructural parameters can significantly affect
the mechanical, damping, and impact properties of the composites. Thus, the aim of the
current study is to study the influence of these parameters and tailor to improve the
composite performance. The primary parameters studied include the size effect in the
reinforcing fibres, the types of fibres used, flow-induced fibre orientation, as well as impact

resistance and post impact residual properties of the composites.

A study of size effect, i.e., fibre length vs. tensile strength, in range of carbon fibre grades
demonstrated that high performance (both PAN and pitch-based) fibres exhibit lower
defect population, thus, lower strength reduction at longer length than intermediate grades.
However, composite strength was seen to increase monotonously with fibre length up to
~50 mm, beyond which no gain was observed for all the fibre types studied. Composite
stiffness exhibited increasing trend with increasing fibre stiffness while composite strength
with increasing fibre strength showed greater discrepancy with prediction in composites
with higher fibre-matrix modulus ratio. This is perceived to be due to high interfacial and

fibre stress concentrations which act as failure initiation site, as supported by literature.

The effect of hybridization of different fibre types has been studied using jute-carbon

hybrids as a novel investigation of high-performance composites with reduced carbon



footprint suitable for high volume applications. The results showed that hybrids with jute
skin layers have higher tensile and damping performance due to the blocking effect of
carbon layers and excellent vibration dissipation capability of natural fibres. On the other
hand, as expected, higher flexural stiffness and strength were obtained when the stiffer and
stronger carbon layers were used as external skin layers. The Cost-Performance Ratios

(CPRs) have been used to evaluate the hybrids against their carbon and jute benchmarks.

In addition, in light of increased susceptibility to impact induced damage in automotive
industry, a study has been conducted to investigate the impact behaviour and residual
properties under different loading conditions. Notably, the impact response exhibited
greater sensitivity to changes in composite thickness. Moreover, post impact compression
loading resulted in greater strength reduction and stronger correlation between impact

damage and post impact failure initiation site compared to tension loading.

Finally, experimental studies showed that longer fibre tows exhibit greater resistance to
flow induced fibre alignment during compression moulding of carbon fibre Sheet
Moulding Compounds (SMCs). Furthermore, a skin-core layered structure was observed,
where the core maintained the initial fibre orientation relatively while high flow induced
fibre orientation was seen on the surfaces. Moreover, by encouraging charge flow in the
preferential alignment direction of the preform, high tensile stiffness and strength in the
preferred direction were achieved (56.7 GPa and 238.9 MPa respectively) at 30% fibre
volume fraction. Additionally, circular statistics parameters were employed for the
interpretation of fibre orientation distributions, as a more detailed alternative to orientation

tensor components.
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Chapter 1. Introduction

Automotive industries are in search of alternative energy sources and energy
efficient vehicles. Along with developing hybrid and electric cars, the use of
lightweight materials is considered as a potential solution to overcome the challenges.
Fibre reinforced composite are very attractive due to their high strength to weight ratio,
corrosion resistance and part-integration benefits. On the other hand, high performance
composite materials are considerably expensive, which in turn increases the cost of
products along with lengthy and multi-stage manufacturing processes. Hence the
challenge is further extended to finding a balance between high raw material costs with
affordability of finished products. Due to varying cost and performance requirements
for different applications, material development in the composite sector shall be
streamed in a number of different directions. Discontinuous fibre composites materials
manufactured using compression moulding and injection moulding are appealing due
to reduced cycle time suitable for high volume automated production and cost
effectiveness. However, the performance of these materials is far lower than continuous
fibre composites, especially strength wise. There has been increased effort in
optimization of various material and process parameters to increase the performance

ceiling of these materials.
1.1 Lightweighting for low carbon emission

In light of the growing environmental concern, the Paris Agreement (2016), a
convention held to undertake ambitious efforts to reduce global greenhouse gas
emission, required all parties take effort through their nationally determined
contributions (NDC)[1]. China, as the largest emitter of greenhouse gas, is considered

as the important force in determining the success or failure of the cooperation.



According to the Paris climate summit, China has submitted its intended NDC (INDC)
and reaffirmed its intention to reduce carbon intensity by 60-65% by the year 2030 from
its 2005 level. Out of the total global emissions, the transportation sector accounts about
23% of global carbon dioxide [2]. China, being the largest automobile market in the
world both in terms of demand and supply [3], [4], is working on advancement of fuel
efficient automobiles to reduce the average fuel consumption of passenger cars to
5L/100 km [5]. The European Union emission control is also targeting passenger cars
and light-commercial cars to reduce the average CO, emission by 15% by 2025 and
37.5% by 2030 from the base line year of 2021 which targeted new cars average CO>
emission of 95g/km [6]. Similarly, corporate average fuel economy (CAFE) regulation
in US required a fleet average of 54.5 mpg (23.2 km/L) by the year 2025 [7]. The total
number of vehicles worldwide is also expected to rise to 3.5 billion an increase of 300%
by the year 2050 due to high mobility expected [8], much of which is coming from fast-

expanding Chinese market.

Beside the stringent regulation on climate change, rising fuel cost is also another
challenge the automotive industry is facing and forcing to advance towards
development of lightweight materials. Number of studies have indicated that for 10%
weight reduction in automobile there is a resulting 6-7% fuel saving [8], [9]. Hence it
comes with added opportunity for automakers to downsize other components such as
engine, transmission, brakes, suspension and others and thus further compounding
vehicle weight reduction. Body-in-White (BiW), car body’s sheet where other
components such as hoods, fenders, seats etc. are welded together, is where large weight
saving can be gained by replacing with light material. It accounts for about 27% [10]
of the average automobile curb weight, hence large scale penetration opportunity for

lightweight materials such as aluminium and composites. Aluminium has been widely



used in automotive industries due to an already established process and lower material
cost. It has been reported that for one kilograms of aluminium used to replace heavier
materials like steel, has a potential to reduce up to 20kg of CO: in the life time of the
vehicle[11]. Therefore, fibre reinforced composite materials that are lighter than

aluminium results in far greater reduction in emission of greenhouse gases.

1.2 Composite materials in the automotive industry

The use of advanced fibre reinforced composite is an attractive solution for light
weight automotive parts due to their high strength to weight ratio, part integration,
corrosion resistance and tailorable property per requirement. Numerous researches have
shown that composite materials in general are 35% lighter than aluminium and 60%
lighter than steel and can result up to 10% weight saving on the overall vehicle [12].
Furthermore, optimally designed continuous carbon fibre provides even increased
weight saving of up to 75% over steel, 40% over aluminium and 60% over glass fibre
SMC composites [13]. Additionally, due to part consolidation, composite materials
offer reduction of tooling cost by 50 — 70% compared to steel[14]. Even though they
have superior mechanical property with weight saving advantage their application is
largely limited to high end automotive and aerospace industry due to longer cycle time

and high raw material cost.

Towards reducing the cycle time in composite manufacturing, resin matrix
manufacturing companies are developing rapid curing resins. A recent announcement
showed a promising result, resin which can cure in few minutes and suitable for high
volume production. For instance Huntsman’s fast cure solution (Araldite LY3585) [15]
cures in 1-2 min and is suitable for Wet Compression Moulding (WCM) and high

pressure resin transfer moulding (HP-RTM). Other companies’ breakthrough include



from Dow automotive [16] (VORAFORCE: 30sec-3mins), HEXION [17] (Epikote &
Epikure: 2min), CYTEC industries [18](XMTR: 3 — 5 mins) and Hexcel’s
discontinuous prepreg (HexPly M77: 2 mins) [19]. However, traditional composite
manufacturing techniques cannot take advantage of rapid curing resin systems due to
long processing time requirements. Therefore, automated cost-effective composite
manufacturing process developments are considered in curtailing manufacturing cost
significantly with short cycle time and increased production volume. Among these
processes are Automated Fibre Placement (AFP), Automated Tape-Placement (ATP),
Wet Compression Moulding (WCM), and Dynamic Wet Compression Moulding
(DWCM). Fast curing resin systems along with automated manufacturing processes are
promoting the advancement towards light weighting in both automotive and aerospace

industries through the use of composite materials.

Glass fibre composites have been the widely used form in the automotive
industry for interior applications and exterior body panels. In recent years, composite
materials derived from carbon fibre and high-performance thermoset resin matrix are
also gaining interest from leading automakers globally. For instance, in 2019 CSP
VICTALL announced its advanced composite pickup boxes for Jiangling Motors
Corporation’s (JMC) new Yuhu 3 and Yuhu 5 pickup trucks, the first ever use in
Chinese automotive market [20]. The new composite product uses integrated sheet
moulding compound (SMC) in proprietary fully automated compounding line and is
30% lighter than a sheet metal pick up box in the same configuration, Figure 1-1.
Another collaborative project between the Chinese advanced material development
company Kingfa Sci. & Tech. Co. Ltd. and Germany’s automotive supplier Brose
Fahrzeugteile recently developed a door module carrier for the production of new Ford

Focus [21], Figure 1-2 (left). The new door module was developed using continuously



reinforced material with about 35% weight saving to standard injection moulded one,
without compromising the performance. The Chinese composite manufacturing
company, Kangde Group, is building an Industry 4.0 smart factory for large production
of carbon fibre auto parts which also marked that the Chinese carbon fibre production

reaching industry 4.0 stage [22].

The US automotive company General Motors’ carbon fibre composite pickup
box which is the first application of its kind appeared on 2019 GMC Sierra with
innovative features and offering 25% weight reduction than traditional steel bed [23].
From the European market, the collaboration between Audi and Voith Composite has
recently developed a fully digital 4.0 production line for mass production of carbon
fibre reinforced polymer (CFRP) rear wall for Audi A8. The new patented Voith
Roving Applicator (VRA) uses fully automated preforming and Ultra-RTM resin
injection with fast curing VORAFORCE epoxy resin [24]. BMW has also used CFRP
monocoque cabin for its i3 EV which was also the first to use an RTM moulded
monocoque in a production vehicles [25]. These recent announcements from global
automakers show the industry’s ongoing efforts towards light weighting through fibre

reinforced composites and the future auto materials.

Figure 1-1: CSP VICTALL’s composite pickup truck box [20]



Figure 1-2: Ford focus door module carrier [21]

1.3 Automated composite manufacturing

The global demand for CFRP composites material is increasing in both
automotive and aerospace industries. The traditional composite manufacturing
technique could not meet the projected demand of which the largest share is expected
from the automotive market if not backed with high volume automated production
schemes. The two widely used automated composite manufacturing techniques for
prepreg layup are Automated Fibre Placement (AFP) and Automated Tape-Placement
(ATP) [26]. Both techniques use pre-impregnated carbon fibre, with a main difference
between the two being the width of the prepreg, and the material is heated slightly to
tack the prepreg in place during layup. With ATP process, UD tapes of width 75 — 300
mm are laid up side by side to cover part geometry and is best applicable for wide and
flat surfaces due to difficulty in covering complex parts with double curvatures. For
such complex part geometries, AFP which utilizes narrowly slit prepregs or multiple
fibre tows is efficient preforming technique relatively. Layup speed, tape temperature,
feed rate and tape tension are controlled on the CNC machine. After layup, the charge
is transferred to autoclave for curing process. However, these automated composite

manufacturing technologies are limited in application as they require huge investment,



part complexity and cost efficiency on top of these is the throughput rate is also
relatively low. The use of advanced automation and robotic techniques, and process
optimizations are bringing step change in these technologies. For instance, Voith’s fully
digital 4.0 production line [24] utilizes highly efficient direct fibre placement
technology with resin injection technique where subsequent part trimming, transport

between different process units and assembly are done via robotic systems.

Other automated processes for serial production of fibre reinforced
thermoplastic composites such as Wet Compression Moulding (WCM), Dynamic
WCM (DWCM) are also allowing automation and short cycle time as viscous draping,
resin infiltration and consolidation are achieved simultaneously. Even though cycle
time of few minutes is achieved with various processes, the automotive market demand
of CFRP composite still needs cost efficient production methods to cope up with the
increasing demand from automakers globally. With this regard, another potential for
high volume manufacturing techniques comes from the use of discontinuous fibre
composites. Discontinuous fibre composites offer both process automation and cost-
effective production as it does not require intermediate preforming processes such as

weaving and pre-impregnation.

1.4 Discontinuous fibre composites

In discontinuous fibre composites, fibres or fibre tows are chopped and
randomly distributed in polymeric matrix and transferred to compression moulding,
RTM/HP-RTM or other conventional methods for curing process. The discontinuous
nature of fibre/fibre tows and tendency to flow allows these materials to be moulded in
more complex shapes than continuous fibre composites. Furthermore, their production

can be easily automated for high volume production, providing cost effective



preforming solution for the automotive industry with reduced material waste. Their
microstructural parameters (fibre length and reinforcement scale) and fibre/tow
orientation can also be varied to tailor the mechanical properties for desired loading
requirement. Achievable high fibre volume fraction in these material preserves good
mechanical properties, especially stiffness [27], which also widens their application in

automotive industry as the design requirement is mostly stiffness dominated [28].

Injection moulded short glass fibres such as glass mat thermoplastics (GMT)
and sheet moulding compounds (SMC) are widely used discontinuous fibre composites
for non-structural and semi-structural application in automotive industries [29]
accounting for about 70% composites use by mass [30]. As most of these materials use
glass fibre in polyester resin at low fibre volume fraction of approximately 20%, they
are unsuitable for structural applications. In recent years, following the development of
advanced manufacturing technique to process carbon fibres at higher volume fraction
of more than 50%, SMC composite are showing potential for structural application in
both automotive and aerospace industries. The 2003 Dodge Viper Convertible’s first
application of all carbon fibre SMC and tailored hybridization of carbon fibre SMC to
reinforce glass fibore SMC marked a milestone in automotive industry driving the
exploration for mass production of CFRP [31]. Weight reduction and stiffness
improvement was achieved using a total of 8 kg carbon fibre composite on nine
components. Another commercial application carbon fibre sheet moulding compound
was in Mercedes-AMG E-Class vehicle for manufacturing of multifunctional spare
wheel pan which resulted in 45% weight reduction in addition to improved stiffness
and structural integrity during event of crush [32]. In 2015 Automobili Lamborghini
used carbon fibre SMC with A-class surface finish for its Lamborghini Huracan car

[33]. Advanced carbon fibre SMC called Forged Composite has also been developed



by Lamborghini in collaboration with Callaway Golf Company which was used in the
inner monocoque and suspension control arm of the ‘Sesto Elemento’ concept car and
the Diablo Octane drivers from Callaway Golf [34]. More recently, in 2017 Toyota also
started to use Mitsubishi Rayon’s carbon fibre SMC hatch door frame for its Toyota
Prius Plug-in Hybrid or Prius PHV hybrid vehicle [35], Figure 1-3. The component was
manufactured in much reduced time of 2 — 5 minutes using compression moulding
process which allowed high formability into complex shapes with nearly uniform

mechanical properties overcoming high variability associated with DFCs.

Figure 1-3: PHV hybrid vehicle carbon fibre SMC door frame [35]

Commercialized application of carbon fibre sheet moulded composite available
include Quantum Lytex 4149 and Hexcel HexMC which uses chopped 3k carbon fibre
tow and slit prepreg respectively. However the cost of these materials is still expensive
for automotive application as the industry is willing to spend only $2.2 — $8.8 for 1 kg
of weight saving while the aerospace is willing to spend $2200 - $4400 [36]. Hence the
automotive industry is still in search of low-cost high-performance carbon fibre SMC
with easy automation. Directed Carbon Fibre Preforming (DCFP) and Directed Fibre
Compounding (DFC) are two low-cost automated carbon fibre preforming techniques
developed at the University of Nottingham (UK) composite research group offering

high volume production potential.



1.5 Directed Carbon Fibre Preforming

Directed Carbon Fibre Preforming (DCFP) is an adopted process from
established Directed Fibre Preforming (DFP) in which chopped glass fibres and
emulsified binder are sprayed on a tool surface eliminating intermediate fibre
processing such as weaving and impregnating [37]. DCFP process is designed to
improve the limitation of conventional carbon fibre fabric low production rate (<5000
ppa) to 50,000 ppa. The process typically involves four main stages; reinforcement
deposition, consolidation, stabilization and extraction [38], see Figure 1-4 (left). First,
a fibre chopping device mounted on a six-axis industrial robot is used for automated
fibre chopping and spreading along with powdered polymeric binder on a perforated
tool. A vacuum system is connected to underside of the perforated tool to hold the fibre
and powdered binder in place. After deposition a second matching perforated tool is
placed to consolidate the preform and control the thickness, then hot air is cycled to
activate the binder. Finally, ambient temperature is pushed through to stabilize the
preform followed by extraction of the preform for resin injection via RTM, structural
reaction injection moulding (SRIM) or other conventional means. Although the
preforming process takes under 5 minutes with a potential of 100,000 ppa,
conventionally used moulding technologies such as RTM with longer cycle time limit
the production rate. Industrial application by Sotira Composites implemented this
process to produce only 15,000 ppa of door opening rings and boot lid surrounds for

the Aston Martin DBS[28], [39].

Second generation of this preforming technology developed, also at the
University of Nottingham, UK; Directed Fibre Compounding utilizes wet preforming
for isothermal compression moulding [30]. It uses the same fibre chopping and
spreading mechanism as DCFP and simultaneous spraying liquid epoxy matrix via resin
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spray gun mounted on the same robot. Both the cones of atomized resin spray and
randomly oriented chopped fibre converge on a tool surface, see Figure 1-4 (right). The
charge is then B-staged where the resin partially cures to enable handling for
compression moulding and cross linking occurs during curing at higher temperature.
Simultaneous resin spraying eliminates intermediate resin injection phase associated
with DCFP, holds the fibre in place during deposition and also ensures high fibre
impregnation resulting in reduced porosity. A fibre volume fraction of 55% was

achieved for both 2D and 3D net-shaped charges with less 3% material wastage.

Fibre tow
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Figure 1-4: Directed Carbon Fibre Preforming (DCFP) [37] (left) and Directed
Fibre Compounding (DFC) [30] processes

1.6 Theme of the work

The automation of composite materials manufacturing processes is becoming
increasingly important to meet the growing demand from multitudes of industries,
largely from the automotive sector. Discontinuous carbon fibre composites are
becoming attractive options for high volume applications with acceptable mechanical
performance and high formability into complex shaped parts in addition to easy

automation potential. However, the lower mechanical performance compared with their
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continuous counterparts has limited their application in demanding application. Recent
advances in composite industry are aiming to decrease the cost of carbon fibres [93],
creating an opportunity for high performance discontinuous fibre composites derived
from high performance fibres. Furthermore, limited understanding of how different
materials, microstructural and process parameters affect their mechanical performance
presents a significant challenge. Hence, this work seeks to understand the effects of
different material and process parameters in an effort to improve the mechanical

performance of discontinuous fibre composites.

The characteristics of constituent fibre used is one of the principal parameters having
significant effect on the processing, performance, and cost of the composite. As the
fibre length changes, for instance, various factors such as defects, tensile strength, and
load transfer mechanism changes, ultimately affecting the stiffness and strength of the
composite. Hence, the current study seeks to investigate the size effect at fibre scale for
a range of carbon fibre grades — to determine the fibre tensile strength as a function of
fibre chopping length. Then, translate the fibre size effect to tow and composite levels,
and explore the achievable composite performance from high performance aerospace

grade carbon fibres.

Growing environmental concerns and high material costs are encouraging industries
towards green composite materials. However, the lower mechanical performance and
susceptibility to environmental damage of green composites pose a greater challenge.
Hybridisation of synthetic and natural fibres has been used in conventional laminated
composites with slow process times to reduce cost and environmental impact while
improving natural fibre composite performance. In the current study, the opportunity
of using synthetic-natural fibre hybrid SMC composite for high-volume application has
also been investigated from mechanical performance and cost considerations.

12



As the application of carbon fibre SMC composites in the automotive industry extends
to the use in external body panels, their susceptibility to impact induced damage also
increases. In particular, low-velocity impact with barely visible damage can result in
significant strength reduction. Hence, the characterisation of impact and post-impact
residual strength under different loading condition is also of interest to determine the

critically affected post-impact properties.

Furthermore, the understanding of fibre orientation development during compression
moulding of discontinuous fibre composites is lacking due to the limitations of the
conventional characterisation methods. This study seeks to build understanding of the
effect of different processing parameters on the flow-induced fibre orientation and

consequently on the mechanical performance of discontinuous carbon fibre composites.

1.7  Thesis structure

Following this introduction chapter, an extensive review of literature in the area of
discontinuous fibre composites is presented in Chapter 2, exploring the effect of various
microstructural, material, and processing parameters. Chapter 3 presents the tensile
strength characterization of different grades of PAN- and pitch-based carbon fibres
using an automated single fibre testing (SFT) to quantify practical variabilities.
Furthermore, fibre geometric irregularities that give rise to tensile strength variability
and the limitation of traditional SFT have also been investigated. Chapter 4 focuses on
manufacturing and testing of high-performance discontinuous fibre composites using
DFC-like method, to establish a relationship with fibre properties evaluated in Chapter
3. The effect of synthetic-natural fibre hybridization configuration and hybridization
ratio on the cost and performance of SMC composites has been presented in Chapter 5.
The impact behaviour and post-impact tensile and compressive residual strength
properties of carbon fibre SMC composites have been studied in Chapter 6. In Chapter
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7, an experimental investigation of the influence of charge size and geometry on flow-
induced fibre orientation and mechanical performance in carbon fibre SMC composites
has been studied. In the final chapter, Chapter 8, the major conclusions from the works

carried out in this thesis are presented.
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Chapter 2. Literature review

In light of the growing interest in discontinuous fibre composites owing to their
suitability for high volume production, short cycle time, reduced production waste, and
overall cost advantages, considerable research has been undertaken in different areas
demonstrating further favourable characteristics. In this chapter literature review
material behaviour and factors that affect the mechanical properties and processability

of discontinuous fibre composites are presented.

2.1 Material behaviour

It has been reported that discontinuous fibre composites exhibit high damage
tolerance behaviour in open-hole tension, compression after impact, and delamination
resistance. Feraboli et al. [40] conducted a series of tests on carbon epoxy discontinuous
fibre composites manufactured from UD prepreg chips with an intent of defect
inspection, characterization and their effect on damage initiation and growth.
Mechanical testing on coupons with manufacturing defect form their ultrasonic
inspection, which are known to compromise mechanical performance in continuous
fibre composites, were observed to have insignificant effect. Similar result has been
reported by other researchers [41] for open hole tension test of DFC and suggested that
failure initiation away from the hole should not be associated with poor specimen
preparation but to the complex microstructure giving rise to high stress concentration
elsewhere. However, other studies have also reported fibre length, bundle size, and
notch-diameter dependent notch behaviour [37], [42], emphasizing the challenge in

understanding such material performance.

Moreover, continuous fibre composites are known to have significantly lower

compressive strength than their tensile strength. Interestingly enough tests on
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discontinuous carbon fibre composite with various fibre strength showed very close
performance in both tension and compression with (<5%) difference for range of fibre
grades tested [28]. Due to fibre bridging in DFC during mode | fracture test, crack
initiation load and mode | fracture toughness were also seen to increase by 37% and
27% respectively than UD interface [43]. The randomness of fibre architecture and
complex interaction, number of microstructural, processing and material parameters
affect the mechanical performance and failure behaviour of discontinuous fibre

composites.

2.2 Microstructural parameters

2.2.1 Volume fraction

It is intuitive to assume that both the stiffness and strength of fibre reinforced
composites increase with increased volume fraction of reinforcement, which has also
been proved with analytical and finite element predictions. Even though achievable
theoretical volume fraction is higher (>70% [44]) for continuous fibre composites, in
practice it hardly exceeds 60% for discontinuous due to manufacturing difficulty. From
experimental and numerical predictions for discontinuous fibre composites, a relatively
linear increase in mechanical properties has been observed with an increase in fibre
volume fraction [45][46][47]. But this increasing trend falls even before a volume
fraction of 60 % due to high void content resulting from poor resin impregnation. For
example, Luchoo et al. [48] investigated the achievable fibre volume fraction from
Bentley—Raycell automated carbon composite charge deposition (BRAC3D) process.
Composites with a volume fraction varying from 10% — 57% were manufactured and
tested where a general linearly increasing trend with volume was seen between 33 and

54%. This 54% volume fraction was marked as practical upper limit as both stiffness
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and strength reduced by 13% and 18% respectively at 57% volume fraction due to poor
resin impregnation. This can be clearly seen from Figure 2-1 as void content increased
significantly from 1.6% at a volume fraction of 54% to 8.6% at 57%. Harper et al. [47]
also performed 2D and 3D finite element simulation and used the above mentioned set
of experimental data [48] for validation. Their prediction showed good correlation with
the experimental trend up to volume fraction of 54% and up to 30% difference at

volume fraction of 57% due to the same reason in manufacturing, voids, and dry spots.

Figure 2-1: Cross-sectional optical micrographs for BRAC3D specimens at

fibre volume fraction of 54% (upper) and 57% (lower) [48].

High reinforcement content also requires high compaction pressure to achieve
desired preform thickness, during stage 11 of the DCFP process. Harper [37] studied the
effect of filamentisation on preform loft in DCFP process where preform compaction
pressure required was fitted with power law relationship with volume fraction.
Moreover, high volume fraction preforms also require high resin injection pressure
which in turn results in “fibre washing” and fibre distortion in processes like high
pressure RTM or HP-RTM. Due to lower permeability issues at higher volume fraction,
resin injection fails to wet-out high fibre content DCFPs. In line with this, Endruweit et

al. [49], [50] performed permeability modelling and resin injection simulation of
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random discontinuous fibre composite and results showed a decrease in macroscopic
permeability with an increase in fibre volume fraction, as expected. Therefore, Directed
Fibre Compounding likely exhibits better potential for higher volume fraction
manufacturing before high void content impairs the achievable mechanical
performance as simultaneous fibre and resin spray ensure high fibre impregnation and

reduce in-mould resin flow minimizing risk of porosity.
2.2.2 Fibre alignment

Randomly oriented discontinuous fibre composites offer simplified design
freedom due to isotropic mechanical properties in every direction. Although more than
90% stiffness retention to quasi-isotropic continuous fibre composite has been achieved,
strength retention of only 59% has been attained for random discontinuous fibre
composites [48]. The alignment of fibres in the loading direction has received attention
from researchers as a way of improving tensile strength and achieve higher volume
fraction due to more efficient fibre packing. These alignment techniques take either a
dry process where fibres are aligned by pneumatic, electrical or mechanical means or a
wet process where fibres are suspended in liquid/water medium and forced through
converging nozzle to align fibres in flow direction [51]-[53]. The pneumatic processing
method used for Glass Mat reinforced Thermoplastic (GMT) blows chopped glass fibre
with powdered binder between two orientation plates onto perforated sheet during
spray-up of the preform for compression moulding. Fibres from this process were
widely distributed between +52° and mechanical testing of moulded part showed a
stiffness ratio of up 3.8 between longitudinal and transverse directions [54]. The use of
an electrical field to align discontinuous fibres for improved mechanical performance
has also been demonstrated using E-glass fibres [55]. Chopped fibres are continuously
feed between two spaced alignment plates/electrodes with electric field and fibres get
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aligned when passing through, which then fall into TEFLON release film to form a mat
of fibres. Powdered resin was then sprayed and infrared heated before transferring for
compression moulding. Effectiveness of this alignment was reflected from mechanical
testing where up to 97% and 86% stiffness and strength improvement, respectively, was
obtained from randomly orientated benchmark. Other alignment techniques suitable for
high volume and high-performance fibres, i.e., carbon fibres have also been developed

in recent years.

Harper et al. [56] used rectangular nozzle like mechanical alignment
concentrator with converging sides with 10 mm exit slot to align carbon fibre tows from
DCFP process in the desired direction. Two factors, i.e., tow size and fibre length were
investigated as both affect processing cost and higher tendency of heavier fibre tow to
retain position once it falls onto the tool surface. It was also reported that the fibre
alignment decreases with increasing preform thickness due to the reduction in fibre
holding force from the vacuum bed as the perforated screen clogged from subsequent
layer. A high level of alignment (94%) was achieved for the heavier 24k fibre tow
within £10° to desired direction, thereby increasing tensile stiffness and strength by
206% (71 GPa) and 234% (444 MPa) respectively against random fibre benchmarks.
Another recently developed fibre alignment technique at the University of Bristol
named High Performance-Discontinuous Fibre (HiPerDif) [53] utilizes short single
fibres instead of virgin tows. In this process water suspended short fibres are driven
between parallel plates via peristaltic pump nozzle where momentum change of
suspended fibres aligns the fibres. The fibres are then aligned on a conveyor belt and
the water is drawn using vacuum suction system. Subsequently the aligned fibres are
dried using infrared heating before resin impregnation. By aligning 67% of 3mm short

fibres in £3° high performance discontinuous fibre composites with tensile modulus
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and strength of 115 GPa and 1509 MPa were achieved at 55% fibre volume fraction.
Longana et al. [57] studied the effect of fibre architecture on mechanical performance
of discontinuous fibre composites from the HiPerDif process. In their study mechanical
behaviour of quasi-isotropic aligned discontinuous fibre reinforced composite (QI
ADFRC) and randomly oriented (RODFRC) were investigated. The QI ADFRC
showed 26% and 77% stiffness and strength enhancement respectively with improved
consistency and coefficient of variation over RODFRC due to its structured fibre
arrangement. Thus, fibre alignment techniques provide a means of tailoring

microstructure for improved mechanical performance in the preferred direction.

2.2.3 Fibre/Tow length

A number of studies have shown that tensile strength of brittle fibres such as
carbon fibre decreases with increasing length due to the increased probability of
containing critical flaws, inducing local weak point [58]-[60]. This size effect or
strength reduction can be described using Weibull theory[61] which was originally
developed for isotropic brittle materials. Van Hattum and Bernardo [62] demonstrated
Weibull effect on brittle carbon fibre, Tenax HTA 5131, and showed more than 40%
strength reduction when the fibre length is increased from 5mm to 80mm. In similar
work on HTA carbon fibre, Harper [37] reported a 37% filament strength reduction
when the gauge length increased from 5mm to 100mm. Extension of the theory to
bundle level also showed tow strength increased to its peak at 2mm which then starts

to drop showing 35% reduction between gauge lengths 5 mm to 100mm.

Other experimental and analytical studies relating fibre length to mechanical
performance of discontinuous fibre composites in contrary suggest that fibre length has

to exceed a critical length, Lc, which is a function of fibre diameter. This fibre length
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beyond Lc encourages tensile failure of fibres rather than shear failure of the matrix or
matrix cracking. Fibre stress distribution from analytical models shows that the fibre
will not reach its ultimate strength up to a length of L. /2 from both ends [63], hence a
fibre should be significantly longer than its critical length for maximum potential. For
instance, perfectly aligned discontinuous fibre with fibre length greater than 5Lc can
retain up to 90% strength of continuous fibre composites [63]. For tow based
discontinuous fibre composites, tow critical length is much larger than filament critical
length which can be predicted considering the fibre bundle as large single fibre [64].
As previous analytical predictions of tow critical length consider ideal circular cross
section, Harper et al. [64] developed a more realistic analytical prediction model
assuming elliptical cross section based on Kelly-Tyson’s slip-theory [65]. A cross-
sectional aspect ratio was established using image analysis taking the micrographs of
carbon fibre tows. Different non-coinciding predictions exist for stiffness, strength and
impact requirements from different analytical models [37], [65]-[68] which shows
different properties have different fibre length dependency. Shorter fibre length, but
higher than critical length, also offer the advantage of improved surface finish and part
homogeneity in turn improved performance than longer fibre composites [64].
However, a trade-off exists as shorter fibres increase stress concentrations due to

increased fibre ends and balance should be maintained.

Harper et al. [64] studied the combined effect of fibre length and natural
filamentisation associated with short fibres from DCFP on tensile properties of 2D
discontinuous carbon fibre composites. Stiffness was found to be insensitive to fibre
length beyond critical value while tensile strength shows decreasing power law
relationship with increasing length where strength improvement was attributed to

improved preform coverage and less probability critical flaws at shorter lengths.
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Contrary to this trend, Feraboli et al. [27] studied the length effect on tensile properties
of randomly oriented carbon fibre composites from preimpregnated unidirectional tapes
where all flexural, compressive, and tensile strength improved monotonically with
increase in chip length or aspect ratio while stiffness was relatively indifferent.
However microscopic image of the failed sampled revealed matrix dominated failure
or chip pullout which suggesting that tested samples chip length is below critical length.
Similar increasing trend was also seen in tensile strength of carbon fibre reinforced
polybenzoxazine discontinuous composite up to certain length before it starts to
decrease while compressive strength showed continuous decline[69]. Furthermore, in
an effort to isolate the effect of fibre orientation from bundle aspect-ratio Masoumy et
al. [70] studied the effect of fibre aspect ratio on tensile properties of aligned E-glass
discontinuous fibre composites where 65 — 80% of fibre bundles were aligned within
+15°. It was observed that as the aspect ratio varied from 185 to 557, stiffness retention
rose to 99% of continuous fibre system while strength retention reaches a 60% plateau

at aspect ratio above 400.

The influence of fibre length on the performance of discontinuous fibre
composites has also been studied for dynamic properties. Jacob et al. [71] studied the
effect of different microstructural parameters on performance discontinuous fibre
composite Specific Energy Absorption (SAE) capacity. Although tests were limited to
two discrete lengths, shorter fibre length was observed to have improved SAE capacity
than longer fibre length due to increased number of stress raisers at fibre ends which in
turn increase fracture initiation sites. Moreover, higher stiffness and strength properties
were recorded for longer fibre lengths at two different fibre loadings. Other dynamic
properties, Charpy impact strength, tensile impact and high speed impact, were reported

to increase steeply for glass fibre reinforced polypropylene discontinuous fibre
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composite up to 6 mm, reaching plateau at longer fibre lengths [72]. Damping
properties and thermal stability of carbon fibre reinforced polypropylene composites

has also been seen to improve employing longer fibre length [73].

Critical fibre length or tow length is therefore an important microstructural
parameter having significant effect on the performance of discontinuous fibre
composites. Depending on the material system and reinforcement level different
analytical models can be employed in predicting optimum aspect ratio for improved
stiffness, strength and impact properties. As true as shorter fibre length is proven to
improve composite performance due to fewer critical flaws and other gains, a number
of studies also showed improvement of various properties with longer fibre
reinforcement. This may suggest that improvement in load transfer mechanism might
have dominated fibre strength reduction associated with Weibull effect resulting in

enhanced composite performance.

2.2.4 Tow size/filamentisation

Processing larger (>24Kk) or smaller (<12k) tow size in DCFP or DFC is not only
a preference of fibre deposition rate for high volume production but also affects
microstructural parameters and hence mechanical performance. Studies have shown
that the performance of discontinuous fibre composites improved by utilizing smaller
tow size due to enhanced areal density variation or homogeneity reducing failure
initiation sites[64], [74], [75]. However, the choice has been largely driven by cost
benefit of larger, commercial grade tows as smaller aerospace grade tow sizes are
considerably expensive[37], [41], [76] associated with low throughput with the same
precursor and processing cost as larger ones. In larger tows stress concentration at fibre

ends is higher due to synchronized coplanar filaments but the number of these failure
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initiation sites decrease for a given volume fraction. Utilizing larger tows also results
in poorer fibre coverage due to a smaller number of bundles over a given areal mass
and volume fraction. Experimental results showed that an average of 37% and 74%
reduction in stiffness and strength respectively when the fibre bundle size increased
from 3k to 24k for thinner parts at 30% volume fraction [41]. The effect was seen to
reduce to 29% and 67% respectively for thicker parts due to improvement in fibre
distribution. Jacob et al. [71] also showed a 22% reduction in both stiffness and strength
while increasing tow size from 12k (150 gsm) to 48k (300 gsm) at a chopping length
of 25.4 mm. The effect worsens to 20% and 60% reduction in stiffness and strength
respectively when the fibre bundle length doubled due higher variability and stress
concentrations. Furthermore, improved specific energy absorption (SAE) capacity was
also reported for smaller tow size. Although tow size has an impact on both elastic and

failure behaviours, it has been shown to have a considerable influence on strength.

Efforts have also been made to fragment or filamentisize larger cheaper tows
into smaller tows using mechanical and pneumatic means [37] in order to exploit cost
benefit of high filament count tows. Harper et al. [37] studied the effect of different
level of induced filamentisation on mechanical performance of discontinuous fibre
composites from DCFP process. In their study high velocity air was blown in the fibre
landing direction to split larger tow into smaller ones, as shown in Figure 2-2. High
filamentisation was achieved for 24k tow splitting into an average of 425 filaments
where moulded samples showed increased stiffness and strength of 13% and 55%
respectively. However, highly filamentised tows were also seen to increase preform loft
to unacceptable level reducing the achievable volume fraction from 50% down to 27%.
It was also reported that employing lower filament count bundles also poses a problem

of reduced permeability, increasing cycle time in liquid composite moulding
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technologies [38], [74] due to reduced intra-tow pore sizes as the bundle size becomes
smaller. In contrary to this Endruweit et al. [77] performed a series of experiments on
tow size ranging from 3k to 24k with different types of sizing and tendency of natural
filamentisation. Permeability measurement from their unidirectional injection
experiment showed a peak at 6k and constant reduction for increasing bundle size,
showing no clear trend. It was attributed to the type of sizing agent used which was
considered to affect the cohesion and packing density of filaments in the bundles.
However, similar trend has been observed in another study performed by the
aforementioned authors showing that macroscopic permeability to be independent of

filament count but decreases with increasing superficial density [49].
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Figure 2-2: Schematic of DCFP fibre chopping apparatus with pneumatic

filamentisation [37]
2.2.5 Thickness

It has been demonstrated in various studies that tow size and length are crucial
for optimization of preform homogeneity which ultimately determine the composite
performance. Part homogeneity is also a function of preform thickness as it gets

optimized with increasing thickness. As a result, both stiffness and strength improve
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with part thickness due to near uniform property and reduction of weak failure initiation
sites. Since variability increases for longer and larger fibre tows, optimized preform
homogeneity is attained at different levels for shorter/smaller and longer/larger tows.
Kirupanantham [41] studied the effect of preform thickness on mechanical properties
for various tow size and chopping lengths. As expected, larger tows size likely to result
in poor homogeneity for thin parts showed larger improvements in both strength and
stiffness with part thickness. An increase of 40% in strength was observed as fibre
length increased from 1mm to 3mm for 24k tow while 19% improvement was seen for
6k. Further increasing of chopping length from 3mm to 10mm also showed 88%
improvement for 24k and 29% for 6k tows. For the two tow sizes studied, strength and
stiffness plateau were not observed for tested length ranges except stiffness results from
6k tow reaching optimized homogeneity at 3mm thickness. These results showed
thicker parts result in reduced variability and improved mechanical performance more
significantly in strength. Hence part thickness is an important parameter influencing

preform homogeneity in discontinuous fibre composites.

2.3 Constituent material properties

2.3.1 Fibre Properties

The mechanical properties of fibre reinforced composites are dependent on a number
of factors, i.e., basic mechanical properties of reinforcing fibre, fibre-matrix interface,
fibre volume fraction and fibre orientation. But the extent of their effect is different on
continuous and discontinuous fibre composites due to the nature of their microstructure
and pertinent failure mechanisms involved. There is lack of demonstrated study to
support that higher stiffness and strength fibres result in stiffer and stronger

discontinuous fibre composites as it is the case in continuous. For instance, on a study
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attempting to improve achievable mechanical properties from tow based discontinuous
fibre composites, Xiao [28] used high strength and stiffness fibre using DCFP coupled
with RTM resin application. Lower and converging composite stiffness and strength
were observed for increasing fibre stiffness and strength properties which was attributed
to resin dominated failure. Moreover, higher local volume fraction variability and poor
resin infiltration were reported for their RTM process which did not achieve the
anticipated composite properties. The converging mechanical properties of
discontinuous fibre composite for an increasing stiffness and strength could result from
strength reduction associated with Weibull effect. A number of studies [78], [79]
confirmed that both PAN- and pitch-based high strength fibres show low Weibull
modulus implying large strength scatter. Lower Weibull modulus is also associated
with higher strength reduction with increasing fibre length. However, further studies
are required to better understand the influence of fibre type, properties, and length on

the mechanical performance of discontinuous fibre composites.

2.3.2 Fibre type/hybridization

Numerous studies have shown that multi-fibre type/hybrid composites offer superior
cost saving and composite performance [80]-[82]. Studies on hybrid continuous fibre
composite focus on carbon/glass fibre to achieve a balance between mechanical
property and cost [83], [84]. When the brittle carbon fibre with higher stiffness and
strength was hybridized with less stiff glass fibre, failure strain of the carbon fibre was
observed to improve due hybrid effect. The first failure in the hybridized composite,
called knee point, occurs in lower elongation fibre, interestingly at failure
strain/strength greater than in pure low-elongation fibre composite [85]. Hence
hybridization also serves as a way to avoid catastrophic failure and achieve pseudo-
ductile failure response in composite materials. Yu et al. [85] studied the pseudo-ductile
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response of intermingled highly aligned carbon/glass fibre discontinuous fibre
composites. They observed good pseudo-ductility response from high modulus/E-glass
than high strength/E-glass due to fragmentation of high elongation carbon fibre.
Cabrera-Rios and Castro [86] also studied the effect of ply-wise hybridization of
carbon/glass fibre reinforced SMC composite on the mechanical properties and found
out that the relative stacking has effect on the ultimate strength. Moreover, Xiao [28]
used different high modulus and high strength carbon fibre to establish cost
effectiveness of small volume of high performance with high purchase cost over larger

volume of industrial grade fibres.

Hybridization of synthetic and natural fibres has also been the centre of interest of many
research, to take advantage of superior mechanical performance synthetic fibres and the
sustainability and other excellent properties of natural fibres such as damping.
Synthetic fibres are generally more expensive, cause adverse impacts on the
environment and provide excellent mechanical performance. Natural fibres, on the
other hand, exhibit much lower mechanical performance relatively and are prone to
environmental degradation due to poor fire retardance and moisture absorption [87],
[88]. The hybridization of synthetic with natural fibres is one effective way to address

these challenges while retaining the useful properties of both.

2.3.3 Fibre/matrix interface properties

Since the fibre/matrix interface is largely responsible for load transfer mechanism in
discontinuous fibre reinforced composites, it directly influences the mechanical
performance. Hence composites with higher interface properties result in improved
mechanical performance. The two widely used methods for enhancing interface

properties are fibre surface treatment by changing the surface of the fibre (sizing) and
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resin modification by introducing reactive sites with higher chemical affinity towards
the fibres [89]. Fibre sizing is generally used to protect fibre surface during transport
and processing and also improve interfacial adhesion between the fibre and matrix.
Coupling agent, a chemical generally designed as sizing agent has been used as matrix
modification techniques to improve interfacial strength in fibre reinforced composites.
Yang et al. [89] used silane coupling agent as matrix modification to increase interfacial
adhesion in carbon fibre/epoxy composite. Evaluating the performance of carbon fibre
composite with modified epoxy resin, they reported 4, 44 and 42% improvement on
tensile, flexural and interlaminar shear strength respectively. Wong et al. [90] have also
used maleic anhydride grafted polypropylene (MAPP) coupling agent as matrix
modification to study the effect of coupling agent on recycled carbon fibre
polypropylene composite from compounding and injection moulding processes. In their
study, 150% tensile strength improvement was obtained with addition of 5 wt% of
coupling agent which was attributed to the improvement in interfacial shear strength.
Furthermore, Burn et al. [91] investigated the influence of coupling agent on the
interfacial shear strength of carbon fibre and polypropylene. Their micro bond
characterization showed 320% interface strength improvement with addition of 2 wt%
of maleic anhydride coupling agent. The effect of maleic anhydride coupling agent on
macroscale mechanical properties of long discontinuous fibre composites has also been
studied by the same researcher [92] where the tensile and flexural strength showed 68%
and 70% improvement. Other studies have reported that resin modification technique

results in better mechanical performance than fibre surface treatment [93], [94].

However, resin modification techniques not only change the mechanical properties but
also the viscosity and cure kinetics of the resin, hence influencing the processability

and ultimately the composite performance. Therefore, more research is required to
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better understand how fibre type, constituent properties, modification techniques

influence the fibre-matrix interface behaviour and in turn the composite performance.

2.4 Processing parameters

2.4.1 Initial charge geometry

In a typical manufacturing route, chopped fibres are randomly and evenly dispersed on
a resin paste, compacted and B-staged, where partial curing of the resin occurs to allow
for handling of the charge before compression moulding. The in-mould flow of these
compounds during compression moulding also enables forming of complex geometries
with out-of-plane features such as ribs and fasteners. On the contrary, if not properly
designed and controlled high in-mould flow may result in fibre orientation, local
volume fraction variability, segregation and knit lines which significantly affect the

mechanical performance of the material.

Initial charge coverage and shape significantly influence flow induced fibre/bundle
reorientation and thereby the in-plane anisotropy of the moulded sheet. Evans et al. [30]
studied the effect of initial charge coverage on the macroscopic charge flow and tensile
properties along with other material and process parameters, allowing unidirectional
charge flow. It was reported that in-plane anisotropy in tensile properties increased with
reduced charge coverage and more pronounced in shorter fibres than longer fibres.
Furthermore, higher moulding pressure and promoting charge flow were suggested as
a mechanism to reduce porosity due to entrapped air. Luca et al. [95] also studied the
morphology with tensile and compressive properties of carbon fibre SMC with high in-
mould flow, manufactured from 20% charge coverage. Their morphological
characterization showed higher tow distortion and filamentisation in the skin region,

200 wm from the top and bottom surface, due to high shear stress between the surface
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and mould while the core region is relatively intact. Tensile and compressive properties
were evaluated from 0°, 45° and 90° coupons where higher values were reported for 0°
followed by 45° and 90°. The quasi-static and fatigue properties under incremental
loading/unloading loop and tension-tension controlled fatigue loading of highly and
randomly oriented SMC has also been investigated by Nony-Davadie et al. [96]. From
the quasi-static test, it was shown that samples in 0° to the flow direction showed
minimal stiffness degradation and ductility than 45° and 90° directions during
loading/unloading cycle. Post failure SEM and radiographic characterizations revealed
micro cracks failure mode at both inter-bundle and intra-bundle levels. Moreover,
fatigue life evolution of both configurations also showed similar trend with ultimate

stress in quasi-static test with the similar failure modes.

The other important factors to consider are shrinkage and warpage/dimensional stability
in SMC composites with high in-mould flow. This dimensional instability mainly
results from volumetric shrinkage of the resin and material in-homogeneity in the form
of flow induced fibre orientation, curing, poor thermal lay-out and processing
conditions [97]. Residual stress built up from differential curing due to temperature
difference and variation of fibre orientation through the thickness could result in
significant warpage in areas with lower stiffness [97], [98]. Hence fibre reinforced
SMCs with low fibre content suffer more due to higher heterogeneity in fibre
distribution, orientation and amplified from non-uniform distribution of temperature
and pressure. Kite et al. [99] studied the effect of initial charge placement on the
dimensional instability and strain concentration of carbon fibre SMCs. CF-SMC
plagues were manufactured from 25% charge coverage placed at the geometric centre
of the mould. Despite charge flow being encouraged in all directions, saddle shape

distortion with a maximum distortion of 3.2 mm at one of the corners was observed.
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This was due to higher propensity of fibre alignment towards the corner as a result of
longer flow distance. Strain distribution was also seen to be affected by fibre orientation

distribution due to charge flow.

2.4.2 Mould closure speed

The differential temperature profile of the initial charge due to prior thermal
exposure of the bottom surface before the mould closes results in different charge
viscosity in the thickness direction. This in turn result in different flow behaviour
between the front and back surfaces of the moulded part [100]. Homogenizing charge
temperature prior to mould closure through dwelling time and high mould closure speed
have been suggested to mitigate the differential flow profile. However, it has also been
reported that high mould closure speed can result in fibre-matrix separation.
Alternatively, high mould closing speed and press force were used to overcome mould

filling problem of SMC composites with relatively fast curing resin.

2.5 Chapter conclusions

In this chapter a review on the effect microstructural, material, and process parameters
on the processability and performance of discontinuous fibre composites has been
presented. Due to the complex interaction of these parameters and sometimes
contrasting influence on the processability and composite performance, parameters
optimization is crucially important. For instance, increasing fibre length has been
shown to improve the load transfer mechanism and conversely increase material
variability and strength reduction due to Weibull effect, resulting in contradicting
effects on the composite performance. Similarly, the cost reduction and high deposition
rate advantages from processing higher filament count tows comes with a cost of higher

material variability and stress concentration at bundle ends, causing weak zones for
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failure initiation. Furthermore, conflicting notch sensitivity behaviour has been
reported for this class of materials. The understanding of the changes in fibre orientation
during charge flow has also been limited due to the limitations in conventional analysis
techniques. Thus, this study aims to improve the performance of discontinuous fibre
composites through a better understanding and tailoring of different microstructural,

material and process parameters.

33



Chapter 3. Influence of size effect on fibre properties

3.1 Introduction

As established in Section 2.2.1, the performance of discontinuous fibre-reinforced
Sheet Moulding Compounds (SMCs) composites is highly dependent on the properties
and geometry of the constituent fibres. Increased fibre length increases the likelihood
of fibre flaws, potentially reducing composite strength but also reduces shear stresses
at the fibre-matrix interface — potentially increasing strength. Thus, the performance of
these materials is dependent on parameters such as the aspect ratio of the reinforcing
fibre and the interfacial shear strength. A precise understanding of these microstructural
parameters on the global performance of SMCs is important for efficient

implementation.

In the development of high-performance, low-density SMC, carbon fibres and high-
performance thermosetting resins, such as vinyl-ester or epoxy, are replacing traditional
polyester-based glass fibre materials. Such carbon fibres can be derived from two
precursor types: polyacrylonitrile (PAN), accounting for about 90% of carbon fibres
produced, and pitch-based fibres [101], [102]. The resulting mechanical properties are
governed by the type, structure and processing conditions of the precursor material.
Currently, ultrahigh strength (7000 MPa) and ultrahigh modulus fibres (900 GPa) are
commercially available, however research has shown that the tensile strength of these
fibres experience significant scatter [103]-[105]. This scatter in carbon fibre tensile
strength has been attributed to the inherent variability in the distribution of flaws
resulting from either precursor treatment or handling processes. These flaws take the
form of fibrillar misalignment, micropores, and surface defects of varying shape, size,
and orientation. As the nature of these defects is random, statistical methods are

commonly used to describe their influence on the tensile strength. One of the most
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widely used statistical considerations for brittle fibres, such as carbon fibre, is the
Weibull distribution [106]. This theory assumes the volume of material is constructed
from small individual elements linked in series, thus the failure of the entire material is

governed by the weakest link in the chain.

Weibull distribution modelling has previously been used to characterize the
stochastic distribution of tensile strength for different fibre types and supports the
composite strength prediction for discontinuous fibre composite materials. One
observation from the literature is that the strength of brittle fibres decreases with
increasing gauge length, due to the higher propensity to contain more flaws, which is
referred to as a ‘size effect’, as outlined in Section 2.2.3. Conversely, Cox [66], and
extensions of his work [65][107], showed that the stiffness, strength, and impact
properties of discontinuous fibre composites increase with increasing fibre length due
to greater efficiency in load transfer from an increase in surface area. Provided the fibres
exceed a critical fibre length, fibre failure is experienced instead of matrix failure (in
the form of fibre pull out or matrix cracking). Hence, a theoretical trade-off exists
between the fibre strength reduction due to size effects and the enhancement in
composite performance due to improved load transfer, which are both a function of the

fibre length in discontinuous fibre composites.

Fibre manufacturers commonly report the tensile strength, modulus, and strain for
their materials based on the ASTM D4018 test standard [108], which involves testing
a fibre tow infused with resin. The back-calculated fibre properties are affected by the
microstructural nature of the infused tow, such as volume fraction variability, the
presence of defects, and the fibre-matrix interface. Crabtree et al. [109] examined how
the mechanical properties from single filament carbon fibre test relate to other
commonly used tow-based testing practices; testing infused tows prepared either
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manually or using automated processes. Microstructural analysis of the infused tow
cross-sections showed higher fibre packing and local volume fraction variabilities in
the tow prepared manually. Tensile strength, modulus, and strain values obtained from
the different approaches showed considerable differences. Manually infused samples
had the highest properties followed by the automated infused tow, with the single
filament samples having the lowest. Filaments in the infused tows failed progressively
due to load sharing via the fibre/matrix interface, whereas single filaments failed

catastrophically.

Information on the stochastic nature of fibres is not currently part of standard material
datasheets, however there are ongoing efforts to better understand the statistical nature
of fibre strength for different fibre types and grades. Naito et al. [79] evaluated the
performance and failure morphology of commercially available standard, high, and
ultrahigh strength/modulus fibres. The study showed that Weibull modulus decreases
with an increase in tensile modulus and tensile strength, suggesting that high
strength/modulus fibres exhibit greater variability in tensile strength. However, the
trends are not so conclusive from other studies [78], [110], [111]. For example, fibre
tensile strength (and Weibull modulus) has been shown to increase linearly on a log-
log scale with decreasing gauge length [110], since longer fibres are likely to contain

more critical flaws.

Despite these efforts, the stochastic nature of these materials still results in
considerable variability and uncertainty in fibre strength testing. Furthermore,
unsuccessful attempts to utilise high-performance carbon fibres to produce advanced
discontinuous fibre moulding compounds [28] also highlights the need to characterize
the size-dependent properties, i.e. strength reduction and increased scatter with
increasing reinforcement length, of these fibres. Hence, the work in this chapter
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investigates the tensile strength of high-strength PAN-based, and high-modulus pitch-
based, carbon fibres using an automated Single Fibre Testing (SFT) process. Poor
interfacial bonding, as a result of graphitic crystal alignment at the smooth and inert
fibre surfaces [112], limits the achievable composite performance. Subsequently, the
characterisation of fibre surface morphology can provide useful information to devise
counter strategies. Moreover, anomalies in conventional single fibre testing such as
fibre misalignment, pre-tensioning, and fibre diameter measurement cause significant
error in characterization of fibre tensile strength [113]. Quantifying these discrepancies
and their effects can help in taking reasonable correction where accurate automated
SFT is not possible. The effect of surface irregularity, sample size, and fibre diameter
measurement on the Weibull analysis have also been analysed, along with the surface

morphology of the fibres using high resolution SEM images.

3.2 Statistical fibre strength theory

According to Weibull [106], the defect density in a volume of brittle material increases
with increasing applied stress according to a specified power law [103]. The strength
distribution can thus be described by means of a two-parameter Weibull model as given

in Eq. (3.1).

o m
P(o) =1—exp [— (U—O) ] Eq. (3.1)
where ¢ is the applied stress, o, is the characteristic stress (at which the failure
probability is 63%), and m is the Weibull modulus, which is a measure of flaw

distribution in the tested volume. Taking logarithms of both sides of Eg. (3.1) and

rearranging gives:

In (ln (1 _1PF>) =mln (%) Eg. (3.2)
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The Weibull parameters for Eq. (3.2) can thus be obtained from least square
curve fitting. Another approach used for parameter estimation is Maximum Likelihood
Estimation (MLE), where the parameters are estimated in order to maximize the
likelihood of the model to reasonably describe the observed data. The likelihood
function of the conventional two-parameter Weibull model is given in Eq. (3.3), which
is preferred over least square estimation for its greater precision and lower variance
[114].

L(o; 09, m) = GE (Gi)m_l exp [— (O_io)m] Eg. (3.3)

0 0

3.3 Experimental characterization
3.3.1 Materials

Five different types of carbon fibre have been considered, including high-
strength and high-modulus PAN-based fibres and high-modulus and ultra-high-
modulus pitch-based fibres. Physical and mechanical data as supplied by the
manufacturers are given in Table 3-1. All fibres studied were in the ‘as received’ state,

without any further modifications or treatments.

38



Table 3-1: Supplier physical and mechanical properties of PAN- and pitch-

based fibres.

Tow Tensile ~ Tensile Filament ,
Fibre type [Precursor S1Z€ strength Foallure strain Modulus Diameter Densty
w0 otea) @GPy (umy
PAN-1 PAN 12 4900 2.1 230 7 1.8
PAN-2 PAN 12 5490 1.9 294 5 1.81
PAN-3 PAN 6 4210 0.9 436 5 1.84
Pitch-1 Pitch 12 3200 0.8 420 9.5 2.06
Pitch-2 Pitch 16 3200 0.4 760 9.5 2.15

3.3.2 Specimen preparation and testing
Single fibre tensile testing commonly relies upon manual specimen preparation,

involving a separate procedure for taking multiple diameter measurements to determine

the mean fibre diameter [78], [79], [110].

A Dia-Stron single fibre testing instrument was used to conduct automated
measurements. It performs both the measurement of the fibre diameter using a laser
diffraction system mounted on a rotary device, and the subsequent uniaxial tensile
testing according to the 1ISO 11556 test standard [115]. Fibre ends are mounted on two
plastic tabs, which are arranged into a slotted cassette. The fibres are aligned with the
help of a V-notch on the plastic tabs and a UV curing resin (QUINSON) to hold the
fibre in place. The cassette is then mounted on the Dia-Stron instrument for the fully
automated process of transferring samples, diameter measurement, and tensile testing.

The diameter measurement is done by the rotary laser diffraction system at a number
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of points around the perimeter of the fibre, with the resulting mean elliptical area for
each individual fibre used for the tensile strength calculation. Figure 3-1 shows the

different components of the test instrument.

Laser .

-

= . & measurement
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'g 4‘/ system
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Cassettes with
sample holders

Figure 3-1: Components of a Dia-Stron automated single fibre test instrument.

The breaking force during testing was detected when the observed load dropped by
more than 10%. Stress and strain values were then obtained by fitting a least squares
linear regression between data points according to the test standard. The compliance of
the instrument for carbon fibre testing was determined to be 0.1653 mm/N and the
average strain values have been corrected accordingly, following the procedure

outlined in EN11566 test standard.

3.4 Automated single fibre testing

Results from the single fibre tensile testing are presented to characterize the
stochastic nature of the fibre tensile strength for each fibre type. SEM micrographs of
the surface and cross-section of the fibres have also been used to evaluate the surface
irregularities of the different fibres. Other relevant observations from sample

preparation, diameter variability, and sample size dependence are also discussed.
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3.4.1 Fibre diameter variability

Carbon fibres are typically assumed to have perfectly cylindrical structures,
when in reality most fibres show some sort of surface irregularity. In previous studies,
these surface irregularities were considered as surface defects from which failure may
initiate and reduce the tensile strength [116]. Moreover, the surface characteristics of a
fibre are reported to influence the adsorption, impregnation, and interfacial bonding
[117]. Thus, in the current study, the term surface irregularity is used to refer the
smoothness of a fibre surface about its circumference, affecting its wettability and
interfacial bonding potential, while flaw population is used to refer failure inducing
critical defects along its length. Fibre manufacturers often rely on indirect measurement
techniques such as weighing (in combination with the fibre linear density), or optical
microscopy. However, these methods rely on representative sampling and cannot
provide an accurate measure of individual fibre diameters or cross-sectional shape
without destructive analysis. Alternatively, non-destructive techniques such as
vibroscopy [118] and laser diffraction [119], [120] can offer a rapid and accurate

dimensional measurements of individual fibre cross-sections.

The geometric irregularity and variability were analysed using SEM images
and by laser scanning the circumference of each tested fibre at between 40 and 200
points. The surface morphology of the fibres reveals significant corrugation of the
PAN-2 high-strength and PAN-3 high-modulus fibre surfaces, as shown in Figure 3-2.
In these fibres, micro-fibrils run along the length of the fibres creating longitudinal
ridges and channels. Alternatively, the PAN-1 and both pitch-based fibres appear to
have smoother surfaces. These observations are reflected quantitatively by the laser
diffraction measurements of the fibre diameters. Table 3-2 shows the intra-fibre

variability of the measured diameters for the different fibre types, based on the mean
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and maximum relative standard deviations from individual fibres. All fibre types
exhibited very low intra-fibre variability (with mean relative standard deviations less
than 1%), reflective of their highly cylindrical geometries. However, the corrugated
PAN-2 and PAN-3 fibres showed the greatest variability, with mean values of 0.3%
and 0.7% respectively. Notably, the maximum relative standard deviation of fibre

diameter measurements was as high as 9.1% for one of the PAN-3 fibres.

Table 3-2: Intra-fibre diameter variability in tested carbon fibres.

. PAN-1  PAN-2  PAN-3  Pitch-1  Pitch-2
Relative SD (%) e e

Mean 0.2% 0.3% 0.7% 0.1% 0.1%

Maximum 0.8% 1.2% 9.1% 0.4% 0.4%

The inter-fibre diameter variability from each batch of fibres was found to be much
more significant than the intra-fibre variability, as shown in Table 3-3. Higher inter-
fibre variability was observed in the pitch-based fibres (8-10%) compared with the
PAN-based fibres (4-7%). However, the PAN-2 and PAN-3 fibres both showed higher
inter-fibre variability (6% and 7% respectively) than the PAN-1 fibres (4%). The
manufacturer’s data for each fibre type is also provided for comparison, with the mean
measured Pitch-1 and PAN-1 fibre diameters deviating from these values by as much

as 7% and 5% respectively.

Table 3-3: Inter-fibre diameter variability in tested carbon fibres.

Fibre diameter (um) PAN-1 PAN-2 PAN-3 Pitch-1 Pitch-2

Supplier data 7.00 5.00 5.00 10.00 10.00
Mean measured 6.64 5.14 5.07 9.34 9.56

S.D. measured (COV) |0.24 (4%) 0.32 (6%) 0.36 (7%) 0.92 (10%) 0.77 (8%)
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Pitch-1 :

Figure 3-2: SEM images showing the surface morphology of different fibre
types.

3.4.2 Observations

One of the most challenging aspects of SFT is the sample preparation, due to the scale
and brittle nature of carbon fibres. The PAN-2 and PAN-3 filaments were difficult to
isolate from their bundles due to their small fibre diameter (5 um), whereas the larger
diameter (10 um) pitch-based fibres required considerable care as they were more prone
to breaking prematurely due to their relatively low failure strain (~ 0.4%). In all cases,

great care was taken to prevent any off-axis bending that could introduce damage.
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The ISO 11566 standard recommends that a minimum of 20 successful single filament
specimen tests are required in order to report fibre tensile strength with confidence. In
the current study, it was noted that fibres with higher intra-fibre diameter variability
(PAN-2 and PAN-3, as highlighted in Table 3-2) experienced poor Weibull curve fitting
due to high strength scattering. Hence, the minimum recommended number of test
samples (20) was not statistically representative for these fibres and the number was
increased until the coefficient of determination (R-squared) approached 0.95. Figure
3-3 shows the Weibull plot for PAN-3 fibres for the three sample sizes (N = 20, 30, 36)

indicated in Table 3-4.

According to Table 3-4, the Weibull parameter varies significantly with sample size
and more noticeably for the PAN-3 fibre, which exhibits higher intra-fibre diameter
variability. The Weibull modulus decreased by almost 30% when the sample size
increased from 20 to 30 for the PAN-3 fibre, compared with a 7% reduction for the
PAN-2 fibre across the same range. The R-squared value also increased from 0.84 to
0.94 for the PAN-3 fibre, but a less significant change was observed in the PAN-2 fibre.
The scattering of tensile strength data for these particular fibres can be attributed to the
observed diametric variability, since surface irregularities and such variability are
commonly considered to act as failure initiators [116], [121]. The Weibull parameters
were therefore determined from a statistically representative sample size with an R-

squared value of ~ 0.95 for these fibres.
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Table 3-4: Effect of sample size on Weibull parameters for fibres with

geometrical irregularity.

Weibull plot parameters
No. of
. samples, N m 0 R2
Fibre type

20 5.89 5986.48 0.9007
PAN-2 30 5.50 6491.61 0.9151

38 5.43 6515.95 0.9487

20 9.85 5688.71 0.8363
PAN-3 30 6.96 5775.57 0.9438

36 5.71 5752.62 0.9553
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Figure 3-3: Effect of sample size on the Weibull parameters of PAN-3 fibre.
3.4.3 Weibull analysis
The Weibull parameters estimated from a linear regression of the Weibull plot and a
MLE for each fibre are presented in Table 3-5 for comparison. In general, both the
Weibull modulus and the characteristic stress from the MLE are higher than those from
the Weibull plot, except for the Weibull modulus for the PAN-2 fibre derived from the

MLE, which exhibits the opposite trend. In the most extreme cases for the PAN-2 and
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Pitch-1 fibres, the discrepancy between the Weibull modulus estimates from the two
approaches was as high as 19% and 17% respectively. However, for all fibres, both the
characteristic and mean tensile strength estimates exhibited discrepancies of less than

6% between the two approaches.

As expected, the Weibull modulus of the PAN-1 fibre was found to be lower than that
of the higher-performance PAN-2 fibre, suggesting the presence of a greater flaw
population in the PAN-1 fibre for the same gauge length, which equates to a greater
strength reduction for an increasing filament length. Moreover, the PAN-3 fibre showed
the highest Weibull modulus indicating less scattering of the tensile strength and a
smaller defect population among the tested PAN-based fibres. The lowest mean tensile
strength of PAN-based fibres was observed for the PAN-1 fibre, rather than the PAN-
3 fibre as expected, as shown in Table 3-1. This is potentially the result of using
different test standards (single filament as opposed to infused bundle testing). As noted
in previous literature [109], bundle testing can introduce inaccuracies stemming from

anomalies caused during sample preparation, or irregular surface features on the fibres.

For the pitch-based fibres, the Pitch-1 Weibull modulus was lower than that of the
higher-modulus Pitch-2 fibres, with the Pitch-2 fibres exhibiting less scatter in the
tensile strength values. Whilst the tensile strength of these two pitch-based fibres were
reported to be 3200 MPa on the manufacturer’s data sheet, the mean tensile strength of
the Pitch-2 fibre was seen to be 7% higher here. The results in Table 3-5 do not indicate
any clear trend between Weibull modulus and tensile strength, although past literature
has reported both increases [110] and decreases [78], [111] in Weibull modulus with

increasing tensile modulus and strength.
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Table 3-5: Comparison of Weibull parameters from conventional Weibull plot
and MLE.

Weibull plot Maximum likelihood (MLE)
Fibre

m () o m () o

(GPa) (MPa) (MPa) | (GPa) (MPa) (MPa)

fype

PAN-1 3.11  5911.25 5287.26| 3.23 6271.12 5619.58

PAN-2 543 651595 6011.15| 4.55 6910.09 6310.01

PAN-3 571  5752.62 5322.08| 5.73  6092.28 5637.33

Pitch-1 | 4.55 3921.47 358093 | 5.03 413299 3795.94

Pitch-2 | 5.58  4155.85 3839.83| 6.68 4357.12 4065.89

3.5 Comparison against traditional SFT methods

In conventional single fibre tests, the use of paper tabs increases the chance of fibre
misalignment and pre-tensioning prior to testing. This can lead to inaccuracies in the
reporting of gauge length, failure strain, and elastic modulus results. Pre-tensioned
filaments will result in a higher gauge length, lower failure strain, and higher modulus,
while misaligned/bent filaments will result in the opposite. Inaccuracies in the axial
alignment of fibre ends between the upper and lower jaws of the tensile testing machine
will also introduce non-axial stretching of the fibre [113]. Furthermore, due to the
practical difficulty of measuring the filament diameter for each individual fibre,
traditional SFT methods commonly rely on the mean diameter of N samples from a
separate batch of fibres for tensile strength calculations. This can introduce errors

compared with methods that measure the diameter of each individual fibre being tested.
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3.5.1 Calibration and error in Weibull analysis

The possibility of fibre pre-tension using an automated SFT method is low, as fibres
are mounted on a standard plastic cassette, but fibre misalignment can occur depending
on the gauge length and the method for sample preparation. Figure 3-4 shows a typical
SFT load versus extension curve, using a straight-line fit for the modulus calculation
after gauge length and strain corrections have been made. As can be seen from Table
3-6, there is a noticeable discrepancy between the intended gauge length, 4mm, and the
corrected values. A maximum gauge length correction of 7% was observed in the PAN-
2 and PAN-3 fibres and a correction of approximately 6% was observed in the PAN-1,

Pitch-1 and Pitch-2 fibres.
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Figure 3-4: Typical gauge length correction due to de-crimping misaligned

fibres.

In the current study the automated SFT facility was used to determine the diameter
of each individual filament, to investigate the sensitivity of the uniaxial tensile strength
to the diameter measurement, rather than using an average filament diameter taken
across a batch of fibres. The individual filament diameter was calculated as the mean

of the intra-fibre diameter measurements.

Table 3-6 shows the comparison of Weibull parameters obtained from the two

approaches used to measure the filament diameter, along with the coefficient of
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variation for the fibre area measurement and the tensile strength of the tested samples.
The Weibull plots of tensile strength data from the individual and mean area approaches
are also shown in Figure 3-5. In general, the use of individual or mean diameter values
does not have a significant effect on the mean or characteristic stress predictions, with
less than 3% deviation between the two approaches. However, the averaging of fibre
diameter values can have a significant effect on the Weibull modulus calculations as
these are more sensitive to the scatter of the data (reflected by the slope of the linear
trends in Figure 3-5). For the PAN-based fibres, there is a larger discrepancy between
the Weibull parameters determined from the mean and individual area methods for
fibres with higher Weibull modulus (i.e., exhibiting lower strength scattering and higher
inter-fibre diameter variability). The PAN-1 fibre for example, with the lowest Weibull
modulus and lowest diameter variability, showed very consistent results between the

two Weibull parameter predictions.

Table 3-6: Comparison of Weibull parameters from mean and individual area

approaches.
Actual Individual area Mean area Difference
Gauge cv, CV,
Fibre length S m Oy m S, (%) (%)
type (mm)

PAN-1 423 311 5911.25 3.11 589896 0% 0% 7% 36%

PAN-2 427 543 651595 6.38 6367.64 -18% 2% 13%  22%

PAN-3 427 571 5752.62 7.10 5588.20 -24% 3% 14%  20%

Pitch-1 424 455 392147 3.69 3960.73 19% -1% 19%  24%

Pitch-2 422 558 4155.85 5.15 414036 8% 0% 16%  19%
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However, the fibres with higher surface irregularities and sample size sensitivity, for

example the PAN-3 and PAN-2 fibres, showed the highest deviation in Weibull

modulus, 24% and 18% respectively. The pitch-based Pitch-1 and Pitch-2 fibres also

showed a reduction in Weibull modulus between the two approaches studied.
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Figure 3-5: Weibull plots of tensile strength data from individual and mean
area approaches.
3.6 Influence of fibre length on tensile strength

Tensile strength variation for brittle fibres, such as carbon fibre, is known to be as

high as 30% [103], which is in-line with the scatter observed for discontinuous fibre

composites [58], [122]. Fibre strength variability increases with increasing fibre length

due to the presence of more critical flaws. Single fibre tests also showed that the
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Weibull modulus decreases with increasing gauge length for both PAN- and pitch-
based fibres [110]. The resulting reduction in mean tensile strength due to a higher
defect population is, therefore, higher in fibres with lower Weibull modulus. Figure 3-6
shows the prediction for the mean tensile strength at longer gauge lengths, adopting the
two-parameter Weibull model and the individual cross-sectional area measurements
used in the current study. Fibres with the lowest Weibull modulus (PAN-1) exhibited a
26% reduction in mean tensile strength as the gauge length increased from 5 mm to

10mm, while the PAN-3 fibre showed a 15% reduction over the same range.
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Figure 3-6: Filament strength as a function of filament length.

3.7 Chapter conclusions

In this chapter an automated single fibre testing process has been employed to
characterize the tensile strength of high strength PAN-based, high modulus pitch-based
and ultra-high modulus pitch-based carbon fibres. In general, high strength and high
modulus fibres (PAN-2, PAN-3 and Pitch-2), regardless of precursor material, showed
higher Weibull modulus values (implying a lower flaw population) relative to the lower
performance PAN-1 and Pitch-1 fibres. It was also found that surface irregularities
could result in uncertainties in tensile strength characterization and therefore a greater

number of samples is required to yield a reliable representative strength value. Fibre
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misalignment and the use of the mean cross-sectional area for determining the tensile
strength were also observed to affect the Weibull parameters, resulting in corrections
of up to 7% and 24% in the gauge length and Weibull modulus respectively. Hence care
should be taken during the characterization of fibres with high surface irregularities,
particularly during the calibration of the gauge length and the measurement of the fibre
diameter. As defect population, thus fibre strength, is a function of filament length, it

is crucial to link the size effect in the fibre to composite performance.
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Chapter 4. Extending fibre properties to composite properties

4.1 Introduction

Carbon fibre SMCs are typically manufactured using industrial grade fibres, with fibre
stiffnesses reported to be ~240 GPa and ultimate strengths of ~4900 MPa [123], [124] ,
yielding composite stiffnesses of approximately 35 GPa and strengths of <300 MPa at
50% fibre volume fraction [40], [48], [125]. There is little-to-no data in the literature to
suggest that high modulus or even ultrahigh modulus fibres have been used in this
context before, but they could potentially offer an increase in mechanical properties for
higher performance applications. In spite of this potential, for the case of continuous
fibre composites, high performance fibres have not been able to achieve their theoretical
performances in practice due to their smooth and extremely inert surface, caused by
highly aligned crystallites [112], [126], [127]. Alternative solutions of employing low
surface energy resin matrices and liquid multi-walled carbon nanotubes (MWCNTS)
have been suggested to improve the interfacial adhesion, and the subsequent composite
performance, by improving the wettability and chemical bonding [94], [126]. However,
there is also a concern that these high performance fibres may not achieve their
supposed tensile properties in practice due to increased scatter and reduction at longer
reinforcement lengths [110] and restricted stress transfer between the high modulus

fibres and the low modulus matrix [128].

The fibre tensile strength reduction due to Weibull effect plateaus beyond certain fibre
length, as illustrated in the Chapter 3. Thus, translating its effect on composite
performance is more relevant and important in discontinuous fibre composites with
shorter fibre length than continuous. Analytical models based on Kelly-Tyson slip

theory are commonly used to study the effects of constituent materials, reinforcement
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aspect ratio and other parameters on the performance of short fibre composite. The
method has also been extended for multi-scale modelling of tow based discontinuous
fibre composites by considering bundle of filaments as single, large diameter fibre.
Different approaches have been used to compute the equivalent single fibre geometry
to represent the fibre bundle and calculate and critical bundle length [38], [129].
Simplified assumptions of using tow width or circular cross section [129], [130] and
more realistic, elliptical cross section have been proposed to compute the embedded
tow surface area and critical bundle length. Moreover, Harper [37] used micrograph
images to establish a tow cross sectional geometry to calculate tow critical length and

subsequent study of Weibull effect on fibre length vs. strength relationship.

In this chapter multi-scale analytical model has been used to superimpose the stochastic
fibre scale size effect and fibre bundle length/aspect ratio to study the effects on bundle
and composite strength of the fibres studied in Chapter 3. Tow based discontinuous
carbon fibre composites have also been manufactured from the three high performance
PAN-based carbon fibres in vinyl ester resin to evaluate the achievable practical
composite properties. Experimentally obtained tensile properties were then evaluated

against the analytical predictions.

4.2 Analytical prediction of composite properties

421 Tensile stiffness

Most analytical stiffness models assumptions of randomly oriented discontinuous fibre
composites are based on simple micromechanical unit cell model and averaging
properties over all possible orientations. Cox [66] model, for instance, assumed papers

as perfectly homogeneous mat of long straight thin fibres without resin material and
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performed orientation averaging for elastic property predictions. Although it is not
considered to be accurate enough as it does not consider the matrix contribution it is
widely used for its simplicity, given in Eq. 4.1.

3 )

E =
Alternatively rule of mixture models with length efficiency and orientation factors
have been used to account for the discontinuous nature of the fibre tows and their

orientation state in the composite respectively, applied at meso- and macro-scales.

The composite properties are thus calculated from tow level properties:
Ec =NoViEtow + Em(1 —V¢) Eq. (4.2)

The widely used orientation efficiency factor is derived by Krenchel [131] where fibres
are grouped, and weighted summation is performed accounting for proportion of fibres
in a group and its orientation angle. For any given orientation density function
efficiency factor n, can thus be determined integrating over all possible orientations
with their proportions. For perfectly random in-plane fibre orientation distribution n,,
is equal to 0.375. Incorporating these orientation distribution factor with the rule of

mixture can also be applied to partially oriented fibre distribution short fibre composites.

> Eqg. (4.3)

Ny = Z a,Cos* 6,

n=1
Where a,, — Proportion of fibres
6,, — Inclination angle of fibres

The tow properties can be calculated assuming each fibre tow is a large single cylinder

embedded in a matrix material of assumed fibre volume fraction in the tow (usually
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60%). Therefore, an adjusted volume fraction is used in macro-level using the

relationship:

v Vi Eq. (4.4)
f

)

f composite

Shear lag analysis is then used to compute the stiffness of the tows in the composite

considering the fibre length efficiency factor and aspect ratio.

+ En(1—V¢)

tanh(¢s) Eq. (4.5)
Eeow = ViEy (1 - —)

Where

2E,,

¢ = 1
Ef(1— Um)anf

The tow aspect ratio, S, can be calculated from the fibre length and equivalent tow

diameter with the assumed fibre volume fraction (V;,,,) and filament count (n):

[ Eq. (4.
. 9. (46)
dtow

n

Where dy,,, = df

Viow

4.2.2 Tensile strength

Strength prediction of discontinuous fibre composite is much more complicated than
stiffness as it is significantly dependent on microstructural details and interaction
between fibres or fibre tows. However, simplified approximation has been made using
multi-level rule of mixture, with similar assumptions made in the above section. The

longitudinal tensile strength the fibre tows is to be computed using rule of mixture
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modified to include length efficiency factor of short discontinuous fibres as the resin
carries the load and transfer through fibre-matrix interfacial shear stress. Hence Kelly-
Tyson [65] shear lag model with plastic stress transfer has been employed to determine
the longitudinal tensile strength of a tow bundle as given using a piece-wise function

that is a function of critical length inequality:

l forl <l Eq.
Otow (D) = VtOWE + 0" (1= Viow) orl lellament q

(4.73)

for [ Eq.

>
—lcfilament

lo..
Orow(l) = Vtowaf(l) <1 - %) + 0’1
(4.7b)
- Vtow)

Where the critical filament length, leilament’ can be computed using:

leilament = 27 '

The composite strength can thus be computed from tow level properties considering

the level of fibre alignment using the orientation and length efficiency factors [132]:

Tl < (@
O'comp (l) = noVCOmp E + O'Im(]. — Vcomp) for lCtOW Eq (4 83.)

le for [ >1 Eq. (4.8b)
Gcomp(l) = novcompo-tow(l) <1 - %) + Ctow

O-,m(l - Vcomp)

Where [, calculated from the relationship between the interfacial shear force
acting on the interface of an embedded tow and the ultimate tensile force acting on the

tow, giving:
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. 20" towAtow (4.9)

Crow ™ TiPtow '
Where
P S d |-
=—-,an =71
tow 4Vt0w tow Vtow

4.3 Materials and methods

The discontinuous fibre composites were manufactured from the three different
PAN-based high performance commercial carbon fibres, i.e., PAN-1, PAN-2, and
PAN-3 fibres and MgO thickenable vinyl ester (supplied by INEOS Composites). The
physical properties of these fibre materials are given in Section 3.2. Although the effects
of fibre diameter and tow size could not be isolated simultaneously due to the nature of
these commercial fibres, tow count (12k) and fibre length (25mm) were kept constants
for all three composites manufactured. The SMC charges were prepared using a fibre
chopper mounted on a six-axis industrial robot, used in similar studies[28], [30], [37],
that chop and randomly disperse fibre tows on a resin paste. The number of alternating
layers of fibre tows and resin paste, fibre feed rate, and deposition speed were adjusted
accordingly to result a flat plaque of 400x400x4 mm at a nominal fibre volume fraction
of 30%. The charge was then thermally B-staged at 50 °C for 1 hour before curing in

the mould.

4.4 Characterisation

4.4.1 Resin viscosity and cure Kinetics

The viscosity of the resin during preforming stage is critical for the infiltration of

carbon fibre tows than it would for a typical glass fibore SMCs due to smaller fibre
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diameter resulting in denser fibre packing. The resin used in this study comprises four-
part mix, i.e., 1.5 wt.% tert-butylperoxybenzoate hardener, 2 wt.% MgO thickening
agent, 4 wt.% zinc stearate (ZnST) in-mix release agent and 100 wt.% derakane 782
vinyl ester resin. The mix viscosity was characterised using rotational rheometer
(Kinexus, NETZSCH) at a shear rate range appropriate for the free-falling fibre tows
on a resin paste. The measured viscosity, shown in Figure 4-1, was observed to be
significantly higher than typically required for carbon fibre SMC preforming [30],
[133], [134]. Hence, the powdered release agent was replaced with on mould release
agent in an effort to reduce the mix viscosity. Although, significant gain was achieved,
the steady viscosity of 5 Pa:s is still a concern to properly infiltrate the tows. Hence, an
intermediate cold pressing step was introduced for 5 minutes at 10 MPa pressure to

improve the infiltration.
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Figure 4-1: Measured viscosity of the resin with and without the (ZnST) release

agent.

Moreover, the cure kinetics of the resin have also been characterised using

Differential Scanning Calorimetry (DSC) with isothermal temperature scans (Q20 TA
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instruments). The curing process under isothermal heating was evaluated for a
temperature range of 130 — 150°C at 10°C steps. The exothermic curing process, shown
in Figure 4-2, was completed in less than 3 minutes for all cases considered. As curing
process can be influenced by non-uniform heating of the mould and composite part
thickness, the manufactured SMC plagues were moulded at a temperature of 150°C and

10 MPa pressure for a minimum of 5 minutes to ensure complete curing.
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Figure 4-2: Isothermal DSC scan of the vinyl ester resin cured at different

temperatures.
4.4.2 Composite quality

To evaluate the quality of the manufactured composites, optical microscopy samples
were taken from similar locations of each of the composites manufactured from the
three different fibres. In general, all samples showed relatively higher extent of defect
in the form of voids, shrinkage cracks, resin rich areas, and out-of-plane fibre swirling,
as a result of charge flow and inhomogeneous fibre distribution as can be seen from

Figure 4-3. This might have resulted from poor fibre impregnation due to high resin
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viscosity coupled with small fibre diameter, especially in the PAN-2 and PAN-3 fibre

composites. Thus, large voids and shrinkage cracks can be seen in resin rich areas.

e 0 Shrinkage

Figure 4-3: Optical microscopy characterization of composite quality of

samples taken from composites of the PAN-1 (a), PAN-2 (b), and PAN-3 (c) fibres.

4.4.3 Tensile testing

To evaluate the mechanical performance of the SMC composites manufactured from
the different fibres, tensile tests were performed according to 1SO 527-4 testing
standard, using samples taken from two orthogonal directions of the same plaques, as
shown in Figure 4-4. Tensile coupons of 200 x 25 mm, with a gauge length of 100 mm,
were tested under a uniaxial extension of 2 mm/min for all sample groups. An

extensometer of 50 mm gauge length was used to measure applied strain up to failure.
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Figure 4-4: Tensile test coupons cutting plan, (all panels are 400 x 400 mm)

45 Results

45.1 Tensile stiffness

Figure 4-5 shows the composite modulus from the test and analytical prediction as
function of fibre modulus. As can be expected naturally, increasing composite modulus
for an increasing fibre modulus was observed from both the prediction and test results.
The multi-level rule of mixture-based prediction showed a closer estimation to the test
result as it accounts microstructural parameters in the estimation. Compared with the
analytical prediction using the multi-level rule of mixture model, the PAN-1 fibre
composite showed a very close agreement with the prediction while the PAN-2 and
PAN-3 fibre composites showed 7% and 15% deviations respectively. Thus, greater
deviation from prediction was observed with increasing fibre modulus. As a result, only
about 50% improvement in the modulus was attained when the fibre modulus increased

by more than 85% between PAN-1 (230 GPa) and PAN-3 (290 GPa) fibre composites.
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Figure 4-5: Discontinuous carbon fibre composite modulus as a function of fibre

modulus.
4.5.2 Tensile strength

First, the length dependency of tow tensile strength has been estimated superimposing
the effect of filament length on the fibre tensile strength demonstrated in Section 3.6
with Eq.4.7. The tow strength as a function of fibre length is given in Figure 4-6 for the
five fibre fibres studied in Chapter 3. All five fibres attained a peak tow strength
between 1.5 mm and 2 mm, beyond which a reduction in strength was observed due to
the associated Weibull effect at fibre level. Hence, the PAN-1 fibre with the lowest
Weibull modulus showed a greater decline in tow longitudinal tensile strength with
increasing fibre length while the Pitch-2 with the highest Weibull modulus showed the

lowest reduction.

Then the strength of tow-based discontinuous fibre composites as a function of fibre
length has been estimated using equation 4.8, assuming the same tow count of 12k for
all fibre types. The predicted composite strength for the fibre fibres studied is shown in

Figure 4-7. The peak in composite strength has been observed at different fibre length
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for the different fibre types before declining or reaching a plateau. This is due to the
dependency of critical tow length given in Eq. 4.9 on the fibre strength and fibre
diameter (given the same tow count and tow volume fraction for all fibre types). Thus,
the PAN-1 fibre with relatively smaller fibre diameter and lower Weibull modulus
reached a strength plateau at a fibre length of 50mm while the Pitch-2 fibre with larger

diameter and Weibull modulus plateaued at 120 mm.

5000
PAN-1 PAN-2 —PAN-3
4000 - ——Pitch-1 —Pitch-2
<
o
< 3000 -
=
i)
<
QL
: 7&
=
o
|_
1000
0 T T T T
0 50 100 150 200

Fibre length (mm)
Figure 4-6: Tow longitudinal tensile strength dependency on fibre length for

the five different fibres in vinyl ester resin (assumed: tow volume fraction — 60%,

matrix strength — 65 MPa, matrix modulus 3.5 GPa).
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Figure 4-7: Composite tensile strength as a function of fibre length for the five
different fibres in vinyl ester resin (assumed: composite volume fraction — 30%).

In Figure 4-8 the composite strength is shown for the three different fibre types tested
as a function of fibre strength at 25 mm fibre length. Initially, increasing trend, i.e.,
85% improvement in composite strength for 16% increase in fibre strength was
observed from test results. However, for subsequent 12% increase in fibre strength, a
21% decline in composite strength has been shown between Pan-1 and PAN-2 fibres.
Compared with the analytical estimation, the standard modulus and strength fibre,
PAN-1, showed a 31% lower strength. However, the high strength (PAN-2) and high
modulus (PAN-3) fibres showed a significant deviation of 60% and 72% respectively.
One reason for relatively lower composite strength from PAN-2 and PAN-3 could be
due to subpar composite quality as a result of poor resin impregnation from high
viscosity resin and smaller fibre diameter. This is supported in part by the microscopic
characterization in the previous section and related study [28]. Furthermore, surface
morphology characterisation of these fibres from Chapter 3 showed that the PAN-3 and
PAN-2 fibres showed high geometric irregularity while the PAN-1 fibre exhibited near
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round smooth surface. Extremely inert surface in high performance fibres has been also
illustrated to be the challenge to achieve the expected performance as it results in poor

wettability and interfacial adhesion [94], [126].

Furthermore, it has been reported in the previous literature that in short fibre
composites, stress concentration factor in the matrix increases rapidly with increasing
fibre to matrix modulus ratio [128], [135]. This stress concentration near the fibre end
act as failure initiation site causing premature failure. For instance, the finite element
analysis result showed that the matrix stress concentration factor reached 20 when the
fibre to matrix modulus ratio increased to 200 [128]. Accordingly, the least composite
strength was observed in the high modulus PAN-3 fibre with a modulus ratio of 125
while the intermediate modulus PAN-1 fibre with a modulus ratio of 67 showed the

highest composite strength.
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Figure 4-8: Composite strength from test result and analytical prediction as a

function of fibre strength.
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4.6 Chapter conclusions and future work

In this Chapter, the achievable improvement in mechanical performance of
discontinuous carbon fibre composites using high performance fibres of different
grades has been investigated. Although there has been a discrepancy between the
analytically predicted values and experimentally obtained ones, increasing trend in
composite modulus for increasing fibre modulus was observed. However, regarding the
composite strength, it was observed that composites with higher fibre/matrix modulus
ratio showed lower composite strength than expected. This might be due to a rapid
increase in both interfacial and fibre stress concentration as fibre to matrix modulus
ratio increases which act as failure initiation site, as supported by shear-lag based stress
analysis in the related literatures. Furthermore, poor resin impregnation of fibre tows
with smaller fibre diameter due to high resin viscosity compromised the composite

quality, which may have limited the achievable composite strength.

Hence, future extension of the work focuses on employing directed fibre
compounding (DFC) process with low viscosity resin for improved homogeneity and
impregnation, thus, improved composite quality. Future works also consider
characterisation of the fibre-matrix interface behaviour of these high-performance
fibres with high geometric irregularity and devise composite performance

improvement strategies.
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Chapter 5. Hybridization with natural fibre

5.1 Introduction

Although the market penetration of carbon fibre reinforced SMCs has been initially
driven by a desire for greater fuel efficiency and stringent environmental policies
globally, there is a growing concern regarding their source and poor recyclability [136].
Furthermore, the high cost of carbon fibres is also another challenge for their wider
adoption, that often limits their use to concept, high-performance, and luxury cars [137].
On the other hand, bio-based composites offer number of advantages including low cost
and low density with acceptable specific stiffness and strength [81], with up to 30%
weight and 20% cost reduction in vehicles when replacing steel-based designs [138]-
[140]. Natural fibre composites have already seen some success for Mercedes-Benz,
Ford, Toyota, and General Motors [140], [141] for the use in door and floor panels, seat
backs, dashboards, sound proofing, and other interior parts. Despite their attractive
benefits, issues with moisture absorption, fire retardancy [142], [143], and fibre-matrix
adhesion [144] are the main inhibitors of natural fibre utilization. A wide range of
studies have been performed in these areas through surface modification of the fibres
[88], [145]-[148], or additives [149], [150], resulting in complicated interactions that
can improve the mechanical performance. For the most part, the relatively low
mechanical performance of natural fibres has also been limiting their application to
non-structural applications [151]. Hence, hybridization of carbon and natural fibres is
an effective way to balance cost, performance, and environmental concerns with wide

range of mechanical properties by selectively controlling the hybridization parameters.

Hybridization of synthetic-synthetic, synthetic-natural and natural-natural fibres have

been used as a means to enhance the mechanical and hygrothermal performance,
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‘pseudo ductility’, and density [81], [86], [152]-[154] of composites. The effects of
composition, configuration, fibre surface treatment, and fibre orientation have been
investigated in previous studies to varying degrees. A work by Akil et al. [155], for
instance, showed that the degradation of mechanical properties in jute fibre composites
due to moisture absorption can be significantly reduced by the addition of glass fibre
[155]. Furthermore, the moisture absorption behaviour in these hybrid composites was
also seen to be dependent on the stacking sequence, with the best performance observed
when the glass fibre is used as a barrier layer. The damping performance of synthetic
fibre reinforced composites can also be improved by hybridisation with natural fibres,
depending on the stacking sequence. Several studies have reported that adding natural
fibre external layers onto glass and carbon fibre laminates can significantly improve
their damping performance [156]-[158]. Assarar et al. [156] observed that for flax-
carbon hybrids with exterior flax layers the damping performance increased with
increasing flax fibre content. Fairlie and Njuguna [157] also reported that adding two
external flax fibre layers improved the damping performance of carbon fibre

composites by 94%.

These past works regarding the performance of synthetic-natural fibre hybrid
composites have primarily focussed on conventional laminates with slow production
times and intermediate processes that are not viable for high production volumes in the
automotive industry. Therefore, the study in this chapter aims to investigate the
performance of carbon-jute fibre reinforced hybrid SMC composites, as a novel
investigation of high-performance and more ecofriendly hybrid materials for high-
volume automotive applications. The tensile, flexural, and damping properties of the
new hybrid composites are evaluated and compared against reference carbon and jute

fibre SMCs, considering the effects of stacking sequence and hybridization ratio. The
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weighted Cost Performance Ratios (CPRs) of the tested properties are also used as

evaluation criteria for the value of such hybrid composites.

5.2 Materials and methods

The hybrid and non-hybrid SMC composites used in the current study have been
prepared from T700SC carbon fibre and needle-punched non-woven jute fibre mat in
Derakane 782 vinyl ester resin, at a nominal fibre volume fraction of 30%. Carbon fibre
layers were prepared using the process outlined in Section 4.2 on a 250x250 mm area,
then compacted under 10 MPa pressure to fill a volume of 400 x 400 x 1 mm at room
temperature. The non-woven jute mats (needle-punched from approximately 50 mm
length fibres with an average areal mass of 500 g/m?) were cut to the mould size

(400 x 400 mm) and sandwiched between two resin layers spread on a plastic film.

Resin layer Resin layer
Chopped carbon fiber Non-woven jute fiber mat
Resin layer

Tow guider ||
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Figure 5-1: Schematic of chopped carbon fibre and non-woven jute mat
preforming and moulding process; (a) deposition of chopped carbon fibre tow from
chopper gun mounted on six-axis robot arm, (b) alternating layers of chopped carbon
fibre and liquid resin and (c) non-woven jute fibre mat sandwiched between two resin

layers.
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To help through thickness resin infiltration, these charges were then compacted under
10 MPa pressure at room temperature for 5 minutes before B-staging. The final flat
plaques of 400 x 400 x 4 mm were manufactured by stacking four of the B-staged layers
together in a heated press mould. A schematic of the preforming and moulding process

in shown in Figure 5-1.

Five different panels were prepared in order to evaluate the effect of hybridization
configuration and ratio on the tensile, flexural, and damping performance of hybrid and

non-hybrid SMCs. The layup of these SMCs and the hybridization ratio (volume of

carbon fibre compared to the total volume of fibre,VCF/VTF) is shown in Figure 5-2 and

Table 5-1.
[, e, [Cl e [C],

Figure 5-2: Layup configuration of the various SMC panels.

Table 5-1: Configuration and hybridization ratio of panels used.

Configuration [J]4 [JC]s [C]]s [CIC]* [Cla
Hybridization ratio 0 0.43 0.44 0.72 1.00
Density (g/cm3) 1.22 1.27 1.27 1.30 1.33

* Prepared from two 1.5 mm carbon skin layers about a single jute later, with

a total thickness of 4 mm.

Note: Subscripts 4 and S indicate the number of layers and symmetry in the
layup respectively.
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5.3 Characterizations

To evaluate the mechanical performance of the different composites, tensile and
flexural tests were performed according to 1ISO 527-4 and 1SO 178 respectively, using
samples taken from two orthogonal directions of the same plaques. Tensile coupons of
200 x 25 mm, with a gauge length of 100 mm, according to the procedure outlined in
Section 4.3.3. Samples for the three-point flexural test were cut to 80 x 10 mm and
tested with a span of around 64 mm (16 times longer than the average sample thickness),
at a loading rate of 12 mm/min. Damping characterization was performed according to
ASTM E756-05 using an impact hammer test with cantilever beam configuration.
Samples of size 205 x 10 mm were prepared, with a 25 x 10 mm region clamped at one
end with the remaining 180 mm length free. The vibration was excited using a PCB-
086C03 impact hammer in the out-of-plane direction and the free-decay time-domain
signal was recorded from an accelerometer attached at the free end of the specimen.
Micrographs were also taken from a similar location of each plaque for evaluation of
manufacturing induced defects and homogeneity. Scanning Electron Microscope (SEM)
was also used to characterise the fracture surface of composites after failure. Figure 5-3
shows the cutting plan used to prepare tensile, bending, damping, and microscopy
samples. Figure 5-4 shows the sample size and configuration used for damping

experiment.
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Figure 5-3: Tensile, flexural, and damping coupon cutting plan, and

microscopy sample locations (all panels are 400 x 400 mm).
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Figure 5-4: Experimental configuration of the damping test.

5.4 Result and discussion

5.4.1 Microscopy

Cross-sectional microscopy from four of the various SMC panels can be seen in Figure
5-5. From these images, the jute mat layers appear to produce a more random and
uniform distribution of fibres with very few manufacturing defects. In both cases where
carbon fibre layers were placed at the bottom of the mould (see Figure 5-5b and Figure
5-5¢), there appear to be some voids; likely the result of entrapped air from the

preforming stage. In both hybrid panels, the interface between the jute and carbon layers
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is relatively irregular, due to local thickness variability in the jute fibre mat and the in-

mound flow of the carbon fibre tows to accommodate the thickness variation.

Pérpendicular fibres

Figure 5-5: Micrographs showing the cross-section of samples: a) pure jute
[J]4, b) pure carbon [C]4, ¢) carbon-skinned hybrid [CJ]s (also representative of the

[CJC] hybrid), and d) jute-skinned hybrid [JC]s SMC composite panels.

5.4.2 Tensile properties

Figure 5-6 shows the tensile modulus and strength in each direction (1 and 2) for the

hybrid and non-hybrid panels. A higher directional anisotropy in both tensile modulus
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and strength (20% and 18% respectively) was observed in pure carbon samples, while
the pure jute samples showed a lower anisotropy of 5% and 10% respectively. This high
anisotropy in the pure carbon panels is due to a preferential alignment of the fibre tows
as they were deposited from the chopping gun mounted on a moving robot arm.
Moreover, greater variability was observed across the pure carbon samples, with
relative standard deviations of 16% and 14% for modulus and strength respectively.
Such material variability, as high as 20% [37], is a known issue for tow-based
discontinuous carbon fibre composites. A narrower tow size [38], shorter fibre length
[64], and induced filamentisation [74] can all be used to increase preform homogeneity
and reduce material variability, but each require additional material costs or processing.
On the other hand, the pure jute samples, based on the random mat reinforcement,
showed greater consistency with relative standard deviations as low as 3% and 7% for
modulus and strength respectively. The directional anisotropy and variability of the
[JC]s and [CJ]s hybrid samples were evidently a compromise of the high-performance

carbon and homogenous jute constituents.
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Figure 5-6: Tensile modulus and strength of different hybrid and non-hybrid

SMCs plaques tested from two orthogonal directions.

Figure 5-7 shows the average tensile modulus and strength values of the different SMC

composites, relative to their hybridization ratio (carbon fibre content over total fibre
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content). As expected, the pure carbon fibre SMC resulted in the highest tensile
modulus and strength, and jute fibre SMC the lowest. Moreover, although the carbon
fibre content in the jute-skinned hybrid, [JC]s, was about 4% lower that of the carbon-
skinned hybrid, [CJ]s; its tensile modulus and strength appeared slightly higher (4%
and 14% higher respectively). This may be attributed to the blocking of the carbon
layers within the composite core, and the appearance of more voids in the carbon-
skinned hybrid. The lines of theoretical modulus and strength for the hybrids shown in
Figure 5-7 were calculated from the pure carbon and pure jute values, using a simple

linear rule of hybrid mixtures.

The modulus and strength of both hybrids fell slightly below the theoretical predictions
relative to the fibre content, with the jute-skinned, [JC]s, and carbon-skinned, [CJ]s,
hybrid strengths varying by as much as 6% and 19% respectively. A similar effect from
hybridisation has been observed by Stevanovi¢ and Stecenko [159], [160] in the
mechanical behaviour of carbon/glass hybrid composites [161]. Therefore, the
theoretical prediction was considered as an upper bound for strength in most cases. All
the hybrid and non-hybrid panels showed non-linear stress-strain behaviour with brittle
failure at an average failure strain of 0.87%, 0.6%, 0.6%, and 0.51% for [J]4, [JC]s,
[CJ]s, and [C]4 panels respectively. These failure strain values are much lower than the
failure strain of their corresponding fibres, suggesting the presence of resin dominated

failure.
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Figure 5-7: Effect of hybridization configuration and ratio on tensile modulus

(left) and strength (right) of the hybrid SMCs.

Although the tensile properties of the hybrid configuration with carbon core layers was
higher, using jute fibre layer as outer layer makes it prone to degradation due to
environmental effects. Hence, the effect of hybridization ratio was studied using [CJ]s
configuration with two intermediate hybrid ratios of 0.44 and 0.72. Figure 5-7 also
shows the effect of hybridization ratio on the tensile modulus and strength of the hybrid
SMCs. Although lower than the theoretically expected values, both tensile modulus and
strength of the hybrid showed a linear increasing trend for an increasing carbon content
in the hybrids. The deviations from the theoretical prediction were 9% and 19% in 0.44
hybrid ratio panel and 11% and 23% in 0.72 hybrid ratio for modulus and strength
respectively. A relatively higher deviation in strength than in modulus and in higher

hybrid ratio panels than lower was observed.
5.4.3 Flexural properties

Figure 5-8 shows the flexural modulus and strength of the different sample
configurations tested from direction 1 and 2. Like the tensile results, the highest
directional anisotropy was observed in the pure carbon SMC, with greater (35% and
27%) differences in flexural modulus and strength respectively. This was due to the fact

that the flexural samples were taken from close to the edge of the plaque, where there
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is greater preferential fibre alignment as a result of charge flow during the compaction
stage [100]. The pure jute samples also showed higher flexural anisotropy than seen in
tension, showing 22% and 24% differences in modulus and strength respectively.
Variability was greatest among the carbon-skinned hybrid SMC, with relative standard
deviations of 20% in modulus and 32% in strength. This is attributed to the thickness
and interface irregularities seen in Figure 5-5c that give rise to locally weak sites, while
the more homogeneous pure jute showed the lowest variability of 5% and 8%

respectively.
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Figure 5-8: Flexural modulus and strength of different hybrid and non-hybrid

SMCs plaques tested from two orthogonal directions.

The effect of hybridization on the flexural properties of the various panels is shown in
Figure 5-9. The [CJ]s hybrid, where the stiffer and stronger carbon layers was used as
outer skin layer, resulted in 38% and 75% improvement in flexural modulus and
strength respectively over the [JC]s hybrid. With a hybrid ratio of 0.44, the flexural
modulus and strength of the [CJ]s hybrid were 72% and 62% of the pure carbon fibre
SMC values respectively. On the other hand, although the flexural modulus of the [JC]s
hybrid was close to the theoretical value, its flexural strength was 45% lower and
comparable to the pure jute fibre SMC. This is a result of the inefficient placement of

the carbon layers in the centre of the layup, where the bending stresses are smallest, and
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the weaker jute layers at the highly stressed outer surfaces where failure initiates. In
general, greater variability (represented by the longer error bars) was observed in the
flexural testing compared with tensile testing. Hence the bending properties appear to
be more sensitive to the manufacturing defect and variabilities than the tensile

properties.
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Figure 5-9: Effect of hybridization configuration and ratio on flexural modulus

(left) and strength (right) of the hybrid SMCs.

Figure 5-9 also shows the effect of hybridization ratio on flexural properties of the
hybrid panels. The [CJ]s hybrid with a hybridization ratio of 0.44 resulted in (20%)
higher than the theoretically predicted value while that of 0.72 resulted in 10% lower
flexural modulus. This was due to a relatively larger contribution of the thinner carbon
layer in lower hybrid ratio panel than the higher in bending [159], [162]. Although no
improvement in flexural modulus was observed for increasing carbon content, the
flexural strength showed an increasing trend with 5% and 8% deviation from the
theoretically predicted values for the 0.44 and 0.72 hybridization ratio composites
respectively. In a similar study, the flexural modulus of hybrids was seen to increase
up to a hybridization ratio of 0.5, attaining 90% of the maximum stiffness, while

flexural strength was seen to increase over a wider range [160].

5.4.4 Damping properties
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Since natural fibres generally offer better damping characteristics than synthetic fibres
[158], the effect of hybrid configuration and hybrid ratio on the damping performance
of composites has also been studied. Figure 5-10 shows the first mode damping ratio of
the hybrid and non-hybrid composite panels in direction 2. The hybrid with external
jute fibre layers performed as well as the pure jute composite (~13%), while the carbon-
skinned (8.94%) hybrid performed as poorly as the pure carbon fibre SMC (7.86%).
This is due to the dependence of the vibration energy dissipation on the external layers
[156], [157]. Therefore, the [JC]s hybrid showed 49% higher damping performance
over the [CJ]s hybrid despite their similar hybrid ratios. Similar observation have been
previously reported for carbon-flax [156] and glass-flax [158] hybrid composites,
where adding two external flax fibre layers increased the damping performance of

hybrids to become comparable to a pure flax fibre composite.
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Figure 5-10: Effect of hybridization configuration and ratio on damping
properties of the hybrid SMCs (the line indicates the relationship between carbon-

skinned laminates with increasing carbon content).

A general reduction in the damping performance of carbon-skinned hybrids for
increasing carbon content was also observed. Although the jute fibre content in the

[CJ]s panel was double that of the [CJC] panel, the damping performance was only 5%
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higher. Again, this confirms the dominance of the external layers for energy dissipation,
where the carbon layer performance is relatively poor. This observation also agrees
with the work of Assarar et al. [156], where carbon-flax hybrids with external carbon
fibre layers resulted in only a 6% improvement in the damping performance over a pure

carbon composite baseline.

5.4.5 Failure mechanism

Failure analysis of the composite fracture surfaces after tensile testing was conducted
using a Scanning Electron Microscope (SEM), as shown in Figure 5-11. The fracture
surface of the pure jute fibre composite (Figure 5-11a) showed poor interfacial bonding,
as most of the fibres protruding from the fracture surface remained clean from any resin
residue. Moreover, the gap between the protruding fibres and the surrounding matrix
also reveals an inefficient fibre/matrix interface. However, significant fibre failure was
also observed, due to the surface irregularity of the jute fibres and the mechanical
interlocking from the needle punching process. Fibres oriented in the loading direction
exhibited brittle failure, while those at angle showed fracture with micro-fibril splitting.
Similarly, the absence of resin residue on the surface of the carbon fibres (notable in
Figure 5-11b), was again an indicator of poor interfacial bonding, which lead to tow
bundle delamination as the dominant failure mechanism. Such failure may also be
attributed to the manufacturing process, as resin infiltration into the densely populated
carbon fibre tows is a significant issue during SMC compression moulding: the tow
itself has low permeability and the resin remains relatively viscous. The underlying
resin rich regions also support this argument. In addition to this, stress concertation due
to synchronized fibre ends in a bundle, as indicated in Figure 5-11c, also act as failure

initiation site and give rise to fibre-matrix debonding [163]. The hybrid coupons also
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exhibited a combination of these same jute and carbon fibre composite failure

mechanisms, as shown in Figure 5-11c and d.
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Figure 5-11: SEM images showing the fracture surface of a) [J]a b) [C]4, )

[CJ]s and d) [JC]s SMC composites after tensile testing.
5.4.6 Cost-performance analysis

As important as the engineering properties are for material selection, cost, sustainability,
and ease of processing may also be strong considerations. To further evaluate the
carbon-jute hybrid SMC as an alternative to the plain carbon or jute fibre reinforced
SMCs, the Cost-Performance Ratio (CPR) with respect to each of the properties tested
has been analysed. The cost of each different SMC material has been calculated from
the raw material cost [146], [164] to fabricate one kilogram of the composite. As the
price of the materials is subject to change, a normalized cost with respect to lowest

value material (jute fibore SMC) has been used to calculate the CPR values shown in
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Table 5-2. As each material has its own strengths and weaknesses, an evenly weighted

average of the CPR values has also been calculated for a better comparison across

materials. According to the average CPR values, the pure jute fibore SMC [J]4 would be

the best value material (27.65). However, its poor fire resistance [165], [166], moisture

resistance [167], [168], and mechanical performance makes it unfeasible for many

structural applications. In terms of the hybrids, where the performance characteristics

are evenly weighted, the carbon-skinned hybrid [CJ]s offers the better combination of

properties (3.03) compared with the jute-skinned hybrid [JC]s (2.51), and pure carbon

SMC (2.33). The higher carbon content [CJC] hybrid resulted in lower CPR value than

[CJ]s due to higher increase in relative cost than the gains in mechanical performance.

Table 5-2: Cost-performance ratio of non-hybrid and hybrid SMCs.

Properties [J]4 [IC]s [C]s [CJC] [Cla
Tensile modulus (GPa) 7.50 15.60 15.06 19.84 27.90
Tensile strength (MPa) 53.15 85.29 74.79 89.54  141.03
Flexural modulus (GPa) 411 7.41 10.24 10.23 14.15
Flexural strength (MPa) 87.07 81.59 142.61 176.14 230.52
Damping (%) 13.26 13.33 8.94 8.52 7.86
Specific volume (cm®/g) 1.32 1.28 1.28 0.77 1.23
Relative cost 1.00 13.57 13.86 22.05 30.24
Evenly weighted average

27.65 251 3.03 231 2.33

CPR

5.5 Chapter conclusions
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The effects of hybridization configuration and ratio on the mechanical and damping
performance of carbon-jute fibre in vinyl ester resin SMC composites have been studied
in this chapter. Two hybrid SMCs with [CJ]s and [JC]s configurations with similar
hybrid ratios were manufactured and tested to evaluate the trade-offs in their tensile,
flexural, and damping performances against plain carbon and jute benchmarks. Under
tensile loading, the jute-skinned [JC]s hybrid SMC resulted in slightly higher tensile
strength and modulus than the carbon-skinned [CJ]s hybrid due to the blocking effect
of stacking the carbon fibre layers together. Conversely, the flexural modulus and
strength properties of the [CJ]s hybrid were 38% and 75% higher than those of the [JC]s
configuration respectively, as the stiffer and stronger carbon layers were used in the
highly loaded skin sections. In damping, the [JC]s hybrid with jute fibre external layer
performed similarly to the pure jute fibre SMC, resulting in almost 50% higher damping

than the [CJ]s hybrid and pure carbon composites.

Moreover, the tensile modulus, strength, and flexural strength were seen to increase
with increasing carbon content in the hybrids, while flexural modulus showed no
improvement for the ratios considered. Also, no enhancement in the damping
performance was seen for increasing jute fibre content in the carbon-skinned hybrids

due to the dependence of the vibration energy dissipation on the external layers.

SEM analysis of the composites fracture surfaces showed poor fibre-matrix adhesion
in all composites, with fibre fracture and tow delamination being the dominant failure
modes in the jute and carbon reinforced layers respectively. An average cost-
performance ratio (CPR) value of each of the tested properties was used to evaluate the
hybrids, highlighting the potential value of the carbon-skinned hybrid. Thus, the

hybridization of jute with carbon fibre SMCs demonstrated favourable improvements
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in the mechanical performance, which represents a significant step towards realizing

their utilization for high production volume structural and semi-structural components.
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Chapter 6. Impact resistance and residual strength analysis

6.1 Introduction

Given the example of contradictory notch-sensitivity studies (outlined in Section 2.1),
the complex material behaviour presents significant design challenge. Characterisation
and optimisation works have been done in the past few decades regarding the in-plane
quasi-static properties of advanced SMCs. However, their post-impact residual strength
behaviour has received limited attention. As their application in automotive industry
extends to closure panels, their susceptibility to impact damage (especially at low
energy) increases, which can cause a significant strength reduction without being easily

detected.

Early studies on the impact response of SMCs, showed an intermediate behaviour
between that of a brittle and a ductile material, and failure behaviour that is influenced
by the geometry/thickness, microstructure, and constituent material (fibre/matrix) type.
For instance, Kau [169] demonstrated that the impact energy absorption of glass fibre-
reinforced SMC decreased exponentially with a decrease in sample thickness. Lee et al.
[170] also showed specimen thickness to be the most important parameter governing
the energy dissipation capability of SMCs subject to low velocity impact (21 — 34J),
and that the variation of initial impact velocities had little effect. However, Chaturvedi
and Sierakowski [171] investigated the impact response of a glass fibre SMC over a
greater range of energies (15 — 52J) and reported significant correlation between impact
velocity/energy, damage size, and the residual tensile properties. Impactor size, mass,
and shape have also been seen to influence the extent of induced damage and the
corresponding failure mechanisms [170], [171]. Moreover, Trauth et al. [172] studied

the impact response of SMCs from 1D and 2D flow, and showed that the microstructure,
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i.e. fibre orientation, significantly influences the damage evolution and failure
mechanism. The strength of the fibre matrix interface has also been reported to

determine the impact resistivity of short carbon fibre epoxy composites [173].

In addition to the above studies on the impact response of SMCs, several other works
have considered the post impact residual properties. Kravchenko et al. [174], for
instance, investigated the effect of fibre length on the impact and compression after
impact behaviour of carbon fibre SMCs made of prepreg chips, compared with quasi-
isotropic continuous fibre laminates. The results showed the short fibre composites to
have a larger damage area, greater reduction in the residual compressive strength, but
greater energy absorption than SMCs with a longer fibre length or than continuous
laminates. This was due to the increase in interfacial shear stress between the lower
aspect ratio tow chips, which lead to greater energy absorption through delamination
[175]. Such works suggest that SMC composites are more prone to impact induced
damage [174], [176] than continuous fibre reinforced composites, and exhibit lower
post-impact residual properties as a result. However other studies have reported
contradictory results, and superior damage tolerance with SMCs [177]. Ogi et al. [178]
also studied the impact damage and residual tensile strength of 0.3 mm thick carbon
fibre SMCs subject to low energy impact (ranging from 1.1 — 3.5J). They observed a
clear correlation between the extent of impact damage and residual tensile strength,
depending mainly on impact damage depth. Although these studies independently
considered the residual tensile and compressive properties of SMCs after low velocity

impact, no comprehensive investigation is available to compare the different load cases.

6.2 Materials and methods
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Carbon fibre SMCs were prepared from 25 mm, chopped, T700SC-12k carbon fibre
tows in Derakane 782 vinyl ester resin using the same procedure outline in Section 4.2,
Flat SMC panels of 400x400x4 mm were manufactured by cutting and centrally
stacking the B-staged charge material at 25% mould coverage, prior to compression
moulding. A total of six panels were prepared and six test samples were extracted from
each panel by abrasive waterjet cutting. Figure 6-1 shows a representative fibre
orientation distribution in the moulded plaques as a result of fibre orientation scanning

(based on optical reflectance technique [179]) along with the sample cutting plan.

180° &

135°

Figure 6-1: Raw image of the SMC panel (left) and representative fibre

orientation distribution in the moulded plaques, along with sample cutting plan
(right).
6.3 Experimental work

Low velocity impact tests were performed on 150x100 mm coupons according to the
ASTM D7136 [180] standard on an Instron CEAST 9340 drop-weight impact tower
with automated rebound-catch system. A hemispherical steel impactor of diameter 16
mm and mass 3.265 kg was dropped from heights of 234 mm and 468 mm,
corresponding to 7.5J and 15J impact energies respectively. Impact force and velocity
were digitally acquired from the force sensor and velocity gate connected to the
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impactor. Five repeat tests were performed for each energy, on samples taken from
three different panels to account manufacturing variability. Ultrasonic inspection was
used to assess the size and extent of the damage. The dent depth on the impacted surface

was also measured using a depth micrometre.

Compression After Impact (CAI) testing was performed in accordance with the ASTM
D7137 [181] for the impact-damaged samples, along with a set of undamaged control
samples. Samples were securely fixed within a CAl fixture and tested on a universal
testing machine with 100 kN load cell at a loading rate of 1.3 mm/min to determine the
residual compressive strength. After evaluating the impact damage size from ultrasonic
C-scan and visual inspection, tension after impact (TAI) test samples were prepared by
trimming 25 mm from each side of the sample width ensuring that the damage was fully
contained in the remaining central 150 x 50 mm as shown in Figure 6-2. Then tensile
testing was performed with a gauge length of 100 mm at a speed of 2 mm/min. A single
camera (2D) Digital Image Correlation (DIC) system was used to assess the full-field

surface strains during CAl and TAI tests.

100 mm

Impact
damage

150 mm

Clamping
area

50 mm

Figure 6-2: Tension after impact sample dimensions.
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6.4 Results

6.4.1 Low velocity impact

Two sample groups, of five samples each, were tested at each incident energy for the
subsequent tension and compression after impact tests. The representative force-
history and force-displacement responses of the SMC panels under 7.5J and 15J impact
energies are shown in Figure 6-3. Although some form of damage was detected at both
energies, full perforation was not observed. At the lower 7.5J impact energy, damage
occurred in the form of matrix cracking at the back surface and a permanent indentation
was observed at the impacted location. The relatively smooth curves and near
symmetric force-time response of the 7.5J impacted samples indicate that the damage
had a negligible effect on the composite stiffness. The post-impact ultrasonic inspection
(shown in Figure 6-5) was suggestive of only a network of small cracks around the
impact site of the 7.5J samples, in addition to visible signs of minor breakthrough
damage at the rear surface. Alternatively, the impact response of the 15J samples
showed considerable fluctuations and an asymmetric force-time curve that are
representative of greater damage initiation, internal matrix cracking, and delamination.
These samples also showed visible fracture on the back surface of the specimens, but
the more severe internal damage was also captured by the low amplitude regions of the
C-scan images in Figure 6-5. Also, as can be seen from Figure 6-3 (left), the slope of
the force-time curve of the 15J impacted sample is greater than that of the 7.5J impacted
sample. This is due to the increased stiffness with increasing impact energy as a result

of greater deflection and the associated membrane effect [182].

Table 6-1 also summarizes the low velocity impact response of the two sample groups

used for TAIl and CAI test. Both 7.5 CAIl and TAI groups showed very consistent
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impact response behaviour, with less than 1% difference in the mean contact force,
absorbed energy, and peak displacement. On average 47% of the incident energy is
absorbed in the 7.5J impacted samples due to friction and viscoelastic effects in addition
to the aforementioned minor damage. Alternatively, the 15J sample groups generally
showed greater variability (8-12%) in these parameters; likely due to the significant
difference in mean thickness between the batches (3.57 mm for CAl and 3.98 mm for
TAI). Observations of decreasing impact resistance with decreasing sample thickness,
as similarly seen here, has been established in related work [170]. Due to the greater
damage occurrence in the 15J impacted samples, a higher percentage of the impact
energy (67%) was also absorbed. From ultrasonic C-scans, this also resulted in a 27%
smaller mean damage area for the thicker 15J TAI sample group (365.59 + 132.15 mm2)
than that of the 15J CAIl sample group (503.24 + 61.86 mm2). Additionally, the overall
mean damage area from all 7.5J impacted samples was 64% smaller than that of the 15J
samples. Furthermore, as can be seen from Table 6-1, the 15J CAI group exhibited
greater (63% higher) permanent deformation than the 7.5J sample group, while for the
TAI sample groups this difference in dent depth was only 34% (likely due to the
thickness effect). As damage progression prolongs the impact event, sample groups

with greater damage also showed higher contact duration in general.
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Figure 6-3: Representative force and energy history curves (a) and force-
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displacement curves of 7.5J and 15J samples (taken from CAI groups).
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Table 6-1: Summary of low velocity impact test results for CAl and TAI sample groups (values in brackets indicate the standard

deviation of measured parameters)

Impact Peak Contact
Thickness, Rebound Absorbed Dent depth,
Sample group Contact force, N velocity, m/s displacement, duration,
mm velocity, m/s  energy, J mm
mm ms
Control 3.56 (0.07) N/A N/A N/A N/A N/A N/A N/A
cA 7.5 3.85(0.07) 3269.72(91.94) 2.12(0.00) 1.55(0.07) 4.31(0.22) 4.31(0.22) 6.40(0.28) 0.20 (0.06)
I
15 3.57(0.12) 3670.94(233.07) 3.01(0.01) 1.53(0.02) 7.05(0.47) 7.05(0.47) 7.97(0.46) 0.54(0.32)
Control 3.88 (0.08) N/A N/A N/A N/A N/A N/A N/A
TAI 7.5]  3.75(0.05) 3307.64 (291.89) 2.12(0.00) 1.86(0.15) 4.27(0.37) 4.27(0.37) 6.37(0.59) 0.18 (0.04)
157 3.98(0.15) 4576.93(502.94)  3.01 (0.00) 156 (0.1) 5.73(0.23) 5.73(0.23) 6.27 (0.50) 0.35(0.10)
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6.4.2 Compression after impact

The residual compressive strengths of the SMC panels are shown in Figure 6-4 (left) as
a function of impact energy. Four pristine samples were also tested as a reference,
which all failed outside the central gauge region. Such “other” failure results serve as a
minimum baseline strength under these loading conditions, but may not be
representative of the true compressive strength of the panels. Similarly, three of the five
7.5J impacted samples and one of the five 15J impacted samples also failed away from
the impact site, and have therefore not failed as a result of the impact damage. The full
failure classification and results can be seen in Figure 6-4 (left) and Table 6-2.
Quantitatively, there appears to be no significant reduction in the compressive strength
of the 7.5J impacted samples, with all valid and invalid tests failing at similar loads to
the pristine samples. However, the occurrence of failure initiation through the impacted
regions of two samples suggests there may still be a stress concentration and
knockdown from the true compressive strength that was simply not measurable with
the current testing configuration. For the 15J impacted samples though, a mean 25%
reduction of the residual compressive strength was recorded for the four tests with valid
failure modes (28% if the invalid test is included). Considering the impact response
behaviour of individual samples from Table 6-1 against the CAl results in Figure 6-4
(left), there does not appear to be any correlation between the results. Although plotting
the CAI strength against the impact dent depth does reveal 15J samples with greater
permanent deformation to have lower residual strength, even when accounting for the

sample that failed outside of the central damage region.

The post impact ultrasonic C-scans and full-field strain responses of representative 7.5J
and 15J impacted CAl samples can be seen in Figure 6-5. Surface strains were measured

using DIC and are presented at the moments immediately before and after final failure.
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The image results for samples C7.5J-2 and C15J-3 in Figure 6-5 are representative of

all samples with valid failure modes (through the damage region), while samples C7.5J-

3 and C15J-2 are examples of invalid failures. The failure of sample C15J-2 in

particular initiated from the conjunction of a manufacturing defect (signified by a

surface pock mark and a low attenuation region in the C-scan) and another high strain

region propagating from the unconstrained left bottom edge.
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Figure 6-4: Residual compressive strength as a function of impact energy (left)

and residual CAI strength of 15J impacted samples with dent depth (right).

Table 6-2: Summary of sample failure location and failure modes in CAI test

according to ASTM D7137 [181].

Failure type, failure area, failure location

15J

Control 7.5J impacted impacted

Lateral, at/through damage, middle

Lateral, gauge/away from damage, middle

End crushing, at end/edge, top

2
2

2 4
2 1
1 -

95



C7.51-3 C15J-2 C15J-3 AMP (%)
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C-scan

Eq. Mises strain

H €eq.max

Surface strain
(immediately
prior to failure)

(immediately
after failure)

€oqmax =0.072  0.040

Figure 6-5: Representative C-scan and the corresponding CAI full-field surface

strain immediately prior and post final failure in 7.5J and 15J impacted samples.

6.4.3 Tension after impact

The residual TAI strength can be seen in Figure 6-6 for each of the sample batches at
different impact energies. Similarly, four pristine samples were tested in tension as a
benchmark, all with valid failure modes (i.e. away from the clamping region). Here, the
7.5J impacted specimens also showed no observable strength reduction in tension
compared with the control group. All samples failed in the gauge region with three
through-damage failures. On the other hand, the 15J impacted samples showed a 16%
tensile strength degradation from the baseline. Studies on the notch-sensitivity

behaviour of discontinuous fibre composites showed that the onset of notch-sensitivity
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depends on the notch diameter, which translates to the extent of damage in the case of
damage tolerance. This onset threshold can be calculated using crack-bridging method
which uses the materials elastic stiffness, E, strength, o*, and fracture energy, GC. For
the SMC composite in this study (E=24.21 GPa, 6*=173.45 MPa and GC =45.80
kJ/m2)[42], the onset diameter for notch sensitivity shall be more than 36.86 mm. The
equivalent circular diameter of damage area measured for 15J impacted TAI samples
of 21.57 is significantly lower than the onset diameter. The 16% reduction observed in
this study may therefore also be affected by the directional orientation of the impact
damage area as shown in Figure 6-7. The extent of damage from post impact ultrasonic
inspection and full-field surface strain response right before and after failure for

representative 7.5J and 15J samples are shown in Figure 6-7.

Although some size effect due to manufacturing (thickness) variability was identified
in the impact response of samples, the SMC plaques showed greater performance in
tension than in compression, consistently for all sample groups. Unlike the CAI results,
or other reported literature [178], no clear correlation was observed between the

individual dent depth of each specimen and the corresponding residual tensile strength.
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Figure 6-6: Residual tensile strength as a function of impact energy.
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Figure 6-7: Representative C-scan and the corresponding TAI full-field
surface strain immediately prior and post final failure in 7.5J and 15J impacted

samples.

6.5 Chapter conclusions

In this chapter, the low velocity impact response and residual compressive and tensile
strength of SMC composites was investigated. Ultrasonic C-scan and full-field DIC
surface strain measurements were used to assess the extent of low velocity impact
damage and its correlation with post-impact compression and tension failure initiation.
At lower energy (7.5J) any damage was indiscernible from the inherent material
variability, while significant damage areas and visible fibre breakthrough were

observed at higher energy (15J). Furthermore, the impact response of the SMCs (i.e.
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peak force, absorbed energy, damage size, and dent depth) showed significant
sensitivity to specimen thickness. Lower energy (7.5J) impacted samples showed no
measurable strength degradation in both compression and tension, while 25% and 16%
reductions were observed respectively at higher impact energy (15J). This suggests that
compression may be the more critical load case for post-impact testing of these
composites. Moreover, the correlation between impact damage and post-impact failure

initiation sites also appeared to be stronger in compression rather than in tension.
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Chapter 7. Fibre alignment and charge flow

7.1 Introduction

The charge flow during compression moulding of SMCs allows easy manufacturing of
complex shaped parts and integration of out-of-plane features. However, such flow also
affects the local fibre orientation and fibre volume fraction in the manufactured part,
ultimately affecting its mechanical performance. Many researchers have attempted to
characterize the interaction between different moulding parameters and flow-induced
phenomena, reporting complex interactions from fibre/matrix separation, warpage, and

knit lines [183], [184].

The flow mechanism during the compression moulding of thermoset resin derived
SMCs is characterized by preferential flow where there exists an unequal through-
thickness flow velocity [185], [186]. This is due to the reduction of charge viscosity on
the surfaces as the charge get in contact with the heated tool. Consequently, moulded
plagues commonly show different through-thickness microstructures, with a core
region sandwiched between two skin layers. Micro Computed Tomography (uCT)
analysis of both glass [187] and carbon [95] fibre compression moulded SMCs showed
that tows tend to fragment into individual fibres in the skin layers while the tows in the
core may remain relatively intact with slightly deformed shapes. The reported thickness
of such skin layers ranges between 5-200 um [95], [187], [188], and these areas have
shown lower fibre and void content than the core region due to through-thickness resin
migration [187]. Homogenization of charge viscosity prior to compaction, and a high
mould closure speed, were suggested to mitigate these preferential flow phenomena
[186], [189]. However, these mitigation techniques can result in fibre matrix separation,

as the low viscosity resin is prone to be squeezed out, resulting in significant volume
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fraction variability (in some cases greater than 25%) between the initial coverage and

flow regions [183], [190], [191].

Moreover, different fibre orientation states have been observed between the skin and
core regions as a result of the viscosity gradient and shearing effect between the charge
and mould surfaces [192], [193]. Alternatively, greater flow-induced fibre orientation
has been observed on the back charge surface as it spends more time in contact with the
hot mould surface before the mould closes [100]. Furthermore, locally varying fibre
orientations can also develop as a result of in-mould charge flow in complex-shaped
parts [193]. Understanding of flow-induced fibre reorientation is crucial as it governs
the mechanical performance of the resulting part. Conventionally, optical micrographs
are employed to determine the fibre orientation from the elliptical dimensions of fibre
cross-sections [194]-[196]. Microtomography has also been used effectively to acquire
fibre orientation and other microstructural details such as the fibre volume fraction and
void content of SMC composites. However, the quality of image acquisition is subject
to the relative contrast between constituents, while the sample size, image resolution,
and data extraction are also somewhat limiting [197], making it less applicable for the
characterization of larger industrial parts. Alternatively, Kracir et al. [198] used
enlarged photographs of dyed glass fibre tracers to determine fibre orientation
distributions, however this method is not applicable for opaque carbon fibres [30].
Recently, a non-destructive, image-based orientation analysis technique has shown
considerable success for the measurement of in-plane fibre orientations and assessment

of charge flow in carbon fibre SMC composite samples over a large area [100], [179].

In the study of SMC processing, in-mould charge flow has also been utilized as a means
to preferentially align fibres in the loading direction and to tailor the mechanical
performance by controlling the charge shape, size, and placement. For instance, Evans
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et al. [30] used partial charge coverage and biased charge flow to introduce greater
anisotropy in carbon fibre SMC composites as charge coverage reduced. A tensile
stiffness and strength of 46 GPa and 408 MPa respectively were achieved in the flow
direction from 50% charge coverage compared to the 100% coverage reference values
of 36 GPa and 320 MPa. However, further decreasing the charge coverage (to 40%)
resulted a reduction in tensile strength due to high out-of-plane fibre waviness.
Similarly, high flow-induced anisotropy and in-plane tow distortion were observed in

a related study on high-flow carbon fibre SMC composites [95].

In many of these previous works, mechanical testing from different sample orientations
have commonly been used to evaluate the degree of fibre alignment and material
anisotropy, due to the sample size limitations of conventional fibre orientation
measurement techniques (i.e., microscopy and computed tomography). Simulation
tools have also been used to predict flow-induced fibre orientations based on input
processing parameters, but their accuracy depends on an assumption of the initial fibre
orientations in the composite. Ultimately, there remains considerable research interest

in the evolution of fibre reorientation as a result of charge flow.

The current work aims to experimentally investigate flow-induced fibre orientation in
carbon fibre SMC composites. The effect of initial charge shape, size, and initial fibre
orientation on the flow behaviour has been investigated by employing an image-based
fibre orientation analysis technique before and after moulding. Furthermore,
differences between the fibre orientations in the core and outer surfaces of the moulded
plaques have also been examined. Mechanical testing of samples cut from two
orthogonal directions of the different plaques has also been used to support the

observations made from fibre orientation analysis.
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7.2 Fibre orientation analysis

The fibre orientation of the preforms and moulded plaques from this study were
measured using an optical technique [100], [179]. A total of 16 images were taken under
different lighting conditions at regular angular offsets for each sample. Light source
directions with the maximum peak fibre surface reflectance were then used to calculate
the fibre orientation across the surface of the composite, producing a discrete frequency
distribution that is a function of the number of images (different lighting orientations)

used for the analysis.

In many studies, orientation tensors are often used for the tracking and description of
fibre orientation in composite materials, due to their compact nature and computational
efficiency. To achieve this, the spatial orientation state of the fibres can be generally
expressed using a probability distribution function (1), with an assumption that fibres
are uniform in length and spatial distribution. Continuous probability distribution
functions are commonly used to approximate discrete measurements obtained
experimentally for a subsequent closure approximation of the data set. The orientation
state of individual fibres can be expressed by angles (¢, 8) corresponding to the in-
plane and out-of-plane fibre orientation. Normal and Laplace or double exponential
distributions have been used in previous studies [56], [74] for regular and highly aligned
fibre orientation distributions respectively. However, these common distributions do
not account the periodic nature of orientation measurements. In the current study, the
experimentally obtained in-plane measurements were fitted using a von Mises
distribution, which is an approximation of wrapped normal distribution around a circle,
specially used for periodic data such as angular measurements. For instance, it is not
reasonable to assume the mean direction of 10° and 170° to be 90°, as it should be 0°

(or 180°). This circular statistics approach also offers more robust descriptive

103



parameters for the characteristics of the fibre orientation distribution. The probability

density function of von Mises distribution is given by:

_ _exp(k cos(® — p))
IP(CD, H' K) - 27TIO(K)

(7.1)

where p and k are location and concentration parameters respectively, and I, (x) is the
modified Bessel function of the first kind and order 0. A small concentration parameter,
k, will indicate a uniform distribution and when « is large, it indicates a fibre
distribution with a strong preferential alignment. Since the in-plane fibre orientations
of angles @ and (®-+n) are essentially the same, the period of the probability density

function in Equation 7.1 was modified from 2z (360°) to 7 (180°).

The out-of-plane fibre orientation distribution can also be obtained experimentally by
taking micrographs of the sample at a filament level and the individual fibre orientations
can be measured using image processing [37]. A trigonometric function of the form in
Equation 7.2 has also been used in previous studies [37], [38] to describe the
experimentally determined out-of-plane fibre orientation, where a and b are the

normalization constant and shape parameter respectively.

f(0) = asin?®-Vg (7.2)

The parameter ‘b’ approaches infinity for purely random fibres in the 1-2 plane and
unity for 3D random fibres. In previous literature [37], ‘b’ was found to be
approximately 26 for similar carbon fibre SMCs with different levels of induced
filamentisation. However, using this approximate value for the current study, the

resulting out-of-plane orientation is only expected to reduce the longitudinal modulus
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of the SMC by 5%, compared with a purely 2D (in-plane) fibre distribution [74].
Therefore, in the current study, due to the significant fibre length (25-37.5 mm) relative
to the mould cavity height (3 — 4 mm), the out-of-plane fibre orientation was assumed

to be negligible, and a purely in-plane distribution was assumed.

Once the probability distribution function, ¥ (6,®), has been defined, common
orientation tensor components can then be calculated by performing a dyadic product
of the Cartesian components (p;,p2, p3) Of a unit vector p that describes the fibre
orientation, and subsequent integration over all possible directions. As the distribution
function is even, only the even-order tensors are of interest. Therefore, the second and

fourth order orientation tensor components can be calculated as:
2T T
a;j = f f pip; Y (0, ®) sinfdfdP (7.3a)
0 0

2T T
Ajjri = f f pipjpxk 1Y (0, P) sinfdd P (7.3b)
o Jo

One can also recover an approximate orientation distribution function from second and

fourth order tensor components using the relationship:

1 15 315
Y(p) = P gbijfij(l?) + ﬁbijklfijkl(p) + - (7.4)
where b;; and b; j; are the deviatoric versions of tensor components f;; and f;j, are

distribution functions as defined by Advani and Tucker [199]

Additionally, descriptive measures of directional statistics were used to quantitatively
evaluate and compare the observed fibre orientation distribution of different panels and
surfaces. Skewness (S) and circular Kurtosis (K), given in Equations 7.5 & 7.6, were
used as a measure of the symmetry and peakiness of the fibre orientation distributions

[200]. A skewness value close to 0 indicates a symmetric distribution, while its sign
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indicates the direction of the skew. Similarly, a kurtosis value close to 0 indicates that
the distribution exhibits a standard normal distribution shape, while positive kurtosis is
reflective of a more peaked distribution (with significant fibre alignment) and negative

kurtosis suggests a more uniform distribution.

N

S= %z sin2(®; — @) (7.5)
1 N

K= Nz cos2(®; — ) (7.6)

7.3 Experimental methodology

7.3.1 Materials and methods

Two types of discontinuous carbon fibre SMC composites were prepared from
regularly distributed and highly aligned T700SC 12k carbon fibre tows in vinyl ester
resin, through a process described in Section 4.2. Preforms of the regularly distributed
carbon fibre tow were prepared from similar processing parameters as in Section 4.2.
The highly aligned preforms, on the other hand, were prepared using an alignment
concentrator mounted on the fibre chopping device, with suitable adjustments to the
traverse speed and path of the robot arm [56]. As a higher level of alignment can be
achieved with longer fibre tows, a mixture of 37.5 and 25 mm fibre tows with a 3:1

ratio (limited by the chopping device design) were deposited on a 400 x 400 mm area.

Both types of preforms (regular and aligned) were then thermally B-staged, cut to the
desired initial charge coverage size, and compression moulded. All panels were
manufactured for a nominal fibre volume fraction of 30% and thickness of 3 and 4 mm

for plaques of highly aligned and regularly distributed fibre tows respectively.
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Six flat SMC plaques were manufactured from different initial charge coverages and
degrees of preferential alignment as shown in Figure 7-1. Three square plaques were
prepared from regularly distributed (R) tows, with 25, 50, and 100% initial charge
coverages placed centrally in the mould, to study the effect of charge size on the
mechanical performance of SMC composites. Three other panels, with the highly
aligned (A) tow distributions, were manufactured to investigate the effects of radial 2D

flow, and linear 1D flow with a longitudinal (A) or transverse (T) bias.

100%R 50%R 25%R
t t t
25%A 50%AT 50%AA

Figure 7-1: Schematic of initial charge placement of the six SMC panels:
labels indicate percentage of initial charge coverage (25%, 50% or 100%), regular (R)
or aligned (A) fibre distribution, and transverse (T) or longitudinal (A) flow direction

relative to the preferential fibre direction (indicated by arrows).

7.3.2 Characterization

The fibre orientation of the preforms and moulded plaques (considering both the front
and back surfaces) were measured using an image-based fibre orientation analysis
technique implemented in MATLAB code [201]. The fibre orientation inside the core

of one quadrant of the moulded plaques was also measured in the same way after
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machining a quarter of the panel thickness from both the front and back surfaces. These
sample sections were then fine polished to achieve a thickness variation of less than 2%.
Figure 7-2 shows a photograph of a representative sample used for subsurface fibre
orientation analysis after machining, along with the naming conventions that have been
used for the different surfaces. Fibre orientation tensor components and statistical
parameters were then used to evaluate the characteristics of flow-induced fibre
orientation on the surface and subsurface pairs. The material anisotropy in the moulded
plaques was evaluated by performing tensile testing on 200 x 25 mm coupons, with a
gauge length of 100 mm, cut from two orthogonal directions. Testing was conducted
according to the ISO 527-4 standard at a loading rate of 2 mm/min. Figure 7-3 shows
the cutting plan used to prepare samples for mechanical testing and subsurface

orientation analysis.

Front surface Front subsurface

~t/4
~t/2
~t/4

Back surface Back subsurface

Figure 7-2: Photograph of representative sample used for subsurface fibre

orientation analysis after machining (left) and surface naming convention (right).
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Figure 7-3: Tensile test coupon and subsurface orientation analysis sample

cutting plan for all 400 x 400 mm panels.

7.4 Result and discussion
7.4.1 Effect of charge size
The effect of initial charge coverage on the fibre orientations and mechanical
performance of SMC composites was studied using three panels moulded from
regularly distributed 25 mm long fibre tows with 100%, 50%, and 25% initial charge

coverage.

7.4.1.1 Surface fibre orientation analysis

The front surface fibre orientations of the regular panels, and the corresponding
probability density functions (before and after moulding) can be seen in Figure 7-4. The
tensor components calculated from closure approximation are shown in Table 7-1 along
with descriptive measurement parameters from circular statistics. These statistical

measurement parameters are particularly useful as they decouple the direction (location,
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w) and intensity (concentration, k) of the fibre orientation bias, as well as providing
more detailed information about the shape of the distribution (kurtosis, K, and skewness,
S), which is not evident from tensor components alone. Furthermore, both second and
fourth order tensor components are provided. Since fibres with out-of-plane orientation
were assumed to insignificant and purely in-plane fibre distribution is considered, i.e.,
the principal axes lie in the plane of the material, the off-diagonal fourth order
orientation tensor components (ai122 and ai212) appeared equal as can be seen from the
table as both represent the concentration of fibres intermediate between the principal
axes. Hence, the fourth order components provide information on the correlation of
fibres in 1- and 2-direction that second order do not. However, discussion on the result
in this and following sections will be using second order components as the off-diagonal
components are equal in all configurations. Overall, a relatively higher flow-induced
fibre orientation was observed on the front surface than the bottom, which might be due
to gelation of the resin on the back surface during mould closing which was better
reflected with change in concentration parameter (22.8% vs. 2.3%, 28.4% vs. 11.3%,

and 65.6% vs. 40.3% in 100%R, 50%R, and 25%R panels respectively).

In the 100% charge coverage case, the fibre tows mostly remain intact after forming, as
seen in Figure 7-4, except near the corners where there may be minor flow due to
uneven charge packing. Consequently, the inherent preferential alignment in the initial
charge (as a result of the regular fibre chopping process), remained similar in the
moulded plaque. This is demonstrated by the higher a2 tensor components or the more

specific location parameter, p, that remains around 90° before and after moulding.

In the 50%R panel, where there is considerably less flow, the fibre orientation
distribution actually becomes slightly more aligned with the 90° direction after
moulding. Although, an overall maximum of 3% change in a2, tensor component was
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observed in 50%R panel due to the limited flow distance, the initial charge coverage
areas exhibited a 9% and 4% increase in a2 components on the front and back surfaces

respectively.

In the 25% coverage panel, 25%R, the tensor components in 2-direction of the front
and 1-direction of the back surfaces before moulding appear slightly higher than the
other directions. This was again due to the natural preferential alignment during
deposition as the panel was moulded from four quarters of full coverage preform
stacked orthogonally to balance charge pack thickness variability from the initial
compaction process. However, this preferential alignment was reduced to nearly in-
plane random distribution after moulding on both surfaces due to the significant
reorientation of the fibres towards the radial flow direction, more noticeable outside the
initial charge area, as has been well reported in previous study [100]. After moulding,
the tensor components in preferential alignment direction of the front (az2) and back
(a11) surfaces showed an 8% and 15% decrease respectively. The corresponding
reductions in the initial charge coverage area were a lesser 2% and 13% respectively.
The concentration parameter showed a greater reduction of 66% and 40% on the front
and back surfaces respectively. Furthermore, all three panels produced from regularly
distributed fibre tows showed moderate concentration parameters, with nearly standard
normal distribution curves that are reflected by the very low kurtosis values. The
skewness values for these distributions were also very low, showing little deviation

from perfect symmetry (S = 0).
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Figure 7-4: Front surface orientation analysis of panels manufactured from
regularly distributed fibre tows with 100%, 50%, and 25% charge coverage, before

and after moulding.
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Table 7-1: Tensor components and statistical parameters for the front and back surfaces of panels manufactured from regularly

distributed fibre tows with 100%, 50%, and 25% charge coverages, before and after moulding.

100%R 50%R 25%R
Front surface | Front surface Front surface Back surface Front surface Back surface
Before After | Before After | Before After |Initial | Before After |Initial | Before After Initial | Before After Initial
ain | 0416 0.434 0417 0422 0421 0403 0.369 0.379 0.385 0.354 | 0.428 0.474 0439 0548 0.467 0.474
“ a» | 0585 0.566 0.583 0578 0579 0.597 0.631 0.622 0.615 0.646 | 0.572 0.526 0.561 0.452 0.533 0.526
§ a1 | 0292 031 0294 0.298| 0.298 0.28 0.248 0.257 0.264 0.235| 0.304 0.349 0.315 0.423 0.342 0.349
g ax» | 0461 0.442 0459 0.454 ] 0456 0474 0510 0.500 0.493 0.526 | 0.449 0.402 0.437 0.328 0.408 0.401
E’ au | 0123 0.124 0.123 0.124] 0.123 0.123 0.121 0.122 0.122 0.12 | 0.124 0.125 0.124 0.125 0.125 0.125
a2 | 0123 0.124 0.123 0.124] 0.123 0.123 0.121 0.122 0.122 0.12 | 0.124 0.125 0.124 0.125 0.125 0.125
M 93.7° 89.4° 828° 76.9°|( 90.9° 97.6° 97.8° 80.5° 91.0° 89.0° | 100.5° 96.1° 94.0° 16.0° 83.9° 90.4°
_Té g K 0.346 0.267 0.346 0.354| 032 0411 0564 0532 0.472 0611 0314 0.108 0.25 0.226 0.135 0.104
®“ ©
'g g S 0.003 -0.01 -0.008 0.016| 0.017 -0.02 -001 0.085 -001 -0.01]| -0.02 -0.03 0.001 0.011 0.051 0.007
@ K 0.003 0.001 0.026 0.041| 0.055 0.098 0.092 0.089 0.12 0.15 | 0.024 0.044 0.014 0.014 0.058 0.04

(n — location parameter, k — concentration parameter, S — skewness, K — kurtosis)
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7.4.1.2 Mechanical performance

The tensile stiffness and strength of coupons tested from the two orthogonal
directions of the three different moulded plaques, are presented in Figure 7-5. Here,
the 100% and 50% charge coverage panels showed greater anisotropy in both
stiffness and strength owing to the residual preferential alignment from fibre
deposition, in good agreement with the observations from fibre orientation analysis.
Similarly, the 25% charge coverage panel showed the least anisotropy in stiffness
(5%), strength (26%), and fibre orientations as a result of the large regions of radial
flow. The greater anisotropy in strength than stiffness could be due to the fact that
stiffness is volume average property whereas strength is governed by critical defects
in addition to slight preferential alignment observed in the moulded panel. Although
no significant difference in the directional average tensile stiffness was observed
across the different panels, the average strength of the 25% charge coverage panel
was seen to be 14% higher than that of the 100% coverage panel. This improvement
is expected to be a result of better fibre impregnation due to greater charge flow, as

has been discussed in previous literature [100].
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Figure 7-5: Directional tensile stiffness and strength of the SMC plaques

manufactured from regularly distributed tows.

114



7.4.2 Effect of initial fibre alignment and flow direction

The effect of initial fibre alignment and flow direction on the extent of flow-induced
fibre reorientation was studied using the remaining three panels, with greater initial
fibre alignment and the 3:1 mixture of 37.5 mm and 25 mm fibre tows. These were
moulded with a radial (25%A), linear longitudinal (50%AA), or linear transverse

(50%AT) flow bias.

7.4.2.1 Surface fibre orientation analysis

Fibre orientation distributions from the front surface of the three panels manufactured
from highly aligned initial charges, before and after moulding, are shown in Figure 7-6.
In the 25%A panel, significant flow-induced fibre reorientation was observed after
moulding. This is demonstrated by the 38% reduction in peak concentration, k, or the
10% reduction in the az» tensor component of the front surface seen in Table 7-2.
Although charge flow was encouraged in all directions, the moulded panel retained a
significant degree of the fibre preferential alignment as defined by the peak located at
around 90°. Although not directly comparable due to thickness effect, compared to the
25%R panel moulded from shorter randomly distributed fibre tows, the 25%A panel
moulded from highly aligned longer fibre tows showed lower flow-induced fibre
reorientation. This is due to the greater resistance of longer fibres with high Reynolds
number, i.e., a measure of the inertial forces in the fluid which is a function of fibre

length, resist flow-induced fibre orientation and instead drift monotonically [30], [202].

The 50%AT panel appeared to show a very high degree of flow-induced fibre
reorientation in the flow direction, where the initial strong longitudinal bias (x = 0.965,

M = 83.4°) has been replaced by a slight bias in the opposite (transverse flow) direction
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(x = 0.190, p = 170.1°) after moulding. As observed in other configurations, higher
fibre reorientation was observed on the front surface with 36% reduction in az> tensor
component compared to the back surface with 29% reduction. Moreover, the initial
charge coverage area showed a lower 26% reduction in a2, retaining the initial fibre
preferential alignment relatively, compared to the 39% reduction in the flow region on

average between the front and back surfaces.

From Table 7-2, there is also a clear increase in both the distribution concentration
parameter and kurtosis of the 50%AA orientation distribution, indicating a greater
degree of overall alignment in the peak (96.8°) direction than any other panel. In this
case a 2% increase in a22 was observed on the front surface while an inconsistent 10%
reduction was observed on the back surface which may have been due to uneven charge
pack. However, a similar trend in overall fibre alignment that is well characterised by
the statistical parameters may not be captured by the tensor components if the
orientation bias deviates further from the primary orthogonal directions. As seen in
other configurations, a relatively lower fibre reorientation was observed in the initial
charge coverage area. The fact that no meaningful improvement in preferential
alignment, only 3% on average between front and back surfaces, was observed in the
flow regions might also suggest the potential fibre agglomeration and entanglement
increasing fibre to fibre friction in longer fibre panels [30]. By integrating the fitted
orientation distribution function in Equation 7.3, 38.19% of the fibres were found to be
oriented in £15° to the preferential alignment 2-direction on average between front and

back surfaces after moulding.
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Figure 7-6: Front surface orientation analysis of panels manufactured from

highly aligned fibre tows with various flow biases before and after moulding.
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Table 7-2: Tensor components and statistical parameters for the front and back surfaces of panels manufactured from highly

aligned fibre tows with biased 1D and 2D flows, before and after moulding.

25%A 50%AT
Front surface Back surface Front surface Back surface
Before After Initial Before After Initial | Before After Initial Flow* Before After Initial Flow*
5 4| au 0.295 0.367 0.371 0.255 0.344 0.325| 0.289 0.544 0508 0.581 0.3 0.502 0.449 0.555
=
S axn | 0.705 0.634 0.629 0.745 0.656 0.676 | 0.711 0456 0.492 0.419 0.7 0.498 0.551 0.445
u | 89.67 93 86.05 8455 8999 89.46 | 83.35 170.07 159.97 169.85 9423 19.37 89.48 3.1
E § k | 0902 0557 0541 1.158 0.657 0.751 | 0.965 0.19 0.043 0.353 0.886 0.011 0.205 0.253
'é% S | -0.065 0.016 0.02 -0.055 -0.01 0.014 | 0.006 0.013 -0.02 0.035 0.009 -0.04 -0.01 -0.01
(7p]
K | 0153 0.084 -0.00 0.172 0.102 0.098 | 0.152 0.028 0.014 0.05 0.2 -0.01 0.007 0.062

(n — location parameter, k — concentration parameter, S — skewness, K — kurtosis)
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Table 7-3: Tensor components and statistical parameters for the front and back surfaces
of panels manufactured from highly aligned fibre tows with biased 1D and 2D flows,

before and after moulding. (Continued)

50%AA

Front surface Back surface

Before After Initial Flow* Before After Initial Flow*

an | 0219 0.207 0.196 0.216 0.204 0.269 0.283 0.248

Tensor
comps

az | 0781 0.793 0.804 0.784 0.796 0.731 0.717 0.752
9468 96.76 96.11 97.77 86.33 87.63 87.38 87.40
1395 1525 1.614 1578 1506 1.051 0.969 1.208

-0.012 -0.03 -0.02 -0.05 -0.08 0.051 0.059 0.024
0.258 0.328 0.305 0.389 0.32 0.304 0.257 0.371

Statistical
params.

X o x T

7.4.2.2 Mechanical performance

The directional tensile stiffness and strength of the three panels manufactured from
highly aligned initial charges are shown in Figure 7-7. In all three panels, higher tensile
properties were observed in the direction of the initial fibre alignment. For the 25%A
panel, the tensile stiffness and strength in direction 2 were both seen to be more than 3
times higher than those of direction 1, in agreement with the observation from fibre

orientation analysis in the prior section.

However, in the case with transverse charge flow, 50%AT, the direction 2 dominant
mechanical test results appeared to contradict the expectations based on the front
surface orientation analysis in Table 7-2, where the peak distribution of fibres was
instead biased towards direction 1. One explanation could be that the design of the panel

cutting pattern (shown in Figure 7-3) did not capture the main fibre realignment and



flow regions within the gauge regions of the coupons. However, the more likely
explanation is that the exterior surface orientation analysis may not be representative of
a very different internal orientation distribution that dominates the performance. In spite
of this contradiction though, the relative difference between the direction 1 and 2
mechanical properties for the 50%AT panel, were much smaller than those of the 25%A
and 50%AA panels, and this observation is still well supported by the relative
magnitudes of the concentration parameters, x, and directional tensor components from
the front surface fibre orientation analysis. Moreover, from samples taken from
direction 2, those from initial charge coverage area showed 49% higher tensile stiffness
on average than those from flow region. However, no reliable trend was observed in

the tensile strength and sample location.

Lastly, in the panel where charge flow was aligned with the initial fibre alignment
direction, 50%AA, the highest average directional stiffness (56.69 GPa) and strength
(238.87 MPa) properties were obtained, compared with all other panels. Greater
anisotropy was also observed, again agreeing well with the trends of the concentration
parameters, x, and directional tensor components from fibre orientation analysis in
Table 7-2. Hence, using an aligned charge and encouraging flow in the same direction

can be used effectively to maximise the directional mechanical performance of SMCs.
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Figure 7-7: Directional tensile stiffness and strength of the SMC plaques
manufactured from highly aligned initial charges.

7.4.3 Subsurface fibre orientation analysis

As presented in the previous sections, some notable discrepancies were observed
between expectations (based on the surface fibre orientation distributions) and the
mechanical test results. Additionally, previous work based on microtomography has
reported significant differences between the surface (skin) and internal (core) fibre
orientation distributions in short fibre reinforced composites [187]. Hence, further
subsurface fibre orientation analysis was performed for this study, based on the upper-
left quarter of several panels to better understand the internal fibre orientation
distributions. The fibre orientation distributions from each of these quarter panel
sections were then divided into a number of different regions of interest, as shown in

Figure 7-8, for further analysis.
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Figure 7-8: Division of upper-left moulded panel quarters into different regions

of interest for surface and subsurface fibre orientation analysis.

7.4.3.1 Edge effects

In the panels moulded from a central square charge, with radial flow, the flow front
evidently reaches the mould walls unevenly [203]. Subsequently, fibres tend to
reorient themselves along the mould walls in the direction of the unfilled corners as
the compression moulding progresses, resulting in the potential for significant edge
effects. Such behaviour can be clearly seen in the 25%R panel, as shown in Figure
7-9. Here the probability density functions, in Figure 7-10, for the horizontal and
vertical edges are compared with those of the flow regions for both the front surface
and subsurface. These are also representative of similar results for the back surface
and subsurface. Notably, the subsurface curves in Figure 7-10 exhibited clear peaks
of fibre orientation parallel to the horizontal (0°) and vertical (90°) edges, significant
deviations from the minor 45° peak resulting from flow aligned fibres in the flow
region. Such effects were not so clear from the exterior surface analysis, where only
a minor shift (towards 90°) in the distribution peak for the vertical edge was observed.

Hence, the subsurface fibre orientation analysis appears to better identify edge effects



that may not be visible from the exterior surfaces. Edge effects were less apparent in
the 25%A panel, likely due to the presence of longer fibre tows that exhibit a greater
resistance to reorientation[30], [202]. The panels moulded from linear charge flow
(50%AT and 50%AA), only exhibited disordered fibre orientations at the end-of-flow
edges (perpendicular to the charge flow direction). Similar observations have been
reported in past literature [30], [204], where significant in-plane and out-of-plane

fibre waviness were observed within 25 mm of moulded plaque edge.

Surface Subsurface

180°<—

Vert. edge Flowregion Initial coverage

Figure 7-9: Edge effects observed from fibre orientation analysis of the 25%R

front surface (left) and front subsurface (right).
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Figure 7-10: Probability density functions of the edge effects observed from the
fibre orientation analysis of the 25%R front surface (left) and front subsurface (right)
for different regions of the panel.

7.4.3.2 Radial (2D) flow moulding

A first look at the subsurface analysis results in Figure 7-11, suggests that the panel
with greater initial alignment (25%A) has far fewer fibres in the 0° direction (red), and
less prominent edge effects, than were observed for the 25%R panel in Figure 7-9. As
both panels were manufactured from centrally-placed charges with an outward (radial)
flow, the orientations in the upper left corner of both panels is predominantly biased
towards the 235° (45°) direction. Focussing on the flow region alone (neglecting the
edge and initial charge coverage regions), Figure 7-12 shows the fibre orientation
probability density functions for the front and back, surfaces and subsurfaces, of both
panels. Full details of the tensor components and statistical parameters for these subset
regions are also outlined in Table 7-4. In general, the fibres at the exterior surfaces

appear to be more sensitive to flow, with surface peaks located (i) closer to the 45°



flow bias direction than the subsurface peaks. The subsurface probability density
distributions appear to be more closely related to the initial state of the material. For
example, subsurface distributions for the 25%R panel are more uniform (low
concentration, k) and subsurface peaks for the 25%A panel are located () closer to 90°.
In this case, such behaviour is not well captured by the second order tensor components
in Table 7-4 alone because of the off-axis (45°) flow bias, emphasising the value of the

statistical analysis parameters.

Ultimately, the initial alignment appears to have a more dominant effect on the internal
orientations and performance of the moulded panel than the flow reorientation. For
example, the relatively uniform subsurface orientation distributions for the 25%R panel
provide a better explanation for the similar mechanical performance from orthotropic

directions in Figure 7-5.

25%R 25%A

Figure 7-11: Fibre orientation distributions of the front subsurface of the 25%R
(left) and 25%A (right) panels (from the upper left 200 x 200 mm section of the panels).
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Figure 7-12: Probability density function curves for the in-plane fibre

distributions taken from the surfaces and subsurfaces of the 25%R (left) and 25%A

(right) panels.

Table 7-4: The calculated surface and subsurface orientation tensor

components and statistical parameters for panels manufactured from radial charge

flow (25%R and 25%A.).

25%R 25%A

Surface Subsurface Surface Subsurface

Front Back Front Back |Front Back Front Back

Tensor a, 0.535 0.525 0.497 0.460 [0.365 0.347 0.362 0.332

components a,, 0465 0.475 0.503 0.540 |0.635 0.653 0.638 0.668
m 37.8° 39.8° 46.9° 102.3°|70.3° 78.1° 87.9° 87.3°

Statistical K 0.585 0.575 0.161 0.177 [0.743 0.710 0.578 0.719
parameters S -0.041 -0.126 -0.015 -0.048|0.037 0.005 -0.024 -0.018
K -0.008 -0.129 -0.026 0.020 |0.118 0.150 0.050 0.113

(n — location parameter, k — concentration parameter, S — skewness, K — kurtosis)



7.4.3.3 Linear (1D) flow moulding

The subsurface analysis of the aligned panels with transverse (50%AT) and
longitudinal (50%AA) charge flow are shown in Figure 7-13. Although the front
surface fibre orientation analysis in Section 7.4.2.1 showed considerable fibre
reorientation in the flow direction, the subsurface analysis again displayed lesser fibre
reorientation, with much of the initial preferential (90°) alignment retained in the
subsurface probability density functions shown in Figure 7-14. As a result, the
calculated tensor components from the initial preferential alignment direction, azz, in
Table 7-5 were 65% and 34% higher internally than at the exterior front and back
surfaces respectively. This, in combination with the tensile performance observations
in Section 7.4.2.2, suggests that there is greater flow-induced fibre reorientation at
the exterior (skin) surfaces, while the subsurface (core) fibre orientations show much
less deviation from their original state.  Alternatively in the 50%AA panel, the
surface (skin) and subsurface (core) orientation distributions shown in Figure 7-14
exhibit no significant differences, since the flow bias direction coincides with the

initial alignment direction.
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Figure 7-13: Fibre orientation distributions of the front subsurface of the
50%AT (left) and 50%AA (right) panels (from the upper left 200 x 200 mm section
of the panels).
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Figure 7-14: Probability density function curves for the in-plane fibre
distributions taken from the surfaces and subsurfaces of the 50%AT (left) and 50%AA
(right) panels.



Table 7-5: The calculated surface and subsurface orientation tensor
components and statistical parameters for panels manufactured from linear charge
flow (50%AT and 50%AA).

S0%AT 50%AA

Surface Subsurface Surface Subsurface

Front Back | Front Back | Front Back | Front Back

Tensor a,, 0.667 0.600 0.449 0.463 |0.226 0.221 0.258 0.225

components a,, 0333 0400 0551 0537 |0.774 0.779 0.742 0.775
u 50° 168.1° 101.4° 109.7°[86.1° 80.3° 82.9° 80.7°

Statistical K 0.720 0.446 0.224 0.192 |1.336 1.480 1.157 1.440
parameters S -0.067 0.055 -0.002 0.044 |-0.011 0.058 0.030 0.022
K 0.091 0.083 -0.093 -0.005|0.324 0.374 0.175 0.323

(1 — location parameter, k — concentration parameter, S — skewness, K — kurtosis)

7.5 Chapter conclusions

In this chapter, the effects of initial charge coverage and preferential alignment on flow-
induced fibre reorientation in carbon fibre SMC composites has been investigated
experimentally using an image-based fibre orientation analysis technique and
directional tensile testing. Flat panels were moulded from different configurations of
initial charge coverage and preferential alignment at 30% fibre volume fraction. Greater
charge flow, from the 25% initial charge coverage case, showed a significant
improvement (up to 14%) in tensile strength and reduced anisotropy compared with the
limited flow (100% coverage) case. Biases in the initial longitudinal alignment of fibres,

and the corresponding effect on mechanical performance, were also significantly



altered by controlling and forcing particular directions of linear flow. In the case of
aligning the flow direction with the initial orientation bias, directional stiffness and
strength properties were maximised (56.69 GPa and 238.87 MPa respectively). Based
on fibre orientation analysis of the exterior panel surfaces, as expected, the greatest
fibre reorientation was seen in the areas of greatest mould flow. However, further
subsurface (core) fibre orientation analysis also revealed significant edge effects and a
stronger internal correlation with the initial orientation bias (and tensile anisotropy)
than the flow-induced orientation phenomena observed at the exterior (skin) surfaces.
Additionally, the application of circular statistical parameters has proven to be a useful
alternative to tensor component analysis for the description of fibre orientation
distributions, as it decouples the intensity and direction of any biases and shows greater

sensitivity to any changes.



Chapter 8. Thesis conclusions

Discontinuous carbon fibre composites are becoming attractive options in automotive
industries due to their high formability, lower cycle times (~5 minutes), and easy
automation potential, thus providing cost efficient alternative. However, relatively
lower mechanical performance compared to the conventional continuous fibre
composites limits their application in demanding applications. The works in this thesis
investigated different material, microstructural and process parameters on the
mechanical performance of discontinuous fibre composites; to tailor and improve the
achievable composite performance. Extensive experimental investigations have been
carried out to characterise the influence of different parameters on the mechanical
performance of this materials. In this chapter conclusions drawn from the current work

towards improving discontinuous fibre composite properties are presented.
8.1 Size effects in carbon fibres

The tensile strength of carbon fibres is known to exhibit significant scattering resulting
from inherent variability in flaw distribution during precursor treatment and handling
processes. The number of critical flaws increase with the increase in volume, following

Weibull distribution, resulting in reduced strength.

In this part of the work, the tensile strength of different grades of PAN- and pitch-based
carbon fibres have been characterized. Laser diffraction-based measurement and SEM
images were also used to study the correlation between geometric irregularity and
tensile strength scattering. Some of the fibres studied showed significant geometric

irregularity, deviation from assumed circular cross section which was referred as intra-



fibre diameter variability. High inter-fibre, from each batch of fibres, diameter
variability has also been observed in both PAN- (4-7%) and pitch-based (8-10%) fibres.
Fibres with high intra-fibre variability showed higher tensile strength scattering, which
therefore required higher number of repeats to get statistically representative results.
This was attributed to the observed geometric irregularity as they result in stress

concentration which act as failure initiation sites.

Issues associated with traditional single fibre testing such as fibre misalignment and the
use of mean cross-sectional area instead of individual fibre area for determining the
tensile strength were also seen to affect the estimated Weibull parameters. Parameters
determined from traditional method showed high correction factors against the more
reliable and automated testing used in this study, up to 24% deviations in Weibull
modulus and 7% correction factor in gauge length. In general, higher strength and
modulus fibres (both PAN- and pitch-based) showed higher Weibull modulus, implying
lower defect populations compared to the lower performance fibres. The strength
variability increases with fibre length due to more critical flaws, thus, Weibull modulus
decreases with increasing fibre length. Therefore, higher strength reduction was
observed with increasing fibre length in fibres with lower Weibull modulus. However,
this does not imply that shorter fibre length result in higher composite performance as

other influencing parameters should also be considered.

8.2 Discontinuous fibre composites from high performance carbon fibres

Subsequently, discontinuous fibre composites were manufactured and tested from high
modulus and high strength carbon fibres to investigate the achievable performance in

practical applications. Experimental studies showed that increasing composite modulus



was observed with increasing fibre modulus. However, composite strength showed
inconsistent trend with fibre strength where composites with higher fibre to matrix
modulus ratio showed greater discrepancy with analytical prediction. This was due to
high concentration of interfacial and normal stresses in composites with higher fibre

matrix modulus ration.

Furthermore, meso-scale size effect has also been studied using analytical model
superimposing micro-scale size effects from single fibre testing. All five fibres studied,
showed a peak tow strength between 1.5 mm and 2 mm, beyond which a reduction in
strength was observed due to the associated size effect at fibre level. Hence, fibres with
lower Weibull modulus showed greater reduction in tow tensile strength with
increasing tow length. Moreover, increasing composite strength was observed with
increasing fibre length, reaching a peak at different fibre length for the different fibres.
Fibres with lower Weibull modulus achieved peak composite strength at lower length
(~50) than fibres with higher Weibull modulus (120 mm). In general, fibre length of 50
— 75 mm is recommended for most fibres as higher tensile strength was achieved in this

range.

8.3 Fibre hybridisation effect

Growing environmental concern regarding their source and high material cost are
challenges to large scale application of carbon fibre composites. Hybridisation with
natural fibres is one effective way to address the challenges while retaining the useful
properties of both. In the current study, the mechanical performance of carbon-jute fibre
hybrid composite has also been investigated as eco-friendly material for high volume

applications. The results showed that the jute-skinned (carbon-core) hybrid composite



resulted in slightly higher tensile properties due to the blocking effects. However, the
carbon-skinned hybrid showed a 38% and 75% higher flexural stiffness and strength
respectively than the jute-skinned hybrid. The jute-skinned hybrid showed greater
damping performance, almost 50% higher, than carbon-skinned hybrids due to superior
damping performance of the outer jute layers. Moreover, no improvement in damping
performance was observed with increasing the jute fibre content in carbon-skinned

hybrids due to the dependence of vibration energy dissipation on the outer most layers.

As each material configuration showed strengths and weaknesses, an evenly weighted
cost-performance ratio of the composites has been used to evaluate the hybrids against
the plain carbon and jute SMC composites. The CPR evaluation showed the plain jute
fibre composites to be the best alternative (CPR - 27.65). However, considering the
poor fire retardance and moisture resistance characteristics of jute fibre makes it
unfeasible for many structural applications. Hence, the carbon-skinned hybrid (CPR -
3.03) offers a better combination of the evaluated properties than the pure carbon and

jute-skinned hybrid SMC composites.

8.4 Residual properties of carbon fibre SMC composites

Low velocity impact and residual tensile and compressive strength of carbon fibre SMC
composites have also been studied to determine the impact resistance and critical post-
impact load case. In general, the impact response of the composites such as peak force,
absorbed energy, damage size and dent depth showed significant sensitivity to
composite thickness. Damage induced from lower energy impact were indiscernible
from material variability, however, at higher energy (15 J) visible cracks and fibre

breakage were observed. Consequently, low energy impacted samples showed no post-



impact strength reduction, while higher energy impacted samples showed a 25% and
16% reduction in compression and tension respectively. Thus, implying compression
properties are more critical post-impact load cases for carbon fibre SMC composites.
The correlation between impact damage region and post-impact failure initiation sites

appeared to be stronger in compression than in tension.

8.5 Flow-induced fibre orientation in carbon fibre SMCs

The effect of charge coverage on the extent of flow-induced fibre alignment of carbon
fibre SMC. Flat composite plaques were moulded from different charge coverages
placed centrally in the mould. In panels manufactured from partial charge coverage,
significant flow-induced fibre orientation towards radial flow direction was observed.
Panels moulded from lower (25%) coverage resulted in near uniform fibre orientation
distribution while panels of higher charge coverage retained the initial preferential
alignment from the deposition process. Hence, greater charge flow, from 25% coverage,
showed a significant improvement (up to 14%) in tensile strength and reduced
anisotropy compared with the 100% coverage case. This is likely due to improved fibre

impregnation during charge flow in lower charge coverage panels.

Moreover, panels moulded from highly aligned longer fibre tows exhibited greater
resistance to flow-induced fibre alignment, thus, retaining more of their initial
preferential alignment. Consequently, directional tensile properties showed greater
anisotropy. By aligning the flow direction with the initial orientation bias, directional
stiffness and strength properties were maximised (56.69 GPa and 238.87 MPa
respectively at 30% volume fraction). Further subsurface (core) fibre orientation

analysis also revealed significant edge effects and a stronger internal correlation with



the initial orientation bias (and tensile anisotropy) than the flow-induced orientation

phenomena observed at the exterior (skin) surfaces.

8.6 Future work
From the works carried out in this thesis, the following valuable insights have been
gained for future work towards performance improvement of discontinuous fibre

composites.

1. The work on high performance discontinuous fibre composites from high
performance carbon fibres showed poor fibre impregnation, hence subpar
composite quality due to the higher viscosity resin used. Hence future extension of
the work includes the use of directed fibre compounding (DFC) process with low
viscosity resin for improved composite quality. This also allows exploring other
sources of inconsistent trend in composite strength for increasing for increasing
fibre strength.

2. From the high-performance fibres studied in the current study, the highest
discrepancy with prediction was observed in fibres with high geometric irregularity,
which affect the interfacial behaviour and load transfer efficiency. Thus, future
work also includes characterization of the interfacial behaviour of the high-
performance fibres.

3. Other works could include the use of liquid coupling agent for resin modification
that simultaneously improve the interfacial strength and fibre impregnation thereby

reducing the resin viscosity.



Appendix.A. Publications

The following conferences and journal papers have been produced as a result of the

works carried out in this PhD project.
Conferences

1. Nega, B.F., Pierce, R.S., and Yi, X. 2020. Towards high-performance
discontinuous fibre composites manufactured by automated fibre preforming. Oral
presentation at the 29th Annual Conference — Beijing Adhesion Society.

2. Nega, B., Pierce, R.S., Yi, X. and Liu, X., 2022. Low Velocity Impact and Residual
Strength Analysis of Carbon Fibre SMC Composites. In 20" European Conference
on Composite Materials (pp. 263-270).

3. Nega, B., Pierce, R.S., Hu, Q., Yi, X. and Liu, X., 2023. In-mould flow and fibre
orientation analysis of carbon fibre SMC composites. In the 23 International

Conference on Composite Materials.
Journal papers

1. Nega, B.F., Pierce, R.S., Liu, L., Yi, X. and Liu, X., 2022. Fibre alignment and
mechanical performance of carbon fibre Sheet Moulding Compounds under
different preform compaction. Journal of Reinforced Plastics and Composites,
41(13-14), pp.517-525.

2. Nega, B.F., Pierce, R.S., Yi, X. and Liu, X., 2022. Characterization of
Mechanical and Damping Properties of Carbon/Jute Fibre Hybrid SMC

Composites. Applied Composite Materials, 29(4), pp.1637-1651.



3. Nega, B., Pierce, R.S., Yi, X. and Liu, X., 2023. Experimental analysis of flow-
induced fibre orientation during compression moulding of carbon fibre SMCs.
In Composites Part A (submitted, under review).

4. Nega, B., Pierce, R.S., Liu, X., Yi, X., Harper, L.T., Warrior, N.A. Tensile
strength characterisation of high-performance PAN- and Pitch-based Carbon

Fibres for Sheet Moulding Compound Applications. (in preparation)
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