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Abstract

Weight reduction can significantly contribute to reducing Green House Gas (GHG)
emissions from vehicles. In addition to the significant increase in the demand on
transportation due to the increase in global population, there is an urgent need to reduce
the weight of vehicles to increase their fuel efficiency and therefore to reduce global
GHG emissions. Driven by ecological and economic interests, there has been an
increasing use of plant based material systems in various applications over the past
decadeCurrently, one of the main challenges in using these material systems for use in
automotive components is to understand the forming behaviour of this class of material

systems.

This work is designed to answer two key questions regarding the formingusélna
fibre composites. The first one is when does failure initiate in this class of material
systems, and what is the most effective measure for predicting it? To answer this
question, hourglass samples with varying sample widths are stretched andrieth fo
through the stamping press machine. The .
provides displacement and strain deformation which could be used to determine the
failure behaviour of the composites. Thisudst proposes a new FLC fowoven
composites, which is more effectively in predicting the failure behaviour of the natural
fibre composite than the conventional method as it can successfully eliminate the path
dependency effect. This innovative failure criteribas beenproven to be more
effective than the existing failure criterion through FEA simulations. The second
question that the current work tries to answer is how to improve the formability of
natural fibore composites. The approach here is to perform dome forming tests in

different treatment conditions, namely preheating, water treatment, and tailored blanks.

Xl



Abstract

It is found that, among all treatment, the water treatment works theapestsmore
effective than the conventional treatment of preheatif@ven composite with a
tailored shape become much more formable due to its wavenature of fibre
reinforcement, whilesuch improvement is insignificant in nonwoven compositéss
study lays a foundation for rapid forming of tluss ofmaterid system, and will in

turn lead tgossible weight savings in future vehicles.
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CNFC Chopped natural fibre composite
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E Modulus
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FLC Forming Limit Curve

FLD Forming Limit Diagram
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Nomenclature

Volume

density

Lameb6s Constant
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Chapter 1

Introduction

1.1 Motivation

Today, there is an urgent need to reduce the weight of vehicles to improve fuel
efficiency, thereby reducing global greenhouse gas (GHG) emissions. Natural fibres
such as flax, hemp, jute, sisal, kenaf, bamboo, and ramie have been investigated as
reinforcanents for fibre reinforced polymer composites, some of which seem to have
the potential of being used in automobilds5]. Natural fibres are mainly made of
cellulose, hemicellulose, lignin, pectin and a small amount of extra¢é«&s and they

can offer attractive properties such as ldensity, low price and ease of procesgiblg

In addition, the biodegradability of natural fd@s allows them to be recycled and
probably reused at the ewnfdtlife. The global natural fibore composite market reached
$2.1 billion in 2010 with a 15% compound annual growth rate between 2006 and 2010.
The size of this market is expected to reach $3l®miby 2016 as a result of the rising
price of petroleum based products, and more importantly, strong government support
for use of ecdriendly materiald9]. For irstance, the European Union and some Asian
countries require that, by 2015, 85% of a vehicle must be reused or refd/dledn
extensive amount of researchshaeen conducted to realise s#ges and technological
challenges for mass production autdsie by using lightweight compositd4.1-14].

One of the many challenges in the widespread use of advanced lightweight material
systems in vehicle manufacturing as suitable manufacturing technique. The stamp
forming technique is one process that has been successfully used in rapid forming of
different material system$15-17]. The current study investigates the forming
behaviour of natural fibre composites, with a particular focus on the challenges

encountered during raid forming processes.
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1.2 Research objectives

This thesis is designed to answer two key questions regarding the forming of natural
fibre composites. The first question is when does the failure occur in this class of
material system, which can also be translated to what is the most effective measure fo
predicting the onset of its failure behaviour. Materials are considered to have failed

when surface fractures begin to appear. The first phenomenon is investigated through
stretch forming tests on hourglass samples that have a range of sectional widths.
Experimental data is used to help determine the limiting strain condition in each

deformation mode varying from biaxiatretch to pure shear.

The second question is how to improve the formability of natural fibre composites, or

what is the most effectes treatment for improving the formability of this class of

material system. Three different treatmentwreheating, water treatment, and tailored

blanks are applied to two flax fibre reinforced polypropylene composites (with different

fibre reinforcemennhatures) in dome forming tests, and the effect of these treatments are
compared. Based on strain deformation provide

the difference in effectiveness are determined.

1.3 Thesis Structure

In the following Chapter (Chagt 2), an overview of the properties of natural fibres and

their reinforced composites is given, together with literature review of the forming
behaviour of this class of material system. The aim of the review is to provide, for
laminates as well as poonsolidated materials, a brief understanding of the forming
processes used for processing natural fibore composites. Chapter 3 describes the methods
used for processing flax fibre reinforced polypropylene composites, and gives details of

how the forming exp@nents conducted in this study were done. A strain measurement

2
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system, the ARAMIS system, is used study the forming behaviour of composite
materials. Chapters 4, &nd 6give detailed observations of the forming tests performed
on the two natural fibreanposites used. FEA simulations are also developed to obtain
the information which cannot be observed during forming as well as to examine the
effectiveness of failure criteria proposed in this study. The aim of theseChapters

is to provide answersotthe two key questions set out ine@ion 1.2. Finally,

conclusions and recommendations for futtiek are presented in Chapter 7
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Chapter 2

Literature Review

2.1 Introduction

This Chapter presentan overview of background knowledge related to forming of
composite materials, both in experiments and in FEA simulations. The properties of
fibres and their reinforced composites are studied. The methods that have been used in
forming composite materialare reviewed, with a particular interest in the failure
behaviour of composite materials Finally, the procedure of developing FEA

simulations is described in detail.

2.2 Fibre reinforced composites

Most materials can be categorised into one of the following four classes: metal, ceramic,
polymer and composite. Composite materials are madévofor more different
materials and usually consiglf fibres to carry the load and a matrix to transfer tael |
between the fibres. Therefore, the fibres usually have high strength and stiffness,
whereas the matrix has a higher elongation to faillBased on the type of polymer
used to create the matrix, fibre reinforced composites can be classibgwo dfferent
categories othermoset and thermoplastic. Common matrices for thermoset materials
include vinylester, epoxies, polyesters and so on, whereas thermoplastic materials
usually have matricesuch asPolypropylene (PP), Polgtheretherketone (PEEK)and

Polyphenyle Sulphide (PP§)S].

Thermosetcomposites use chemical crdsking of low weight monomers and a
prepolymer to form a high weight polymer network, resulting in a very |®gogity

liquid. Thermoset matrices are typically liquid or malleable prior to curing, during
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which thermoset r@s is heated to melting and then recrystallizes which occurs through
the crosdink of the molecular chain. Due to the nature of the cloging of the
polymer molecules in thermosets, the polymer cannot convert back to a liquid form
after the initial coe, meaning that thermoset composites must be cured in their final
configuration in a mold12]. This irreversible process is usually achieved through the
application of temperature through heating or UV light radiation, or pressure or a
combination of both. This process can also be carried out through a catalyst or agent.
The advantages oheérnmpset compositesnclude very low creep, stress relaxation,
increased bond strengths between the fibres and matrices, maintaining the mechanical

characteristics at high temperatures, and exhibiting good chemical res[4i3ri%.

In contrast, thermoplastic composites are typically solid and liquefy when heated above
their melting temperatures, and thersadidify when the temperature drops below the
re-crystallization temperaturelhermoplastic composites have many advantages over
thermoset, including high temperature damage tolerance, high fracture resistance, low
manufacture cost, high recyclability, infinite shelf life, ease of material handling, better
toughness, and large smato failure[18, 19]. Due to thedifference in thenature of
thermoplastic and thermoset, the manufacturing procedures of composites can be
illustrated from the Figur@.l Thermoset commsites require heating such that the
matrices can flow. Because of the matrix cures into a fixed-tirds=d solid, the curing
process limits the time available for material processing and adding new fd2tljres

The extended forming time of thermosebmpositescompared to thermoplastic
compositess one of thenajorreason®f the increased use of thermoplastic composites,

especially in industries where there is a nelethass productioto meet market demand
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Figure2.1: Composite manufacturing procd2§)].

2.2.1 Natural fibres

Driven by ecological and economiaterests, natural fibres are gaining increasing
acceptance worldwide. In automotive applications of North America alone, it is found
that 3.07 million tons of C@emissions and 1.19 million$of crude oil could be saved

by substituting 50% of synthetigbfes with natural fibres or their compositgkss)].

Natural fibres can be divided into differesdtegories based on their origin, as shown in
Figure 22. Animal fibres, usually from hair, silk or wool are composed of profdifis

Natural fibres caralso beextracted from several parts of plants, and these fibres,
especially bast fibres, have been considered as reinforcements for polymeric composites
over animal fibres in numerous applications due to their improved mechanical
propertied17]. The plants which produce natural fibres can be categorised into primary
plants and secondary plants based on whether the fibres are produced as a major product

or as a byproduct[g].
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Kenaf, Rootand
Flax Seed

Figure2.2: Subdivisions of natural fibsebased on their origin, frofd6].

Natural fibres derived from plants have a complex layer structure with one primary
layer along with three secondary cell wdlls/], as shown in Figure 2. Cellulose,
hemicelluloses, and lignin are major components in each cell wall, where microfibrils
(made of cellulose molecules) act as fibres that are embedded in a matrix which consists
of lignin and hemicellulosed 6]. Each of these components can affect the properties of
lignocellulosics fibres, as summarised imble 21. With knowledge of the chemical
composition of natural fibres, their degradation characterisation can therefore be
predicted. Unlike synthetic fibres, natural fibores have a hollow structure due to the

presence of a lumdR21].
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Disorderly arranged
crystalline cellulose
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Figure2.3: Structure of a typical biofibrgl6].

Properties Components

Strength Cellulose[16, 22, 23]

Thermal degradation Hemicellulosq23]
Biodegradation Hemicellulosq22, 23

Moisture absorption Hemicellulosq22, 23]

Fibre degradation Hemicellulose and lignifi21, 24]

Table2.1: Cell wall polymers responsible for the propesti¢ lignocdlulosics fibres

The properties of fibres lack consistency and have a high level of variability.
Intrinsically, major structural differences such as density, length and diameter result in
differences in physical properti¢8]. The properties of fibres can also be affected by
changes in the environments of growth including the location, moisture level, and time
to harves{25]. For instance, a higher degree of voidfisnd in plant fibres harvested

in wet habitat§22]. This can result in variations in mechanical properties ofilhes
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as well as a higher saturation level when the fibre undergoes a moisture absorption

procesg22, 25).

Each componerthatcomes from natural fibres is compostable, meaning the application
of natural fibres makes energy saving possiBkside biodegradation the recyclability

of natural fibres could extend their uselives, minimizing raw material consumption

and storing carbon for a longer period of time. This could in turn leads to a reduction in
global impact on environment. Le Duiget al. [26] studied the recycling capacity of
flax/PLLA (poly(L-lactide)) biecomposites with a fibre weight fraction 80% and

30%. Mechanical propertiesf composites were evaluatetl beginning of the tesind

right after each of repeated injection process. The property retention observed in the
experiment indicates the promising recyclability of this class of matsyistems.
Furthermore Bourmaudet al. [27, 28] have shown that composites of Polypropylene
and vegetal fibres are recyclable following the European directive of using/recycling of
at least 95% of a worn vehicle weight by 201bis finding agrees with the conclusions
from Srebrekoska et al. [29, 30]. It wasfound that recycling of rice hulls or kenaf
fibres reinforced polypropylene composites is promising due to their properties remain
largely unchanged after the recycling proceksis also noted that PLAased

composites are more sensitive to processing cycles thdagtde composites.

2.2.2 Naturalfibre reinforced polymer composites

Compared to thermoset polymers, thermoplastic polymers have several advantages, and
the one most relevant to rapid forming is their ability to be reshigi¢dRecyclability
is anothemajor advantage of thermoplastic over therm@24ft Polypropylene (PPis

a good choice for the matrix of natural fibre reinforcements due to its low cost, low

10
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processing temperature (to facilitate the low thermal stability of natural fibres), and

strong hydrophobic character (which protects the hydrophilic natural fil2%s)

Many attempts have been made to study the shortcomings of natural éficets
directed to maximise their applications in a range of industries. In general, there are two
major issues associated with natural fibore composites: low thermal resistance as well as
moisture absorption. Due to their inherently low elongatfailure, natural fibre
composites usually require additional treatments before forming into parts having a high
level of complexity. In auto parts manufacturing, the poor thermal resistance of natural
fibore composites is a critical barrier for widespread bseause the conventional
treatment, preheating, is often not applicable to this class of material system.
Thermogravimetric analysis (TGA) has been frequently used to study the thermal
stability of natural fibres. In a typical situation, the fibre suffarslow weight drop

when it is subjected to heat, followed by a sharp drop over a narrow range of
temperatures and finally returns back to the stable state as reactants are ekhdusted
Due to similar characteristics, natural fibres usually share a similar TGA curve in which
al most 60% of the ther mal decompo[8].t i on
has been reported that lignin starts degrading at lower temperatures compared to the
other major constituents of natural fést cellulose and hemicellulo§g3]. A better
thermal resistance can therefoeednticipated in natural fibres with low lignin content,
such as flax fibre§34], or in those natural fibres in which the lignin has been removed
by chemical treatment83]. The thermal degradation of natural fibres is therefore an
important issue associated with manufacturing natural fibres reinforced composites,
especially since preheating is traditionally used to improve forenability of

composites during rapid forming.

11
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The variations in structure as well as properties of natural fibres result in variation in the
performance of natural fibre reinforced composites when they are subjected to moisture
absorption processes.jayamaniet al [35] studied theperformance of a roselle/sisal

fibre reinforced polyester hybrid composite when subjected to moisture ingression
process, and the maximum weight gain reported was 4%. A significantly higher
saturation level was observed by Wameg al. [36] for rice hulls/low density

polyethylene composites which reached a stable weight gain of 17% after being

immersed in distilled water for approximately 100 minutes.

Reduced mechanical properties of sisal/polypropylene ositgs have been observed

in tensile tests as a result of increased water uptake, time of immersion, and fibre
loading[37], and the driving mechanisms behind these variations was determined as the
weakening of the fibre/matrix interfacke Duigou et al. [38] investigated a flax fibre
reinforced PLA composite with 20% fibre loading, and the composite, when safurat
exhibited an almost halved strength, and significantly reduced stiffness, but a doubled
elongationto-failure (compared to the untreated condition). Thesearchalso showed

that variations in elongatieto-failure were temporary, while those in strength and
stiffness were permanent. Through SEM examination of fractured surfaces, the changes
in mechanical behaviour of the composite were explained by fibre ptasibei as well

as increased ductility of the PLA matrix. Similar observations have also been reported

on a sisal fibre reinforced polypropylene compog3td.

Variations in mechanical properties are reported when natural favee€xposed to
different chemical solutions. Methacanetnal [22] investigated variations in the tensile
properties of water hyacinth, reed, roselle and sisal fibres caused by moisture absorption

processes. A considerable increase in tensile strength was reported in all fibre yarns, and

12
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the study attributed these observations to a higher amount and better orieotation
crystalline cellulose in fibres. Extra extensions and elongations were also found in wet
yarns compared to dry equivalents as the absorbed water behaved like a lubricant so that
one fibre could slide over another. Goetaal [40] determired the effect of alkylation

on the tensile properties of ramie fibres, where the fibres were-takaled with a 15%
NaOH solution. A 418% improvement in tensile strength accompanied with a
reduction in stiffness was noticed in the treated fibres. Aifssgnt increase in ductility

was also observed so that the treated fibres exhibited a more than doubled elongation
to-failure. Such improvements in properties were considered to be a result of changes in
the morphological and chemical structure of thees. These observations contradict
those obtained by Ragt al. [41] in which an increased modulus and a reduced
elongationto-failure were noticed when jutébres were subjected to an alkaline

treatment (a 5% NaOH solution at 30eC).

Cellulosic fibres are incompatible with hydrophobic polymers due to their hydrophilic
nature, which usually results in poor interfacial adhesion between two materials and
hencdeads to voids within the composite. It is therefore not surprising that natural fibre
polymeric composites are also sensitive to moisture, and the corresponding damage can
be accelerated at high temperaturgg. As stated in Table 2.1, hemicellulose is the
fibore component which is responsible for moisture absorption. A higher moisture
absorption level is therefore expected for those natural fibres thatlnyleer content

of hemicellulose. Biological activities such as fungal growth can contribute to
biodegradation of composites after they have been exposed to moisture for a long period
of time[42]. The hydrophilic nature of natural fibres makes their polymeric composites
more prone to absorb moisture compared to polymers. An increased rate of moisture

absorption was reported when the volume fraction of néfibrak increasegl7]. Apart

13
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from natural fibres, moisture exposure can also alter the interfacial conditions between
different constituents of the composite. Under hswircumstances, intermolecular
hydrogen bonds are established between the water molecules and the cellulosic fibres,
causing reduced adhesion between the fibre and the mdirjx A weakened
fibre/matrix interface is also attributed to the fact that cellulosic fibres tend to swell

when the composite absorbs solutip#d.

Moisture absorption of natural fibre composites enables the introduction of chemical
treatments. Xuwet al.[44] modified a kenaf fibre surface with a silane coupling agent to
enhance adhesion between the fibres and the polystyrene matrix. A condensation
reaction betweenlkoxysilane and the hydroxyl groups of the kenaf fibres took place,
resulting in a higher storage modulus and hence an improved interaction between
different constituents. A similar observation of an improved storage modulus of natural
fibore composites &ér silane treatment was found in abaca fibre reinforced polyester

composite§45].

Unlike other chemical treatments which only modify fibre surfaces, maleic acid (M.A)
also modifies thgpolymer matrix, and lead to better bonding between the fibres and the
matrix. Consequently, maleic acid can achieve better adhesion between two constituent
materials compared to other treatments. Kiekend Velde[46] treated dewetted
hackled long flax with propyltrimethoxysilane, phenylisocyanate and maleic acid
anhydride modified polypropylene, and the highest increagatenfacial strength was
observed in the maleic acid treated composite. This work also showed that when a
flax/polypropylene composite is treated with maleic acid, chemical entanglements form
within the maleic anhydride/polypropylene copolymer and thas bysical link

improves load transfer between the fibres.

14
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2.3 Composite forming

Composite Materials have shown great potential to be applied in-pati®
manufacturing, and their ability to be reshaped after melting during initial consolidation
makes tis class of material systeracyclableafter at the end of its life cycle. However

the current manufacturing procedure for this class of material systems is-labour
intensive, complex, and expend@ 48]. Therefore, one of the challenges for
widespread usagef advanced lightweight material systems in vehicle manufacturing is

a suitable manufacturing technique. The stamp forming technique has been successfully
used in rapid forming of metal alloys, and maaecently extendedto forming of
composites and FML structur¢$2, 47-51]. In stamp forming tests, the material is
formed into the desired shape by being pressed between ahdmlgk and a die.
Depending on whether the edge of the specimen is allowed to move or not, stamp
forming can be divided into draw forming and stretch forming. In the forfim@ning
technique the sample edge is allowed to move towards the die centre during forming,
with the amount of edge movement being closely related to {alder force. The
drawing behawur of the material can effectively reduce surface strain deformation,
helping achieve a larger forming depth, which is crucial in forming highly complex
products However, wrinkling can also beumdesiredby-product of extensive drawing

behaviour.

Reently, studies have been conducted on forming composite fabrics. A spray of resin is
usually required to keep the formed shape after removing it from the toolst &ef52]
investigated the effect of blafilolder force on the stamp forming behaviour of a-non
crimp fabric. Square samples of 360n x 350mm were used in stamp forming tests,
and the fabrics were cut such that the tows wereedigih 0/90°(hamed CSN) as well

as at 45%45°(named CSD) to the edge of the square. During stamp forming tests, a

15



Literature Review

dead weight was placed on the annular bllaokier before the punch moved down to a
depth of 75mm. After forming, an unsaturat@alyester resin was sprayed on to harden
the formed structure which was then maintained for 30 minggsdbeing removed

from the mdd. It was an advantage to reduce the area in shear deformable area in
symmetric shear deformation, and thereforelC#as a morepreferableconfiguration
compared to C3I. In addition, a processing path with few or even no wrinkles could be

found by optimizating the blarkolder forces.

In work conducted by Ouagret al.[53], flax fibre fabrics with different architectures
were formed into a complex tetrahedron. The significance of this shape was that it
contained several geometalcsharp corners required by many automotive parts. The
fabrics were formed through a tetrahedral punch with a base side ohr26& base
height of 20mm and a total height of 128m. A resin spray was applied to the sample
surface after forming so thate part could be removed from the tools while keeping its
final structure. By comparing different fabric architectures, experimental observations
suggested that the buckling effect can be reduced by choosing specific reinforcement
architectures. Caet al. [54] conductedan extensive review on characterising the
mechanical behaviour of woven fabrics that comprised yarns with continuous
commingled glass and polypropylene fibres. This study suggested that, in trellis frame
tests and bias extension tests, composite mateviis largely deformed by intaly
shearing as the fibres in the weft and warp directions moved over each other. It was
found that locking began to occur at approximately 457 beyond which tows began to
exert a compressive force on each other. When thispoession force reached a
maximum, wrinkling and oubf-plane buckling began to occur and the formed part was

considered failure.

16
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In addition to composite fabrics, the forming behaviour ofqmesolidated composite

also becomes of great interest to eeshers. Ho(55] performed draw forming tests on

a preconsolidated unidirectional glass fibre reinforcedypobpylene composite. The
preprg was conslidated by firstly placing a mid filled with 8 layers in a press which

was heated to 180CAfter a preheating period of 15 mines, a pressurefd..5 MPa

was applied to the nhd for 5 minutes, after which it was cooled to room temperature
under pressure. The composite was heated above the melting temperature of
polypropylene before forming byé cold metal tool. Most fibre buckling was observed

at an angle of 45°to the fibre direction, and the centre of the composite experienced the

most thickness reduction, while zero reduction in the flange region.

Hwang and Hwang[31] also conducted high temperature forming experiments,
although unlike most other studies where the whole composite was heated prior to
forming, the specimen was locally heated. This methodddireeenergy usually wasted
while transferring the sample from the heat chamber to the stamping press machine.
Unidirectional carbon fibre/nylon (6 layers) composites were formed at different heated
ranges, working temperaty@nd holding time, and the ditg of the formed parts were
evaluated macroscopically for part angle and microscopically for delamination and fibre
buckling. Experimental observations indicated that, although wrinkling was still
observed at the flange region, the locally heated past semparable to the wholly

heated part in terms of maximum load as well as final angle.

Hou [55] studied the forming behaviour of glass fibre reinforced polyetherimide (PEI)
through stamp forming tests where the composite was heated to a merini20C
prior to the forming operation. It was concluded that a proper temperature and blank

holder force was crucial to good quality in the formed pdtss findingwasagreable
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with another research work whiemalysed the stamp forming of precdigated sheets

of unidirectional glass fibre reinforced polypropylene composites under various
experimental parameters such as forming speed and forming tempégEdurdhis

study created a novel rdzed model toform complex threedimensional parts. This
study found thahigh preheat temperature was essential for good formabiligytdu
intra-ply shear deformation at high forming temperatures. It was also noted that-the out
of-plane fibre wrinkling was eliminated at a forming temperature of 188&dighiet

al. [57] investigated the effects of laminate stacking sequence on the forming of glass
fibre reinforced polypropylene composite at elevated temperatures. It was concluded
that the flange regions in the composite changed with different lamgtat&ing
combinations. There was a significant reduction in the drawing behaviour along the
45°/-45° stacking scheme while thé/00° stacking sequence exhibited significant draw.
No obvious change was observed in the wrinkling behaviour of the compasites

varying stacking combinations.

Stamp forming tests are usually performed on consolidated compis#edike the
studies mentiorek above, and these require a separate consolidation process prior to
forming. This means that the voids within the material could be eliminated before
molding, butat a highercost. An alternative is therefore to perform consolidation and
forming in a sintg process, which offers potential for cost retthn. For instance,
TrudelBoucher et al. [59] transferred and then formed -giass reinforced
polypropylene fabrics immediately after reaching a temperature of 200€ in a natural
conventional oven. There were four separate stages during the forming process
including closing the mold, applying pressunelding the pressure and finally opening

the mold. Composites made from-consolidated fabrics were compared with-pre

consolidated compasis, and showed comparable fiexl properties at lowabric
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densities, but lower flaxal strength at high fabridensities. This result suggests stamp

forming process using this class of material system is promising.

Wakemaret al.[60] formed a glass fibre reinforced polypropylene composite through a
similar method where the material was heated in an oven before forming and
consolidated with aold tool. The optimum compression parameters were identified
when the reductions in cycle time were given higher priorities over the pressures and
times required for minimum porosity. This work also pointed out that the transfer time
between oven and presnust be minimised to prevent the material from cooling too
much. On average, the transfer time was approximately 30 seconds. By putting the oven
next to the press machine, Calaret al. [61] managed to transfer the mold with a
heated alpolypropylene laminate inside irpproximately 3 seconds with a negligible

drop in temperature.

Stretchforming tests, on the other hand, require that the sample edge is completely
fixed during forming This forming techniqudas been widely applied to metff-67],

and recently to Fibrdetal Laminates (FML)[19, 68-70] PolymerMetal Laminate
(PML) [71, 72], and composite$47, 73]. Due to the restricted drawing behaviour of
materials duringorming, materials would experience higher surface strains and much

lesswrinkling at the cost of surface fracture at smaller forming depths.

One of the main drivers of conducting stretch forming experiments is to establish the
forming limits of the materials at different deformation modes. To achieve this, a
number of designen experimental geometries have been proposed for stretch forming
tests. Nakazimat al.[74] proposed a rectangular specimen with varying middle section

widths. When the width of rectangular a specimeas increased,the sample
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experiencedncreased lateral resttion during forming, which prevents the sample
from being drawn into the die cavity. This would also result in a forming mode closer to
biaxial stretch. It is argued th&dilure would initiate at regions other than pole when
applying rectangular specimgnand hencecapable ofobtairing the forming limit of

the desired forming mod&.o ensure that failure initiates at the centre of a composite
specimenthe point of interest for the purpose of FLIRaghavan75] proposed a new
design of sample geometry where a radius was cut from each edge of a rectangular
sample. Howevetthis design wassometimes difficult, to obtain a deformation mode of
pure shear. Zgani et al.[73] found that in stretch forming tests, the deformation mode
of pure shearan be obtained at the pole of small rectangular specimens, with the fibres
oriented 45%-45°to the stretching axisThis allowed one to construct the complete FLC

from stretch forming tests.

Sextonet al [68] investigated room temperature formability afibre metal laminate
system comprised @uminium and a selfeinforcing polypropylene composite. A real

time threedimensional photogrammetric measuring system was used to acquire surface
strain evolution during formingThis work studiedthe meridian strain distribution of

the FML, and lhe comparison of it to that of laminium suggested that FML structure
can indeed have superior formability than monolithic metallic all@anjani and
Kalyanasundaram{47] comparedthe forming behaviour of gladire reinforced
polypropylene compositeGRPP) and selfreinforced polypropylene composites
(SRPP) In the stretch forming test®nducted in this work, the specimens were cut into

a circular shape with varying widths to determine the effect of aspect ratio. The induced
strain deformation was measured from a pair of high speed, high resolution CCD
cameras by using a Digit Image Galation (DIC)techniqueThree pointsat the pole, at

some distance from the pole in the longitudinal direction, and at some distance from the
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pole in the 45°D the fibre directiorwere selectetb analyse the strain evolution of two
composites. It wasconcluded that GRPP composites exhibit significantly higher
formability under shear deformation than SRPP composites. In addition, the
combination of sampleds width and bounda

on the formability of woven composge

2.4 Failure behaviour and failure criteria for composite materials

2.4.1 Failure behaviour

The failure behaviouof fibre reinforced composites istrongly dependent on the
material structural organization. The damage initiation and development nmateeal

is controlled by the properties of matrix, fiemeatrix interface and material structural

organizatior{76).

Gorbatikh and Lomo\76] described the typical sequence of daeaythe situation
wherea compositewvas loaded in the longitudinal direction with an ieesed tensile
load The first damage typically appearsthe form of transverse cracks which usually
initiate inside the yarns with the highest local fibre volumaction or at yarn
boundaries, depending on the textile architectures. Transverse cracks wqadapeo
along the yarn direction, anthe numberof cracks is increasedntil saturation is
reached when loading is further increased. Once transverse crackelhdeveloped,
they further propagate as local delaations. The onset and propagation of
delaminationrdepend on the interlaminar fracture toughness of the compd&ien the
transverse strength of longitudinal yarns is exceeded by the local stregisting
would initiate. Finally, massive breakage of fibres in the longitudinal yarrnasépis
noted that the strain at which it happens is usually below the ultimate strain of fibres
due toinefficient stress transfer caused by fibre crimp and developed delaminations.
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Matrix cracks is also a typical mechanism observed in textile composites, and the onset
of which usually starts as micaebonding at fibrenatrix interfacg76]. De Greeft al.

[77] observed qualliptical shape yarn crossections in a carbeapoxy twill
composite. Fibre interface debonds appeared firstly on yarn boundaries, and later inside
yarns which then grew into transverse cracks. A similar situation was also found in a
carlon-epoxy 3D woven orthogonal namimp composite byBogdanwich et al [78].
However in natural fibre reinforcedomposites which have a low transverse stiffness,
the initiation of matrix cracks can be delayed llatier stages of loadinfy6]. Kersani

et al.[79] found that the onset of matrix cracks starts just before the entire woven flax

epoxy composite fails or never appear at all.

Traditionally composite materials were manufactured using thermoset matrices, and an
extensive number of studies have been carried out to investigate the failure behaviour of
this class of material systems. The research conducted by Retusld[80] examined

the fatigue behaviour of glass/epoxy composite materials subjected to cyclic tensile tests
under different stress ratios and the stacking sequeng®0ge [902/02]s; [03/90]s;
[903/0]s). All experiments were performed at room temperature through a tensile
machine equipped with 100N loading cell, according to the standard test method
ASTM D3039/D3039 M. The displacement rate wasrh/min with a frequency of 10

Hz. Specimens were tested under various maximum stress levels, and the applied stress
ratio (the ratio between the minimum and maximum applied stress) varied between 0.1
and 0.5. Expemental results showed that it is more adequate to use #89]ibre
orientations to achieve the maximum fatigue life. The fatigue strength of the composite
was found to increase with stress ratio values for all fibre orientations. Fatigue life,

however, decreases significantly with decreasing stress ratios.
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Ma et al. [8]] studied oraxis tensile tests of unidirectional carbon fibre reinforced
epoxy laminates. Two typical fracture modes of splitting and theligepnode were
observed in the composite, while all 0°laminates showed thelgtegdracture mode in
tensile tsts. To further investigated the fracture process of the laminatebysttpp
tensile tests were carried out, which stopped at strains of 0.2%, 0.8% and 1.3%. Based
on observation of fracture surface vertical to the fibre directioder SEM no
delaminaion occurred and only few largeeale cracks could be observed, suggesting
the dominating failure mode of cohesive failure. It \asofound in the work that most

of the cracks propagated along the thickness direatitime unidirectional carbon fibre
reinforced epoxy composit&imilar findings were obtained by Manet al.[82] where

the fracture mechanisms of a carbon fibre/epoxy laminate [+75]6/under uniaxial
loading tests. In this work, transversal crack propagation was found as the dominating

failure mechanism agbires kept a significant amount of epoxy resin on the surface.

Unlike most studies that focused on the ovepaliformance othermosetcomposite,
Wangetal. [83] examined the effect of different surface treatment of reinforcing fibres

on fibrematrix adhesion of a carbon/epoxy composite. The Polyacrylonhaked
AKSAca A-42 carbon fibres with a bulk density of 1.78gfcwere treated with a
mixture of H2SOZ4and HNO (3:1 in volume) for a treatment time of varying from 15
mins to 60 mins with anncrementof 15 mins. Adhesion strength at the interface
between carbon fibres and epoxy resins was measured in a microbond test. Failure
samples from the microbond test were then examined with field emission SEM to verify
the location and mode of the faie. There was a clear evidence that interfacial
separation, caused by poor adhesion, was the main failure mode of the composite. It was
also found that both interfacial shear strength and fracture toughness of the interface

were improved after an optimufi>-30 mins of surface treatment, and these properties
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staredto decline when treatment duratisasprolonged beyond 30 mins.

Thermoplastic composites have higher fracture toughness and higher strain to failure
compared to thermoset compositesading © different failure behaviour seen from
experiments. Venkatesafl8 studied the forming behaviour of two different
composites through draw forming tests. The first one was a glass fibre reinforced
polypropylene composite (Twintex), and the second was a-reefbrced
polypropylene composite (Curv). Both were qgansolicated before forming. Circular
blanks with a diameter of 18&m were formed into a hemispherical dome structure.
Three different experimental parameters, including blawiker force ranging from 2

kN to 14kN, feed rate ranging from 2@m/s to 60mm/s wereselected in this study. By
examining the formed parts, no matrix cracking, delamination, fibre breakage, or fibre
pull-out was observed. However, wrinkling at the flange region was observed frequently
on both composites that were formed at low blanlde forces. Increasing the blank
holder force can effectively reduce the amount of wrinkling, thereby improving the
guality of the formed structure. The similar observation was also obtained in other
researcheqg84]. All-PP compositesvere stretched to failure in tensile tests, and
examination on the fracture section revealed thatfdHere is characterisedy fibre
breakageleading to matrix damageAlthough considerable thinning is noticed, no
failure is initiated in the matrixSimilar finding was also obtained Bomhany et al.

[85]. Twintex exhibited a different formg behaviour compared to Curv due to
significantly higher stiffness of the glass fibres compared to the polypropylene Abres.
detailed examination on the failure behaviour of Twintex was outside the scope of this
study, lowever fibre breakages are seenewlsamples were stretched to failure in

tensile tests.
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Davey et al. [86] performed stamp forming tests on a carbon fibre reinforced PEEK
composite. Circular discs of samples were formed into a dome structure through a 300
kN doubleaction mechanical press machine, and the test was not ceasethentil
initiation of failure in the specimen. It was found that the failure was observed in the
carbon fibres, primarily due to the significantly lower failure strain of carbon fibres
compared to that of the polypropylene matsumaniet al. [87] studied the failure
behaviour of kenaf fibre reinforced polypropylene composites with kenaf fibres
prepared with alkatie treatment, or a combination of alkaline treatment and-three
aminopropyltriethoxysilane treatment. SEM examination on the failure surface of the
composite(with a fibre content of 30% and treated with 6% NaOH before gilane

indicates that the fracture éharacterized by fibre breakage

2.4.2 Failure criteria

An extensive number of research hayween carried out to determirke conditions
beyond which failure initiates in composite materialsanberof failure criteriahave
beenestablishediponmathematical models built lauthorswith strong understandisg

on the failure behaviour of composite§hese failure criteriancluding noninteractive

and interpolation criteria, have been applied to fibre reinforced composites for
predicting on their dilure behaviour. Among all the Maximum Strain and the

Maximum Stress are two of the simplest.

The Maximum Stress failure criteria can be express¢8ghs
L Lopl ARl [
= O Hh & d J[hS do [

s s "Bhs s Ahs s A (2.2)
where X, YT, and Z are the tensile material normal strengths; Xc, and £ are the

compressive material normal strengths (and have negative values); and Q, R and S are
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the material shear strengths. The composite material is considered failed when one of

the criteria above is met.

The Maximum Strain failure criteria can be expressg@8@|s
L L F [ AL
= E =4 L - B L h= . & = |

ws [hisws 4.hws (2.2)

where X1, Y 1, and Zr are the tensile material normal failure strains:, X c, and Zc

~

are the compressive material normal failure strains (and have negative values), and Q
R and S are the material shear failure strains. The composite material is considered to

have failed when one of the criteria above is met.

The TsaiHill failure criterion considers interactions between the failure modes which
are ignored in both the Maximum Stress theory and the Maximum Strain theory. The

full multi-axial TsatHill failure surface can be written §38]:

f f H E i f
A A H A A H
where in order to incorporate different tensile and compressive strengths:
= M SR TR 2.4
T A LA Ha 24

Based on the Maximum Strain failure criteria, Hamith [89, 90] applied
modifications using a micromechanical approach and suggested a truncated failure
envelope in biaxial tension as well as biaxial cosspion, as shown in Figure 2he
truncated Maximum Strain failure model predicts a more conservative failure envelope

in in-plane shear where the reduction in strength is approximately 60%. The interactions
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between the fibres in the warp and weft di@t are important for preonsolidated

woven composites, resulting in inaccuracies if-mderactive failure criteria are applied

to this class of material system.
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Figure2.4: Failure envelope f090° unidirectional laminag9Q].

Tsai and Wu[9]1] developed tensor polynomial failure criteria, but the proposed

mathematical function cannot distinguish between fibre fracture, matrix cracks or

interface breakag@92]. Rotem [93] proposed a stredmsed failure criterion which

separates fibre failure and matrix failure of filzemposite materials. The first version

of this failure crierion was proposed in 19794], and then modified in 197®5 and

again in1981[96]. There are three assumption of the criterion: Firstly, the failure of

fibre-composite material laminate Wwibccur only in fibre or ratrix. Secondly, the

laminate isformed under the conditions that onlyptane stresses are effective, and no

interlaminar stresses which may result in failure. The last assumption is that matrix
material is softer and weaker théhe fibres. Based on these assumptions, the criterion

predicts fibre failure and matrix failure, separately.
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Fibre failure criterion:

A

1l 2.9
a | (2.6

Where Sis the composite lamina strength, the index A denotes the axial direction, +

indicates tensile strength and 1T indicates <co

Matrix failure criterion:

ple  oQ ay
T T T (2.7

Where the subscript m index stands for the matrix material, T is for transverse
directions (to the fibres), and AT is for shear in a plane axis that is transverse to the
fibre direction. The first term expresses the relative shear strength, and the second term
is the relative normal stress in the transverse direction. The third term is for the axial

stress in the matrix, which is smaller than the other and usually neglected.

The predictions of this failure criterion were then compared with some experimental
results of laminate materia]87]. A large discrepancy was noted in some cases due to
the huge scatter in the experimental results, the arbitrary selection of some tests, and
material properties. In somexperimental caseshe failureof materials is due to a

failure mode of buckling and hence not covered by this criterion.

A similar stressased failure criterion, namely Gra®anders method, was developed at

British Aerospace Defend®8], and this failure criterion could predict failure mode as

wel | as failure | ocation. Unl i ke Rotembés fail
fibre failure and matrix failure, this failure criterion is separated as initial failure and

final failure. Thefinal failure means that the laminate is either incapable of taking

further load or fibre breakages occurred. The initial failure is acatestrophic event
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following which the failed piles gradually shed load, and it is induced in transverse
tension anccompression. In some cases, final failure is predicted prior to initial failure
and when this happens, the initial and final failure envelope coincide.
Initial failure:
Transverse tension/compression:

a 3 < (2.9

a 3w (2.9
Where, is transverse shear:Fs allowable transverse tensile stress, ang i$

allowable transverseompressive stress.

Combined shear and transverse tension:

a s
— 2.1
T < 7 (219
Wheret is shear stress, andfs allowable shear stress.
Final failure:
Longitudinaltension/compression
d 7 « (2.1
a 7 4 (2.12
Where, is longitudinal stress (along the fibre direction)
In-plane shear:
M A (2.13
Combined longitudinal compression and shear:
g ¥¢ (2.14
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Where'©O andO are parameters for sheawmpression, and these two parameters
may be the same asclnd F2 respectively, but are not necessarily so, depending on

what is known about the material performance.

Delamination:
W ‘ £ J|||: > (213

Whereo is effective ply thickness, and is delamination criterion

Instead of defining the failure criterion in the space of stress or stnagmgy based
failure models havelso been developedt is arguedthat he stress or strain based
theories are quite reasonable for materials showing a linear stress/strain behaviour,
whereas energy based criteria would be more approachable for materials exhibiting a
nortlinear behaviouf99]. The first model was developed Bandhu10q, which was

built from independent sim energy parameters in the longitudinal, transverse and shear
directions.A restatement of this model was presented in the work conductééblig

and Butalia[99], where the theory has been extendedntdude a variety of ply

unloading mechanism as well as to apgihess or strain loading of composite laminates.

It is important to note that most theoretical failure models are derived from
unidirectional lamina or laminates made from unidirectional lamina layers. These
failure criteria do not account for weave structures, whereas the behaviour of woven
composites is highly affecteby interactions between their different constituents. In
addition, most failure criteria stated in the reviesre built based orfibre reinforced
thermoset compositesand thermoplastic composites are much more ductile than
thermoset[101]. This difference in failure behaviour would also influence the

applicability of failure criteria, such that in the literature fibre breakage is prevalently
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seen as the dominating failure mechanism for thermoplastic composites whereas there
are many cases whereetfailure of thermoset composites is initiated with fibre/matrix
interface.Lastly, theoretical failure models are developed for homogenized composites,
whereas natural fibre reinforced composites usually exhibit a high level of porosity
[102). The geometric unevenness and materiatumaformity caused by this may also

affect the application of these theoretical failure criteria.

Failure criteria of composites have also beeanstructedthrough experimental
observations A forming limit diagram (FLD) which consistsof major strains and
minor strains,can be established in stretch forming tests based on surface principal
strains as expressed in Equation62:The FLD can prode information on deformation
modes, identified by the strain ratios of surface poiasscomputed by the Equation

2.17

. oo oo 00 2.16

— (2.17

where- and- are principal major and minor straifsijs strain ratio.

Deformation mode Strain ratio
Balanceedbiaxial stretch 1
Plane strain 0
Uniaxial tension -0.5
Pure shear -1

Table2.2: Summary of deformation modes and corresponding strain ratio for sheet
metals
The importance of FLD is that it allows one to construct the forming limits for different
deformation modes. The line that connects limiting strains at each deformation is named
a Forming Limit Curve (FLC). Based on the FLC, the forming window of matersals
therefore be obtained, and used to predict failure for production parts. FLC was
designed for metal forming, and a number of studies have shown that FLCs can
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successfully predict the failure associated with monolithic metal glid& 104]. The
potential of using FLC to predict failure in other classes of material systems has been
investigatel. Inspired from metal forming procedures, Zanjanhial. [73] proposed a

FLC for a preconsolidated woven settinforced polypropylene composite through
experimental outcomes in stretch forming tests. A rectangular sample geometry with the
width varying from 12.5 to 200 mm was used, and specimens were cut in sw@h a
that the fibres were oriented at 0790°as well as at 4856°to the stretching axis. A
reat i me strain measur ement system, named
study to monitor surface motion and to compute strain deformation. This provided
principal strains of every surface point, which were then used to construct the FLD of
this class of material system. Figuré 2hows the FLC based on limiting principal
strains observed in experiments. The constructed FLC wagipptindent such that the
failure occurs at a point when its deformation path and instantaneous strain state
satisfies the failure criterion, meaning the path of strain evolution is as important as

principal strains at a single stage.

Major Strain
e
o5

15 TN -
10 * -
[Fath 111] .

30 20 10 0 10 20
Minor Strain

Figure2.5: The pathdependent FLC constructed by Zanjanal.[73].
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Sexton[19] investigate a fibore metal laminate based sedinforcing polypropylea
compositein stretch forming testsSamples had a seiinforced polypropylene
composite core sandwich structure between two pieces of 5005 H34 aluminum layers.
Hourglass samples with widths from 25 to 200 mm were formed into hemispherical
domes using a&tamping press machine. Prior or to forming, a tightening torque was
applied to each of six M12 bolts to fix the specimen between the-hlaldler and the
lock-ring, preventing the edge of the composite from being drawn into the die cavity. It
was found hat the failure behaviour of the fibreetal laminate structure was more
complex than just considering principal strains, as the failed data point of one specimen
could lie in the unfailed region of another specimen. High shear strain deformation was
the reason that an unfailed point can withstand a higher major strain than a failed point.
Under shear deformation, fibres did not experience the highest strain, and the
polypropylene matrix could withstand higher strain deformation than the fibres. To
overcomethis, a threadimensional FLD was proposeds shown in Figure 2.6. This
threedimensional FLD considers principal angle as a key parameter in addition to

principal strains
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Figure2.6: The threedimensional FLD proposed by Sextdr®).

Studieshave shown that there are certain disadvantagegpséssing forming limits of
materials in terms of straingl05 106, and a major one of them is strain path
dependency. In order to overcome this shortcomiagning limit curves have been
developedn the stress spa¢&07-109. This idea was firstly proposed by Arrieakal.

[11Q in 1982, and this method seemed to be independent of the strain path changes.
This method was then promoted agraper solution when analysing the formability of
material in multistage forming processes. Levy and Van Tyh67] developed a
method to calculate a strelsased formindimit curve. Under the application of the
KeelerBrazier equation, the effective stress in plane strain was proved to be a function
of thickness of the sheet and the instability/damage parameter which was calculated
from a uniaxial tensile test. The strdsssed FLC was proved to be applicable to
conventional high strength steels, and the use of this method could provide a practical
approach to predict failure behaviour in sheet metal forming with complex strain paths.
Panichet al. [108 conducted exp@nental and numerical analysis of Forming Limit

Stress Diagram for two advanced high strength steel sheets (DP780 and TRIP780). The
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stressbased forming limit curve was experimentally determined by means of the
Nakazima forming tests which were perforneased on the international standard 1ISO
1200042 on a 60kN Erichsen sheet metal testing machine. Analytical calculations of
FLSD were carried out based arombination of Marciniakkuczinsky (M-K) model,

the Swift hardening law, and the Yid20024 yield criterion. There was a slight
underestimation of the experimental FLD under uniaxial tension @ the hole
expansion test conducted in the work, iswerified that the conventional stréiased

FLD was insufficient for predicting material failure, whereas the stvased FLD
could more precisely describe the forming limits of both high strength stémisever,

it was also found that the accuracytlé stresdased FLD depended strongly on the
yield function and hardening law used in the calculations. Although disses
forming limit curve seemed to be valid for predicting the failure behaviour of the metals,
the application of this method to coogite forming is still questionablé&part from the
dependency othe selection of yield functions, atatal above, the application of stress

measurement in practice could be less convenient and accurate than strain measurement.

Several issues have albeen noticed wheapplying FLC to material systems other
than metal alloysFirstly, it has been mentioned that, due to strain path dependency
effect, surface principal strains at a single stage are not enough to predict[fejure
73]. An additional variable other than principal strains, or a new FLC with different
parametersnight be needed, and the accuracy of the FLC with three variables has not
been verified yein the literature Secondly, itstill remains questionable whether the
FLC is more effective thatheoreticalfailure criteriasuch as the Maximum Strain
failure criteria. Thirdly, although an extensive amount of research hasbeéuactedn

constructing FLCs from stretch forming tests, feas applied the FLC to predict failure
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in other forming practices, for instance draw forming teslisof these issues need to

be addressed properly befa@eplyingthe FLCin the mass production process

In summary, additional research effort is reqagt to find theoretically valid and
practical failure criteria for preonsolidatedvoven natural fibore composites, and this

forms an essential part of this research work.

2.5 Finite element analysis

In engineering design, numerical simulation is anmsseool that can reduce the trial

and error part of product developmgfil-114]. In addition, simulating the forming

behaviour of a material using Finite Element Models can provide information which

cannot be gained experimentally. For the rapid forming simulations conducted in this

work, two formulations cabe used: implicit and explicitn implicit procedure, he

state at t + ot is deter mi newherdagaisielthsedaon i nf or ma

information at timd in explicit procedur¢l1y.

2.5.1 Implicit method
Under the consideration of quasatic problem, The implicit metkhdocan be expressed
in terms of Kuations 2.8 2.24[116. Firstly, the discretised equilibriuguation for
the finite element model is:

"EE §E EEEE (.19
wherel is the external force vectd®) is the internal force vectod;  is the mass

matrix; and is the acceleration vector.

The internal forces are given by:
EE Fg "HA (2.19
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Where V is thecurrent volume of the modeg|, @ is the stress at a point currently
located at position xXf @ is the strain ratelisplacement rate transformation defined

from the interpolation assumption in the element.

I n static equi |l i lwesiara amost cdmstant dvithArhee imflyeng the f o
following expression.

EEEE (2.20

ABAQUS/ Standard uses Newtonds method to

the Tayl or 6®n, aneestimatesl soutiop at nteration (i) aimd can be

obtained:
. "EE  FE . -
= L L (2.20)
Therefore,
g'EE AF "EE gE (2.22
n—r cE 2 E
EEE = (2.23)
where0 i's the systembébs tangent stiffness,

The incremental displacement can also be updated as:

y1E YIiE AE (2.24)
where Yo is the incremental displacement at the increment of ¥1; is the
incremental displacement at the increment @f ijis the correlation to the solution at

the degree of freedom N at the increment of i.

2.5.2 Explicit method
The explicit method was originally developed to solve dynamic problenaving
deformable bodie§115. ABAQUS/Explicit method solves for a state dynamic

equilibrium at the current time increment (t).
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"EF Ef EFF Fy (2.25)
Therefore:
Es, 'EFEE "EF gFg, (2.26)
By applying central differencetegration rule, the velocities and displacements can, in

turn, be updated.
Ty Ty TATE T (2.27)
T 91 1% Y& 9115 v (2.28)

The cefral integration rule is only conditionally stabland the solution can diverge

rapidly if the time increment is too large. An estimate of stable time increment is given

by:

o .. A
Ya | 1| I—F: (2.29)
where0 is a characteristic element length andis the dilatational weave speed of the

material. For linear elastic material:

AH O — (2.30)

Where_and' ar e L ame 6 s ”dsdhe sdteaatldnsty. a n d

In sheet forming which is a quasiatic process, contact conditions are of great
importance. The implicit procedure has to iterate to satisfy all boundary conditions and
the time increment needs to be reduced if contact conditions are noédatisiwever,

in the explicit procedure, no iterations are required to enforce contact conditions, and
the time increment is irrelevant to the number of contact points as well as the contact
conditions. In terms of the computational cost, there is a liedaionship between the

size of the model and the solution for the explicit procedure. For the implicit procedure,
the solution time is proportional to the square of the wavefront size in the global

stiffness matrix, which could be very expensive in cataponal cost when running
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large siz models or 3D simulationNd15. Therefore, the implicit procedure offers a
lower solution cost at small model size, and less solutioneffesttive at large model

size.

2 5.3 Shell formulation

Compared to solid elements, shell elements can provide good accuracy with
considerable sangs in computational costs when modelling Bkamn rapid forming
simulations[12]. ABAQUS/Standard offers ahell element called S4 or S4R where R
stands for reduced integration. The geometric descriptionshell glements are

presented in §uations2.31-2.41[117].

The position of a material point in the shell is defined as:

on on Hn 1N (2.31)
Where the subsipt i and other Romans in theg&ations below range from 1 to|3;
and otheldower Greek subscripts in theg&ations below represent the quantities in the
reference surface of the shell range from 1 0 & the normal to the reference surface

of the shell.

The gradient of the position can therefore be represented as:

| =4

oy e gy
p p H rll h p Hl (2.32)
Where we have neglected derivativeé@f with respect tdY, and the thickness increase

factor’Q is assumed to be independent of S3.

In the deformation state, the local, orthonormal shell directtooan be defined as

follow:
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T RTVE € (2.33)

Wherg is the Kronecker delta and | is the identity tensomokr2.

H 1" "H A j (2.34)
The reference surface deformation gradient and the reference normal gradient can

therefore be expressed as:

2
T
=9
an
=9

(2.35)

-

Al TI (2.36)
In the original (reference) configuration, the position is denoted by X (the reference

surface by®) and the directionectors are denoted BY. ThereforeEquation2.31 can

be transformed to the following equation.

on  o6n f nn (2.37)

The gradient of the position, and thepglane components of the gradient can bigtevr

as:

| i 0}
5

R IFRFI I
p p r,lr]hr,l n (2.38)

WA T” y (2.39)
It is assumed that the-plane direction vectorofiow from the surface coordinates, and

the original reference surface normal gradient is therefore determined.

| =
= | =

=5 (2.40)

N R % (2.41)

It is noted that the original reference surface normal gradient from interpolation of the

nodal normal with the shape functions in the FEA formulation.
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2.5.4 FEA simulations of composite forming

Typically, in composite forming there are two modelling methods: mianal macre

level method$18]. A micro-mechanical simulation models the individual fibres and the
matrix in each layer of the laminate structure, and this method can generate accurate
results, but at a high computational costmacremechanical modelling, the composite
material is considered a homogeus structure. In either method, the way the material

is modelled is of great importance to the accuracy of the model. Beissle[11§
developed a FEA simulation of woven fabrics forming where fibres and matrix were
modelled individually. The mechanical behaviour of thatemal in tension was
determined through faxial stretching tests, where different strain ratios ranging from 0

to 2 were used. It was found that the behaviour of the material walinean and the
nortlinearity zone was increased with decreasing tharstatio value. In addition to

using the biaxial stretching tests, pictfir@me tests were also applied to obtain the in
plane shear behaviour of the composite. By incorporating these mechanical properties,
the process of deep drawing of a square box sumulated and then compared in two
different ways: tension only as well as tension plus shear. The numerical simulations
suggested that the rotation angles were reduced when shear stiffness was taken into

account, which was closer to reality.

Vancloosteret al. [119 undertook forming experiments of glass fibre reinforced
polypropylene fabrics to validate commercial simulations. During experiments, a local
shear profile of the formed shape was obtained in sequential steps. A reference pattern
was sprayed to the surface of a-pomsolidated woven fabric, and based on the way the
patern varied the shear angle of the deformed sheet could be obtained through a DIC
(Digital |l mage Correlation) techniqgue. S

compared. The first was the kinematic approach that only considerszsiated in
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planeshear as the deformation mechanism, and this failed to predict fibreengation

during forming. The second approach adopted a more refined mechanical simulation
where both the shear and tensile behaviour of the fabric were taken into account. A
Obispehéa model wiscb-dlastia matrik &d efestic fibres was used in this
simulation. The total stress was given by the sum of three components from: the elastic
properties based on-lane shear behaviour of the fabric; the matrix material thraugh
Maxwell model; and the behaviour of the reinforcement in the fibre directions. All three
components were uncoupled. This method gave a reasonably good prediction of fibre
reorientation, and deviations between experiments and simulations could beeskplain
by theseimpVverdfi edd materi al mod el and the
shear behaviour. Based on the findings observed by Beisd€118 and Vanclooster

et al.[119 both the tensile and shear behaviour of the composite fabric should be taken
into account to ensure an accurate numerical simuldtiemet al. [120 analysed the
biaxial stretch forming behaviour of glafisre reinforced thermoplastic composite with

a random fibre orientation under various forming parameters such as punch speed,
temperature, and fibre volwenfraction. This study found that the difference between
experimental and numerical simulation was due to the inability of the material model to

incorporate the effect of strain rate on the mechanical responses of the material.

Built-in material modelsra usually available in commercial FEA software. However, a
userdefined material routine has been used to model more complicated material
behaviour [121]. Sexton [19] modelled a glasébre reinforced polypropylene
composite through a usdefined material routine, and the flow chart of the maler
model is shown in Figure 2. Due to the notlinearity nature of raterial stiffness in

both the fibre and shear directions, the coefficients in the stiffness matrix were

expressed as functions of strains.
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82.5 Finiteelement analysis
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Figure2.7: Flow chart of tle material modd]I19].

It was found that the stressrain behaviour of the composite maaérfitted the

following expressions:

AH AR (2.42)

noo& (2.43)

where, is stress: is strain; and A, B, C, D, Y and H are coefficients.

Equation 242 was used when the absolute value of strain was less than 2%, otherwise
the stresstrain relation was described by Equatiod32.To help predict the forming
behaviour at different tempeiures, the stressdrain relations at elevated temperatures
were expressed by these two equations using ditveg software so that all

coefficients could be expressed as a function of temperature.
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As well as a suitable material model, contact coos are another essential component

of FEA models. When a circular sample is formed into a hemispherical dome structure
with its edge being clamped, the tension in the sheet increases with the punch
displacement. If there is no friction between the cositpoand the tool, the greatest
strain will be at the pole, which is where failure will occur. Under high friction
conditions, the pole of the specimen stops deforming beyond a certain punch depth, and
the maximum strain deformation appears some distanoe the pole where failure by
splitting is expected12Z. Because at small forming depths the maximum strain
deformation spreads from the pole to nearby regions, a less lubricated contact
conditions result in lower strain profile along the diameter of the specjt@nin

some applications, a very high friction value was defined when the contact layers were

assumed not able to slidgaanst each othg60].

Previous studies have shown that the steady state friction coefficient between the
thermoplastic composite and the tools camyvfrom 0.05 at high temperatures, low
sliding speeds, and high pressures to 0.5 at low temperatures, high sliding speeds, and
low pressure$123. Much higher friction values were not uncommon. Harrisbal.

[124] examined the effect of the coefficient of friction in press forming of a 0790°
crossply thermoplastic composite at elevated temperatures. The first simulation used an
artificially high value of coefficient of friction, 5.0, to account for the rapid icaopl
freezing and reduction in mobility of the thermoplastic matrix composite during
forming. A more realistic value of 0.3 was used in a second simulation. It was found
that the localised shear zones were suppressed by a high coefficient of fricti@, and
higher material stiffness promoted shear localisation when the amount of friction was

more realistic.
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§2.6 Summary

An essential application of numerical simulation is to provide information which cannot
be observed experimentally. Davegt al. [86] developed FEA models in
ABAQUS/Standard to simulate the forming behaviour of aqmmsolidated carbon
fibre reinforced polyether ether ketone (PEEK) composite in draw forming tests. In the
FEA simulation, a linear orthotropimaterial model, based on mechanical properties
obtained from experiments and the literature, was assigned to the composite material.
For dome forming tests, a rei@ihe strain measurement system was used to monitor
surface motion. However, the flange mgiof the composite was blocked by the tool,
making it impossible to observe the forming behaviour of this region. Flow behaviour
was observed from the FEA simulations, where much larger displacements were
experienced in the fibre directions compared td5&to them. This was primarily due

to much higher stiffness to carbon fibres compared to the PEEK matrix.

2.6 Summary

This Chapter has summarised the literature regarding the structure of natural fibre
composites, and surveyed possible treatments that can help this class of material system
achieve better formability. It has also reviewed composite forming and how to simulate
forming experiments using FEA modelling/hile an extensive amount of research has
been done on the forming of composite materials, there are still two unanswered

guestions in the field, and this work was designed to answer them.

The first question is, howo form this class of material system? Untreated natural fibres
usually cannot withstand a high level of extension, and poor formability is therefore
expected when the composite is formed without receiving any additional treatment. In
addition, preheatingwhich is the traditional method of improving the forming

behaviour of composite materials, may not be applicable because of possible thermal
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degradation of natural fibres at low temperatures. Even if this treatment works, are there
any other treatmentegither physical or chemical) that might be more? The current work

also investigates the effect of the weave structure by comparing two different natural
fibore composites which have the same constituent material, similar fibre fraction and

thickness, but dierent weave structure.

The second question that, what is the best measure of predicting the failure of the
composite?Most failure modelsstated in the literature review were developed for
finished composites subjected to uniaxial loading but notdémnage during forming.
More importantly these criteria do notccmunt the weave structures in which
interactions between the fibres and the matrix are important. Also, according to the
literature, the conventional FLC may not be applicable to compositeriaia.
Additional research effort ithereforeneeded to obtain valid failure criteria for woven

composite materials.
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Chapter 3

Materials and Methodology

3.1 Introduction

Natural fibore composites are processed using different treémpeior to forming, and

this sction gives details of treatments. Tensiletess ar e per for med on
testing machine at a constdoadingrate of 5Smm/s. Both dome forming and stretch
forming tests are conducted through a st
measurement system is used to monitor surface motion,t@ncalculate strain
deformation. This Gapter presents the composite materials used in the current work,
followed by an overview of different treatmeratgplied to natural fibre compositaad

finally the setup of all experiments performed including uniaxial loading, stretch

forming, anddome forming Tests.

3.2 Materials

The forming behaviour of two classes of flax fibre reinforced polypropylene (pp)
composites as shown in Figure 3.lyere analysed. Firstly, a chopped natural fibre
composite was used: it was a jmansolidated chopped flax fibre reinforced

pol ypropylene composite, Fi briBoardE, w a
second material was a continuous natural fibre comgasivas a continuous flax fibre
reinforced polypropyl ene f abr $EvalutioB,iUdt e x E
and then consolidated by the Xiafei factory located in Jiayong Junctions, Dongguan,
Guangdong, China. In the consolidation process, twoepi®f 200200 mm Inm

thick fabrics were stacked on top of each otred placed in a closed steel lchavith an

inner height of Imm. The m&l together with fabrics were then inserted into a heat
press machine and heated to ®WAvhich exceeded the meltjintemperature of the
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polypropylene. A pressure of 10bar was then appliethéomad for 3 minutes to
ensure the thickness of the consolidated composite was no more tham. 1
Consolidated composites were then cooled to room temperature before removal. The
chopped natural fibore composite (CNFC) had a random distribution of short flax fibres
whereas the fibre bundles in the continuous natural fibore composite (NFC) were woven
in a 2 x2 twill structure. Both composites have the same constituent materialilar si
fibre weight fraction (50%) and the same thicknessnfh). It was noted that both
composites appeared to possess a higher than expected level of surface porosity, and
this porosity seemed to continue through the thickness of the sample. It wasdassume
that this porosity was caused by the evolution of gaseous products during the hot

consolidation procegsa common issue with natural fibre composites.

(a) (b)

Figure3.1: The pe-consolidated composites. (d)-C; (b) CNFC.

3.3 Treatment methods

The natural fibre composite materials studied in this study exhibit low extensibility, as
per observations in uniaxial loading tests describe@hapter 4 The inherently small
elongationto-failure of flax fibres largely prevents the natural fibre composites from

being stretched a great extent. Therefoaeditional treatments on consolidated
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composites become necessary for improving the formalbditythis class of material
system. In this work, three different types of treatments were selected and their effects
on the forming behaviour of natural fibre composites were studied. These treatments

were: preheating, chemical treatment, and tailorealkisla

3.3.1 Preheating

Preheating has been conventionally used in improving the formability of materials in
rapid forming processes. This treatment was applied to the composites in both tensile
tests and draw forming tests, using a heat chamber and keatrpachine as shown in

Figure 3.2. For the tensile tests performed at high temperatures, samples were preheated
through a heat chamber before testing. The temperature inside the heat chamber could
rise nonlinearly up t o Bid(the gpd&ingaate wasrmuchv er
faster at low temperatures). The highest temperature at which the composites were
tensile tested was 160 ecC. For dome fornm
two heating plates and a manual cylinder controller wsesl to heat the samples. The

heat press was able to heat samples safely up t&C2@h a maximum pressure of 60

bar. The heat press was placed near the stamping press to minimise the temperature
drop during sample transfer. Samples were preheatedbto 8 C above the
temperature to compensate for thep in temperature which occurred during transfer

of the samples from the heat press to the stamping machine and waiting for the punch to
move down. The required adjustment was verified by temperatouservations during

the experimental process.
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(a) (b)
Figure3.2: The equipment used for the preheating treatment. (a) heat pressatb)

chamber

The thermal degradation of the composite was identified in this study. To determine the
mechanisms behind degradation, Fourier Transform Infrared Spectroscopy (FTIR),
Thermogravimetry (TG) mass, and Differential Scanning Calorimetry (DSC)
examinations were conducted. FTIR and TG have been proved valuable tools to clarify
different steps durm fibore decomposition§ll, 125, which is essential to determine

the causes of the fibre thermal degradation observed in the current study. DSC tests
have been run frequently to determine the heat flow behaviour of materials over the
range of working tempatureg11, 12]. It is noted that composite materials were heated

from room temperature to 200 eC in both
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Figure3.3: Schematic of the equipment used for preparing FTIR specimens. 1:
temperature controller; 2: nitrogeas bottle; 3: rotametet: thermocouple;

5: stainlesssteel boat; 6: horizontal electric furnace

To prepare the samples for FTIR examination, the composites were preheated to the
desired temperatures and then cooled to room temperature surrounded by nitrogen gas, a
procedure which prevented oxidization and ensured that the chemical composition
remainunchanged. This process was done using the equipment shown in Figure 3.3.
The temperature controller was set to 25
temperature increased at an average rate
mm by 10mm rectangle using a mechanical scissors. The tube was filled with nitrogen
gas and the samples were placeddtianlesssteelboat at the middle of the horizontal

tube. The nitrogen prevented oxidation of the materials during testing, and it usually
took 15 to 20 minutes for nitrogen to fully occupy the tube. The temperature controller
was turned off when the desired temperatuas reached, after which the entire system
cooled naturally to room temperature, and the boat was then taken from the tube. The

samples that collected from the stainless boat were then subjected to FTIR tests.

51



Materialsand Methodology
3.3.2 Chemical treatments
It is an importahpart of the scope to investigate whether there are other treatments, in
additional to the conventional method (preheatimg)ich can effectively improve the
formability of natural fibre composites, and equally importemtdeterminewhether
these treatments are more effective than preheating. Chemical treatments are being seen
as effective methods to modify natural fibre based composites to improve their
formability. Distilled water, a 0.5 M Sodium Hydroxide solution (NaOH), a 12%wt
M.A. solution and a ©udy Ammonia (C.A.) solution with 20 g/L of ammonia were
selected to determine the effect of chemical treatments on the physical and tensile
properties of the samples. To determine the saturation characteristics in each solution at
ambient temperature, rsples were placed in plastic containers filled with chemical
solutions up to a depth of 3Gm. A circular hole was drilled in the middle of the lid
and sealed with a piece of flexible parafilm to create a gas bleeding mechanism and
ensure safe testing cdtidns. The variations in sample weights were recorded
accordingly during solution uptake, and subsequent moisture egress from saturation. A
precision weighing balance, an A&D G300 milligram scale, was used to weigh
samples. This balance system can measeights ranging from 0.02 g to 410 g with
precision of 0.001 g and error of 0.01 g. The balance was calibrated prior to each use,
and was rezeroed before measuring the weight of each sample (which was lightly

mopped to remove surface moisture).

Three sample conditions were trialled: untreated, saturated dried. Untreated
samples were cut from the-esceived material with no chemical treatment; saturated
testing was performed on samples that had reached a consistent weight gain; and dried
testingwas performed on samples that had been saturated, and then subsequently dried.

Variations in tensile properties were observed between different conditions, and the
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mechanism behind these changes was investigated using Scanning Electron Microscope
(SEM) exaninations on fractured surfaces. All samples were lightly platinum coated
before SEM examinations using a Hitachi 4300 Field Emission Electron Microscope.
Water treatment was applied tonaposites in all forming praces conducted in this
study, includingdome forming testand stretch forming tests. During these tests, the

composites were formed in untreated, wditeated and redried conditions, respectively.

3.3.3 Tailored blanks

Unlike the preheating and chemical treatments which alter the matesfarpes, the
application of tailored blanks could help the composites achieve better formability by
using particular sample geometries. Tailored blanks called for specific sample shapes in
which areas were cut out along fibre directions from sample etlyebome forming

tests, the tailored shape introduces unbalanced restriction on material flow (less
restriction along fibre directions). Compared to a fully circular sample, blanks tailored
in this way experienced less restriction in the longitudinal taaksverse directions,
resulting in less strain deformation on the flax fibres. The amount of strain deformation
acting on the flax fibres is a key factor in composite failure, as the fibres possess a
significantly lower elongatiotto-failure compared tohtat of the polypropylene matrix.
Figure 3.4 shows experimental geometwéshe tailored blanks. By varying the inner
radius of the tailored blaniR65, R75, and R85 specimenbg numbelindicates that

the inner radiugn mm) are used in experiments
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Figure3.4: Experimental geometries of the tailored blanks

3.4 Experimental £tup

3.4.1 Tensile Tests

A number of forming tests were performed in this work. Tensile teste performed

firstly to determine the mechanical behaviour of composite materials in different
temperatures or conditions of chemical treatments. The information obtained from
uniaxial loading tests provides mechanical responses of this class of matsteahs in
simple forming conditions, which can be used in analysing the behaviour of samples in
more complicated experiments such as dome forming and stretch forming tests. Tensile
tests were conducted to both CNFC and NFC in different conditions/treatrmadl
tests were conducted using an I nstronE 4505
Specimens were tested at a rate of 5 mm/min, with failure being defined as when the
applied load had dropped to 60% of its original value. Rectangular test spsafriEn

mm by 150mm were produced, and the actual testing area wasni®y 100mm. In

order to obtain tensile properties along the fibre direction anfibo& direction, NFC
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samples were cut such that fibr-45e¢e weoeth
sample axis. During experiments, surface displacements are captured by the

ARAMI SE system which then computes surfa

Figure35: The I nstronE 4505 testing fr am

3.4.2 Stretch forming

Stretch forming experiments had been developed to investigate the failure of monolithic
metal alloys, and this technique had also been successfully applied to woven composites.
The current work usestretch forming technique to determine the failure behaviour of
natural fibre compositem different deforming modesA customdesigned preswas

usedto conduct stretch forming tests. This press machine consists efoa B6frame,

a 100mm diameter hmispherical punch, and an open die of 105 mm diameter. The
stamp press was controlled through a hydraulic feed controller. ANSbmpression

load cell and a 25énm linear potentiometer were installed to record punch force and
measure displacement, resppeely. Process parameters like blamider force (BHF),

feed rate and holding time could be set up through a computer connected to the stamp
press. The blankolder force could be set to any value between 0 to 14 kN. The fastest

and slowest feed rate vee4d0mm/s, and 1@nm/s, respectively. The open die design of
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the stamping press facilitated the application of optical strain measurements, which
were made using he ARAMI SE system. T kdimsnsiosagy st em app
photogrammetry technologies to red¢pand to compute surface displacement and strain
deformation based on photographic images captured by its two alwmrgked device
(CCD) camerasDisplacement was then computed from these images using an area
based matching algorithm where taonensioml displacements can be correlated to
threedimensional point distribution at each stage (and hence to compute sffaias).
ARAMIS system was placed beneath the stamping press to monitor the surface motion
of the composite during dome forming and strdteriming, as shown in Figure 3.6. The

specifications of the ARAMISE system is summa

Figure3.6: Il ntegration of the ARAMILSE system wi
Parameter Specifications
Measuring volume (mm) 10 x8 to 5000 x4150
Camera resolution (pixels) 2448 %2050
Maximum frame rate (Hz) 15
Shutter time (s) 0.0001 to 2
Strain accuracy (%) Less than 0.02
Strain range (%) 0.02 to >100

Table3.1: Specificatonsof he ARAMI SE system
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For instancethere arausuallyaround 30 images taken for the entire stretch forming test
(including images for prstretch), and in each image there is afield strain contour
consist of more than 3000 pixel/data point. For theéata points, a list of metrics
including major strains and minor strains are available for usigeobtain ideal
conditions for ARAMI SE strain measur emer
black stochastic dots on top of a white background. After pgingamples had a high
level of colour contrast, were sufficient light, but not too reflective. It needs to be
emphasised that the composites in this study possessed a high level of surface porosity,
a property seemed to extent through the sample thickAasa result, paint usually
soaked right through the samples, making this class of material system very difficult to
paint. In practice, experience suggested that an extremely light white spray helped the
ARAMI SE system r ec o grorittee exgerdnrams cendustedraftea ¢ e s
water treatment, saturated composites were painted quickly and then tested at maximum
moisture level. Inevitably, paint at flange areas that were squeezed by the tools (the

blank-holder and the die) would peel off as a restisurface moisture.

Stretch forming was an important tool in determining the failure limits of natural fibre
composites at different forming modekigure 37 shows that each of hourglass
geometrycan represent a typical forming mode. By increasingvidéh of an hourglass
specimen, a composite experienced increased lateral restriction during forming. This
prevented the sample from drawing into the die cavity and resulted in a forming mode

closer to biaxial stretch (a strain ratios#gato 1), as showin Figure 3.7
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Figure3.8 Schematic of the loecking used in stretch forming tests

In material forming, the forming modexperienced by samples can be determined from
the strain ratio between minor strain am@jor strain as illustrated inghation 2.2.
Seven experimental geometries, including one full circle specimen, three 0790°(fibre
direction) specimens with varyingidths, and three 45#%5° (off -fibre direction)
equivalent specimens, were used to obtain the failure limits of the composite in all
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forming modes, ranging from biaxial stretch to pure shear. Table 3.3 summarises all
forming parameters and their levelgphed in stretch forming tests for NFC materials.
For instanceWF25 stands for the 2Bim watertreated specimen with the flax fibres
oriented 0790°to the stretching axis (along fibre directions). It is noted that the
parameter of fibre orientation is iapplicable to CNFC material system as chopped
flax fibres are randomly distributed. The polypropylene matrix has a much larger
elongationto-failure compared to the flax fibres, and therefore it is anticipated that the
composite can form to a greater ttepvhen the flax fibres are oriented 485°(in off -
fibre direction) than in the 0790°to the longitudinal direction. More importantly, 45?7
45°specimens with small sample width can exhibit a major forming mode of pure shear
which cannot be obtainedofm 0790°specimens. Figure 3.8 shows the design of the
lock-ring used in stretch forming tests. A KN.m tightening torque was applied to six
M12 bolts to fix the specimen between the blkaokder and the locking prior to
forming, which prevented thalge of the composite from drawing into the die cavity. A
forming rate of 20mm/s was chosen for all specimens. No premature failure or edge
movement was identified during forming, which enabled the specimen to exhibit the
desired forming mode influencedlory by speci mends width an
Since stretch forming tests are conduct e

system was also placed beneath the machine.

Parameters Variables/levels

Treatment Untreated (U), Watetreated (W), Redrie(R)
Fibre orientation Fibre direction (F), Offibre direction (O)
Sample width (mm) 25, 70, 100, 200

Table3.2: Parameters and corresponding levels used in stretch forming experiment
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3.43 Dome forming tests
Samples would experience a combination of drawing and stretching in all directions
during dome forming test. Due to the difference in stiffness between the flax fibres and
the polypropylene matrix, during forming the woven composite tends to be drawn into
the die cavity along fibre directions. In general, low blaokder forces were usually
not large enough to fully restrict material flow, and the specimen tends to be stretched
rather than drawn when material flow is restricted at high BiHi®ilar to stréch
forming tests, all dome forming tests were performed thraihghcustorrdesigned
press, beneath which the ARAMISE system
strain deformation during forming. In dome forming tests, a single circular geometry
with adiameter of 180 mm was used, and all samples were formed at a constant punch
rate of 20 mm/slt is an important part of the thesis to compare the forming behaviour
of natural fibore composites under different treatmefitse treatments given to the

composies and their parameters were summarised in TaBle 3.

Treatments Variables/levels

Preheating (€) 23, 60, 100, 110, 120, 130, 140, 150, 160
Water treatment | Watertreated (W), Untreated (U), Redried (R)
Tailored blanks (mm) | 90, 85, 75, 65

Table3.3: The treatments and their levels applied in dome forming tests

3.5 Summary

Two natural fibre composites with the same constituent material, similar fibre weight
fraction (50%), same cros®ctional thickness (inm) but differentweave structures

were studied. This section has described the details of the various forming practices
studied, including tensile,odne forming, andtretch forming. Via stretch forming tests,

in which samples varying widths (or fibre orientation for NF@&re formed, the

failure envelope of each composite could be obtained. In dome forming tests, the major
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§3.5 Summary
forming mechanisms were more complicated, since the sample edge was not fixed and
the composite could be drawn into the die cavity. The effect ofreiftdreatments was
also able to be investigated by analysing the behaviour of composites under different
conditions. The ARAMI SE system was used
deformation of sample surfaces, which is of great importance forraotisg failure

envelopes as well as determining the forming behaviour of each sort of composite.
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Chapter 4

Characterisation of Mechanical Properties

4.1 Introduction

In tensile tests samples are stretched at a constant rate of 5 mm/s until failure for both
NFC andCNFC. As mentioned previously, NFC stands for natural fibre composite and
refers to the continuous flax/pp composites manufactured by Composites Evolution in
UK. CNFC (Chopped natural fibre composites) refers to the chopped flax/pp composite
manufactured by Ecchnilin, UK. Both material systems are stretched at different
temperatures ranging from room temperatu
chemical treatment including water, NaOH, C.A and M.A. The understanding on
mechanical properties can aid bsés under the complicated forming situations
presented in Chaptersamd 6.The variations in mechanical responses of this class of
material system could help compare the effectiveness of different treatments, and a
particular focus is paid to changessiiffness and elongatieto-failure as they are key

to the forming behaviour of composites in rapid forming. A significant drop in
formability is observed when the both composite materials are uniaxial loaded at
temperatures hi gher chamism behind @his ebServatiannisd t
determined from the observations in FTIR, TG mass and DSC examinations. This
section shows that the chemical treatments have the potential to outperform preheating
in improving the formability of natural fibre compositeéBhe causes of change in
mechanical responses in chemical treatments are also determined through SEM

examinations on the fractured surfaces.
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4.2 Preheating treatmens

4.2.1 Effect of temperature on tensile properties

NFC CNFC

6 8 0

1 2
Strain (%)
(a) (b)

Figure4.1: High temperature tensile behaviour of natural fibre compositeNH@; (b)

4
Strain (%)

CNFC.

In order to understand the mechanical oeses of both composites at elevated
temperatures, tensile tests are performed at temperatures between room temperature and
160 eC through an InstronE testing frame
natural fibre composites to any temperatures abdved 1 e C r esul t s i n
delamination, and is therefore avoided. Figure 4.1 shows that as temperature increases
both composites exhibit improved elongattorfailure as well as reduced stiffness. At

room temperature, not much stress transfer betweeftathébres occurs, resulting in

fibre breakage at small strains. At higher temperatures, the polypropylene matrix starts
to soften, which helps transfer stress within the composite and in turn leads to an
increased elongatieto-failure. It is essentialo note that preheating can increase the
limiting strains of NFC byp9%, andCNFC 40%. At higher temperature, the composite

becomes soft and this leads to reduction in stiffness.
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84.2 Preheatingreatments
4.2.2 Mechanisms behind thermal degradation
When either composite matergftstem is formed at higher temperatures, a significantly
reduced formability is observemb described inegtion 6.2, a property attributable to
the thermal degradation of natural fibore composites. In order to determine the cause of
this thermaldegradation, FTIR, TG mass and DSC examinations were conducted. In the
FTI R examination both composites were an
TG mass and DSC examinations they were
Given that the wovestructure has an insignificant effect on thermal degradation, all

examinations were conducted on NFCs only.
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Figure4.3: TG mass curve of flax/pp composite
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Examination of the FTIR curves shown in Figure 4.2 illustrates that there are no
additional or missing peaks, suggesting that no chemical groups form or original
chemical groupdisappear when the natural fibre composite is heated from room
temperature to 150 eC. Chemical change
mechanism for thermal degradation. This is confirmed by the TG mass ass®wn
in Figure 4.3 that there is aninsignificant change in the TG mass of the composite
when it is heated from ambient temperature to #LOsuggesting an insignificant
amount of weight change due to decomposit®mSC examination was conducted to
investigate the flow behaviour of theraposite during thermal degradation, and Figure
4.4 shows that the composite melts between®5a8nd 170GC. Thermal degradation
temperatures observed in the composite closely coincide with its melting point. When
the composite melts, it exhibits a greateolecular mobility and shows a decrease in
material properties, which leads to thermal degrad4fi@f]. Based on the information
provided by the supplier, the flax fibres usedhia composite degrade at approximately
170 <C over a sustained heating period and degrade very quickly beyonfC200
According to the literature, polypropylene melts between5hd 176C [127] which
is close to the thermal degradation temperature. Therefore, the major mechanism behind
thermal degradation observed in natural fibre composites must be physical changes

(melting) of the polypopylene matrix.
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Figure4.4: Differential Scanning Calorimetry (DSC) curves of the flax reinforced

polypropylene composite
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4.3 Chemical treatments

Distilled water, a 0.5M Sodium Hydroxide solution (NaOH}226wt% M.A solution

and a Cloudy Amonia (C.A.) solution with 20g/bf ammonia were selected to
determine the effect of chemical treatments on the physical and mechanical properties
of NFC and CNFC materials Rectangular specimens of IbBm x 150 mm were
produced to test composite behaviour during moisture ingress and moisture egress
processes, as well as for tensile tests on strength, stifim@dselongatiofto-failure.

For the NFC samples, the samples wé¢ee cu:
sample axis. Selected failed samples were then prepared for SEM examination using a
Hitachi 4300 Field Emission Electron Microscope. All samples were lightly platinum

coated.

4.3.1 Composites behaviour during moisture ingress and egress

Figures4.5 and 4.6 show the moisture ingress (to saturation) and moisture egress
(subgquently dried) curves for th&lFC and CNFC. Samples were rectangular
dimensions 15 x 150 mm. Solution uptake defined as the gain in weight of the
specimen as a ratio of itwriginal weight( qom( t ), andis defiied through the
following expression.During the moisture egression process, the weight of the

specimen is reduced to approximately its original weight (100% solution uptake).

YO « 2Tz p (4.1)

=l

wherew is the original weight of the specimen aindis the weight of the specimen at

time t. The samples were weighed after removal from the liquid reservoirs and
immediate shaking to remove surface moisture. No surface moisture was detected
during this weighing process and the samples were returned tesée/oirs once a

stable weight reading had been recorded. Five repeats were used for each treatment in

this study.
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Figure4.5: The rate of solution uptake, and subsequent moisture egress from saturation
for the NFC rectangular samples, (a) Moisture ingression process; (b) Moisture

egression process.
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Figure4.6: Therate of solution uptake, and subsequent moisture egress fror
saturation for the CNFC rectangular samples, (a) Moisture ingression process

Moisture egression process.

The samples all reach the maximum amount of chemical solution uptake in a similar,
short amount of time, which is much quicker than in other systems, such as those

reported by Wanget al. [36], who showed that a HDPE/rice husk composites system
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84.3 Chemicatreatments
(with volume fraction ranging from 40 to 60% and dimensions of 12cm x12cm x2.4
cm) reached saturation after over 270 hours of immersion in water. One reason for this
fast saturation time is likely to be the high porosity observed in these samples.A.he M.
solution has the highest solution density and both composites have the lowest amount of
solution uptake in M.A. treatment compared to other treatments. No gaseous by

products were observed in any system.

A small amount of residual weight remained med samples treated with NaOH and

M.A. This is not surprising given that both of these solutions were mixed from dry
chemical powders and so would most likely remain in the sample after water has been
dried off. In addition, it was noted that the dye usedolour the fibres in the CNFC
samples (mostly blue and red) had been removed during the saturation process but this
was thought not to affect the weight change measurements or to contribute to any

chemical reaction.
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1mm

(b)
Figure4.7: Optical micrographs diIFC composite (left) and theNFC composite
(right). The top images are of the composite surface while the bottom images are of the

central crossection.

Figure 4.7 illustrates that both composite material systems have significant porosity
issues throughout the sample thickness, suggesting consolidation issues such as gaseous
emission during the manufacturing process. Previous research [{28) has
demonstrated that synthetic fibre composites can attain porosity levels of less than 1% if
processed accurately. Such low values are not yet possible in natural fibre/thermoplastic
composites, as no processing technology can compensate for thewengettability
properties seen in these materials, which can also lead to poor interfacial [quiity

The current study estimates that porosity levels in excess of 25% wdttuthe higher

values seen in the NFC materials. This may be the reason for the smaller saturation
levels seen in the NFC sample set as air bubbles may prevent moisture from progressing
to the fibre/matrix interface, which is probably where most ofrttwésture probably

70



84.3 Chemicatreatments
resides. Indeed, since polypropylene is hydrophobic, only the flax fibre and the flax
polypropylene interface can absorb the solutions. Because of this, it is reasonable to
assume that the fibre/matrix interface (and the fibres thensjelitt exhibit chemical
and physical changes (permanent or not) which will affect mechanical properties such
as tensile behaviour and formability. Similar findings have been obtained by previous

studieq43, 129.

4.3.2 Variations of the mechanical properties
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Figure4.8: Variations in mechanical properties of the NFC under different chemical
treatments obtained through tensile teststeiagile strain(b) tensile modulusand (c)

strength
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Figure 4.8 shows how the mechanical propertieSll6€ samples vary with treatment.
Tensile stiffness is permanently reduced by the saturation/drying process, whereas
elongationto-fracture is increased significantly when saturated, but largely returns to
presoaked values when dried suggesting a-pemanent effect. Strength, however,
doesndét seem to be statistically affected

maleic anhydriddreated samples may have statistically weakened.

In the NFC samples, the fibres are in the form of a 2 x2 twillcstire. Therefore, it is
expected that in the NFC samples, the fibres are more restricted in their possible
movement during tensile testing and will only elongate in the weave directions. In
woven composites, the failure mechanisms are -ilorinated ando if any change
happens within the cellulosic fibres during soaking, they would be more apparent in the

NFC samples.

Overall, the water an€.A solution treated samples appear to be identical and give
significant improvements in strength and elongatmfailure when saturated. These
properties return to prgeated levels when dried, indicating no permanent effect. The
apparent increase in strength when saturated could be due to the softening of the fibres
(and interfacial region), allowing for the aae structure to deform prior to fracture, as

the warp and weft morphologies effectively realign. This study suggests that the
chemical changes that cause these property variations are strongest in solutions that do
not contain relatively bulky solute subaces (maleic anhydride or sodium hydroxide).
Given that such solutions have more difficulty permeating the material compared to
pure water or ammonia (and thus completely hydrolysing the interfacial region), this is

not surprising. Also, plasticizatiorf iax fibres is a known phenomenon as explained in
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84.3 Chemicatreatments
[13Q using pure water and ammonia treatméntghich are often used as plasticizers

for wood.
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Figure4.9: Tensile property data for CNFC samples under vamougous treatments

showing (a) tensilstrain (b) tensile modulusand (c) strength.

The corresponding mechanical responses seen in the CNFC material are detailed in
Figure 4.9. Compared to the NFC sample set, there are some differences in mechanical
properties. Firstly, the magnitude of tireeversible change in stiffness seems much
larger severe in thENFC materials, particularly when redried. Secondly, the strength
values seem to decrease when soaked in pure water or cloudy ammonia solution and

return back to original values when redried. It is also noted that, as with the previous
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sample set, the mateianhydridetreated material appears to be permanently stronger

than the others.

The stiffness results suggest that the fibre/matrix interface has been permanently altered.
There is a small amount of stiffness recovery when redried, but the redefféonis

largely permanent. When the samples are saturated, all treatments significantly increase
elongation properties while decreasing the stiffness response, suggesting that
formability has been improved without loss of strength. Given that both ¢lomgand
strength show minimal variation in the two dry conditions, a process that can form the
materials whilst wet would be very advantageous, especially in designs where stiffness
response is of secondary importance. Accordinydn deVelde andKiekens [131],
treatment with maleic anhydride should improve the interfacial strength between fibre
and matrix. However, this effect is not evident in this study, probably bedhes
agueous and saturated nature of the treatment does not allow for the chemical to form
the correct chemical bonds with the constituents. Such treatments are often invoked
using dry conditions such as adding anhydride powder to the liquid polymeaglong

the fibres in an anhydride solution which is then subsequently dried prior to mixing with

the polymer.

Figure 4.10 shows SEM images of CNFC fracture surfaces from samples tested under
different conditions. For the untreated and dried specimeasfrdlotured flax fibre
bundles are coated with polypropylene matrix and flax fibres bundles cannot be easily
differentiated from the polypropylene matrix. This is a statistically consistent
observation suggesting a relatively strong interface betweenlakefibre and the
polypropylene matrix132. Clean fibre surfaces are seen in the saturated sample, that is,

there appears to be no pdsictured resin regions adhered to the fibre surface, and this
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84.3 Chemicatreatments
is indicative of a much weaker fibraatrix interface when hydrolysed. la$ been
reported [43] that when solutions are absorbed by the fibre/matrix interface, the
cellulosic fibres tend to swell which favours fibre debonding and weakens the
fibre/matrix interface leading to tensile property variations. This would appear to be the
case for the currg study, as the interfacial properties (stiffness and elongation) are
significantly changed when wet. In addition, the strength of the materials appears
remain largely independent of the saturation and redrying process and no significant
changes to fibréracture morphology was detected during the fractographic study.
Therefore, if the cellulosic fibres swell during the saturation process, they remain
chemically unchanged, whilst initiating changes at the interfacial region. On drying, the
fibre-matrix integrity seems to return, but there is a permanent reduction in composite
stiffness. This could suggest the presence of an interphase region which remains
permanently weakened from the saturation proddssswhen dried, the samples retain
strength (no fibe changes observed), and regain their interfacial characteristics (as per
the SEM observations) whilst maintaining a reduced stiffness through mechanical
weakness in the interphase region, which may bexisting, or may have formed as a
result of the saration process. Mishrand Sain[133 documented a similar finding
that the stiffness of natural fibore composite did not fully recover after drying the
samples, and this permanent damage to the fibre was attributed to the interfacial
degradation and structure breakdown of the cell wall in natural fibres. A possible
excepton to these trends is the maleic anhydtigated material, where strength seems
to be permanently reduced once the samples are dried. This could be due to chemical
ingress of the anhydride solution into the cellulosic fibres which when dried, cause
chemcal changes that permanently weaken the fibres, although this was not detected

during fractographic examination.
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Figure4.10: Electron microscope images of CNFC reinforced PP compas$iteging
(a) untreated; (b) saturated; and (c) redried samples that have been fractured under

simple tensile testing

Overall, given the nature of the reinforcement fibre fracture mechanisms will tend to be
more dominant in the woven twill (NFC) samplearthin the random fibre (CNFC)
samples and so the changes observed in the NFC samples could be due to some fibre
plasticization effect that is most evident in pure water and ammonia treatments, and this
effect may dominate over the interphase and inteitf@sed mechanisms seen in the
CNFC samples. It is likely therefore, that both mechanisms exist in both material
systems, with one clearly dominating the other. From Figures 4.8 and 4.10, it is clear
that, given the significant increase in elongatioffiailure values, the formability of the

water and ammoniaoaked natural fibore composites should radically differ from dry
equivalents, and this should be apparent in comparative forming experiments. The
corresponding increase in strength would be importastrircture strength design, but

this could be less important in displacement control forming tests performed in this
study. The relative decrease in stiffness in the NFC samples is lower than in the CNFC
samples, but if stiffness changes are driven by fent&l/interphase phenomena, they
would be less influential in the NFC samples anyway. Also, the fact that stiffness
changes seem to be somewhat reversible when redrying occurs suggests that

mechanically, NFC materials should revert back to theirtq@esed properties when
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84.4 Summary
dried. This makes them quite attractive as a material for structures where significant

drawing is required, so long as they can be processed when wet.

4.4 Summary

This Chapter has studied the mechanical behaviour of natural fibore composites at
elevated temperatures, as well as in different conditions of water treatment. Both
composites were stretched at a constant rate until failure at different temperatures
varyingfromr oom t emperature to 160eC. The expe
treatment can help natural fibre composites exhibit an increased elorgefzdare, as

well as a reduced stiffness. Composites were also stretched in different conditions of
water treatment, including the untreated, waleated and redried conditions.
Observations suggest that it is very advantageous to process this class of material
system in the wet condition, especially since the mechanical properties can be largely
returned ¢ the untreated levels after redrying. Based on SEM examinations on the
fractured surfaces, the dominating mechanisms behind the variations of mechanical
properties have been determined to be softening infitateix interface (for the CNFC
materials) andibre plasticization (for NFC materials). Preheating is usually required to
improve the formability of material in rapid forming, and the chemical treatments
performed in this study were far more effective than preheating in terms of improving
the mechamal responses of composite materials in simple forming condi@irepters

5 and 6 investigate whether such major breakthrough could be translated to a superior

formability of this class of material system in more complicated forming situations.
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Chapter 5

Stretch Forming Tests

5.1 Introduction

This Chapter details the stretch forming experiments conducted, and investigates the
failure behaviour of the composites through examining displacement and strain
deformation captuckby areatk i me strain measur e meThe , t h
key finding of the current work is that it proposes an innovative failure criterion for
woven composites, called a fAnew FLCoO, w b
key parametersThis newfailure criterion is more effective than the conventional

FLC in detecting the failure in woven natural fibore composites as it can successfully
eliminate the path dependency effedthis innovative method of examining failure can

be applied to engineeringructural design and analysis of different woven composite
systems as long as the failure mechanism is dominatditbrie fracture. The previous
Chapter has provethat pure water and C.A produce the greatest improvement on the
failure elongation of botltomposites in the saturation condition than other chemicals
and the conventional preheating method. Part of the scope of this investigation is
therefore to examine the forming limits of composites in three conditions of water
treatment: untreated, watgeated and redried. FEA simulations are an essential tool in
engineering structural design and analysis, and the development of the new FLC would
be much less useful if this failure criterion could not be implemented in FEA models.
Here, FEA models are ddeped to simulate the stretch forming process of composites

in different conditions, and to compare the new FLC with existing failure criteria in

predicting the onset of failure in stretch forming tests.
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StretchForming Tests

5.2 Experimental observations

When analysing thdorming behaviour of composites, the centre of the material
(referred to as the pole) is of great interest. This region undergoes the largest
displacement during forming, and exhibits a deformation mode that is affected by
geometry as well as fibre orietitan. The higher state of strain deformation at the pole
compared to the other parts of the sample usually results in the onset of failure in this
region. This is a major advantage when conducting forming tests as it can help establish
the limiting strainconditions of the material in each deformation mode, ranging from
biaxialstretch to pure shear. Figure 5.1 shows strain evolution at theapala) this

case data is obtained from a UF70 NFC specimen.

o))

I~

Major Strain (%)

Stage 1
2 -1

1 2

0
Minor Strain (%)

Figure5.1: Typical strain evolution at the pole in a stretch forming test

Strain evolution at the pole can be identified as three separate stages including pre
stretch, biaxiaktretch and the major forming path. By analysing the evolution of
principal strains at the pole, Sextph9 found that the change in strain ratio, and

therefore the deformation mode, is caused by minor strains, implying thradti@s in
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the lateral direction is a key factor for changes in strain ratio. Specimens are fixed to the
blank-holder through tightening six M12 bolts with a torque ofkNém on the lock

ring mounted beneath. This ps&etch process results in initiakan deformation, the
details of which are explained later. A composite exhibits a forming mode of biaxial
stretch when it establishes initial contact with the punch. At this stage, only a small
region at the pole deforms and the rest of the materia@idan be considered as fixed,
resulting in the forming mode of biaxial stretch during this period. As soon as the lateral
restriction starts to disappear;diial stretch behaviour ends and the third stges

At this stage, the composite is allowtrl be drawn into the die cavity in the lateral
direction due to the lack of restriction in this directidhe strain information at failure

can therefore be obtained by the ARAMIS system, and used for constructing Forming

Limit Curve, the details of whitaredescribed in &ctions 5.2.4 and 5.2.2.

5.21 NFC materials

The benefit of conducting stretch forming tests is to find out the forming limits in
different deformation modes. To examine the changes in deformation modes during
stretch forming testghe evolution of surface strain ratio is studied at the end of each of
the three stages. The relationship between deformation modes and strain ratios is
il lustrated in Table 2.2 of Chaptemn 2.
algorithms to provid information on strain ratio, so a Python script is developed to
calculate this. To avoid illegal floating point issues, the script deals specifically with the
situation when the ARAMISE system report:
ratio of O is reported, instead of taking the ratio between the principal strains. It is noted
that prior to forming, a locking was used to fix specimens completely, avoiding
materials at the flange regions from drawing into the digycaloo large or tosmall

tightening torque leads to either premature failure when the composite fails during pre
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stretch, or edge movement. None of these two phenomena are identified during

experiments.

5.2.11 Evolution of surface strain ratios

Seven geometries in totaleatested, the evolutions of surface strain ratios of which are
described in Figures 5.5. Figure 52 shows the surface strain evolution of the full
circle specimen, and Figures3%.5 comparedhe effect of fibre orientations on surface

strain ratio fo hourglass specimens with a width of 100 mm, 70 mm and 25 mm,

respectively.
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Figureb.2: Evolution of contours of surface strain ratio (deformation mode) and FLD

for UF200 specimen.

Figure 52 illustrates the evolution of surface strain ratios and FLD of the UF200

specimen.The UF200 specimen does not exhibit thexkial stretch stage (stage 2) as
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the major deformation mode remains unchanged during forming. In tksrptehing
stage, only th central region of the specimen is formed in the major deformation mode
of biaxialstretch. The rest part of the material is slightly strained, leading to a random
distribution of strain ratios. It needs to be noted that the major deformation mode at the
centre of the specimen remains biasgktch during the entire forming process, and
this region experience the highest strain deformation prior to failure. The visual
examination on formed parts also confirmed that the failure initiates at this ared. Bas
on the surface strain ratio distribution at the stage just prior to failure, the unsupported
regions experience a major deformation mode of plane strain with no pure shear. A
considerably smaller amount of strain deformation is experienced in stage 1 as
compared to other geometries described later, which can be attributed to the fact that the
similar amount opre-stretchforce is acting on a larger area (the UF200 specimen is the

largest sample).

83



StretchForming Tests

~

>

Si

Maijor Strain (%)
L&

N

-

2 0 2
Minor Strain (%)

(@)

Major Strain (%)

(b)

Figure5.3: Evolution of contours of surface strain ratio (deformation mode) and FLD,

(a) UF100; (b) UO100.
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Figure 53 compares the surface strain evolutions of the UF100 and UO100 specimens.

It is clear to note thahe hourglass samples with a width of 2100 mm is able to withstand

a much larger strain deformation, from less than 8% to more than 10%, if the stretch
direction changddeftomthe/ 90dprteo ddbelctio
obtained inother hourglass geometries, which can be attributed to the trellising
behaviour of woven composites. The flax fibres tend to rotate over each other under
trellising such that they are no longer perpendicular to each other. This leads to the
reduction on lte amount of strain acting along the fibres, and therefores hieg
compositewi t hst and a | arger strai-A5edeé$ pe miame
experience a mu ¢ h | arger strain def or m:
composite, the major deforti@an modes are similar to both samples. In the biaxial
stretch stage, a clear trend of an almost equal increase in major strain and minor strain at
the pole is observed. It needs to be recognised that regions other than the pole
experience little change strain deformation at this stage, indicating that the centre of

the specimen is deformed to a much greater exthamt other areag his observation is

clearand consisterfor hourglass samples with a width of 200 mm and 70 mm.
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Figure5.4: Evolution of contours of surface strain ratio (deformation mode) and FLD,

(a) UF70; (b) UO70.
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It is observed that for samples with a width less thanmi®0 the fibre orientation lsaa
dominating effect over sample geometry, as the -457 samples exhibits a
considerably different major deformation mode compared to the 0790°equivalent
sample. Forinstance,Figure 54 clearly shows that the UO70 specimen experiences
smaller (more negative) strain ratio compared to the UF70 specimen, at each forming
stage. It seems that sample geometry has a dominating effect over stretch orientation for
samples with small widths, due & small portion of material being fixed at the flange
region. Due to the tapered geometry, the pole of the specimens experiences higher
major strain than the rest of the areas during forming. In thetpteh stage, 45%5°
specimens experience sigodntly larger strain deformation compared to 0790°
equivalent composites. This is expected because a similar amount of force is applied to
the sample edges, and the composite exhibits a significantly lower stiffnesdibreoff
directions. In additiongiven the same fibre orientation, smaller strain deformation is

observed in larger samples.
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It is important to notice that thBFC materials exhibit different major deformation
modes in 25mm hour gl ass samples when the fibre
45-45be. The UF25 speci me nionanxtipeeprestreich states s me
followed by a noticeable amount of biaxial stretch in stage two, and finally fails in the
deformation mode close to uniaxial tension. It is observed thai@#b sample could
withstand major strains higher than 2Q@st pria to failure, which is significantly

higher compared to the other samples, especially those formed with the 0790°fibre
orientation. This specimen also experiences very little variation of the FLD during the
bi-axial stretch behaviour. The restriction ragothe lateral direction vanishes quickly,

and as it does in the-biial stretch stage

For 0g90e hourglassusually experiencing stretching in stretch forming tests, while the
domi nating def or4nag i momu meldas sodspealabyghoses | s
with smaller widths. The woven structure can help NFC samples exhibit pure shear
when oftfibre hourglass samples are formed in which the flax fibres rotate over each
other within the ply without being significantly stretched. This treljsbehaviour

could help this class of material systems to exhibit a significant amount of strain
deformation prior to failure. @0e NFC samples, on the contrary, is dominated by
stretching during forming, leading to failure caused by fibre fracturmalier forming

depths.

This sectionhas shown that the experimental setup of the stretch forming tests
conducted in this work could help woven composite materials experience different
deformation mode durg forming, and more importantlfail at different forming

modes. This is essential when validating the efficiency of failure criterion as an

effective one should be able to predict the failure initiated in different forming modes.
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5.21.2 Fibre strain calculations

For the NFC materials investigated this study, the major failure mechanism is
identified as fibre fracture. This is a consistent observation obtained from both visual
observations and microscopic examinations of tested composite samples, and the details
of this are desdved in Sction 62.1.1 and 6.2.2.10ne of the key contributions of the
current work is that it proposes an innovative failure criterion for woven composites
which are dominated by fibre fractures. This new failure criterion uses fibre strain as
the key parameter, and thefore requires tracking the evolution of the flax fibres
during forming, especially when composites trellis under shear deformatidhis
section explains the kinematics used to track the evolution of fibore movements as well
as to calculate fibre strainfllowed by the development of an algorithm used in the

ARAMIS system to compute fibre strains.
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Figure5.6: lllustration of how to calculate fibre strain (a) overview; (b) normal strain in

the x dire¢ion; (c) normal strain in the y direction; and (d) shear strain

Figure 56 illustrates how to transform strains in the original X, Y and shear directions
to the principal direction after rotation. Figur&® shows that under shear deformation,
the flaxf i bres are aligned with the X and Y
perpendicular to the X direction. Accor

in the global coordinate system can be calculated as:

(v

Yo & & AYS o o AY b b el L
where i represents th® increment of the calculation, § are the strains in global

o

X, Y and shear directions, adl Y- f represent the incremental strains in the

global X, Y and shear directions.
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The elongation along the X direction is comp
and Y diredons can be calculated as:

Wi Mg P, Wi Mgy L&)
where'Q(E’QdE’Qbﬁcorrespond to the elongations along

respectively, and—represents the angle of rotation.

The resultant i ncrement al el ongation along ¢t
from the normal strain in ¢hX direction, the normal strain in the Y direction and shear
strain (as described in Figure$ 5-d).
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wherd ®"i' s the resultant i ncrement aly- agd ongati on

the incremental strain along the X direction

The i ncrement al s t r akqnatioa B5aande dintpldied¥othedi r ect i o

expression shown iBquation 56 basedn trigonometric identities.
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The incremental elongation and incremermgat r ai n al ong the Y dire

obtained by substituting (96+ for —in Equations 53 and 56.
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wheréd ®"i s the resultant incrementaly-"dd onga

the incremental strain along the Y dire

The incremental angle of rotation is then calculated

Vo ol oyl L8
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Where¥r  &is the incremental angle of rotation.

l ncrement al strain along another fibre d
substituting (96— for —in Equation5.8.

o R O YEYV P oyly il o Y L e
y 0 HE 1 Z—i 7

(5.13)

WhereY- "i's the incremental strain along the

Fibre strains in both directions are then updated accordingly. The maximum of these

two strain values is used to represent fibre strain at this point when establishing the new

FLC.
A y i (5.14)
T A (5.15)
i i d HO T "Iﬁiﬁ ﬁi (5.16)

Where- and- represent the strain along the fibre directions,-and is the fibre

strain used in the new FLC.

At the end ofeach increment, the angle of rotation should also be updated and is given

by the following expression.

i Y- L X
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ARAMI SE system d dnealgorithrostto chlaulate fibre striaihst a user

defined Python script is therefore developed to facilitate fibre strain calculations, and

this script is incorporated t ofibebt@ni®a RAMI SE

the sum of incremental fibre strains in all the previous stages, which are calculated from
the incremental normal strains and shear strains in global axes, and the angle that the
fibre axes have rotated with respect to their original coatds. This value should be

used instead of that calculated based on the current state of strain, which is

overestimated as the angle between the weft and warp directions is changing all the time.

For a given point, the fibre strain in both directions lbardetermined, and the one with

a larger absolute value is used when establishing the new FLC for the composite. Figure
5.7 shows the flow chart of the Python script developed for fibre strain calculations.
With this script, t h e utpuR BbMIstBalEs for wach mesh i s

point at every time step.
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5.21.3 Anomalies observed in the conventional FLD

The conventional FLD for the NFC materials is firstly examined. The UF100 and
UO100 samples argelected andompared as both specimens exhibit similar forming

modes in stretch forming experiments, which is of importance in determining the
forming limits d the composite. It is noted that the flax fibres in the UF100 specimen

are oriented?90° to the stretching axis, while the UO100 specimen has its flax fibres

oriented 48 -45°to the stretching axis.
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Figureb.8: Surface strain distributions of the UF100 and UO100 specimens at the stage

of failure (a) the conventional FLD; (b) the new FLD

Figure 5.8 shows the comparison on surface strain distribution from the same UF100
and UO100 specimens at the stage just before failure, and the only difference is that
these two samples are compared in different axes. Figure 5.8a is plotted on the
conventonal FLD (major strain versus minor strain), while Figure 5.8b is plotted on the
new FLD (fibre strain against strain rati®ach dot in the figure above represents a
surface point of the composite specimens, the strain information of which is provided
byt he ARAMI S IFiguse\68a shows the surface strain distributions of two
specimens using the conventional FLD just before failure, iasdggestshat even
though the two specimens exhibit similar forming modes, the UO100 sample
experiences considasly higher limiting major strain just before failure. Under shear
deformation, the trellising behaviour of the woven composite allows the flax fibres in
the warp and weft directions to move over each other within the ply such that they are
no longer perpadicular to each other. This results in a larger depth to failure (3.3

for the UF100 specimen, and 14mim for the UO100 specimen), and therefore

increased principal strains. This is combined with the much larger elongadtiaiture
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of the polypropylene matrix compared to the flax fibres, as described in the previous
section. Based on the strain distributions, the limiting principal strain defined by one of
these two specimens is not applicable to the other. This observation waoktartiat

the composite exhibits varying limiting principal strains at the same forming mode,

implying that the conventional FLC is not suitable for describing the failure behaviour

of this class of material system

In metal forming, it is customary tostuss major strain and minor strain. In woven
composites, however, the strain acting on the fibres and the matrix should be considered
due to the difference in mechanical properties. The current work found that the flax
fibre reinforced polypropylene corapite exhibits a major failure mechanism of fibre
fracture at room temperature. For the composite analysed in the current study, the flax
fibres are the limiting factors for elongation of the composite due to the significantly
lower elongatiorto-failure d the flax fibres compared to that of the polypropylene
matrix. Figure 5.8b shows that on the plot of fibre strain against strain ratio, both
specimens exhibit a very similar distribution. Even though the UF100 and UO100
specimens are formed to differergpihs, the flax fibres are strained to a similar extent

at failure; the difference observed in principal strains is attributed to the strain acting on
the polypropylene matrix which contributes little to the composite failure. This further
highlights the pssibility of establishing the new FLC for the natural fibre composite
using fibre strain and strain ratio. In the work conducted by Zaejaai. [73], a self
reinforced polypropylene composite exhibited a failure behaviour induced by both the
fibres and the matrix. The amount of strain acting on the matrix thus contributed to the
onset of fdure in the composite, validating the application of conventional FLC to the

composite in this case.
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5.21.4 Investigation on the path dependency effect of the conventional
FLC

It has been demonstrated that the conventional FLC is not applicaimediot failure
initiated in woven composites. Path dependency effect srtbam the limiting major
strain of a surface point is influerctdy its historical strain path, ankis effect is the
mechanism behind the inapplicability of the conventional FIiis section examines

the path dependency effect of the conventional FLC, and investigates whether such

issue can be resolved by using the new FLC.

N\ —uomn @ ! —Uo70
A Unfailed —Tensile Specimen Failed \ —Tensile Specimen

T ‘ ‘ 2\ Unfailed ’
9 = 1\ Unfaile
E 6 E 3+
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@ _ . 5]
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Figure5.9: Comparison of a tensile specimen (left) with a UO70 specimen (right) (a)
tested samples; (b) the evolution of the strain path on the conventional FLD (left) and

on the new FLD (right)
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To investigate the path dependencyeeffof the woven composite, two points from the
tensile specimen and the UO70 sample are selected and their evolutions of principal
strains are compared. The point of interest from the tensile specimen is located along
the line of fracture, while that ohé UO70 specimen is located slightly above the pole
and remains unfailed during the stretch forming test. These two points share a similar
deformation mode at the stage of comparison, but experience entirely different historical
paths, which is of importae to examine the effect of path dependency on the

conventional FLC.

Figure 5.9 compares principal strain evolutions of the pole of the UO70 specimen with
that of the tensile specimen on a conventional Forming Limit Diagram (FLD). Strain
deformation otfthe tensile specimen is obtained at the stage of failure, while that of the
UO70 specimen is obtained at a forming depth of 14 mm, given that the failure depth is
16.2 mm, this surface point therefore remains unfailed at the last stage of the curve.
Forming mode can be represented by diffetestrain ratios in the FLD, ranging from
biaxial stréch (1) to pure shearl). Even though both specimens experience the same
forming mode of uniaxial tension at the stage of selection, it is noted that the unfailed
specimen (UO70) could withstand significantly higher limiting principal strains
compared to failed specimen (the tensile specimen). Unlike the tensile specimen which
experiences a single forming mode (constant strain path), the UO70mepeci
experiences anges in strai path due to the nature of stretch forming tests as explained
later. This suggests a path dependency phenomenon, such that the limiting principal

strains are influencedylihe evolution path.

The evolutions of strain path of the same two points of interest are now compared on a

plot of fibre strain against strain ratio. Evidently, although principal strains are
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significantly higher, the maximum fibre strain of the unfailed points (from the UO70
specimen) does not exceed the limiting fibre strains defined by the failed point (from
the tensile specimen). This demonstrates that using fibre strain can help eliminate the
path dependency effect, which can be attributed to the fact that fibre si@ilaians
require tracking of the evolution of fibore movements. Experimental observations also
highlight the possibility of establishing a new FLC using fibre strain and strain ratio,

and the new FLC is expected to be moredatiffe than the conventionahe.

To further investigate the mechanism behind path dependency effects, the evolution of
strain deformation at the point of interest in both specimens is studied, as shown in
figure 5.10. In uniaxial tension tests, the sample experiences a single a#&armode,

resulting in a constant strain path. This linear strain path is different to the strain path

history observed in stretch forming testtadls of which is explained inegtion 5.2.

Strain (%)

“0 10 20 30 40 50 60 0 3 6 9 12 15 18
Stage Number Stage Number

() (b)

Figure5.10: Strain evolutions (a) the UO70 specimen; (b) the tensile specimen

Figure 5.10 shows the evolutions of major strain and its constitueties séme surface
points used in igure 5.9. In niaxial tension tests, the major strain is dominated by the

strain along the stretching direction, and the perpendicular direction experiences a
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negative strain deformation due to the
insignificant in tensile speciem, whereas the UO70 specimen is dominated by its shear
strain component which is larger than the strains in the longitudinal direction and
transverse directions. As found earlier, the flax fibre reinforced polypropylene
composite exhibits a major failumode of fibre fracturd126. Therefore, the flax
fibres should be the limiting factor for the elongation of the composite due to a much
lower elongatiorto-failure of the flax fiborecompared to the polypropylene matrix. It is
therefore hypothesised that the amount of strain acting on the flax fibres is influential in
composite failure whereas shear strain has little effect. In addition to this, large shear
strains are suggested as ttaeise of the path dependency pireenon observed in the
conventonal FLC. Again, this is because shear strains can lead to higher principal

strains, but not necessarily the onset of failure in this class of material system.

5.21.5 Establishing the newFLC for the composite

In metal forming, there can be a clear progress from the onset of localised necking to
catastrophic failure. It is, therefore, feasible to identify the safe, marginal and failed
regions of the FLC for metals. The composite analysethis study exhibits a low
resistance to crack propagation, and failure propagates very quickly during forming.
Therefore, for this class of material system there is no margigian.eThe new FLC,

as shown in igure 5.11, represents the limiting fibreagén of the composite in all
forming modes ranging from pure shear (strain ratidlpto biaxial stretch (strain ratio

of 1).
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Figure5.11: Formation of the new FLC for the untreatmimposite. From left to right

at top: formed specimens are F25, F70, F100 and.F200

In this study, the limiting fibre strain in certain strain ratios cannot be observed from the
failure regions. For the 025 and O70 specimens which exhibit a major fonmoideg of

pure shear, the failure initiates at the flange region which during forming is blocked
from the cameras by the tools. However, safe regions are established based on unfailed
points, and it is expected that the limiting fibre strain is higher thansuggested by

the safe regions.

Figure 5.11 shows the new FLC over the surface strain distributions of all specimens at
the stage of failure, over a wide range of forming modes. Most points above the
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proposed failure envelope are located along line fractures in formed specimens, which
are expected to be regions where failure initiates. Small localised imperfections cannot
be eliminated from consolidated composites, resulting in an increase of prstcabas

over allowable limits in some regions without failure being experienced. Since the new
FLC considers fibre strain, it must be emphasised that this method can only predict
failures for composites where the failure mechanism is dominated by ftwegpared

to the conventional FLC, which requires only major strain and minor strain, the new
FLC needs more information on surface strains, and more importantly the evolutions of
these strains. Clearly, successfully tracking the evolution of fibre movemsnt
fundamental in determining the forming limit of this class of material system, which
highlights the need of surface strain me

system.

A similar approach is used to establish the new FLC for the composite entreatted

and redried conditions, and Figure 5.12 compares the new FLCs in different conditions
of water treatment. A significantly expanded forming envelope is observed in the water
treated specimen. Such observations can be expected from the improvament
elongationto-failure, and again indicate an exceptional formability of the wateted
compositeThis class of material system is therefore very attractive and can be easily
used to form parts of a high level of complexity if they can be processetlin

advance.
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Figure5.12: The new FLCs for the composite in different conditions of water treatment.
The tested samplese F25, F70, F100, and F200 (wateated, redried, and untreated

from top to bottom, respectively)
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The new FLCs for the composite in different conditi@are expressed irglations5.18

to 5.20. It is important to note that the composite exhibits gnifcantly expanded
forming envelope in the watdéreated condition, such that the limiting fibre strains of
the wateftreated composites are increased by 25% in bisxiatch, 50% in plane
strain, and 70% in uniaxial tension (compared to the untreadetposite). This is
expected, given the improvement in elongatioffiailure discussed in the previous
section, and again indicates good formability of the wiaieated composite. This class
of material system is therefore very attractive and can beyeas#d to form the

products with complex shapes if they can be processed whilst wet.

For the untreated composite:

p by
Az 8b p 8
kg a2 b 8p 8 a8 (5.18)
nz 8bp p 8 1 8
For the watetreated composite:
nz p 8b 8 JI
S n 8
£l L z 8 b p 8 ip! (5.19
nz p p 8 & 8
wnz p 8p 8 1 8
For the redried composite:
8 b A
nz p 8 b 8
E | nz p b 8 1 8 (520)
nz p p 8 n 8
where- is the limiting fibre strain, and is the strain ratio. Again, it needs to be

noticed that the actual limiting fibre strains are greater than the values suggested by the

equations above in those regions represented by dashed lines.
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5.21.6 Comparison with the Maximum Strain failure criterion
The Maximum Strain failure criterion (a strain based failure criterion) is selected to
compare with the new FLC proposed in this study. Tensile tests were performed to
generate failure strain data for the Maximum Strain criterion. Rectargpgéarmens of
15 mm by 150mm were produced, and the composites were cut in such a way that the
flax fibres were oriented at 0790°and 45f45°to the sample axis to obtain normal
failure strain and shear failure strain. Tensile tests were conductedtthroagn | nst r on E

4505 testing machine, and the specimens were stretched at a constant ratesf 5

with failure being defined as the applied load dropped to 40% of its maximum.
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Figure5.13: Comparison betweethe new FLC and the Maximum Strain failure

criterion

Through tensile tests, it is observed that the composite has an elorigdtdare

around 5% when it is stretched along fibre orientations. The new FLC suggests a

limiting fibre elongation of araud 5% at a strain ratio 80.3, given that the composite

has a Poissonb6s ratio of around 0.3 and i s
fibre strain can exceed 5% in several forming modes, and as large as 6% when the strain
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ratio is positive or een 6.5% when the strain ratio i8.5. Evidently, limiting fibre

strain is affected by the forming mode experienced by the composite, and can be
attributed to the woven structure of the composite in which the interactions between the
fibores and the matribare influential. For the Maximum Strain failure criterion, the
failure in the forming mode of pure shear is judged by the limiting shear strain, which is
significantly higher than limiting normal strain. In other forming modes, the Maximum
Strain failure dterion suggests that the failure strain on fibres is a constant, as shown in
Figure 5.13. The assumption that there is no interaction between different constituents
seems to be oversimplified for predicting failure in woven composites. For further
compaison, the new FLC and the Maximum Strain failure criterion are implemented in

FEA simulationsn Section 5.3.4.2

5.2.2 CNFC materials
The major difference between NFC and CNFC materials is that the later composite does
not exhibit directionalitylt behaves predominantly like isotropic material, meaning that

the stiffness and elongatido-failure are the same in all directions.
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Figure5.14: Evolution of @ntours of surface strain ratjdeformation mode) and FLD.

(a) U200; (b) U100; (c) U70; and (d) U25
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Similar to NFC materials, strain ratio information of CNFC specimens is calculated by
the python script created in this wolkdgure 514 above shows the surface contour of
strain ratio for each sample, as well as the FLDs at the end of each stage. The amount of
strain deformation is very small at the edges of surface contours, leading to some
extremely negative strain ratios. In the gtieetch stage, all specimens (except the full
circle sample which exhibits a major deformation mode of biaxial stretch) experience
negligible minor strain, suggesting unequal restriction in the longitudinal and transverse
directions. These samples are pulgdoth edges in the pstretch stage, leading to a
deformation mode of in between uniaxial tension and plane strain. As lateral restriction
increases with wider samples, the major deformation mode moves towards plane strain
(as observed in U70 and U108uggesting that the lateral direction remains unstrained
while both edges are pulling away from each other. Equal amounts of force are applied
to the U200 sample from every direction, resulting in a major deformation mode close
to biaxiatstretch. In adiion, none of the samples exhibits a major deformation mode

of pure shear due to the predominantly isotropic nature of CNFC materials.
Observations of FLDs at the end of the first stage show a clear trend of lowered

maximum strain deformation as samplelthiincreases.

For the full circle sample or the U200 specimen, the composite exhibits a major
deformation mode of biaxial stretch during forming, since the entire sample edge is
completely fixed during forming. Therefore, unlike other geometries which have three
separat stages, the UF200 specimen has only two stages (stage 1 and stage 3). For the
U70 and U100 specimens, the pole and its nearby regions shift from the negative minor
strain region to the positive minor strain region in the biaxial stretch behaviour.Simila
behaviour is not obvious for the U25 sample, which can be attributed to the fact that the

biaxial stretch behaviour disappears very quickly due to a small sample width. In the
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third stage, specimens exhibit their major deformation mode which is infldidryctine

sample geometry.

Unlike NFC materials, CNFC materials could not exhibit pure shear behaviour during
stretch forming experiments, which is attributed to the fibre reinforcement nature of
CNFC samples. The lack of deformation reodf pure shear sb results in larger
amount of strains acting on the fibres, leading to lower deformation depties.
application of short chopped fibres would help recycle composites at the end of its use
life, and it seems that a trad& needs to be made between easaecycling and better

formability.

5.2.2.2 Constructing the FLC

The construction of the FLC of the CNFC is based on the principal strain values
provided by the ARAMI SE system. Line fra
down to short segments ete the failure initiates, and this is achieved by setting the
frame rate of the ARAMISE system to its |
strains of these small segments at the stage just prior to failure are used to construct the
FLC, as shown inFigure 5.15 Note that the surface point experiencing strain
deformation above the FLC is considered failure. Using FLC to describe failure
behaviour provides a quantitative measure for defining the limiting major strains as a
function of minor strain, anduch mathematical relations can be implemented in FEA

models through a uselefined material subroutine.
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Figure5.15: FLC of the CNFC materials obtained from stretch forming tests

Similar to theprocedure used to construct the FLC for the untreated specimens, the
watertreated as well as the redried samples were cut into hourglass shapes (with
varying middle sectional widths) and then formed into a hemispherical dome.
Significantly improved elondg@n-to-failure has been noticed irha watettreated
CNFC materials.Figure 5.16 shows that the increased elongatioffailure can be
translaté to an increased forming envelope. Numerically, FLCs in different conditions
of water treatment can be expredsin the following equations Z.-5.23. It is not
surprising that the redried composite has very similar forming limits to the untreated
composite, as ductility has been largely returned to the untreated level when drying
from the wet condition. Comparead these two dry conditions, the CNFC exhibits a
significantly expanded forming envelope in the wadteated conditions, such that the

limiting major strains are increased by 61% in biaxial stretch, and 92.8% in plane strain.
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For the untreated compaesi
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Figure5.16: Effect of water treatment on FLC for CNFC materials
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5.3 FEA simulations

5.3.1 Material models

Two composite material®\FC andCNFC, are modelled in FEA simulations. Due to
the random distribution of the chopped flax fibres, the CNFC is modelled as quasi

isotropic. The stiffness matrix for the CNFC material is expressed in the following

equation.

a . £

e Il ol r r L n Il

|¢ ] | |I= I: I= ! Ié 1

| Y] | ||= I: I= 1l | I

IW i 11 I: no | 7 (5'24)
W I’,I 1] F YERL l"l

WU y F U us U

These coefficientare computed using equations for the micromechanical behaviour of a

lamina.
-
FF 5 (5.25
|F o
FF 5 (5.26)
F T (5.27)
F F -F (5.28)

where E is the stiffness obtained from the tensile tests stated in CBaatet v is the
Poisson ratio. Due to the liae nature, all coefficients induations 5.25%.28 are
constants. All other terms are zero, as shell elements do not consiesrptarte
stress. The NFC is characterised as orthotropic, and shares a diiffilass matrix
with CNFCs except that the-plane shear stiffnesss€is determined by the method

introduced in the Composites MateriaBesign and Applicationgl34].

The development of constitutive material modeliogboth materials the first step of
developing FEA simulation of the forming process. The accuracy of the constitutive
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material properties is of great importance to the accuracy of the numerical simulation.
The constitutive material models of both NFC and CNFC in diftecenditions of the

watertreatment are illustrated in Appendix A and Appendix B, respectively.

5.3.2 Model parameters

Figure5.17 shows a diagram of the parts modelled in the simulation, including punch,
blank-holder, die andull circle flax/PP compoge. The full circle specimen is replaced
with the corresponding geometry when modelling other geomeffies. die stays
stationary during forming and the blank holder can only move vertically to allow the
action of the blank holder force. The composite mashed with S4R elements with an
approximate size of thm, resulting m more than 5,700 elementsfirl circle sample

and around 2,500 elements in an hourglass sample with a widthmah23 he punch is
placed just in contact with the blank and it isteeiove down at a speed of g&tim/s.
Contact friction has a significant effect on material flow during forming, and penalty
contact conditions are assigned to all contact conditions. All the tool geometries are
defined as rigid parts and master surfacesh shat the tool is able to penetrate through
the sample during forming rather than the other way around. The entire stretch forming
simulation is divided into two separate steps, and this analysis procedure follows the
experimental procedure. Two steStdtic, General), referred to as RBteetch and
Forming, are defined in FEA simulations. In the -Biretch step, initial boundary
conditions are assigned to simulate the {ook effect. In the Forming step, the punch

is set to move down at a constapesd of 20mm/s. The initial,minimum, and

maximum increment size are defined as 0.13°4,Gand 0.1s, respectively in both steps.
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Figure5.17: Layup of model geometries

5.3.3 Implementing the failurecriterion in FEA simulations

FEA simulations are an essential tool in engineering structural design and analysis, and
the development of the new FLC would be much less useful if this failure criterion
cannot be implemented in FEA models. One of the key contributions of the current
study is to incorporate the FLC and the new FLC in FEA simulations through a user
defined material subroutine. State dependent variable or soligjmendent state
variable (SDV) can be calculated from bamitvariables in the material subroutine (such

as tte strains in the global X, Y, and shear directions) through alsétied relation,

and updated at the end of each time increment. In order to implement the failure criteria,
SDVs are created to facilitate calculations. In this study, the-defered magrial
subroutine provides two essential functions to FEA models, including material
characterisation as well as failure criterion. For NFCs, eight SDVs are created in total to
represent failure indicator, major strain, minor strain, failure flag, strdia, riébre

strain along the weft direction, fibre strain along the warp direction and fibre strain. Due
to the difference in the level of complexity, only the first four SDVs mentioned above
are created for CNFCs. For both composites, if the induceddilam of a mesh node

exceeds the value suggested by the failure criterion, the failure indicator is turned on
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to ensure that once failure initiates at astm node, this point remains failed regardless

of the future strain conditions. Figure 8.8hows the flow chart of the usdefined

material routine developed for NFCs, which is very close to that of CNFCs with a

different stiffness matrix and failure tzrion.
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5.34 NFC materials

5.34.1 Evolution of strain path at the pole
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Figure5.19: Comparison of strain evolution at the pole between experimental

observations and FEA simulations (a) 0790°samples; (b) 488°samples

The pole is the region of interest for stretch forming tests, and the straiti@veaiuthis

point is used to verify the FEA simulation developed in this stityure 5.19 shows

that the strain evolutions of specimens with different sample widths and fibre
orientations can be simulated by FEA simulations, validating the materiadrpespas

well as contact conditions. It is noted that the UO25 specimen is able to withstand a
major strain of 22% at the stage of failure which is significantly higher than all the other
samples. This can be explained by the trellising behaviour of ererwcomposite. The
specimen is much less strained on the flax fibres under such a deformation mode,
therefore exhibiting a very high state of principal strains prior to failure. It is observed
that for specimens with large widths, sample geometry hagyerlaffect than stretch
directions due to the increased restriction exerted from the tools. For example, the
UF100 specimen shares a similar strain evolution with the FO100 sample. Larger

specimens experience larger restrictions at the flange regiomg@amposites to form
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in similar major forming modes. The FEA simulations can predict this trend, and again
the slight discrepancy can be attributed to the variation of the mechanical properties of

flax fibres as well as to geometric unevenness causethhl localised imperfections.

5.34.2 Comparison between the new FLC with the Maximum Strain

failure criterion

Based on visual observations on the formed specimens, failure can initiate at two
different regions: the pole or the flange region. The pblihe specimen is stretched to

a great extent during forming, and in 0?90°specimens the high level of strain there
causes failure. The 025 and O70 specimens experience a large shear deformation at the
pole, which allows the composite to withstand a darfprming depth and results in
failure at unsupported regions near the die edge. It is a statistically consistent
observation that line fractures propagate along the fibre directions, regardless of fibre
orientation and sample width. Accordingly, the dadl regions of the F25 specimen are

in the longitudinal and transverse directions, and those of the O25 specimen are at 45°
to them as shown in Figure 5.20. This clearly implies that the flax fibres are the limiting

factor for the elongation of the compiesi

(a) (b)

Figure5.20: Typical failure regions observed in the formed specimens (circled) and as

predicted by the new FLC in FEA simulatiamed patches) (a) F25; and (b) 025
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Specimens Experiment New FLC Maximum Strain
failure criterion
F25 Pole Pole Pole
F70 Pole Pole Pole
F100 Pole Pole Pole
F200 Pole Pole Pole
025 Flange region Flange region Flange region
070 Flange region Flangeregion Flange region
0100 Pole, flange region Flange region Flange region

Table5.1: Comparison of regions where failure initiates

Both the new FLC and the Maximum Strain failure criterion have been successfully
implemented in FEA simulations through a udefined material routine. FEA models
check each mesh element for failure at every stage of the forming simulation. If failure
is deemed to have occurred in an element, the stiffness of the element in all directions is
reduced to zero. The simulation can recalculate the behaviour of the material under the
assumption that failed regions of the sample can no longer withstand appdiesl st
Table5.1 summarises the failure regions observed in experiments and predicted by FEA
simulations. It is noticed that both criteria can acayapredict the failure regions
exhibited in the specimens. It is also observed that in the O100 specthesifejure

can initiate either at the pole or the flange region, suggesting that variations in strain
distributions can result in a change in where failure occurs. This agrees with the

findings obtained bypaveyet al.[86].
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Figure5.21: Comparison of théorming depths for NFC materials

Figure 5.21 compares the experimental observations with FEA simulations of failure
depths, defined as the vertiadisplacement of the pole at failure. Even though both
criteria use fibre strain as the limiting factor for detecting failure, it seems that the new
FLC can significantly improve the accuracy of the predicted failure depths compared to
the Maximum Strain filure criteria. A large variation is noticed in the 0?90°specimens
where the Maximum Strain failure criteria consistently underestimates failure depths.
The failure in 0790°specimens starts at the pole where the strain ratio is positive, and
the Maximum Stran failure criterion suggests a constant failure strain (of 5%) which is
obtained through tensile tests, and is considerably lower than the actual limiting fibre
strain. Again, nosinteractive failure criteria seem less accurate forqmresolidated
woven composites where interactions between the fibres and the matrix are considerable.
This in turn highlights the need to consiflerming modes when expressing the forming
limits of this class of material system. It is notable that the new FLC is @lpieedict

failure depths much more precisely than the Maximum Strain failure criterion, which
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verifies the accuracy of the new failure criterion to predict failure in composites

dominated by fibre fracture.

It is also observed that 4545°specimens genally exhibit a larger failure depth
compared to 0790°equivalent specimens, which aggavith the finding of Wangt al.

[12€ that large shear deformation can aid in superior formability of composite materials.
Both failure criteria can predict failure depths precisely in-45Pspecimens, and the
difference between the two criteria is insignificant. Failure initiates at the flange region
of 457 -45°specimens, andrigure 5.22suggest that these regions experience a strain
ratio near-0.3, therefore in uniaxial tension where two criteria predict simitaitifig

fibre strains. It is therefore expected that both criteria predict similar forming depths of

the composite when the failure initiates in the forming mode of uniaxial tension.
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(C) o100
Figure5.22: Strain ratio of the failure regions in 455° specimens. Left: regions of
failure predicted by FEA simulations (coloured in red); right: Strain ratio distribution of

the topright quarter of the specimen
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5.34.3 Predicting failure in different conditions of water treatment

The new FLCs of the NFC in different conditions of the water treatment are
implemented in FEA simulations through usefined material subroutines. Similar to
the observations in the formed untreat®mposites, failure initiates around the pole for
0790°samples and at the free edges for 48/5°samples (the only exception being the
457 -45°specimen with a width of 100 mm, where the failure could initiate at either the
pole or the flange region].he new FLC can precisely predict the regions of failure. It is
statistically consistent that the failure regions propagate along the fibre directions,

regardless of treatment.

In addition to the locations where the failure initiates, the new FLC reas\ified in

terms of failure depths. Up to three repeats are tested for experimental geometries, and
the specimen data are used to construct the range of forming depths observed in
experiments. These observations are then compared to the forming cehttted by

the new FLC criterion in FEA simulations, as shown in Figure.5larger failure
depths are observed in wategated composites compared to dry equivalent samples,
which is expected given the larger forming envelope of the composite iweahe
condition. The composite also exhibits very similar failure depths in the untreated and
redried conditions, since the tensile properties have been largely returned back to the
untreated levels when redrying. Observations confirm that the new FLC ptbjothe
current study predicts reasonably in stretch forming tests of the failure depths of the
composite in different conditions of water treatment, confirming its usefulness for

natural fibre composites.
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Figure5.23. Comparison oforming depths observed in experiments, and as predicted

by the FEA simulations

5.3.5 CNFC materials

5.3.5.1 Evolution of strain path at the pole
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Figure5.24: Strain evolution of the pole for untreated CNFCs

Figures 5.24 shows a comparison between experimental observations and FEA
simulations of strain evolutions at the pole for untreated specimens with various-middle
section widths. It is clear that varyitige sample geometry can change the deformation

mode of the composite at failure: the composites exhibit a strain ratio of 0.13, 0.19, 0.52
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and 0.83 from the thinnest to the widest sample, respectively. Note that strain evolutions
from FEA simulations cacorrectly predict the progress of the major forming path for
CNFCs, especially strain conditions at the transitions between different stages. It seems
that the material properties assigned to the blank as well as the friction conditions
defined between cdacting pairs, appear to be accurate. In FEA simulations, the
composite was modelled as a homogeneous material which exhibits the same
mechanical properties at every single point of the surface. However, the composite does
not behave ideally in a homogemsoway due to the variation of mechanical properties

of flax fibres and the existence of voids. This can explain the slight discrepancy

between experimental findings and FEA simulations.
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5.3.5.2 Validating the FLC

(b) U70

(d) U200

Figure5.25: The failure regions observed in tested samples (left), and as predicted by

FEA simulations (right).

In sretch forming of CNFC materials, all untreated specimens exhibit failure at the

region near the pole which remains in contact with the punch during forming and
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experiences most strain deformation. Figugbshows that the FLC constructed in the
currentstudy can precisely predict the regions where failure initiates. It is noteworthy
that the failure regions observed in the tested samples are much larger than in those
predicted by the FLC. In the stretch forming tests conducted in this study, the punch
was set to move down at a constant rate ofr2/s and then to return to its original
position when the load drops by 40% from its maximum. It seems that the CNFC
materials can still maintain its strength at the onset of failure, allowing the punch to
move a larger displacement and leading to largdéure regions. It should be pointed

out that the contour plot of the FEA simulations is taken at the stage when failure first
initiates. It does not mean that the composite would exhibit failure regions like the ones
coloured in red, instead it suggedtsat f ai |l ure i s most | i kel
regions. The expansion of the failure region is not within the scope of this study as the

material is considered useless as soon as it fails.

In the wet condition, the elongatkto-failure of CNFCs is more than, and such an
improvement can be reflected as a larger forming envelope. However, it seems that the
improved formability cannot be translated to larger forming depths in stretch forming
tests, as shown in Figure2b. Forming depth is defimeas the punch displacement at

the onset of failure. The watéeated composites can withstand larger forming depths
compared to dry equivalent samples, with the improvement considerably less than that
observed before (elongatita-failure in uniaxial lading tests and FLC). One
explanation is that at large forming depths the major strain at the pole evolves with a
much steeper slope, and therefore the improvement in ductility cannenthely
mirrored to failure depths in stretch forming tests. Obsema show that the FLC can
predict the failure depth of CNFC materials in stretch forming within a reasonable range,

validating the effectiveness of the FLC constructed in this study.
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Figure5.26: Comparson of the failure depths for CNFC materials

5.4 Summary

This Chapter has studied the forming behaviour of composite materials in stretch
forming tests, and determined the forming limits for both NFC @N&C materials.
Composites are cut into hourglass shapes with various middle sectional width as well as
fibre orientation to examine different forming modes. The stretch forming process can
be identified as three separate stages based on changes in thdefmjonation mode,
including: firstly prestretch, secondly kaxial stretch and finally the major forming
path. It is found that the woven structure of the NFC can help exhibit an additional
deformation mode of pure shear compared to the CNFC. More tamplgr under this
deformation mode the NFC specimen is able to withstand much larger strain
deformation, which agrees with the findings obtained by Watngl. [126 that shear
deformationcan aid in superior formability for woven composites. It is also observed
that for specimens with large widths, sample width has a dominating effect over stretch

directions due to the increased restriction exerted by the tools.
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The major reason to conduct stretch forming tests is to determine the forming limits of
composite materials. This section has shown that the conventional FLC, which has been
widely applied to metal forming, is a valid tool to express the forming envelbpe o
CNFC materials. This is because CNFCs behave predominantly like an isotropic
material. Based on the principal strain deformation provided by the ARAMIS system at
the surface points where failure initiates, FLCs are constructed for CNFC materials in
different conditions of water treatment. However, due to the path dependency effect,
this conventional method is found incapable of accurately describing the forming limits
of NFC materials. As a result, unfailed surface points are found to exhibit higher
princpal strains compared to failed ones when both points experience an identical
deformation mode. A consistent observation is that the major failure mechanism of NFC
materials is fibre fracture. By analysing the evolution of major strain and its Cartesian
components, it has found that the path dependency is caused by the effect of strain
deformation acting on the polypropylene matrix, which contributes little to composite
failure. An innovative failure criterion, named the new FLC, is proposed which uses
fibre strain and strain ratio as key parameters, and this new failure criterion can
successfully eliminate path dependency as it tracks the evolution of fibore movements. In
addition, the new FLC is considered more precise than the Maximum Strain failure
criterion, which assumes that there is no interaction between different components of

the composite. This assumption is clearly oversimplified for woven composites.

FEA models are developed to simulate the forming process of both composites. From
the way straa path evolves at the pole, it seems that the material properties and friction
conditions for contact pairs appear to be accurate. One of contributions of the current
work is that it creates material subroutines for examining the accuracy of failurecriter

in FEA models. To facilitate this process, SDVs have been defined to determine if there
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are any surface points experiencing strain deformation higher than the values suggested
by the failure criteria. It is observed that the new FLC is much more aedheat the
Maximum Strain failure criterion, especially for samples with a fibre orientation of
0790? By comparing FEA simulations with experimental observations, it is shown that

the FLC and the new FLC can predict failure regions and failure depth®tof
composites in different cortibns of water treatment. Thish@pter has shown that the

new FLC is superior to other strairmsed failure criteria (the Maximum Strain failure
criterion as well the conventional FLC), and this criterion should be apfdita any

other woven composite systems as long as the dominating failure mechanism is fibre

fracture.

It is important to note that this failure criterion provides a new angle to view the failure
theory of composite materials. Thzhapter has proved théor composite materials,
especially those with inextensible fibres, fibre strain should be focused on when
studying the failure behaviour. By doing this, the path dependency issue observed in
conventional FLC can be eliminated successfully. Althoughethes existing failure

criteriag. such as the Maximum Strain failure criterion, which consider the amount of
strain acting on the fibres separately from the total sttaformation.It is confirmed

that the limiting fibre strain is influenced by the deformation mode, and therefore
should be expressed as a function of strain ratio. The new FLC defines a new method to
examine/predict the failure of woven composites, which has the @itemtbe widely

applied infailure study of composite materials
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Chapter 6

Dome Forming Tests

6.1 Introduction

When circular samples were formed into a dome structure with the edges not being
fixed completely, they will experience a combination of drawing and stretching. This
Chapter compares the forming behaviour of composites when different treatments are
applied including preheating, water treatment and tailored blanks. By taking into
account the thermal degradation of the composites, the optimal forming temperature
windows are determined for this class of material system. Preheating has been widely
used to impove the formability of material in rapid forming processes, and the water
treatment performed in this study is found to almost double the forming depth of
preheated equivalent sample3his important breakthrough in improving the
formability of natural fime composites can aid in rapid forming of this class of material
system. Compared to the circular samples used in preheating and those which are given
water treatment, tailored blanks suggest an innovative shape of composite in which four
portions of mateal are cut out at the edges of 07 907 180°and 270°positions. The
application of this experimental geometry encourages materials to be drawn into the die
cavity during forming, and therefore helps achieve a larger forming depth. Based on
strain deformai on data provided by the ARAMISE
behind the improved formability of the treated composites have been determined. The
FLC and the new FLC are constructed from stretch forming tests, an@libser

validates the effectiveness$ each of thestvo failure criteria indomeforming.
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6.2 Experimental observations

It is concluded from Chapter 4 that the water treatment can improve the ductility of
natural fibore composites more effectively than preheating. The scope skttisn is
therefore to determine if the improved ductility can be reflected on increased
formability in complicated forming conditions such as dome forming where specimens
experience a combination of stretching and drawing. In dome forming all samples are
cut into a circular shape with a diameter of 180 mm, and formed into a hemispherical
dome structure at a punch rate of 20 mm/s. The amount of-btad&r force, ranging

from O to 14kN, can be preset via the computer connecting to the stamping press
madine. A BHF of 7kN is applied to the samples formed at different temperatures and
conditions of water treatment. For the tests performed at elevated temperatures, samples
ar e preheated t o 15 eC above the forming
temperatre drop during transferring samples from the heat press machine to the
stamping machine). The required adjustment is verified through temperature
observations during the experimental process. In additional to high temperatures, the
composites are formed three different conditions of the water treatment: the untreated,
watertreated and redried. The untreated samples are cut and tested as received from the
material supplier without additional chemical treatments; the viaated samples are
formed at he maximum saturation level of the water solution; and the redried samples
are saturated and then subsequently redried completely before foringilored
composites were cut by the mechanical scissor, and then formed at room temperature

without the wéer treatment.

6.2.1 NFC materials

This section investigates the forming behaviour of NFC materiasrme forming tests.
NFC materials exhibit a significantly increased formabilishen specimens are
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experiencing various treatments and blank geomet@pgdFrom examinations on the
formed specimendibre fracture igdentified aghe major failure modexhibited in this
class of material system. This observatamnthe formed specimeruld justify the
new FLC proposed in Chapter 5 which uses fibrairstas one of the key parametdts.
is alsowithin the scope of the current work to determine if there arehamesms in
addition to the increased ductilityas discussed in Chapter #hat could help NFC
specimenswithstand a larger forming depth§he investigation is conducted through
comparing the surface atn distributions which providenformation on the major

deformation of composites.

6.21.1 Failure depthsin dome forming tests

Failure depth is defined as the punch displacement at the¢ ohgailure in forming,

and is also a direct indicator on the formability of forming matefi&lis section
compares the effect of two treatments, preheating and the water treatment, as well as

that of different blank geometries, full circle and tailosbdpe.
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Figure6.1: Comparison oforming depths
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Figure 6.1 compardbe forming depths of the composite in three different conditions of
water treatment untreated, watetreated and redriedas well as that of the composite
formed at the optimal forming temperature (T120) and that of the composite formed at
the optimaltailored shape (65). The untreated NFC fails at 18.9 mm, and the water
treated NFQloes not fail and reachasorming depth of 55m which is the maximum
depth limited by the dimensions of the todisis noted that the samples in the dry
conditions (mtreated and redried) share very similar forming depths, which mirrors the
observations on tensile tests. It is noted that preheating can improve the formability of
composites to some extent (an average failure depth ohr@)) but this traditional
methodis much less effective than water treatmdntis found that watertreated
composites are able to exhibit an almost doubled forming depth compared to the
preheated equivalent sampl&his suggests that the watdéreatment is superior to
preheating when faming natural fibore compositesAn almost doubled ductilitys
observed when composite materiais gested in the wet conditions, as stated in Chapter
4. 1t is worth noting that a significantly largenprovementin forming depth during
dome forming (more than 175%s) observed The mechanisms behind this observation

are explained in details in a later section.

A more than 50% increase in failure depth is obsewleen somanaterials areut off

along fibre direttons. The use of tailored blanks can help NFC materials withstand a
greater forming depth by reducing the amount of stretching experienced along the fibre
directions such that optimal tailored shape could withstand a forming depth of 30 mm
It is concluded that the application of this novel geometry could lead to similar
improvement in forming deptltof woven natural fibre compositess compared to the
preheating treatment.Similarly, the basis of this observation is explained in the

following sectionwhere surface strain distributions are studied
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Figure6.2: Failure depths of NFCs at different temperatures

The conventional treatment, preheating, can improve the formability of NFC materials.
The formingdeptls of NFC materials in different temperatures are studweith a
particular focus around temperatures where thermal degradation behaviour is observed
According to Figuret.2, increasing the forming tempe
increases the avage failure depths by 55% (from 18.9 to 30.2 mm). Fibre fracture is

the dominant failure mechanism for flax/pp compositdss is verified through
microscopic examination on fractured surfa@asl detailed in the later sectjpand the

flax fibres are able to withstand larger failure strain at high temperatures. In addition,
due to its thermoplastic nature, polypropylene softens as temperature increases.
Softening of the matrix helps the stress transfer between fibres whichtteaden
transformation of load through the specimen. These two effects explain the increase in
failure depth from rAdarmart ¢ hpe rpatethreaatt d eh
there is a noticeable drop in failure depth, which is caused by the treirgrabation of

the compositeThe major mechanism behind the degradation of NFC materials is
identified as the melting of the polypropylene matrix, as stated in Chapter 4. The

identification of thermal degradation of composite is an important findingigfwork
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as it identifies the existence of an optimal forming temperature window for this class of

material systems.

However there is no obvious reduction in the elongatiotfiailure of the composites in

the tensile tests performed at elevated tentpega. There are two reasons for the

significant reduction in theforming depthsof NFC materials at high temperatures:

firstly, stiffness is reduced along fibre directions when the composite is preheated to

high temperatures, which leads to more stregghamd in turn, results in larger strains

acting on the composite. Secondly, the composite experiences two major deformation
mechanismof drawing and stretching during dome forming tests. According to the

findings obtained by Venkatesdd8] who compared the formability of two woven

composites with theame matrix material but different fibres in dome forming tests, a

woven composite system with a smaller difference between stiffness iibteeahd

shear directiongxperiences larger surface strains, especially along the fibre directions.

It is therefoe very likely that the composite would behave closer to an isotropic

material at high temperatures as the fibre stiffness reduces and becomes closer to that in

shear directions. Based on the Python script described in Chapter 5, fibre strains can be
detemined from the ARAMIS system at every stage of the forming pro€epsre 6.3

shows surface fibre strain deformation of 12
comparison is obtained at a forming depth ofr@® where thdatteris just prior to
failure, despite that the 120e¢C ltésfopndr i ment al
thatt he 150 e C e gxpesiandesmeunhthigher filbresérans over the surface

suggesting a possible combination of reduced stiffnedsaaforming behaviour closer

to that of an isotropic material.
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6.2.12 Examination on failure regions

In continuous fibreeinforced composites, the common failure mechanisms include
delamination, longitudinal matrix splitting, inttaminar matrix cracking, fibrenatrix
debonding, fibre pull out and fibre fractuf#35. Under microscopical examinations
shown in Figure 6. 4fibre fracture is identified as the major ta# mechanism of NFC
materials which rationalises the hypothesis thgttain acting on the fibres should be
considered when predicting the failure behaviour for this class of material syistem.
observed that the most wateeated and tailored comptes exhibit similar failure
behaviour to that of the untreated and circular composite, which is a single failure

region around the pole.
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Figure6.4: Microscopic examination of the fracture

However, it seems that NFC materials exhibit different failure types at different
temperatures, as shown in Figure 6.5:
region due to fibre fracture (Figure
regonsdug¢ o fi bre fracture (Figure 6.5.Db);

pull out and fibre fracture (Figure 6.5.c).
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Single Fracture

Multiple Fractures
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Figure65: Tested samples formedOe&) abmel Adw0EC
at 16 0 e Gupviéwdojfibre pulb atavith some fibre breakage in the sample

formed at 160ecC.

At low temperatures, there is not much stress transfer between fibres, resulting in fibre
breakage around the punch contact regionrevii@ge strains are experienced. In the

experiments, the punch is set to continue to move down an additional displacement
beyond the onset of composite failure. Specimens therefore experience additional

deformation after the initiation of the fibre fraoy resulting in a line fracture, as
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depicted in Figure 6a. Similar observations can also be obtained from redried, and

most of tailored specimenB.o|l ypr opyl ene softens considerabl
turn facilitates stress transfer between natiiibaés and results in more uniform state of

stress in specimens formed between 100 eC to
temperatures below 100 eC. Forming at temper a
the initiation of fibre fracture at multiplregions within a short amount of time, as well

as a complicateghost failure path andpost failure shape. The failure mode switches

from fibre facture to a combination of fibre fracture and fibre-pult at 160 eC. Whe
the forming temperature approashbe melting temperature of the polypropylene (160

eC) , composite exhibits a greater mol ecul ar
orientation. Hence the composite experiences a decrease in mechanical properties and a

loss in anisotropy61l]. The degradation of the matrix ar

of fibres from the matrix as the dominant failure mechanism with some fibre breakage.

In addition to fibre fracturesput-of-plane buckling caralso be observed in samples

formed atl 2 0, agsBown in Figure 6.6t is visually observed that samples formed at

120 eC generally expelng.dtriscveorthtnbtieg thatothsist severe
buckling effect does not expand to the formed dome structure and the buckled regions

can be eliminged by the trimming process during manufacturing. Therefore, a buckling

effect at the flange region is not considered significant in the forming of NFC materials.
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Figure6.6: Bucklingof aflax/ppc o mposi t e t.ested at

Among all samples, the watteated composite and R65 experimental case remain
intact at the dome area during the tésbwever, wrinkles are observed at the flange
regiors of these twospecimesn. Unlike the composites formed 420C where the
wrinkles occur at the flange, some of the wrinkles in the weg¢ated specimens extend

to the dome structure, affecting the overall quality of the formed fpareeds to be
noted that the wrinkling issue associated with the wiageted composite can be solved
without compromising its superior formability of the composite, as described later.
Since wrinkling at the flange region can be trimmed in the manufacturing process, as
suggested for th&120 samplethe focus should be paid tee wrinkling on the dome
structure. During forming, the die obstructs the flange of specimens from the view of
ARAMI SE ¢ amiis difficult tat predictthe onset of wrinkling at the flange.

The diameter of the formed specimenfasind approximate} 12% shorter along the

fibre directions than at 45°to them, suggesting that the composite is drawn into the die
cavity to a greater extent along the fibre directions. This can be attributed to a larger
stiffness in the fibre directions compared to thé-filre directions. In the fibre
directions, the punch pulls fibres away from the tools at the flange, and causes the
material to be drawn into the die cavity. For the materials oriented a48bthe

trellising behaviour allows the composite to witlmstaa greater amount of deformation,
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and lowers its resistance to stretching. The difference in resistance to stretching explains
the roundsquare shape of the formed specimas shown in igure 67. When the
composite is completely drawn into the die tawélong the 0f90°directions, while is

still being squeezed at the four corners, the material at the flange region tends to be
drawn towards the centre of the specimen (in the die cavity) as well as to the sidewalls
of the specimen (in the hook region tbe die). The later mechanism induces lateral
compressive stresses in the middle of each ra@gp@re edge, and this produces in the

sidewall wrinkles.

(a) (b)
Figure6.7: Watertreated natural fibre composites after forming to a depth ofifs5 (a)

diameter of 180 mm; (b) diameter of 200 mm

In sheet forming, both the initiation and growth of wrinkling depend on many factors
including mechnical properties of the sheet, contact conditions, geometry of the
workpiece, and etd136]. Therefore it is difficultto analyse the wrinkling behaviour,
especially its onset simply from the dome forming tests alone. However, a method for
minimizing wrinkling observed in formed specimens is investigated. A larger -water
treated specimen with a diameter of 20 is formedto the same depth of aralih5

mm, as shown in Figure §.@nd it is observed that wrinkling is reduced considerably at
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the flange region. More importantly, the dome structure remains free of wrinkles. It is
therefore likely that the wrinkling behavioubserved in the watdreated composite

(with a diameter of 180nm) is mainly caused bgot enough material at the flange
region which can be removed by using a specimen of the same shape but with a larger

diameter (200 mm).

The R65 sample can withstatite maximum failure depth limited by the dimensions of

the tools (around 561m). Howeversimilar to the watetreated composite, this tailored
geometry starts to accumulate materials at sidewalls when the material at the flange
region is completely drawimto the die cavity. Acording to the images taken by the
ARAMIS system, wrinkling starts to propagate to the dome structure slightly beyond a
forming depth of 30 mm, as shown in Figur8.8he composite is therefore considered

to have failed at this formg depth.

(@) (b)

Figure6.8: The R65 specimen (a) from the right camera of the ARAMIS system; (b) the

tested sample

It is important to note that fibre fracture is the dominating failure mechanism for this

class of material system. Although wrinkling is observed in several samples, the
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wrinkling effect is not considered as the major failure mode. Because it can either be
removed from trimming processhé T120 samplg, or eliminated by using a larger
sample geometry (the wateated sample)For tailored shapes, the failure mode
would switch from fibre fracture to wrinkling when the inner radius is reduced to 65

mm, asa result of less amount of material to be stretched at the flange region.

6.21.3 Effect of treatments on forming modes

Increased formability of a treated NFC is expected because of the increase in ductility.
This section investigates whether there ather mechanisms exist besides the increase

in elongationto-failure. The forming modes experienced by a composite can be
il lustrated by its FLD. The use of t he
measurements which can provide insights into the ifigrbehaviour of composites at

each time step of the forming process. Strain distributions over the entire surface can be
compared using FLD. All strain distributions can be enveloped by strain ratids of

and 1, which is anticipated in typical dome fammexperiments.
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Figure6.9: Comparison of surface strain distribution at the stage of failutéf@tent
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Figure 69 s hows the surface strain distributions o
150¢eC, respectively at the stage just prior
temperatee results in the least amount of formability in terms of forming depth. Around

120eC is shown to be the opti mal temperatur e
When the forming temperature is increased to

deformation is observed as a result of the thermal degradation of the composite.

At ambient temperature, surface strain is mainly distributed as biaxial stretch and plain
strain. When the pgpropylene matrix is not sqftthe composite exhibits an
insignificart amount of shear deformation. Flax/pp composites have a much higher
failure strain in the shear direction than in the fibre direction. Less than 5% of the
surface points have a strain ratio less tiah, and the strain deformation in the shear
directionis also much lower than in other deformation modes. The insignificant shear
deformation at low temperature forming can be attributed to the low forming depths. By
increasing the forming temperature to 120¢C,
than 5% to approximately 25%) in the number of surface points experiencing the
deformation mode of pure shear. In addition, at high temperatures strain deformation in
the shear direction is also higher than tlmtother deformation modes. These
observations wgest there is a change in major deformation modes when forming
occurs at high temperatures. The effect of temperature is much more substantial in
regions not in contact with the punch (regions experiencing forming modes of plane
strain and pure shear)ah in punch contact regions (regions experiencing biaxial
stretch). This phenomenon suggests that at elevated temperatures, greater forming

depths are permitted due to additional deformation in unsupported regions.
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Compared tar'120, there is a significaméduction in shear deformation for the samples
formed at 150e¢eC. This in turn |l eads to a
shear deformation can be attributed to the degradation of the composite, leading to the
conclusion that by allowing thehear deformation to be the dominant forming mode,

the optimal formability can be achieved for this class of composite materials. Even
though both the T23 and T150 samples share a very similar population distribution, the
latter sample experiences muchheg strain values in almost every deformation mode.
Again, the reasons are the significantly reduced stiffnessthantbehaviourcloser to

isotropic material system.
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Figure6.10: Comparisons of surface strain distribution in different conditions of water
treatment. (a) FLD; (b) Quantitative illustrations
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