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SUMMARY 

Cellulosic fibres, like wood and plant fibres, have the potential for use as load-bearing constituents 

in composite materials due to their attractive properties such as high stiffness-to-weight ratio that 

makes cellulosic fibre composites ideal for many structural applications. There is thus a growing 

interest among composite manufacturers for such low-cost and low-weight cellulosic fibre 

composites. In addition, wood and plant fibre based composites with thermoplastic polymeric 

matrices are recyclable, and they are cost attractive alternatives to oil based fibre reinforced 

polymer composites that currently have the largest market share for composite applications. 

However, the most critical limitation in the use of cellulosic fibre composites for structural 

applications is the lack of well described fibre properties, in particular, the tensile strength. This is 

due to variations in fibre morphology, fibre processing conditions, and applied test methods. Other 

limitations such as dimensional instability and low fibre-matrix adhesion have already been 

intensively investigated, and solutions have been found for many commercial applications. 

Therefore, a better understanding of the mechanical performance of these fibres, and with a focus 

on increasing their strength will make it possible for them to reach their full potential as 

reinforcement in composites. The present PhD study deals with several important subjects related to 

the use of flax fibres in composites. The emphasis is on the relationship between the complex 

microstructure and the tensile properties of flax fibres and their composites, based on textile flax 

yarn and a thermoplastic polymeric matrix.  

 

Single flax fibres were isolated from flax fibre bundles which have been processed in two different 

steps of natural treatments (retting) and mechanical treatments (scutching and hackling). 

Microscopic observations of the defects formed in the fibres and their fracture surfaces after tensile 

testing show that large fracture areas are formed in a complex way due to defects in the fibre cell 

wall, and due to anisotropy of the internal cell wall structures. This is in contrast to the crack 

growth in brittle ceramic and glass fibres. Moreover, two typical stress-strain curves (linear and 

non-linear) measured for the flax fibres were found to be correlated with the amount of defected 

region in the fibres. The defects are induced in larger numbers and larger sizes during processing of 

the fibres, and this is found to be correlated with a decrease in tensile strength of the fibres. It is 

found that processing reduces the tensile strength from average values of 1450 MPa for naturally 

processed single fibres to 810 MPa for mechanically processed single fibres. 

 

The large variation in tensile properties of flax fibres leads to an examination of the effect of 

defects and applied test methods. The fibres show a large coefficient of variation (CV) in the range 

20-60% in general for all measured tensile properties. One reason for these relative large variations 

can be attributed to the assumption of a circular cross sectional area of the fibres. On average, these 

results in a 39% lower tensile strength than when the true fibre cross sectional area is used, and 

moreover, the variable aspect ratio of the cross section of fibres significantly affects the variation of 

the results. Also, the large variation in properties is likely to be attributed to the distribution of 
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defects along the fibres since the large defects lead to low mechanical properties, whereas smaller 

defects result in less reduced mechanical properties. 

 

On the level of composites, the effect of consolidation pressure on the tensile properties of flax 

fibre composites was investigated. A porosity corrected rule of mixtures model, and a volumetric 

composition model for composites were used to model the experimental data. Flax fibre yarns and 

thermoplastic low-melting temperature polyethylene terephthalate (LPET) filaments were aligned 

in assemblies of different fibre weight fractions in the range 0.24 to 0.83 to manufacture 

unidirectional composites using two different consolidation pressures of 1.67 and 4.10 MPa. The 

maximum attainable fibre volume fraction is found to be 47% for the low pressure composites, 

whereas it is found to be 60% for the high pressure composites. The stiffness of the flax fibre/LPET 

composites is measured to be in the range 16 to 33 GPa depending on the volumetric composition 

of the composites. The high pressure composites are found to have superior tensile properties in 

comparison with the low pressure composites. The tensile strength (mean ± std. dev.) of the low 

pressure composites was found to be 183±7 MPa while that of the high pressure composites was 

found to be 209±6 MPa at a fibre volume fraction of 22%. The effect of fibre correlated porosity 

and structural porosity in the composites is found to be highly important for the volumetric 

composition and tensile behaviour of the composites. The total porosity is measured in the range 

2.4 to 32%, and it is found to be increased dramatically when the fibre weight fraction is increased 

above a transition value, as predicted by the volumetric composition model. This leads furthermore 

to a scatter in the experimental data of stiffness at high fibre weight fractions. The qualitative 

analysis of the composite cross sections by microscopy also shows that the low and high pressure 

composites have a similar microstructure at low fibre weight fractions. However, when the fibre 

content is increased, a difference in porosity content can be observed from the composite cross 

sections. 

 

The nominal tensile strength of the unidirectional flax fibre/LPET composites is measured in the 

range 180 to 340 MPa. However, in many cases, the tensile strength determined of unidirectional 

composites is not valid due to the fact that failure does not occur in the gauge section. It is actually 

common that unidirectional composites fail close to the grips, and they then split along the 

specimen in the tensile direction. Traditionally, the problem has been approached by the use of 

local reinforcement of the specimen in the gripping areas, the so-called tabs, but the problem has 

not been efficiently solved in practice. A key problem is that the stress state at the end of the tab can 

be singular, leading to premature failure of the tensile specimen. In the present study, the 

dependence of the order of the stress singularity at the vertex of dissimilar isotropic and orthotropic 

materials is investigated in terms of the elastic mismatches between the specimen and the tab 

materials, and the tab angle. Finite element modelling is performed to analyse the situation of a 

stress singularity. The results are aimed at creating a better specimen/tab design to accomplish 

failure in the gauge section of the tensile specimens, and thereby determine the true tensile strength 

of the materials. It is found that the stress singularity in the tab wedge is reduced with a decreased 
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tab angle and with a decreased stiffness of the tab material. A simple criterion is proposed for the 

assessment of the severity of the stress singularity. In practice, gauge section failures should be 

achievable by selecting a test specimen design based on combinations of a stiff material in the tab 

section combined with a soft material (eg. epoxy adhesive) at the wedge end of the tab, forming a 

wedge. The wedge tip should have a small wedge angle in the range 5° and 10° depending on the 

stiffness ratio. 

 

The conclusion of the PhD study is that flax fibres are an important source of cellulosic fibres. 

When the appropriate composite processing methods and the accurate test methods are used, flax 

fibre composites are demonstrated to be promising material candidates for structural applications as 

an attractive alternative to synthetic fibre composites. 
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RESUME 

Cellulose fibre, såsom træ- og plantefibre, har potentiale til anvendelse som forstærkning i 

kompositmaterialer til strukturelle komponenter på grund af fibrenes fordelagtige egenskaber, 

såsom et højt stivheds-vægtforhold. Der er således en stigende interesse blandt producenter af 

kompositmaterialer for sådanne billige og lette cellulose fiberkompositter. Hertil kommer at træ- og 

plantefiber baserede kompositter med termoplastiske polymer matricer kan genbruges, og de er 

derfor attraktive alternativer til de oliebaserede fiberkompositter, der i øjeblikket har den største 

markedsandel inden for kompositmaterialer. Imidlertid er den mest kritiske begrænsning for brugen 

af cellulose-baserede fiberkompositter til strukturelle anvendelser, manglen på velbeskrevne 

fiberegenskaber, navnlig trækstyrken. Dette skyldes variationer i fibermorfologi, fiber-

forarbejdning, og anvendte testmetoder. Andre begrænsninger såsom dimensional ustabilitet og lav 

fiber-matrix binding er allerede blevet undersøgt intensivt, og løsninger for disse begrænsninger er 

blevet fundet for mange kommercielle anvendelser. Derfor vil en bedre forståelse af den mekaniske 

opførelse af disse fibre, med fokus på at øge deres styrke, gøre det muligt at udnytter fibrenes fulde 

potentiale som forstærkning af kompositter. Ph.d.-studiet omhandler en række vigtige emner 

relateret til brugen af hørfibre i kompositmaterialer. Der lægges vægt på relationen mellem den 

komplekse mikrostruktur og de mekaniske trækegenskaber af hørfibre og deres kompositter, som er 

baseret på hørgarn og en termoplastisk polymer matrix. 

Enkeltfibre er isoleret fra hørfiber-bundter, som er blevet forarbejdet i to forskellige trin bestående 

af naturlige behandlinger (rødning) og mekaniske behandlinger (scutching og hackling). 

Mikroskopiske observationer af de dannede defekter i fibrene og fibrenes brudflader efter 

trækprøvning, viser at de store brudzoner bliver dannet på en kompleks måde på grund af defekter i 

fibrenes cellevægge, og på grund af anisotropien af cellevæggenes mikrostruktur. Denne brudmåde 

er forskellig fra brud i sprøde keramik- og glasfibre. Desuden kan det vises at de to typiske 

spændings-tøjningskurver (lineære og ikke-lineære) som blev målt for hørfibre er korreleret med 

mængden af defekter i fibrene. Det viser sig at defekterne induceres i stigende antal og størrelser 

under forarbejdning af fibrene, og dette viser sig at være korreleret med et fald i trækstyrken af 

fibrene. Det er fundet, at forarbejdning reducerer middelværdi trækstyrken på 1450 MPa for 

naturligt behandlede enkeltfibre til en middelværdi trækstyrke på 810 MPa for mekanisk 

behandlede enkeltfibre.  

 

Den store variation i trækegenskaberne af hørfibre førte til en undersøgelse af effekten af defekter 

og anvendte testmetoder. Hørfibrene udviser en stor variationskoefficient i området 20-60 %, 

generelt for alle målte trækegenskaber. En af årsagerne til disse relativt store variationer i 

egenskaberne kan tilskrives den typiske antagelse om at fibrene har et cirkulært tværsnit. I 

gennemsnit medfører denne antagelse en lavere trækstyrke (39%) end hvis det korrekte 

tværsnitsareal af fibrene blev brugt, og derudover medfører det variable bredde-højdeforhold for 

fibrenes tværsnit at de målte egenskaber udviser stor variation. Den store variation i egenskaber kan 

sandsynligvis også tilskrives fordelingen af defekter langs fibrene, idet de store defekter fører til 
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lave mekaniske egenskaber, hvorimod de mindre defekter resulterer i en mindre reduktion af de 

mekaniske egenskaber. 

 

På komposit-niveau er det blevet undersøgt hvordan et varierende konsolideringstryk anvendt under 

fremstilling af hørfiberkompositter, påvirker trækegenskaberne af kompositterne. En 

porøsitetsmodificeret rule-of-mixtures model bliver brugt til at modellere de eksperimentelle data. 

Ensrettede kompositter af hørgarn og en termoplastisk matrix af polyethylen terephthalat, med lavt 

smeltepunkt (LPET), blev fremstillet med fibervægtfraktioner i intervallet 0.24 til 0.83, og med to 

forskellige konsolideringstryk på 1.67 og 4.10 MPa. Den maksimalt opnåelige 

fibervolumenfraktion er fundet til at være 47 % for lavt-tryk kompositterne, mens det er 60% for 

højt-tryk kompositterne. Stivheden af hørfiber/LPET-kompositterne er målt i området fra 16 til 33 

GPa afhængigt af den volumetriske sammensætning af kompositterne. Kompositterne fremstillet 

med højt tryk har overlegne trækegenskaber sammenlignet med kompositterne fremstillet med lavt 

tryk. Trækstyrken (middelværdi ± standard afvigelse) for lavt-tryk kompositterne blev fundet til at 

være 183±7 MPa, medens den for højt-tryk kompositterne blev fundet til at være 209±6 MPa, for 

kompositter med en fibervolumenfraktion på 22 %. Effekten af fiber-korreleret porøsitet og 

strukturel porøsitet i kompositterne er påvist til at være meget vigtig for den volumetriske 

sammensætning og trækegenskaber af kompositterne. Den totale porøsitet er målt til at være i 

intervallet fra 2,4 til 32 %, og det konstateres at porøsiteten øges dramatisk når fibervægtfraktionen 

øges til en værdi over en given overgangsværdi, som forudsagt af en model for den volumetriske 

sammensætning af kompositter. Kompositter der har en fibervægtfraktion højere end 

overgangsværdien viser sig at have en større spredning i de eksperimentelle data for stivhed. Den 

kvalitative analyse af kompositternes tværsnit, bestemt  ved hjælp af mikroskopi, viser at lavt-tryk 

og højt-tryk kompositterne har samme mikrostruktur ved de lave fibervægtfraktioner, mens 

forskellen i porøsitetsindhold kan identificeres når fiberindholdet øges i kompositterne.  

 

Den nominelle brudstyrke for de ensrettede hørfiber/LPET-kompositter er målt til at være i 

intervallet fra 180 til 340 MPa. Imidlertid sker bruddet ikke som ønsket i gauge-sektionen, men tæt 

på kæberne og fører til splitrevner langs fibrene i trækretningen. Derfor er den målte trækstyrke for 

ensrettede kompositter ikke korrekt. Dette er et velkendt problem for ensrettede fiberkompositter. 

Traditionelt er dette problem søgt afhjulpet ved brug af lokale forstærkninger af trækemnerne i 

kæbeområdet, de såkaldte tabs, men problemet er ikke endnu ikke blevet løst i praksis. Det centrale 

problem er at spændingstilstanden ved overgangen mellem tab’en og testmateriale kan være 

singular, og det fører til et for tidligt brud af trækemnet. I nærværende undersøgelse er 

spændingstilstanden ved en kileformet tab på et testmaterialer studeret ved hjælp af finite element 

modellering. Resultaterne har til formål at skabe en bedre tab udformning således der opnås svigt i 

gauge-sektionen (den lige del af prøveemnet). Det vises at der altid er en singulær 

spændingstilstand ved kilens spids. Men singularitetens styrke afhænger af kilens vinkel, 

stivhedsforhold mellem tabmateriale og testmateriale samt deres elastiske anisotropi. Styrken af 

spændings singulariteten kan reduceres ved at reducere kilenvinklen og ved at reducere stivheden af 
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tab materialet i forhold til test materialet. Et nyt kriterium er opstillet for at vurdere om der sker 

brud i tabs eller brud i gauge-sektionen. I praktisk bør brud i gauge-sektionen kunne opnås ved at 

vælge en tabudforming baseret en kombination af to materialer: et stift og stærkt tabmateriale (der 

overfører kræfter fra kæberne til emne) og et blødt ”kilemateriale” med lave kilevinkler (i området 

fra 5 til 10 afhængigt af stivhedsforholdet mellem kilematerialet og testmaterialet) for at sikre lav 

styrke af spændingssingulariten. 

 

Konklusionen for dette ph.d.-studium er at hørfibre er en vigtig kilde til cellulose-baserede fibre. 

Når de relevante kompositfremstillingsmetoder og de præcise testmetoder anvendes, er det påvist at 

hørfiberkompositter er lovende materialekandidater til strukturelle komponenter, og de er således 

attraktive alternativer til de nuværende syntetiske fiberkompositter.  
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1. INTRODUCTION 

 

Cellulose fibres are natural materials that are building blocks of plants and trees. They have been 

used by humans for many centuries for making sailing ships, ropes, tools, textiles, and shelters, etc. 

Nowadays cellulose based materials are the focus among consumers and engineers due to their 

sustainable nature.  

 

The abundant availability of cellulosic fibres especially wood and plant fibres, their low cost as a 

raw material, their lightweight and their comparable stiffness properties to synthetic fibres 

especially glass fibres, has provided the opportunity to find alternative applications other than 

energy, textiles, paper, and wood based products. The use of cellulosic fibres in composites has 

grown recently due to the fact that cellulose is renewable and recyclable when combined with 

thermoplastic polymers (Oksman et al., 2003; Wolcott and Englund, 1999; Wool and Sun, 2005). 

According to the end of life directive in Europe for cars, at least 85% of a vehicle (by weight) must 

be recyclable by 2015 (Commission, 2010). Due to continuously growing prices of petroleum and 

fear of depletion of oil reserves in the near future, cellulosic fibres have become important. The low 

density cellulosic fibres reduce the weight of composites, provide fuel efficiency in the automotive 

industry and less energy is needed for their production.  

 

Most varieties of cellulosic wood fibre sources have been used with thermoplastic polymer matrices 

as a non-reinforcing filler due to the short length (0.5-4 mm), low cost and low weight of these 

fibres (Bledzki et al., 2002; Kim and Pal, 2010; Wolcott and Englund, 1999). When these fibres are 

used in injection moulding and extrusion methods, the aspect ratio (fibre length to diameter ratio) of 

the fibres is decreased even further resulting in deterioration of the composites mechanical 

properties (Nygard et al., 2008) and therefore, in these cases, cellulosic fibres are only used to 

reduce the weight and cost of thermoplastic composites.  

 

On the other hand, the continuous textile yarns of spun plant fibres can be combined with 

thermoplastic polymers to produce unidirectional composites which can be used in load-bearing 

applications such as construction and transportation elements. From a commercial viewpoint, the 

most viable structural fibres come from commercially grown textile plants such as flax, hemp, and 

jute. The long plant fibres (10-90 mm) can be used to produce textile yarn reinforcement with a low 

twisting angle. (Goutianos et al., 2006). In recent years, bast fibres like hemp, jute and especially 

flax fibres, which are grown in the largest quantity in Europe (115000 tonnes per year) 

(Commission, 2009), have been used to produce continuous textile yarn with excellent properties 

for unidirectional composites (Madsen et al., 2007b). 

 

The quality of composites is governed by the content of the three constituent phases: fibre, matrix 

and porosity. The optimum quality level is obtained by a combination of high fibre volume content 

and low porosity content. The variability in mechanical properties of plant fibres is seen as an 
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important drawback to produce unidirectional composites. The structural variability of flax fibres 

and the deformation induced during fibre processing result in variable tensile behaviour of the 

fibres. Moreover, fibre related porosity, such as the porosity in the centre (the lumen) of the fibres, 

and impregnation porosity, which might be induced at a low consolidation pressure, are important 

to control in order to obtain good mechanical properties of the composites (Madsen et al., 2009).  

 

The fibre content in composites is constrained by a maximum obtainable fibre volume fraction 

(Madsen, 2004). It is expected that the fibre content should be as high as possible to be able to 

compete with glass-fibre-reinforced composites. The glass fibre composites can be produced with 

fibre volume fractions up to 50-60 %. However, the obtainable maximum fibre volume fractions of 

plant fibre composites can only reach 40-50 % due to the low packing ability of plant fibres 

(Madsen and Lilholt, 2002). For this reason, understanding the effect of the fibre structure such as, 

cross sectional shape and processing parameters such as consolidation pressure must be taken into 

consideration during composite production since they affect impregnation of fibre yarns with 

thematrix, and thereby induce an increased porosity content in composites (Saheb and Jog, 1999). 

 

In particular, with the increasing use of cellulosic fibre composites, the demand for stiffness and 

strength evaluation has also increased. However, test methods that have worked well with non-

woven cellulose fibre composites are often found inadequate for unidirectional cellulose fibre 

composites having increased strength and stiffness. Various attempts have been made to improve 

the reliability of the existing test methods, and to develop new test specimens and test techniques 

for unidirectional composites (Hojo et al., 1994; Joyce et al., 2002). While the stiffness of the 

composites can be obtained by available test methods, the uniaxial tensile strength is still a 

challenge due to grip section failure. The singular stress peaks near the end of the tabbed grip 

sections are the reason for early failure of the specimens.   

 

1.1. Objectives 

 

The overall objectives of this study are: 

 To promote an increasing use of cellulosic fibre composites being a green product compared 

with synthetic fibre composites 

 To optimize production and to develop the load-bearing capacity of unidirectional flax fibre 

thermoplastic composites for structural applications using continuous textile yarns. 

The work conducted is of both an experimental and theoretical nature, and has been divided into 

two basic areas (flax fibres, and flax fibre composites), and the specific objectives are: 
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Flax fibres 

 To investigate the tensile behaviour of single flax fibres in terms of the microstructure, 

processing and testing methods. 

 To investigate the effect of cross section measurements on the accuracy determined of the 

ultimate tensile strength of flax fibres. 

Flax fibre composites 

 To study the effect of the applied consolidation pressure on the physical and mechanical 

properties of unidirectional flax fibre reinforced thermoplastic composites. 

 To study the effect of porosity on the mechanical properties of unidirectional flax fibre 

composites. 

 To develop a tensile test specimen geometry that creates valid failures within the gauge 

section of the test material by minimising the stress singularity at the vertex of the tab 

wedge.  

The scope and limitation of the work 

The present study concerns mechanical characterisation of flax fibres, being a representative type of 

cellulose fibres. Flax fibres were selected as a cellulosic fibre source due to their relatively high 

length to study in the experimental part of the study and high availability in Europe. On the other 

hand, the selection of the polymer matrix for the composites is generally limited to thermoplastic 

polymers such as polypropylene and polyethylene with a low melting point to prevent degradation 

of the cellulose fibres. A low melting point PET thermoplastic matrix which has higher tensile 

properties than PP and PE matrices was selected for the flax fibre composites. 

 

The flax fibre/LPET composites were characterised by tensile properties only in the axial direction 

to make it easier to interpret the complex failure behaviour of the cellulosic fibres. Although the 

flax fibres are supplied in the form of fibre bundles from the same batch in order to decrease the 

variability of the properties of the fibres, a constant fibre quality cannot be guaranteed. The single 

fibres were carefully prepared by hand for testing of fibre properties, but the effect of hand 

preparation on the formation the fibre defects has not been fully examined.  

 

Furthermore, the moisture sensitivity of the fibres needs to be taken into consideration by keeping 

the single fibres and the fibre composites at controlled ambient humidity conditions before and 

during testing. The moisture behaviour of the fibres was however not fully controlled during single 

fibre testing. Textile flax yarns with twisting angles in the range of 10-15° were used for composite 

production, since yarns with higher angles might affect adversely the stiffness of the composites 

(Goutianos et al., 2006). The other difficulty of using cellulosic fibres in composites is the lack of 

strong adhesion with most thermoplastic polymeric matrices (Saheb and Jog, 1999). The 

hydrophilic fibres are generally treated with coupling agents to promote the fibre adhesion with the 
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hydrophobic matrix (Zafeiropoulos et al., 2007). In this study, the flax fibres are, however not 

impregnated with any coupling agent to increase adhesion between the flax fibres and the low 

melting PET filaments since the fibre-matrix adhesion has not been investigated. 

 

1.2. Outline 

 

The thesis consists of four chapters together with four attached scientific journal and conference 

papers dealing with different aspects of the mechanical characterisation of flax fibres and flax fibre 

composites. The experimental and modelling work address the microstructural and processing 

parameters and their effects on the macro-mechanical properties of flax fibres and flax fibre 

composites. The first chapter, the introduction, provides a general perspective of the thesis and 

shows overall and specific objectives of the work. 

 

Chapter 2 is an introductory survey which is indended to give background information about 

cellulosic fibres and their composites. The two types of cellulosic fibres, wood and plant fibres are 

comparatively summarised in terms of chemistry, structure, processing and mechanical properties. 

The applied microscopic observations of softwood fibres and flax fibres are presented indicating the 

process-related defects such as nodes and pits. Afterwards, the applications of plant fibre 

composites are presented in this chapter. 

 

Chapter 3 (Paper A1 and A2) presents firstly a literature review of the single flax fibres in terms of 

morphology and mechanical properties. Next, the experimental results of single flax fibres are 

presented in terms of the isolation procedure of the fibres. The results explain how the cross 

sectional area and defects of the fibres, which are characterised by microscopic methods, affect the 

tensile properties of the single flax fibres. The stress-strain and fracture behaviour are analysed for 

differently processed flax fibres. 

 

Chapter 4 (Paper A3 and A4) covers the processing and characterisation of flax fibre composites. A 

literature review is presented to give an overview of relevant previous studies. The main topics are 

microscopic observations of composite cross sections, and composite production methods. The 

results for volumetric composition, density and tensile stiffness of the composites consolidated with 

different pressures are presented as a function of the fibre weight fraction. The results are modelled 

with a modified rule of mixtures model that includes the effect of porosity on composite properties. 

The fracture and stress-strain behaviour of the composites are presented for different fibre weight 

fractions. The maximum failure load of the unidirectional composites is not achieved due to grip 

section failure of the specimens. For this reason, the unidirectional tensile test specimens are 

investigated by finite element modelling in order to set a criterion for test specimen geometry so 

that it becomes possible to obtain gauge section failure to obtain the correct tensile strength.  

Chapter 5 summarizes the key results and conclusions of thesis. Chapter 6 contains ideas related to 

future developments.  
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2. BACKGROUND 

 

Composite materials manufactured using cellulosic fibres and thermoplastic matrices have gained 

increasing attention today due to their specific characteristics compared with synthetic fibres such 

as environmental awareness, economical feasibility and long term sustainability (Eichhorn et al., 

2001). Cellulose fibres are renewable, recyclable, biodegradable and they have low densities, 

comparable mechanical properties especially stiffness with glass fibres (Mohanty et al., 2000). 

There are many varieties of cellulosic fibres in nature and cellulose fibres can be classified based on 

their origin. The biomasses such as annual crops; forest resources; municipal wastes are the 

important sources of the cellulose fibres. Cellulose fibres used to manufacture composites mostly 

come from annual plants and wood fibre resources (Müssig and Stevens, 2010) as shown in Fig. 2.1  

 

 
Figure 2.1. Overview of cellulosic fibre resources used to manufacture composites (Pickering, 

2008). 

 

Wood has been used as a construction material for many centuries. The wood and wood-based 

industry mainly produces flat sheet products such as fibreboard, particleboard, and plywood. They 

are relatively cheap and used for traditional applications such as furniture and construction 

industries. These products are basically designed for low strength and high deflection (low 

stiffness) properties. They contain a low amount of phenol-based adhesives (3-12% by weight) and 

a high void content (20-56% by volume) (Rowell, 2005). Wood is an abundant source of short fibre 

(below 5 mm). Wood fibre plastic composites (WPCs) are a new class of materials which are 

produced from very short wood fibres (less than 1 mm) and thermoplastic matrices and moulded 

into complex components using extrusion and injection methods (Wolcott and Englund, 1999).  

 

The plant fibres such as flax, hemp, jute and sisal have been used as reinforcement in fibre 

composites. The long plant fibres (5-50 mm) have a higher aspect ratio (length to diameter ratio) 

and higher stiffness and strength properties, than those of traditional wood fibres (Bledzki et al., 

2002). They can be tailored to produce complex shapes of composites. They have been mostly used 

in nonwoven forms for semi-structural applications such as interior automotive applications as a 

substitute reinforcement for glass fibres when weight saving is important. Plant fibres have a 
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sustainable nature and show comparable specific stiffness and strength properties with glass fibres 

(Müssig and Stevens, 2010). On the other hand, plant fibres are prone to moisture absorption due to 

their hydrophilic nature and this leads to a weak interface when combined with hydrophobic 

polymers. Plant fibre composites show inferior composite properties to glass fibre composites 

which are widely used for structural load-bearing applications. 

 

This chapter aims to show general properties of wood fibres and plant fibres comparatively. Some 

of the important properties are chemical properties, morphology, and mechanical properties. These 

two fibre groups have many subgroups (Figure 2.1). However, the bast type flax fibres have 

generally attracted attention due to their large availability in Europe and good quality properties 

among other natural fibres for composite manufacturing. 

 

2.1. Cellulose fibres  

 

2.1.1 Cellulose fibre chemistry 

 

The chemical composition of plant and wood fibres is given in the Table 2.1. The chemical 

composition of the fibres varies to a great extent between and within the plant species due to 

variable growth conditions (weather, soil) and the fibre processing method (Mohanty et al., 2000). 

The physical properties of cellulosic fibres are mainly influenced by their degree of polymerization, 

cellulose content, microfibril orientation, and crystallinity (Nevell and Zeronian, 1985). Therefore, 

the mechanical properties of plant fibres among the same plant stem vary significantly while 

synthetic fibres have consist properties. The fibres have a composite-like structure and consist of 

stiff crystalline cellulosic microfibrils as reinforcement held together through lignin, 

hemicelluloses, waxes and some water-soluble extractives (Fengel and Wegener, 1989). 

 

Table 2.1: Chemical composition of wood and plant fibres (Bledzki et al., 2002; Hamad, 2002; 

Rowell, 2005; Wallenberger and Weston, 2004).  

Component Unit 
Wood fibre 

(Softwood) 

Plant fibre 

(Flax) 
Role 

Cellulose  wt% 44-50 45-76 Reinforcement 

Hemicelluloses  wt% 20-30 13-22 Bonding 

Lignin  wt% 20-35 0.6-13 Stiffness 

Pectin  wt% - 0.9-5 Bonding 

Waxes  wt% - 0.2-1.7 Coating 

Extractives  wt% 0-10 0.3-1.7 Encrusting 

Ash  wt% 1 0.8-5 Root growth 

Microfibril angle  deg. 30-60 5-10 - 

Crystallinity  wt% 60-70 90–100  - 
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Cellulose is the main structural component that provides strength and stability to the plant cell walls 

and it is one of the most abundant organic compounds on earth. Cellulose exists in nature as a semi- 

crystalline macromolecule which shows non homogeneity molecular weight in the body. It has a 

high degree of polymerization which is typically between 10000 and 15000 glucose residues 

depending upon the source of the cellulose (Rowell, 2005). Wood celluloses have a particularly 

lower molecular weight compared with the cellulose derived from plant fibre sources such as flax 

and cotton. Moreover, a flax fibre is highly crystalline and contains mainly homogeneous cellulose 

of a high molecular weight, whereas wood cellulose tends to be less crystalline with amorphous 

cellulose parts (Nevell and Zeronian, 1985). Moreover, the cellulose content in plant fibres of 63 

wt% is higher than the cellulose content in wood fibre of 49 wt% (Thygesen et al., 2005a). 

 

The cellulose microfibrils are composed of amorphous cellulose regions where cellulose chains are 

not oriented parallel to one another, in addition to well-ordered crystalline regions. The basic unit of 

cellulose is d-glucose monomers which are connected to each other by anhydro-β-1, 4-

glucopyranose linkages and are known as cellobiose (Figure 2.2). Adjacent molecules are stabilized 

laterally by hydrogen bonding between hydroxyl groups, resulting in three dimensional structures 

called microfibrils, each of which oriented at a specific angle with regards to the fibre axis (Atalla, 

1982). The hydroxyl groups are responsible for moisture adsorption which ranges from 7-12% for 

plant fibres and 25-30% for wood fibres (Nevell and Zeronian, 1985). Lignin is a hydrocarbon 

polymer with an amorphous structure and consists of both aliphatic and aromatic constituents. It 

acts as a bonding glue for cellulose microfibrils and resists microbial and ultraviolet degradation. 

Hemicellulose contains several type sugar units and has a low degree of short chains. It serves as a 

connecting agent and is responsible for temperature degradation and moisture adsorption (Saheb 

and Jog, 1999). 

 

2.1.2. Cellulose fibre morphology and structure 

 

Cellulose fibres are composed of bundles of elongated thick walled tubular cells (Mohanty et al., 

2000). The long fibre bundles (technical fibres) that consist of single (elementary) fibres are located 

on the outer part of the plant (flax) stem cross section (Figure 2.2). 

 

The single fibres are bonded together by a pectin interface. A single flax fibre is typically of length 

of 1 to 50 mm and diameter in the range 10-30 μm (Wallenberger and Weston 2004). Individual 

long fibres (elementary fibres) or long fibre bundles can be obtained from many agricultural fibre 

crops at relative low cost. However, plant fibres have a heterogeneous cell structure in terms of the 

shape of cross section and length. Cross section analysis of wood fibres shows that they are similar 

to that of plant fibres, consisting of a primary cell wall, secondary cell wall and middle lamella with 

lumen. Softwood fibres, which are oriented longitudinally in the tree, are known as tracheids and 

have a length of 0.5-5 mm and 25-50 μm in diameter (Sedighi-Gilani and Navi, 2007). 

 

file:///C:/WOODFIBRE3D/THESIS/Thesis%20FULL_220312.docx%23_ENREF_81
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Figure 2.2. Schematic of plant fibre from stem to cellulose. 

 

The cell wall of a single wood and plant fibre is shown in Figure 2.3. The two fibre types have 

similar cell wall structures and appear like inter-connected tubular structures. The cell wall is a 

combination of many microfibrils, which are bonded with pectin and/or lignin (Mohanty, Misra et 

al. 2000). The fibre cell wall consists of a primary cell wall, secondary cell wall and lumen, which 

is a void in the centre of the fibre. The ratio of the lumen area to the cell wall is in the range 1.5-5% 

for flax fibres while the lumen area is 20-70% of the fibre cross section area for wood fibres. The 

primary cell wall is the first layer formed during cell wall growth and it is relatively thin. The 

secondary cell wall is comprised of three layers (S1, S2, and S3), which have different microfibril 

orientations. The characteristic value for this structural parameter varies from one plant fibre to 

another and lies in the range 5 to 10 degree for bast fibres, while the microfibril angle in wood 

fibres vary from 10 to 60 degree (Astley and Donald, 2001; Page, 1969). The secondary cell wall 

makes up most of the cell wall thickness and is composed of cellulose and hemicelluloses.  

 

 

 

 

file:///C:/WOODFIBRE3D/THESIS/Thesis%20FULL_220312.docx%23_ENREF_46
file:///C:/WOODFIBRE3D/THESIS/Thesis%20FULL_220312.docx%23_ENREF_46
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Figure 2.3. Schematics of the cell wall in wood fibres (Fengel and Wegener, 1989) and in plant 

fibres (Rong et al., 2001). 

 

2.1.3. Processing of cellulosic fibres from plant to fibre bundles 

 

Processing of cellulose fibres varies with the fibre source and final application of the fibres. For 

example, short wood fibres are used to produce pulp for paper-based products while the long plant 

fibre bundles are used in fibre composites due to their high aspect ratio (= length/diameter). These 

fibre bundles have inferior mechanical properties in comparison with single fibres (Pickering, 

2008). The plant stem is not separated into single fibres but into fibre bundles (Thomas and Pothan, 

2009); in contrast, wood is usually separated into single fibres or very small fibre bundles suiting 

the particular needs of the pulp, paper or board industries (Biermann, 1996). 

 

Separation of plant fibres starts with the harvesting of fibre crops (Fig. 2.4). First, fibres are extracted 

from the woody section of the fibre crops. This separation process that causes the isolation of the 

technical fibre bundles from the central stem is known as retting. This process basically relies on 



22 
 

  F
ig

u
re

 2
.4

. 
Im

ag
es

 o
f 

d
if

fe
re

n
tl

y
 p

ro
ce

ss
ed

 f
la

x
 f

ib
re

s 
ac

co
rd

in
g
 t

o
 p

ro
ce

ss
in

g
 f

lo
w

 f
ro

m
 g

re
en

 f
la

x
 s

te
m

s 
to

 c
o
tt

o
n
iz

ed
 f

ib
re

 

b
u
n
d
le

s 
(t

o
p

-d
o
w

n
).

 T
h

e 
sc

al
e 

b
ar

 i
s 

5
0
 m

m
. 

 

 



23 
 

the biological activity of micro-organisms to degrade the pectin (non-fibre section) and thereby 

separate the fibre bundles. Retting of fibres can be done with many different methods such as field 

retting, hot and cold water retting (Müssig and Stevens, 2010).  

 

After the fibres have been loosened from the stem, the stem is broken between rollers. The broken stem 

parts are then removed from the fibre bundles in a scutching turbine, which basically scrapes the 

fibres, thereby removing the broken woody stem parts (the so-called shives). The scutched fibres 

are called fibre bundles, and are still relatively coarse and thick, ribbon-shaped, like their 

morphology in the plant. The coarse fibre bundles are then combed in a hackling process to get 

more homogeneous fibre bundle structures. In some applications, fibre bundles are chopped to 

uniform the length. The fibre bundles are further refined and cleaned to produce cottonized flax. Images 

of differently processed fibres are shown in Figure 2.4. 

 

During processing of fibres using mechanical treatments, the fibres experience local bending and 

compressions which leads to the formation of defects such as kink bands. They might also be 

formed due to environmental forces during growth. The kink bands, also called “nodes” and 

“dislocations”, are regions of the cell wall with a disordered organisation of the cellulose 

microfibrils in the matrix of hemicellulose and lignin. They are oriented perpendicular to the fibre 

axis as horizontal bands (Bos et al., 2002). 

 

Wood fibres, however, are more difficult to process than plant fibres and their properties vary with 

the fibre extraction methods. Fibre extraction methods can be classified as mechanical, thermal and 

chemical methods (Bledzki et al., 2002) for cellulosic fibres. These treatments can be applied in 

combination or individually to produce the desired fibre quality. In wood fibres, an important step 

is the disruption of the middle lamella which is the main lignin source. After the lignin is broken 

down and dissolved, individual fibres are separated from each other (Biermann, 1996).  

 

2.1.4. Structural and processing defects 

 

It is noted that processing of cellulose fibres causes serious fibre damage (Baley, 2004; Hornsby et 

al., 1997). Fibres originally also contain defects such as bordered pits and kink bands for wood and 

plant fibres, respectively (Mott et al., 1996; Thygesen and Asgharipour, 2008). Figure 2.5 shows 

fibre damages on single flax fibres and spruce pulp fibres after extraction using industrial 

mechanical treatments. Plant fibres and wood fibres are strongly affected by processing. Single flax 

fibres have visible defects as kink band regions and single wood fibres have bordered pit regions. 

The effect of defects on the mechanical properties has been investigated by the present study using 

qualitative methods (microscopy), and the results are compared with previous investigations (Davies 

and Bruce, 1998; Thygesen et al., 2005b).  
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2.1.5. Mechanical properties of single fibres 

 

As mentioned earlier, the mechanical properties of plant fibres are influenced by several 

microstructural and processing parameters. The chemical composition such as cellulose content, 

microfibril angle, fibre microstructure such as cross sectional shape, aspect ratio, cell dimensions 

besides defects during processing are the most important variables that determine the mechanical 

properties of fibres, (Madsen, 2004; Mehmood, 2009; Thygesen, 2006). However, the cellulosic 

fibres show different mechanical properties with regards to the structural hierarchy level from fibre 

bundle to the cellulose microfibril. The cellulose microfibrils possess a very high theoretical 

modulus of 120-150 GPa (Lilholt and Lawther, 2000) 

 

In order to employ cellulosic fibres as the reinforcement in composites, measuring the fibre 

properties is essential to predict the mechanical performance of the composites. The stiffness and 

strength properties of plant fibres are lower than those of glass and carbon fibres. However, since 

plant fibres have a low density, the specific stiffness of plant fibres is comparable to glass fibres 

(Bledzki and Gassan, 1999). The properties of typical synthetic and cellulosic fibres are 

summarised in Table 2.2. One can see that the flax fibres are comparable with glass fibres due to a 

lower density but they are not as strong as glass and carbon fibres. 

 

Table 2.2. Density and tensile properties of different natural and synthetic fibres. 

Fibre 

types 

Density 

gcm
-3

 

Tensile 

strength 

GPa 

Young’s 

Modulus 

GPa 

Specific 

Strength 

GPa/g cm
-3

 

Specific 

Stiffness 

GPa/g cm
-3

 

References 

Carbon fibre 1.8 4 230 2.2 128 (Barbero, 1999) 

Glass fibres 2.54 2.4 70 0.9 28 (Barbero, 1999) 

Flax fibres 1.54 0.4-1.5 30-60 0.3-1 20-39 (Bledzki 2002) 

Softwood 

fibres 

1.5 0.2-1 15-30 0.1-0.7 10-20 (Bledzki 2002) 

 

Wood fibres show a much lower tensile strength than plant fibres which have a similar relation with 

the microfibril angles. It has been found that the tensile strength of fibres basically depends on the 

microfibril angle (Neagu et al., 2006; Page, 1969). In general, the tensile strength and Young’s 

modulus of plant fibres and wood fibres increase by increasing the cellulose content of the fibres 

(Nevell and Zeronian, 1985; Thygesen et al., 2005a). Furthermore, the wood fibres possess lower 

mechanical properties in composites since they act more as a filler other than as a reinforcement 

due to their lower aspect ratio of 50-100 (Eichhorn et al., 2001) in comparison with plant fibres 

with aspect ratios of about 1000-2000 (Mukherjee and Satyanarayana, 1986). 
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2.2. Cellulose fibre composites  

 

2.2.1. Thermoplastic matrix 

 

Thermoplastics matrix composites are fabricated using a combination of heating, pressing and 

cooling. This also allows for a high efficiency in recycling of the materials even though recycling 

causes a decreasing quality due to reducing the length of the polymer chains (Wool and Sun, 2005). 

Thermoplastic polymers consist of linear and branched molecular chains that do not form a 

covalently cross linked network (Thomas and Pothan, 2009). The most used thermoplastics are PP 

(polypropylene), PE (polyethylene), and biodegradable resins such as PLA (polylactic acid) for 

cellulose fibre based composites (Van de Velde and Kiekens, 2001). Other thermoplastic matrices 

such as PET (polyethylene terephthalate) are not practical due to their high melting temperatures 

since cellulosic fibres start to degrade at 200 °C (Thomas and Pothan, 2009). However, low-melting 

PET matrices are also commercially available to produce cellulose based fibre composites (Niu et 

al., 2010). 

 

2.2.2. Processing of cellulose fibre composites 

 

The field of cellulosic (natural) fibre composites has an old history and a large application field. 

The wood based composite industry expands the field from particleboard to new type fibre based 

boards such as fibreboards, and wood fibre plastics. Phenolics, melamines, polyesters and ureas are 

some of the thermoset matrix resins which have been commonly used for wood based composites 

such as fibreboard, particleboard and plywood panels (Pilato, 2010). Although the thermoset 

matrices have lower water absorption and higher thermal stability in comparison with thermoplastic 

matrices, the thermoplastics gain increasing interest in order to manufacture recyclable composites 

with alternative processing techniques, and this is the driving force to produce thermoplastic type 

cellulosic composites (Pickering, 2008).  

 

The shape of the final product, its performance attributes, cost and ease of manufacturing are the 

primary drivers for selection of the suitable processing technique to produce thermoplastic fibre 

composites (Walcott and Englund 1999). Wood and plant fibre composites have common ground 

between all the manufacturing operations. The short plant fibres and wood fibres are mixed with 

thermoplastic matrices to produce pellet compounds. The pellets contain randomly distributed short 

fibres of approximately 1 mm fibre length and have an irregular structure (Nygard et al., 2008). 

These compounds are processed to complex shaped semi-structural products using extrusion, 

injection and compression moulding methods (Okamoto, 2003). The longer plant fibres or fibre 

bundles are brought together as in traditional paper forming and textile methods to produce mats 

(Pickering, 2008). A homogeneous distribution of the strengthening long flax and hemp fibres is 

often produced by a carding method for semi-finished products. In carding the fibre material is 

guided over rotating rollers that are covered with little hooks which separate the fibres and produce 
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a non-woven fibre mats. (Mieck et al., 1996; Wang et al., 2005). The strength of the mat can be 

improved by textile interviewing or entanglements (woven and stitching) (Mieck et al., 1996). 

Furthermore, the long plant fibres can be spun for continuous fibre textile yarn production by well-

established spinning methods (Jiang et al., 2011). The twisted or untwisted textile fibre yarns are 

abundantly available and contain well oriented fibres sources for the production of structural 

composites using filament winding technique (Madsen and Lilholt, 2003). The composites made 

with yarns and fabrics or woven performs show higher mechanical properties than composites 

made with traditional random non-woven forms (Miao and Shan, 2011). However, the yarn and 

fabric strength is affected by the twisting angle and fabric structure (Goutianos et al., 2006). The 

processing of the commingled cellulosic fibre/thermoplastic polymer composites using filament 

winding provides a simpler and uniform matrix distribution than other processing methods such as 

the film stacking method and it shows better impregnation with the matrix, a lower porosity content 

and higher mechanical properties (Madsen and Lilholt, 2003). 

 

2.2.3. Composite mechanical properties  

 

Properties of composites not only depend on the properties of their constituents but also on other 

parameters such as: fibre content, fibre orientation (Van de Velde and Kiekens, 2003). Most of the 

previous studies show that thermoplastic fibre composites with unmodified cellulosic fibres exhibit 

a lower tensile strength (Li et al., 2007). For unidirectional fibre composites, axial tensile properties 

show a significant improvement with increasing fibre volume fraction (Madsen et al., 2007a). 

However, after an optimum level of fibre volume content, addition of further fibres reduces the 

tensile properties of the composites. Fibre addition also reduces the failure strain of the cellulosic 

fibre composites.  

 

Table 2.3: Tensile properties of wood, plant and glass fibre reinforced PP composites  

Fibre type Fibre 

direction 

Volume 

fraction (%) 

Strength 

MPa 

Stiffness  

GPa 

References 

E-glass aligned 55-60 1020 45 (Gamstedt et al., 1999) 

E-glass random 25-35 60-150 6-9 (Garkhail et al., 2000) 

Flax aligned 30-50 250-300 20-30 (Madsen et al., 2007c) 

Flax random 40 67 7 (Pickering, 2008) 

Wood random 40 19 3 (Pickering, 2008) 

 

The mechanical properties of fibre composites are usually expressed in the form tensile strength 

and stiffness, and these properties vary with fibre type, fibre content and fibre direction as shown in 

Table 2.3. The results demonstrate that fibre direction makes a clear difference in the tensile 

behaviour of flax and glass fibre composites. The aligned and random flax fibre composites show 

comparable mechanical properties with random glass fibre composite at lower fibre volume 

fractions. 
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2.2.4. Applications of cellulose fibre composites 

 

Cellulosic fibres, especially bast type fibres such as flax, hemp, and jute, are very fast growing 

types of fibres for composite reinforcement, and in particular, they show an increasing trend of 

production using injection and extrusion moulding techniques (Thomas and Pothan, 2009). 

Considerable markets are emerging in, furniture, packaging, automotive, transportation, 

construction and marine applications (Müssig and Stevens, 2010). 

The automobile industry needs low weight and high performance materials which can be recycled 

at the end of life. The non-woven plant fibre based composites produced by compression moulding, 

and the wood fibre plastic composites produced by extrusion and injection moulding have been 

used in automobiles for semi-structural applications, such as dashboard parts, door panels, floor 

panels, seat backs and trunk covering panels (Kim and Pal, 2010). In the building industry, wood 

based composites are mostly employed as low cost insulation materials, acoustic materials and 

decking materials.  

 

Figure 2.6 A car body (Lotus eco) produced with plant fibre composites (www.lotuscars.com, 2012). 

Currently, cellulosic fibres are preferred in composite components in semi-structural and structural 

applications. These components also have exceptional characteristics such as: green by nature, 

100% renewable raw material by biodegradable polymers, sustainable, recyclable, high strength 

and stiffness, low density, vibration dampening, good thermal and acoustic insulation, low 

abrasion. These developments have been studied with plant fibres in the form of yarns and slivers 

by producing composite prepregs (Mussig and Stevens, 2010). The new innovative applications for 

structural applications are nowadays produced with the concept models (Fig. 2.6) such as transport, 

marine and sports products, in order to replace synthetic materials with natural materials. 
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3. FLAX FIBRES 

 

3.1. Literature review of flax fibres 

 

3.1.1. Flax fibre morphology 

 

Flax, one of the bast types of natural fibres with a good mechanical performance, has been widely 

used to produce composites. Contrary to artificial fibres, flax fibres are not continuous fibres but 

they have a composite like hierarchically organized structure. Their macroscopic properties emerge 

from their micro and nano-structural level (Bos and Donald, 1999; Thomas and Pothan, 2009). 

 

Flax is a fast growing annual crop and belongs to the genius of the Linacea family including other 

bast fibres like hemp, kenaf, and jute. The morphology of the fibres shows similarities and 

composites produced using them show similar properties. The industrially important flax fibres are 

placed as fibre bundles in the outer surface of the plant stem as shown in Figure 3.1. The bundles 

(technical fibres) are between 60 and 140 cm long and their diameter ranges from 40 to 80 µm. The 

flax stem contains 20-50 bundles in their cross section. Each bundle consists of 10-40 spindle 

shaped single (elementary) fibres of 1-12 cm length and 15-30 µm diameter (Müssig and Stevens, 

2010; Sumere, 1992). 

 

 
Figure 3.1: A schematic comparison of a single flax fibre and the cross section of a flax stem. After 

(Winterborne, 2005).  
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The single fibres have been shown to possess different cross sectional shapes along the fibre axis. 

Some researchers have approximated fibres possessing hexagonal or pentagonal cross-sections 

(Baley, 2002). However, the fibres vary in their non-uniform geometrical shapes along the fibre 

axis. Owing to these irregularities in the thickness of the cell walls, the fibres vary greatly in 

strength (i.e. failure load, N). A single fibre across the cross section consists of a primary cell wall 

and secondary cell walls, and a lumen in the centre of the fibre (Bos et al., 2002). 

 

Charlet et al. (2007) basically showed that the fibre diameter can vary two to threefold within a few 

millimetres of fibre length. They studied the diameter of the elementary fibres isolated from the 

bottom, the middle and the top part of the flax stems. The mean fibre diameter was found to 

decrease from the bottom to the top of the stems. The cross sectional area of fibres from each zone 

was analyzed to measure the fibre cell wall area. They also found that the mechanical properties of 

the fibres are strongly influenced by their location in the stem. 

 

3.1.2. Flax fibre mechanical properties 

 

Many researchers have investigated flax fibre properties at the levels of elementary fibres and 

technical fibres, and it can be concluded from the results that there is a large variability in the 

reported tensile strength and Young’s modulus of flax fibres. Table 3.1 represents the tensile 

properties of elementary and technical flax fibres measured in various studies. The reason for the 

scattering has been attributed partly to uncertainties in the measurement of the fibre cross sectional 

area (i.e. due to the irregularity in the cross sectional fibre shape). The tensile strength data has been 

mostly described using a Weibull distribution function (Wang et al., 2006). 

 

Davies and Bruce (1998) have performed static and dynamic measurements of tensile modulus and 

strength of elementary flax fibres in order to analyze the effect of damage size under varying 

environmental conditions. Since processing induces damages to the fibres, the fibre properties 

depend inevitably on processing methods, fibre type and the extent of damage. They found almost 

linear stress strain behaviour of the single fibres. The average (± std. dev.) strain to failure was 

found to be 1.3±0.6. Since strength values showed high variability, they were described by a 

Weibull distribution.  

 

The scatter in tensile properties of single flax fibres might be related with the diameter variation of 

fibres. Virk et al. (2010) have focused on the issue of determining an accurate fibre cross sectional 

area. It is not straightforward to determine the cross sectional area from width (diameter) 

measurements along the fibre axis for each individual fibre. They found that the coefficient of 

variation (CoV), which is defined as the ratio of the standard deviation to the mean, is a key 

parameter to describe the effect of the fibre diameter on the measured strength and failure strain. 

Hence, the strength of the fibres as a function of fibres diameter shows high variability. However, 
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the failure strain of the fibres is independent of the fibre diameter and shows a more consistent CoV 

than that for the fibre strength (Virk et al., 2010).  

 

Charlet et al (2007) have determined the stress strain behaviour of flax fibres. A non-linear region is 

observed in the early stage of the loading for small deformations. This behaviour has been 

explained by visco-elastic movements of the microfibril angles along the fibre axis in the large 

defect zones of the cell wall (Baley, 2004). The microfibril angle of flax fibres has been reported in 

the literature to be around 10° to the fibre axis (Charlet et al., 2009; Kolln et al., 2005).  

 

Table 3.1. Tensile properties of elementary and technical flax fibres (various references). 

Flax fibre 

type 
Method 

Gauge 

Length 

[mm] 

Average 

Strength ± 

Std. dev. 

[MPa] 

Young’s 

Modulus ± 

Std. dev. 

[GPa] 

Failure 

Strain ± 

Std. dev. 

[%] 

References 

Elementary 

fibre 

Green 

fibre 
5 678 ± 216 - - 

(Zafeiropoulos et al., 

2007) 

Elementary 

fibre 

Dew 

retted 
5 906 ± 246 - - 

(Zafeiropoulos et al., 

2007) 

Elementary 

fibre 

Dew 

retted 
8 621 ± 295 52 ± 18 1.3 ± 0.6 

(Davies and Bruce, 

1998) 

Elementary 

fibre 

Enzyme 

retted 
9 591 ± 250 57 ± 22 1.4 ± 0.9 (Hu et al., 2010) 

Elementary 

fibre 

Enzyme 

retted 
5 750 ± 650 89 ± 35 - (Joffe et al., 2003) 

Elementary 

fibre 
Scutched 5 732 ± - - - 

(Van de wejenberg I, 

2000) 

Elementary 

fibre 
Hackled 3 1522 ± 400 - - (Bos et al., 2002) 

Elementary 

fibre 
Hackled 10 945 ± 190 57 ± 35 2.0 ± 0.4 (Charlet et al., 2007) 

Elementary 

fibre 
- 10 1339 ± 486 54 ± 15 3.3 ± 0.8 (Baley, 2004) 

Elementary 

fibre 
- 10 722 ± - - - 

(Andersons et al., 

2009) 

Technical 

fibre 
- - 690 ± 345 28 ± - 2.9 ± 0.3 

(Sridhar and 

Basavarajappa, 1982) 

Technical 

fibre 
- 20 613 ± 442 - - 

(Romhany et al., 

2003) 
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Koln et al (2005) have investigated the tensile behaviour of single flax fibres. The fibres were 

extracted from bundles of bleached industrial flax fibres, and investigated by X-ray diffraction. The 

strain rate was assumed to be high enough to avoid relaxation. Tensile tests were performed in 

order to reveal a change of orientation in the cellulose microfibrils while stretching the fibres. They 

found that the microfibrils rotated during the first percent of tensile strain into a more parallel 

orientation to the fibre axis. In addition, the irregular spatial distributions of less ordered regions 

were shown to be much more homogeneous after the visco-elastic stretching (Kolln et al., 2005).  

 

Thygesen et al. (2007) have investigated the changes of the disordered regions, which also are 

called “kink bands or dislocations”, by fibre stretching under a polarized light microscope. They 

found that these regions disappeared after the tensile failure test. Furthermore, they employed a 

relaxation time of 20 minutes at a constant force for single fibres in order to understand the 

dislocation behaviour. They demonstrated that the fibres show a very small extent of visco-elastic 

behaviour. They also investigated the effect of the relative dislocation area on the failure stress and 

Young’s modulus of the fibres. The results did not show any clear relation between the dislocation 

area and the mechanical properties. They concluded that the mechanical properties of fibres were 

decreased for severely damaged fibres (Thygesen et al., 2007). 

 

Bos et al. (2002) performed tensile tests to determine the strength of elementary and technical flax 

fibres. They found that the elementary flax fibres showed a considerably higher strength than 

technical fibres of the same length due to a bundle effect. This partially overshadows the fibre 

damages occurring during fibre extraction. The mechanical treatments were found to induce kink 

bands in the fibres and thereby reducing their tensile strength (Bos et al., 2002). It has been 

determined that the fibre strength decreases with increasing fibre gauge length (Bos et al., 2002) 

(Romhany et al., 2003).  

 

Bos et al. (2002) also showed that tensile strength of the fibres depends on the isolation procedure. 

Hand isolated fibres are stronger than mechanically isolated fibres. However, they noted that the 

scatter in strength is much larger for the hand isolated elementary fibres than for the standard 

mechanically isolated elementary fibres. They claimed that the mechanical fibre processing 

methods affect the number of large defects, which reduces the scatter in the fibre strength although 

the fibres show a lower mean strength. Joffe et al. (2003) performed tensile tests on elementary flax 

fibres. They showed that fibres separated as a result of an enzyme treatment show less damage 

compared to mechanically processed fibres. This finding is supported by Oksman (2001) who 

found that the enzyme-treated flax fibres have a stiffness which is higher than for glass fibres, and it 

was estimated to be in the range 80 to 100 GPa (Oksman, 2001).  

 

Baley (2004) has determined the tensile strength of elementary flax fibres. He suggested that the 

fibre kink bands and micro compression defects cause a loss of tensile strength of the fibres, and 

they act as points of fracture initiation during fibre failure. The tensile strength and Young’s 
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modulus of the fibres were found to decrease with increasing fibre diameter. However, there was no 

clear relation between tensile strength and number and shapes of kink bands. Baley et al. (2005) 

have determined the influence of absorbed water on the tensile strength of elementary flax fibres. 

The results showed that the process of drying of the flax fibres influences significantly their tensile 

strength (Baley et al., 2005).  

 

Zafeiropoulos et al. (2007) have focused on the effect of two chemical surface treatments 

(acetylation and stearation) on the tensile strength of flax fibres. The results are discussed and 

analysed in terms of Gaussian statistics, and it was found that the treatments did not significantly 

change the flax fibre tensile strength. Moreover, the results showed that dew retted flax fibres have 

a higher tensile strength than green flax fibres (Zafeiropoulos et al., 2007). 

 

3.2. Summary of results in present study 

 

Single flax fibres were characterised in the present study. The results related with the morphology 

of the single flax fibres and their tensile properties are summarised here. 

 

3.2.1. Isolation of single flax fibres 

 

The flax fibres were supplied by a flax fibre producer (Ekotex) in the form of technical fibre 

bundles. The series of processing steps of the flax fibre separation, as described in Chapter 2, can 

be categorised into two main processing steps: natural processing and mechanical processing.  

 

Naturally processed fibres: These fibres are dried after harvested in the field, and they are formed as 

a result of natural retting in the fields. They are denoted Green fibres and Stem fibres. These fibres 

are only exposed to some weak mechanical forces during harvesting and drying. 

 

Mechanically processed fibres: After drying and retting, the flax fibres were separated from the 

woody parts of the stem by a breaking (or scutching) process. Afterwards, the short fibres were 

separated from the long fibres by a hackling (or combing) process. The mechanically processed 

fibres are denoted Noils fibres and Kotonina fibres. 

 

The single flax fibres were carefully extracted by hand from the fibre bundles (technical fibres). 

The technical fibres were conditioned at a temperature of 23 °C and a relative humidity of 55% in a 

climate chamber before manual handling. The fibres are delicate materials to test, and paper frames 

were used to hold the single fibres. The single fibres were mounted on the paper frame under a 

microscope using cyanoacrylate glue. The single fibres are very likely to get twisted during 

handling, and this should be avoided. 
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3.2.2. Microstructure of single flax fibres 

 

Single flax fibres, having a composite-like microstructure, consist of multi-structural microfibrils in 

their cell wall cross sections, as described in the previous section. The microfibrils are 

hierarchically placed in the cross section of the fibre. In the present study, the characterisation of 

the fibres in terms of microstructural and processing factors is made by electron and optical 

microscopy. In addition, the author was partly involved in the characterisation of defects by optical 

microscopy. While a large type of defects can be observed on the fibre surfaces with electron 

microscopy, a small type of defects at the inside of the cell wall can only be seen by optical 

microscopy. This is because the small type of defects formed on the inner side of the cell wall can 

be seen with polarized light due to changes of the microfibril angle. 

 

3.2.2.1. Defect observation with optical microscopy 

 

The defect quantification of the individual fibres can be done using polarised optical microscopy. 

The mechanical deformations on crystalline fibre microstructure can be clearly visible under cross 

polarised lights due to a change in the birefringent properties. The fibre surface is seen with 

different brightness levels due to changes of the microfibril angles in the defect regions. Hence, the 

optical microscope image clearly shows different types of defects along the fibre length. Figure 1 in 

paper [A1] shows different types of defects which appear as bright and dark lines across the fibre. 

The defects were also quantified for different types of processed fibres, and the results showed that 

the number of defects increased with increasing the number of processing steps (Mehmood, 2009). 

 

3.2.2.2. Defect observation with SEM 

 

Figure 3.2a and b shows SEM micrographs of the surface morphology of a single fibre (elementary 

fibre) and a fibre bundle (technical fibre). The marked areas at the fibre surfaces are developed due 

to mechanical-induced deformations during fibre processing. They are generally called kink bands, 

and they are distributed along the fibre length as small and large bands. The deformations seem 

only to take place in the primary (surface) layers. However, the intact microfibrils are expanded 

outwards in all layers by a micro buckling effect. The microfibrils (50-150 nm in width) can be 

seen as bridged cross-fibrillar structures inside the longitudinal fracture formations in the defected 

zone. It can be concluded that the cross linked microfibrils are not fully separated, and may permit a 

local cell wall expansion.  
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3.2.2.3. Fibre cross section analyses 

 

An accurate measurement of the cross sectional area is important to calculate correct tensile 

strength values. The cross sectional area of each fibre is usually calculated from the average of 

width measurements of the fibres along the fibre length whilst assuming their shape to be perfectly 

cylindrical (and ignoring the lumen space). However, in practice, the cross section of the fibres 

show irregular shapes and includes central voids (the lumen spaces). The size of the cross sectional 

area varies along the fibre length as well. For these reasons, the errors using the  circular fibre area 

assumption will produce incorrect tensile strength values. Figure 3.3 exhibits a schematic view of 

the two cross sectional areas which are determined according to the circular assumption method 

(Acirc) and the true fibre area method (Atrue). The area of the lumen (Alum) can only be determined 

using a fibre cross sectional view (the true fibre area method). The shape of the fibre cross sections 

can be quantified by the aspect ratio, which is the ratio of the major and the minor axis of a fitted 

ellipsoidal cross sectional area.  

 

Figure 3.3. A schematic view of cross sectional area measurements based on the actual cross 

section (top) and the average width of a single flax fibre and their distribution along the fibre to 

calculate the fibre cross section by the circular assumption method (down). 
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The frequency distribution of the measured fibre areas using both methods is shown in Figure 3.4. 

It shows that the determined cross sectional area of fibres using the circular assumption is 39% 

higher than the area determined from the actual cross section of the fibres. It is also found that the 

difference in the area measurements is consistently increased when the cross sectional aspect ratio 

of the fibres is increased. Moreover, the lumen content of the fibres is found to be lower than 1% 

for 85% of all fibres [A2, Figure 6], and the aspect ratio is not affected by the lumen content of the 

fibres. It is however shown that the aspect ratio must be taken into account when the fibre diameter 

measurements are used to calculate the fibre cross sectional area. If this is not done, the fibre areas 

determined with the circular assumption method are being overestimated for fibres with low aspect 

ratios under threshold values in the range 1.5-1.8 [A2]. 

 

Figure 3.4. Frequency distribution of the cross sectional area of fibres determined by two methods 

of circular fibre area and true fibre area. 

 

3.2.3. Tensile properties of single flax fibres 

 

The uniaxial tensile behaviour of the different types of single flax fibres are investigated since the 

tensile behaviour of single fibres is important for the final tensile behaviour of the composites. All 

testing was conducted at temperature and humidity conditions of about 23 °C and 55% RH, 

respectively, using a test procedure described in Paper A1. 
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3.2.3.1. Stress strain behaviour 

 

The stress strain behaviour of the fibres is investigated for differently processed flax fibres. 

Structural deformations occurring during processing can be interpreted by the two different types of 

stress strain behaviours observed from the tensile testing results. The first type of stress strain 

behaviour appears nearly linear and the other is non-linear. 

 

 

Figure 3.5. Stress strain behaviour of single flax fibres: a) naturally processed fibres, and b) 

mechanically processed fibres 

The naturally processed fibres showed only the nearly linear type of stress strain curves, whereas 

both the linear and the non-linear types of curves are seen for the mechanically processed fibres 

(Fig. 3.5). The naturally processed fibres are seen to have a higher stress and higher strain to failure 

than the mechanically processed fibres [A2]. The non-linear behaviour could be associated with the 

cross bridged microfibril arrangements at the deformation zones of the fibre cell wall that takes 

place during loading of the fibre. In other studies (Baley, 2004; Charlet et al., 2009), non-linear 

curves are also found for single fibres and the non-linear stress strain behaviour is attributed to the 

microfibril angle variation in the defect zones. This hypothesis is also supported in the present 

study by the increasing number of non-linear curves for the mechanically processed fibres, which 

are more likely to have defects compared to the naturally processed fibres. 

 

3.2.3.2. Tensile strength 

 

The mechanical properties of flax fibres do not only depend on the environmental factors such as, 

growth condition, fibre location on the stem, but it depends also on the fibre process conditions 

(Charlet et al., 2007). Figure 3.6 shows the mechanical properties of single flax fibres as a function 

of their cross sectional area determined for differently processed fibres. The results show that the 

tensile strength of naturally processed fibres is higher than that of mechanically processed fibres. 
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The strength of the flax fibres decreases when the cross sectional area increases. The cross sectional 

area of the fibres shows a large variety between about 100-700 µm
2
. The large variety in results can 

be attributed to some extent with the measurement method of the fibres, as previously mentioned: 

the measurement error is increased when the aspect ratio of the fibre cross section is increased [A2]. 

Moreover, the large scatter of the tensile strength of the fibres is likely to be related with the 

distribution of defects along the fibre direction. This is because the defects act as fracture initiation 

sites and therefore cause a serious reduction of the tensile strength [A1]. The tensile results are 

comparable with literature data even though they are scattered. The coefficients of variation are 

found in the range 20-60% [A2]. 

 

Figure 3.6. Tensile strength of single flax fibres as a function of cross sectional area for naturally 

and mechanically processed flax fibres. 

 

3.2.4. Fracture behaviour 

 

The microscopic observations of the fibres reveal that the fracture behaviour of a fibre occurs in a 

complex manner with a large area of longitudinal splitting [A2]. Figure 3.7 shows the fracture 

behaviour of a single flax fibre which has small and large defects. The fibre can be seen before and 

after failure, and the fracture formation is illustrated with a schematic view. According to 

observations during the tensile testing, the fracture was initiated from a large defect zone and grows 

to split along the fibre length until faced with the next fibre defect zone.  
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Figure 3.7. Fracture behaviour of single flax fibre shown with (a) optical microscope images and 

(b) schematic view. 
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The complex fracture behaviour of single flax fibres includes fibrillation and large fracture 

surfaces, and this is in contrast to the fracture behaviour of most synthetic fibres. Figure 3.8 shows 

that flax fibres split in a longitudinal way inside the cell wall between the two fracture ends. The 

cellulose microfibrils can be seen in the figure at the magnified fractured ends which are apparent 

in the outer surface in the transverse direction [A1]. 

 

Figure 3.8. Large fracture surfaces of a single flax fibre. The crack initiation site (1) and the point 

of end failure (2) are carried out in a large zone. 
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3.2.5. The modelling of tensile strength variation 

 

The fibre tensile strength results show considerable scatter due to the method of cross sectional area 

measurement, as well as due to a variation in the number of natural and processing defects. The 

methods used in the cross sectional area measurement of fibres are based on the circular and true 

cross sectional area, as shown in Figure 3.3. The ratio of maximum and minimum strength values to 

the true strength values were analytically modelled as a function of the fibre cross sectional aspect 

ratio in Figure 3.9. The experimental strength results are affected by the aspect ratio of the fibre 

cross sectional area, and they are well correlated with the predicted strength results. Therefore, a 

method that includes considerations of the fibre cross sectional aspect ratio is required for correct 

fibre strength determinations. 

 

 
Figure 3.9. Experimental and model predictions of the tensile strength of fibres using the circular 

assumption method (maximum or minimum cross sectional area) and the true cross sectional 

method, as a function of the fibre cross sectional aspect ratio. 
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The tensile strength of brittle synthetic fibres such as glass and carbon are modelled by a two 

parameter Weibull distribution. The Weibull modulus (m) is an important parameter for 

characterising the strength variability for a given fibre type. A low Weibull modulus (lower than 

10) would introduce much more uncertainty about the strength of a fibre (Hull and Clyne, 1996). 

The approach of application of Weibull statistics for flax fibres, suggests that the fibre strength of 

these fibres does not follow a Weibull distribution (Romhany et al., 2003; Van de wejenberg I, 

2000; Zafeiropoulos and Baillie, 2007). This can be explained by two basic reasons. 

 

First reason of a low Weibull modulus is due to incorrect cross sectional measurements to a leading 

large variability in the strength of the flax fibre. The tensile strength results can be suitable to be 

predicted by a Weibull analysis by applying a correct cross sectional measurement method. For this 

reason, the model prediction for natural fibres shows a low Weibull modulus representing 

considerable uncertainty about the stress level of the fibres, which is likely to fail as shown in the 

literature. (Andersons et al., 2009; Zafeiropoulos and Baillie, 2007).  

 

The second reason is due to the “ductile” fracture behaviour of flax fibres, which is similar to the 

fracture behaviour of aramid fibres (Hull and Clyne, 1996). The fracture behaviour of flax fibres 

having large flaws is different for the “brittle” fracture behaviour of most synthetic fibres. Synthetic 

fibres such as glass and carbon fail by (unstable) growth of a single crack across the cross section 

initiated from a micro structural defect. For synthetic fibres, it is thus reasonable to expect that a 

weakest-link mechanism of fibre failure will be followed, which is the basis for the Weibull 

distribution of fibre strength. 
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4. FLAX FIBRE COMPOSITES 

 

4.1. Literature review 

 

A large amount of information on mechanical properties of flax fibre composites has been 

published over the last decades concerning fibre and composite processing topics. The fibre related 

topics usually consider the spiral angle of the cellulose microfibrils in the cell wall, the fibre 

moisture, the fibre lumen size, the type and origin of fibres, the length and diameter of fibres, and 

the defects in the fibres. The composite processing topics are related with the effect of temperature 

and pressure, the fibre/matrix interfacial adhesion and the surface modification of the fibres, the 

fibre volume fraction, the fibre orientation in the composite, the matrix type and the properties, and 

finally, the composite processing methods. It is basically concluded that the major difficulty for 

cellulosic fibre composites is to achieve high tensile properties, especially high strength, coupled 

with the achievement of low variability in properties and with a competitive materials costs 

(Charlet et al., 2009; Kim and Pal, 2010; Pickering, 2008; Thomas and Pothan, 2009; Wool et al., 

2005). 

 

Several types of polymers have been used as matrices for cellulosic fibre composites. 

Thermosetting polymers such as polyesters, epoxies and phenolics have been most commonly used 

for wood fibre based composites, and for unidirectional plant fibre composites (Bledzki et al., 2002; 

Pilato, 2010). Thermoplastic polymers such as polypropylene (PP), polyethylene (PE), and 

polylactic acid (PLA) have been mostly used with plant fibres (Oksman et al., 2003; Saheb and Jog, 

1999). In recent years, a number of researchers have been involved in studies investigating the 

utilization of non-woven natural fibre mats as load bearing constituents in thermoplastic composite 

materials for many commercial applications (Miao and Shan, 2011; Mieck et al., 1996; Wang et al., 

2005).  Van de Velde & Kiekens (2003) assessed the most suitable thermoplastic polymers for 

certain applications, and they pointed out that PP has the most suitable combination of properties as 

a matrix for cellulosic fibres. They also showed that polyethylene terephthalate (PET) has superior 

properties in terms of strength and moisture absorption compared with other polyolefins (such as 

PP and PE). 

 

Flax (Linum usitatissimum) fibres have gained the attention of many researchers in the 

thermoplastic composite industry (Garkhail et al., 2000; Malkapuram et al., 2009). These fibres are 

attractive as reinforcement due to their ease of handling and good mechanical properties (Müssig 

and Stevens, 2010). Single flax fibres are extracted from fibre bundles in different lengths and 

diameters (Bos and Donald, 1999). A single flax fibre has a length in the range 25–30 mm and a 

diameter in the range 0.012-0.027 mm (Pickering, 2008). The density of the fibres are found to be 

range 1.45-1.55 g/cm
3
 (Müssig and Stevens, 2010). 
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Conventional flax fibre production allows manufacturing of fibre bundles for the textile industry 

(Goutianos et al., 2006). The short and long flax fibre bundles are afterwards processed to textile 

products such as rovings, yarns, non-woven mats and woven fabrics (Mieck et al., 1996). Also, in 

the composite industry, for the best fibre composite properties, fibres should be aligned (parallel to 

the principle loading direction) (Hull and Clyne, 1996). While it is easy to align long carbon and 

glass fibres, it is difficult to control the alignment of the relatively short flax fibres. Therefore, it is 

useful to make continuous yarns and aligned woven fabrics to create assemblies of aligned short 

fibres. While the short fibre nonwoven mats can be used for semi-structural applications, the 

continuous fibre yarns and the aligned woven fabrics can be used for structural applications 

(Müssig and Stevens, 2010). 

 

A variety of different techniques are used for manufacturing of flax fibre composites (Nattinen et 

al., 2011; Oksman, 2001). While the thermosetting polymers are mostly used in methods like 

vacuum infusion, resin transfer moulding (RTM), and pultrusion, the thermoplastic polymers are 

used in methods like compression moulding, film stacking and filament winding. Oksman (1999) 

has studied the RTM processing technique with unidirectional high quality flax fibres and epoxy 

resin. In that study, flax fibre /epoxy composites showed a higher specific stiffness, but lower 

strength properties than those of glass fibre/epoxy composites. The tensile strength of these 

flax/epoxy composites was 210 MPa compared with 470 MPa for the glass fibre composites. The 

specific stiffness was 29 GPa/g cm
-3

 which is superior compared with the value for glass/epoxy 

composites on 18 GPa/g cm
-3

. 

 

In order to be able to achieve tensile properties comparable to a glass fibre composite, natural fibre 

composites should be investigated with respect to the intrinsic properties of the fibre and matrix 

constituents, the fibre architecture, and the fibre–matrix interface. Many researchers have already 

shown that a range of physical and chemical treatments can improve the fibre–matrix adhesion (Li 

et al., 2007; Saheb and Jog, 1999; Van de Weyenberg et al., 2006; Zafeiropoulos et al., 2007). They 

concluded that strong adhesion between flax fibres and non-polar matrix polymers can be achieved. 

 

The fibre architecture, including the fibre geometry, the fibre orientation, the fibre packing 

arrangement, and the fibre volume fraction, controls most of the composite properties, particularly 

the mechanical properties. This can be modelled for unidirectional plant fibre composites by the 

modified rule-of-mixtures model (Lamy and Baley, 2000; Madsen and Lilholt, 2002; Madsen et al., 

2009). The model represents a good tool to predict composite properties (stiffness and strength) 

from the fibre volume fraction, fibre arrangement, fibre length and porosity. In particular, it is 

known that most mechanical properties (e.g. stiffness and strength) are increased by increasing the 

fibre volume fraction up to a certain level. For this reason, the fibre volume fraction should be 

aimed to be at its maximum level in composite production by promoting a high fibre arrangement 

and optimal packing behaviour (Madsen, 2004).  
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Garkhail et al. (2000) have made flax fibre reinforced polypropylene (PP) composites using the 

film stacking method with random non-woven fibre mats. They reported on the influence of fibre 

length, fibre content and fibre diameter on the tensile strength of the composites. Toftegard (2002) 

also reported on the tensile behaviour of flax/PP composites made by the film stacking method, and 

by using two different pressure levels in order to increase the maximum obtainable fibre volume 

fraction. Madsen et al. (2002) studied composite volumetric composition as a function of the 

compaction behaviour of plant fibre assemblies for different fibre types and fibre orientations. They 

showed that for a given compaction pressure, the highly aligned fibres show a higher packing 

ability, leading to a higher fibre volume fraction in the composites, than the randomly oriented 

fibres, and without the formation of a significant amount of porosity in the composites. Moreover, 

the circular-shaped and equal-sized glass fibres show a higher packing ability than the non-

uniformly shaped and sized plant fibres.  

 

Miao et al. (2011) reported on the effect of fibre direction on the mechanical properties of plant 

fibre composites produced by a press consolidation technique. Non-woven mats with a preferred 

fibre orientation obtained by a hot rolling method showed higher mechanical properties than non-

woven mats with a fully random fibre orientation obtained by a needle punching method. However, 

the composite made from the aligned non-woven mat showed a lower stiffness than composites 

made from a unidirectional woven fabric, which is explained by the absence of fibre pre-tensioning 

introduced during the spinning and weaving operations of the woven fabrics. Jiang et al. (2011) 

have investigated the effect of fibre twisting on the stiffness of flax/PP composites. They found that 

the composites made from an untwisted wrap yarn showed a significant improvement in flexural 

stiffness, compared with those of the twisted yarn composites. They indicated that an improved 

untwisted fibre orientation of the wrap yarn structure resulted in a better fibre dispersion and fibre 

packing ability than those in the manufactured twisted composite laminates. 

 

Madsen et al. (2007) have developed a model to predict the volumetric composition (i.e. the volume 

fractions of fibres, matrix and porosity), the density and the stiffness of composites as a function of 

the fibre weight fraction. The model particularly uses a modified rule of mixtures model that 

includes the influence of porosity on composite stiffness and density. The effect of porosity is 

quantified at different fibre weight fractions in order to find the maximum attainable fibre volume 

fraction for unidirectional flax and hemp fibre composites. Lamy and Baley (2000) also proposed a 

modified rule of mixtures model based on the measured fibre diameters in order to achieve the 

correct stiffness properties of unidirectional flax fibre/epoxy composites. A good correlation was 

found with the experimental data on composite stiffness. Moreover, it was reported that an 

increasing diameter of the fibres leads to a decrease in the stiffness of the fibres. A summary of 

previously reported tensile properties of flax fibre composites is presented in Table 4.1, together 

with specifications on fibre orientation, fibre volume fraction and composite processing methods.  
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Table 4.1: Tensile properties of flax fibre composites. 

Fibre/Matrix Vf 

(%) 

Fibre 

orientation 

Strength 

(MPa) 

Stiffness 

(GPa) 

Method References 

Flax/LPET 55 Aligned yarn 343 33 Winding Present study 

Flax/PP 42-55 Aligned yarn 250-321 27-28 Winding 
Madsen et al 

(2003) 

Flax/Epoxy 47 Aligned mat 279 39 RTM Oksman (2001) 

Flax/Epoxy 31 Aligned fabric 160 15 Hand lay-up 
Goutianos et al. 

(2006) 

Flax/Epoxy 40 Aligned yarns 133 28 Autoclave 
Wejenberg 

(2000) 

Flax/Epoxy 21 Aligned fibres 127 17 Compression 
Charlet  et al. 

(2007) 

Flax/Epoxy 35 Non-woven 53 8 Autoclave  
George  et al. 

(1999) 

Flax/PP 45 Non-woven 40 10 Film-stacking 
Garkhail et al. 

(2000) 

Flax/PP 30 Non-woven 20 2 Extrusion 
Contero  et al 

(2003) 

Flax/PP 30-40 Non-woven 29 5-8 Extrusion 
Oksman  et al. 

(2003) 

Flax/PLA 30-40 Non-woven 53-44 8-7 Extrusion 
Oksman et al. 

(2003) 

 

In addition to the issues mentioned above, uniaxial tensile testing of unidirectional composite 

specimens to measure strength properties presents a well-known challenge (Belingardi et al., 2011; 

Davis, 2004; Garrell et al., 2003). The challenge is how to minimize the required gripping forces, 

and thereby measure the accurate tensile strength of the specimens. It is well-known that tensile 

specimens of unidirectional composites show premature failure due to the presence of a high 

stresses in the gripping area (Staab, 1999). The most common approach to avoid premature failure 

of unidirectional composite specimens is to apply tab materials on the gripping area in order to 

protect the test specimen from damage (Lubin and Peters, 1998; Staab, 1999). However, most of 

the specimens still show premature failure at the gripping area instead of at the gauge section. 

Previously, many studies have addressed this problem by applying changing wedge angle (i.e. the 

angle of the tab), tab thickness, tab length and tab material type, but none of them have been 

successful in obtaining the correct failure behaviour of the specimens (Hojo et al., 1994; Joyce et 

al., 2002; Vinson et al., 1985).  

 

The singular stress state for dissimilar isotropic elastic materials has been investigated by linear 

elastic analysis of two dimensional bonded half planes (Bogy and Wang, 1971; Hein and Erdogan, 

1971). These investigations have presented some numerical solutions to show that the stress 

singularity can be removed as a function of the stiffness ratio of the tab material and the specimen 

material, and as a function of different wedge angles. Finite element modelling can be used as a tool 
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for testing different combinations of material types and wedge angles in order to remove the stress 

singularity conditions during testing of unidirectional fibre composites (Joyce et al., 2002). 

 

4.2. Summary of results in present study 

  

4.2.1. Materials and composite fabrication method 

Flax fibres in the form of a fibre yarn, and LPET (polyethylene terephthalate) thermoplastic matrix 

in the form of a filament, were supplied on bobbins and used for fabrication of unidirectional 

composites. The densities of the flax yarn and the LPET filament were determined using 

pycnometry (ASTM D 792) to be 1.55 g/cm
3
 and 1.38 g/cm

3
, respectively; both densities reflect a 

dry condition. The fabrication route of the composite laminates is represented in Figure 4.1 by a 

diagram that consists of two main steps: production of the fibre/matrix assembly (by filament 

winding) and the consolidation of the composite plate (by vacuum heating and press moulding). 

The technique has previously been used by Madsen (2004), and will be described in detailed in the 

following sections. 

 

4.2.1.1. Filament winding  

The flax fibre yarn and the thermoplastic LPET filaments are mixed by a winding machine to 

produce aligned fibre/matrix assemblies. Figure 4.2 shows a schematic view of the winding 

process. Flax fibre yarns and matrix filaments were wound tightly onto a metal frame after passing 

through a series of pulleys. The metal frame is fixed between the jaws of the rotating mandrel, and 

it can be controlled to move horizontally at a constant displacement rate in the range 0.65-1.00 

mm/rotation. The commingled yarns of flax and LPET are pulled through a pulleys-path with a 

controlled tension in the yarns. A computer controls the horizontal displacement rate and the 

rotation speed of the metal frame. The weight fractions of fibres and matrix, and thereby the 

volumetric composition of the composite plate can be tailored according to the number, the linear 

density and the density of the wound fibre yarns and matrix filaments. Based on the wound 

fibre/matrix assemblies, the linear density of the flax yarn and the LPET filament can be 

determined by the equation (Thygesen, 2006): 

 

         
 

     
  

     

                                        
                                                  

where w is weight of the flax or the LPET yarn, Nturn is the total number of turns/rotations, and 

Nbobbins is the number of fibre or matrix bobbins. The frame length (Lframe) is multiplied by two due 

to the winding on both sides of the frame for each turn. The linear density (tex) of flax fibre yarn 

and LPET fibre filaments were measured using Eq. 4.1 to be 92 tex (g/1000m) and 56 tex, 

respectively, in un-dried conditions. 
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Figure 4.1. The applied fabrication 

route for unidirectional flax/LPET 

composites. 
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The fibre weight fraction (Wf) of the wound fibre/matrix assembly, which is assumed identical to 

the fibre weight fraction of the composite plate, can be calculated from the measured tex values by 

using equation 4.2 (Madsen, 2004); 

 

   
         

                   
                                                                                                                        

 

where N is the number of yarns/bobbins, the subscripts of f and m denote fibre and matrix, 

respectively. Unidirectional flax/LPET composite laminates were manufactured with fibre weight 

fractions ranging from 0 to 0.82 [A3]. Based on the desired volume fractions, and the measured 

fibre and matrix densities, the total composite density can be calculated by using a rule of mixtures 

relationship. The controlled thicknesses of the composite laminates were between 1.9 to 2.5 mm 

depending on the fibre weight fraction of the laminates, the horizontal displacement rate, and the 

number of rotations [A3]. After winding of the flax fibre/LPET matrix assemblies, they were dried 

in a vacuum chamber (1 mbar, 23°C) for at least 16 hours in order to remove moisture from the flax 

fibres.  

 

Figure 4.2. Commingled fibre/matrix winding set-up for producing unidirectional flax fibre/LPET 

assemblies 
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4.2.1.2. Compression moulding 

 

The dried fibre/matrix assemblies were processed into composite laminates using a vacuum 

heating, followed by a cold moulding press. The effect of consolidation pressure was studied by 

using two different sizes of metal frames under the same compression force (200 kN). Small frames 

(120*400 mm) were consolidated under a maximum panel pressure of 4.1 MPa, henceforth denoted 

as “high pressure” composites, whereas large frames (300*400 mm) were consolidated under a 

minimum panel pressure of 1.67 MPa, henceforth denoted as “low pressure” composites [A3]. The 

applied composite processing technique consists of two main units: a vacuum heating chamber (to 

melt the matrix polymer) and a cold moulding press (to consolidate the composite laminate). The 

fibre/matrix assembly is transferred between the two units by a controlled conveyor. Firstly, the 

assembly is placed on the conveyor after covering it with release Teflon sheets on both sides. The 

assembly is then transferred to the vacuum heating chamber and stays there for 15 minutes (200°C) 

under a vacuum condition (4 mbar). After melting of the LPET thermoplastic matrix in the vacuum 

heating chamber, the flax/LPET assembly is subsequently conveyed to the cold moulding press. 

The assembly is consolidated with a high compression force (200 kN; 30°C; 1 minute) into a 

composite laminate. A key feature of the process system is the heating under vacuum. The vacuum 

condition is thought to provide better impregnation of the fibres with the matrix by removing any 

possible moisture vapour, and to reduce the tendency of oxidative thermal and hydrolytic 

degradation of the flax fibres (Madsen, 2004). 

 

4.2.2. Microstructure of composites 

 

The microstructure of the flax fibre reinforced unidirectional composites were observed using a 

scanning electron microscope and optical microscope with special emphasis on the flax fibre/ LPET 

interface interactions, the distribution of the flax yarns within the LPET matrix, as well as the shape 

and the size of the flax fibres. In addition, the composites were also observed to characterise the 

location and size of porosities (voids), which are one of the most common types of defects in 

composites. Porosities can be induced due to physical (microstructure) and chemical features of the 

fibre and matrix components, or due to a non-optimized setting of the composite process 

parameters such as the pressure and temperature (Madsen et al., 2007c). Figure 4.3 shows the 

distribution of the flax fibre yarns in composites with different fibre volume fractions as observed 

by an optical microscope. It can be seen that the increasing fibre content makes higher porosity 

content in the composites. The porosities appear as a spots of darker colour in the microscope cross 

sectional images. The relation between fibre content and porosity is also experimentally measured 

in paper [A3], as shown in the Fig 3. The porosity can be classified into two groups: process related 

porosity and structural porosity. The process-related porosity is correlated with the fibres (lumen, 

interface and impregnation porosities), and the matrix (matrix porosity), and this type of porosity is 

thought to be influenced by the composite process condition. In contrast, structural porosity is 

thought to be developed after a maximum fibre volume fraction is attained as in section 4.2.3 
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Structural porosity is caused by that the matrix volume is insufficient to fill out the free volume 

between the maximum compacted fibres, and this type of porosity is therefore influenced by the 

packing ability of the fibres. 

The following methods were employed to characterize the porosities in the composites (Aslan et al., 

A3). Based on scanning electron microscopy (SEM) images, the morphology and location of the 

porosities in composites produced with different fibre weight fractions, and with different 

consolidation pressures were investigated. The fibre correlated porosities are classified as: lumen 

porosity (due to the central cavity in natural fibres), interfacial porosity, and impregnation porosity. 

The fibre lumen porosity and the interfacial porosities can be quantified by image analysis of 

polished composite cross sections. The impregnation porosity can be determined from the slope of 

a linear regression line of the relation between experimental values of porosity (Vp) and fibre 

volume fraction (Vf) of the composites (Madsen et al., 2007c). The matrix correlated porosity can 

be determined by the ratio of the matrix filament density and the neat matrix panel density. Figure 

4.4 shows the different types of porosities in low and high magnification images from cross 

sections of flax/LPET composites.  

 

Figure 4.4. SEM micrographs of cross sections of flax/LPET composites: a) flax yarn distribution 

within the LPET matrix, b) single flax yarn with impregnation porosity, c) interfacial porosity and 

fibre lumen porosity, d) impregnation porosity at high magnification (white box). 
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4.2.3. Volumetric composition of composites  

 

The weight fractions of fibres and matrix can be converted to volume fractions of fibres, matrix and 

porosity using the measured density of composite, fibres and matrix, in addition to the estimated 

values of the porosity constants, by using the volumetric composition model [A3- Figure 4.3].  

 

 
Figure 4.5. Model lines and experimental data points for volume fractions (Vp: porosity, Vf: fibres, 

Vm: matrix) of flax/LPET composites shown as a function of the fibre weight fraction. Full lines 

and dotted lines are used for model calculations of low and high pressure composites, respectively.  

 

Figure 4.5. shows model predictions of the volume fractions fibre, matrix and porosity as a function 

of the fibre weight fraction for unidirectional flax/LPET composites manufactured with two 

different consolidation pressures. The experimental results, as also presented by Aslan et al. (Fig. 4, 

A3), verify the expectations that the consolidation pressure affects the volumetric interaction in the 

composites. For both composites (low and high pressure), it is found that the porosity of the 

composites is increased by increasing the fibre weight fraction of the composites (Fig. 4, A3). The 

fibre, matrix and porosity volume fractions show different trends at low and high fibre weight 

fraction levels. The fibre and porosity volume fractions tend to show a linear increase at low fibre 

weight fractions. In contrast, at high fibre weight fractions, the fibre volume fraction shows a 

constant level, and the porosity is increased rapidly and non-linearly (Fig. 4, A3). The maximum 
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obtainable fibre volume fraction is increased when the consolidation pressure of the composites is 

increased [Table 2, A3]. This is in agreement with the study of Madsen (2004) on the compacting 

behaviour of plant fibre assemblies where a maximum attainable volume fraction of unidirectional 

flax assemblies was found to be 0.60 at a compaction pressure of 4 MPa. 

 

4.2.4 Tensile behaviour of composites 

 

4.2.4.1. Tensile stiffness 

 

Tensile tests were performed on an Instron universal testing machine with a cross head speed of 2 

mm/minute and a load cell of 25 kN. The tensile specimens with a thickness in the range 2.0-2.5 

mm were tested according to ISO 527 at room temperature.  

 

 
Figure 4.6. Composite stiffness as a function of the fibre weight fraction in unidirectional 

flax/LPET composites manufactured by a low and a high consolidation pressure. 
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The stiffness of the unidirectional flax/LPET composites is shown in Figure 4.6 as a function of the 

fibre weight fraction. The stiffness of the specimens are determined in the strain range 0.01- 0.1%. 

The results are shown for composites manufactured with the low and high consolidation pressures. 

The composite stiffness is modelled by a rule of mixtures model using the predicted volume 

fractions of fibres, matrix and porosity (see Figure 4.5), according to the equations given in [A3-9] 

(Madsen et al., 2007c). The model predictions are confirmed by the measured stiffness values in the 

range of fibre weight fractions from 0.24 to 0.82. At low fibre weight fractions           , the 

model predictions and the measured values show that the pressure effect is rather low on the 

stiffness values. At higher fibre weight fractions (above the transition value,           , the 

pressure has a significant effect in decreasing the stiffness of the composites, and it can also be 

observed that the experimental values show larger deviations from the model predictions [A3]. The 

stiffness of the composites is basically controlled by the fibre volume fraction. However, the 

consolidation pressure cause large difference between stiffness results at the high volume fractions 

due to a dramatic increase in the porosity fraction of the composites as shown in Figure 4.5.  

 

4.2.4.2. Tensile failure 

 

Typical stress-strain curves are shown in Figure 4.7 for different fibre weight fractions of the 

unidirectional flax/LPET composites. All composites exhibit similar trends in their stress-strain 

curves. They show an initial linear slope until a strain range of 0.01-0.1%, and then the curve 

become non-linear, where after it fails abruptly after a long linear part of the curve.   
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Figure 4.7. Representative stress-strain curves of unidirectional flax/LPET composites with 

different fibre weight fractions, and manufactured with two different consolidation pressures. 

 

The stress-strain behaviour of the low and high pressure composites is similar at the lower fibre 

weight fractions (Wf = 0.25). However, at the higher fibre weight fractions (       ), the stress-

strain curves are showing a higher maximum stress for the high pressure composites in comparison 

with the low pressure composites. This difference is due to the lower porosity content for the low 

pressure composites (see Figure 4.5). In addition, it can be observed that the stress-strain curves 

show more non-linearity when the pressure level is decreased, and when the fibre content is 

increased. 

 

The stress-strain curves obtained can however not be used to determine the true ultimate tensile 

strength of the unidirectional flax/LPET composites since failure occurred outside the gauge section 

in the tab region. Square cut tabs were mounted on the specimens according to the specifications 

given by ISO 527. However, a complicated stress field in the gripping area still caused the 

specimens to fail prematurely, leading an underestimation of the ultimate tensile strength of the 

composites. Figure 4.8 shows such typical failures in the gripping area of the composite specimens. 
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Figure 4.8. Typical specimen-tab edge failure for the unidirectional Flax/LPET composites. 

 

Table 4.2 shows tensile properties of neat LPET matrix, single flax fibre and flax/LPET composites 

at different weight fractions. The neat LPET panels (    ) show an average (± std. dev.) strain to 

failure of 1.71%±0.23 is lower than that of a single flax fibre (2.42%±0.6). The flax fibre strength is 

greater than the breaking strength of the LPET matrix. The strain to failure of the flax fibre is also 

higher than LPET matrix. The brittle LPET matrix cause to failure of the composite since LPET 

matrix reaches the strain to failure first.  
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Table 4.2. Tensile properties of neat LPET, single flax fibres and flax/LPET composites 

  Young’s 

modulus 

[GPa] 

Std. 

Dev 

Tensile 

strength 

[MPa] 

Std. dev Strain 

to fail 

(%) 

Std. 

dev. 

Neat LPET 2.9 0.4 43 2 1.71 0.23 

Single flax fibre 28.0 11.2 698 304 2.42 0.60 

Flax/LPET (Wf: 25%) 16.6 1.2 183 7 1.77 0.01 

Flax/LPET (Wf: 55%) 32.8 1.3 343 8 1.90 0.03 

Flax/LPET (Wf: 75%) 18.3 2.2 279 13 2.77 0.17 

 

The nominal tensile strength of unidirectional flax fibre composites at different fibre loading are 

depicted in Fig. 4.9. It is clear that the tensile strength is increased until the fibre weight fraction of 

55% for both high and low consolidation pressure composites,. A further increase of the fibre 

weight fraction leads to a decrease in tensile strength of the composites, which also is observed for 

the stiffness results in Figure 4.6. The strength results in Figure 4.8 also show that after about 55% 

fibre weight fraction, the strength show high variability, which assumingly is due to the high 

porosity content of these composites. The strength results which are more precise at lower weight 

fractions are consistent with brittle manner fracture surfaces as shown in figure 4.12a,b. 

 

Figure 4.9. Nominal tensile strength of unidirectional flax/LPET composites as a function of fibre 

weight fraction. The composites were manufactured with two different consolidation pressures. 
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4.2.4.3. Fracture behaviour 

 

Continuous fibre reinforced composites usually exhibit two types of load transfer mechanisms: the 

so-called “local load sharing” and “global load sharing” mechanisms (He et al., 1993; Xia and 

Curtin, 2000). An understanding of the load transfer mechanism is crucial for the understanding of 

the failure behaviour of the fibre composites.  

 

For the local load sharing mechanism (LLS), as sketched in figure 4.10, that there is no fibre/matrix 

debonding, so that when a matrix crack reaches a fibre, the fibre ahead of the crack tip experience a 

very high strain, very locally in front of the crack tip, leading to crack penetration into fibre. The 

fibres behind the crack tip are all broken at the plane of the matrix crack. The fibres have thus little 

or not effect on propagation of the matrix crack. Then, once matrix crack growth initiates, the 

matrix crack can propagate in an unstable manner across the entire width of the specimen. This can 

be characterised as brittle failure. A major point regarding the fracture surface is that it leads to a 

fracture surface where all fibres fail at the same plane. 

 

 

Figure 4.10. A sketch of load transfer mechanisms in fibre composites. 

 

Concerning the global load sharing mechanism (GLS), the key issue is that fibre/matrix debonding 

occurs. After fibre matrix debonding, the extra stretch of the fibre (due to the crack opening) only 

results in a relative small strain in the fibre, so that they do not fail near the crack tip. The matrix 

can then grow across the entire width of the specimen, leaving intact fibres behind, creating a fully 

bridged matrix crack and thereby causes a significant toughening (Thouless and Evans, 1988). The 

fibre/matrix debonding and fibre bridging are shown in global load sharing mechanism as sketched 

in figure 4.10. At higher applied stress level, the fibres fail independently of each other with 

different fibre pull out length for each fibre (depending on the exact distribution of flaws along the 
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fibre length). It is the fibre/matrix bonding that dictates whether crack penetration or crack 

deflection occurs (He and Hutchinson, 1989) and thus controls whether LLS or GLS results. A 

local load sharing mechanism is usually seen for glass fibre reinforced polymer composites whereas 

the global load sharing mechanism is observed for metal matrix composites. However, ceramic 

fibre composites show several examples of a transition between two main mechanisms by 

increasing interface strength (Curtin et al., 1998).  

 

According to the failure observations of the unidirectional flax/LPET composites, most specimens 

failed at the end of the gripping section, which is covered with tab material. After initiation of 

fracture at the tab ends, a long splitting fracture surfaces occurred along the fibre direction until the 

specimens fully failed at the gauge section. The inspection of the fracture surfaces was made at the 

gauge section of the failed specimens. On a macroscopic level, the fracture surfaces do not show 

any clear fracture initiation and growth direction. However, on a microscopic level, the fibre ends 

and the fibre/matrix interaction zones are clearly visible. A field emission scanning electron 

microscope (Supra FE-SEM, Zeiss) was used to provide a close inspection of the fracture surfaces 

of the flax/LPET composites. Images of the fracture surfaces after uniaxial tensile failure of 

composites with different fibre weight fractions are shown in Figure 4.12. 

 

The fracture surfaces (micrographs) for low and medium fibre weight fraction (low porosity) and 

high fibre weight fraction (high porosity) can be categorised based on load transfer mechanisms. At 

low and medium fibre weight fractions (       ), the unidirectional flax/LPET composites show 

evidences of the “local load transfer” mechanism. At failure with this mechanism, the failed fibres 

at the fracture surfaces show a more brittle failure with increasing fibre matrix interaction at a 

relatively low porosity condition. It is observed that fibre pull-outs are frequently seen with a 

similar length, as shown in Figure 4.12a and b. This point towards that the fibre-matrix interface 

bonding is relatively strong. In addition, the high magnification microscope images in Figure 4.12a 

and b show that the simultaneously failed fibre bundles are relatively flat in their cross sections and 

fail in the same plane. This can be considered to be due to local stress concentration where the 

failure of one single fibre leads to progressing of the crack to the neighbouring fibres, which then 

leads to failure of the composite. 

 

At high fibre weight fractions (        ), it is observed that the fractured surfaces are more uneven, 

and have large porous regions. Each individual fibre tends to fracture independently at different 

points along the length of the fibre bundle. Figure 4.12c shows the porosity regions between 

individual fibres from decreasing the matrix regions at high fibre weight fractions. The insufficient 

matrix (cavity among fibres) prevents transmitting the load sharing among neighbouring fibres 

leading to composite failure. For this reason, more individual flax fibres exhibit complex failure 

modes throughout their cross sections. However, some regions where fibres are covered with 

matrix indicate the presence of strong interface (Figure 4.12c and 4.13a). 

 



65 
 

 

Figure 4.13 shows the microfibrils in the large fracture surfaces of the single fibres. They have 

longitudinal splitting in the loading direction in a non-brittle manner like a schematic drawing of 

failure behaviour of the single flax fibre [Fig. 10, A2]. The micro fibril surfaces are fully covered 

with matrix and the matrix bonds are connected with fibre surfaces. 

 

The microscopic observations showed that the LPET brittle matrix has river line patterns on 

fracture surfaces. More specifically, river lines (microflow lines) can be observed in the matrix-rich 

areas between the fibre bundles (white arrows in the Figure 4.12a and 4.14). They are aligned in the 

general direction of crack propagation. There is close similarity between river lines patterns in the 

fracture surfaces of the metallurgical materials. The patterns produced by confluence of streams 

into larger streams into rivers like waves of water flow (Figure 4.11). They consist of serious of 

closely spaced steps that merge progressively to form larger steps on the fracture surfaces (Hull 

1999). 

 

 

Figure 4.11. Schematic river line patterns showing sequence of steps into larger steps in matrix 

area after (Hull, 1999). 
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Figure 4.12a. Fracture surface of unidirectional flax/LPET composites with (a) a low, (b) a 

medium and (c) a high fibre weight fractions (Wf is equal to 0.25, 0.55 and 0.75, respectively). 
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Figure 4.12b. Continued. 
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Figure 4.12c. Continued. 
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Figure 4.13a. Failure characteristic of single flax fibres in composites (high fibre weight fractions). 
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Figure 4.13b. Failure characteristic of single flax fibres in composites (low fibre weight fractions). 
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Figure 4.14. Failure characteristic of LPET matrix in the cross section of a composite. 
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4.2.4.4. A relation between tensile failure and fracture behaviour 

 

It is likely that the river lines direction of these granular structures gives an indication of the crack 

growth direction. The Figure 4.14 shows a magnified view river lines has developed into granular 

structures and ended with a crack deflection in the boundary of fibre-matrix interface. (Hull, 1999). 

Since the strain to failure of the LPET matrix is lower than flax fibres (Table 4.2) the crack growth 

progress from matrix region to the interface between flax fibre and LPET matrix.  

 
Figure 4.15. A sketch of load transfer mechanisms in low and high porous microstructure. 

 

A sketch in Fig. 4.15 explains the effect of porosity on the fracture surface appearance. The 

presence of porosity should not affect the fibre/matrix interface, so that the failure mode should not 

change (LLS or GLS). Thus, at low and medium fibre weight fractions, a sharp matrix crack 

approaching a fibre is expected to induce fibre failure based on local load sharing mechanism. 

However, the presence of porosity changes the appearance of the fracture surface. For this reason, 

the fracture surfaces of the flax/LPET composites at high weight fractions (        ) can appear as 

though they are in global load sharing mechanism with different length of pull outs in porous 

regions.  

 

Moreover, the composite failure results (Figure 4.14) show that the strength variation is higher and 

the average strength decrease for high fibre weight fractions (        ). Because, the presence of 

large porosity regions plays an active role in failure by growth of the cracks (Krstic, 1988). When 

fracture resistance of brittle fibre matrix composites is concern, the failure of the composites is 

controlled by critical flaws. Strength variability shows statically distribution based on flaw size 

(Freiman et al., 2012). The strength and flaw size of a homogeneous material is presented by 

Griffith fracture criterion (Broek, 1986) (Equation 4.3).  
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where    is the critical stress at fracture,    is critical energy release rate (fracture energy), a is 

critical flaw size and E is Young’s modulus. According to the fracture criterion, the flax fibre 

/LPET composites have lower average strength for high weight fractions (        ) (Figure 4.8) 

due to increasing flaw size. In addition, the strength of composite is controlled by the largest flaw 

which varies from specimen to specimen. Therefore, the larger variation in the flaw size leads to the 

larger variation in tensile strength of the composites at high fibre weight fractions.  

 

4.2.5. Modelling of unidirectional tensile test specimens by FEM  

 

As shown in Figure 9, UD flax/LPET composites failed in the tab area during tensile testing. This is 

a general problem in testing of UD composites. Some earlier experimental and modelling studies 

(Adams and Harris, 1987; Cunningham et al., 1985) investigated the failure at the end of the tab 

based on the assumption of a stress concentration at the wedge of the tab and test material. 

Cunningham et al. (1985) showed that the thickness of the tab and adhesive materials had very little 

effect on the longitudinal stress concentration. Also, the wedge angle of the tab material and the 

stiffness of the tab material had a significant effect on the longitudinal stress of the test materials. 

Hojo et al. (1994) also found that both non-tapered square cut glass fibre reinforced composite 

(GFRP) tabs and tapered tabs with the same tab material showed failure in the gripping area. He 

also showed that test materials with rubber tabs failed in the gauge section but the same test 

materials with GFRP tabs failed in the grips in a tensile test. However, the problem was also 

expressed by Bogy (1971) who shows the stress state at the wedge tip can be singular. The solution 

was determined in terms of four elastic constants (Young’s modulus and Poisson’s ratio for each of 

the two material) for dissimilar elastic materials loaded with arbitrary boundary tractions. In two 

dimensions, stress singularity can be expressed as: 

                                                                                                                                                     

where     is the stress tensor, p is a singularity exponent and r is the radial distance from the wedge 

tip. The stresses approach infinity at the wedge tip                  when p has a positive real 

part (0 < p < 1). However, the stress at the wedge tip will be finite and the singularity vanishes 

when p has a non-positive real part (p  0). 

 

4.2.5.1. Problem definition   

The purpose of this study is to develop a straight sided tensile test specimen geometry that fails in 

the gauge section by reducing the stress singularity at the vertex of the tab wedge. The singular 

stress field at the vertex of the tab and test material of the specimen can be expressed as [A4-5]: 
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where    is the applied stress in the gauge section, Aij represent non-dimensional singularity 

functions and H is a characteristic dimension, here the thickness of the test material ( isotropic and 

orthotropic) (see figure 4.16). Previous studies (Bogy, 1971; Bogy and Wang, 1971; Hein and 

Erdogan, 1971) showed that stress singularity exponents depends on the tab wedge geometry and 

the materials elastic properties but it is independent of external loading.  

 

4.2.5.2. The model parameters   

 

A schematic view of straight sided tensile specimen is shown in Figure 4.16a and b. The singularity 

problem at the tab end was analyzed in a two dimensional (plane strain) model in terms of the 

wedge angle,  that was varied from 2.5° to 90°, tab/test material thicknesses, elastic properties of 

the isotropic tab and isotropic test materials,  from 0.005 to 10 [A4]. Also, the stress singularity 

was investigated for orthotropic tab and test materials by considering an orthotropic parameter 

using an orthotropic rescaling method since method allows reducing elastic parameters in the more 

complex stress field. For orthotropic materials, the stress field under prescribed surface tractions 

depends on two non-dimensional parameters  and  defined as (Wang, 1991; Zhigang, 1990): 

 

                                          
   

   
                     

       

    
                                                                 

    and     denote Young’s moduli in the of fibre and lateral directions for orthotropic materials, 

respectively.     is shear modulus and      and     are the major and minor Poisson's ratios. For 

isotropic materials,       and the stress field dependence of   is relatively weak (Zhigang, 

1990). 

 

Figure 4.16. The straight sided tensile test specimen along the cross section (a) and modelled part 

of the quarter of tensile specimen (b) shown with defined boundary conditions. 



75 
 

The stress singularity exponents, p, were obtained by the slope of the log-log plot of the stress 

component σxx as a function of the distance to the wedge tip for a specific angular direction,    . 

The singularity exponent, p is obtained by the linear regression line when the data appear as straight 

lines as in the following equation. 

   

  
    

  

 
 
  

         
   

  
             

  

 
                                                                             

A finite element model was applied based on the relative displacement of the elemental nodes in the 

axial (x axis) direction (see figure 4.16). The meshes were prescribed as 2D triangular plane 

elements and smaller elements were used at the end of the tab material (x = L1) (smaller than 10
-5

 

H) since larger stress gradients are expected. 

 

4.2.5.3. The stress distribution at the test material 

 

Figure 4.17a shows the axial stress distribution,     (normalised with the applied stress,   ) as a 

function of the distance from the wedge tip for   =   in the case of no elastic mismatch      . 

The maximum stress in the test specimen having  = 90° is much higher than the maximum stress 

of a specimen with      . This suggests that there is a singularity at the end of the tab and the 

value of the singularity exponent is higher for       than that for      . 
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Figure 4.17. The stress distribution (a) as a function of the distance from the wedge tip of the tab 

and test material are presented with the axial stress      contours (b) for       and      . 

The contours of the axial stress distribution around the tab wedge are also presented in Figure 

4.17b. The zones with a high normalized stress state are larger for specimens having a       tab 

than for specimens having a       tab [A4]. 

 

4.2.5.4. Stress singularity and singular zone for test materials 

 

The stress singularity is shown as a function of stiffness ratio for different wedge angles for 

isotropic material in Figure 4.18a. The stress singularity for orthotropic test material joints was also 

solved as a function of an extensive stiffness ratio and wedge angles         and       for 

different orthotropic parameter values in Figure 4.18b. It is determined that the stress singularity 

values are between 0 to 0.5 for all wedge angles and stiffness ratios. Furthermore, the p value can 
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be reduced significantly by decreasing  and decreasing . It can be seen that the stress singularity 

is close to zero and changes an insignificant amount for =10° and     . It was noted that the 

stress singularity is relatively insensitive to elastic properties for wedge angles below      . 

However, the singularity exponent can not be removed completely for the tab wedge angle and 

material combination of the unidirectional test specimens. Therefore, it is important to discuss the 

practical implications of singular stress fields and the size of the singular zone. As can be seen from 

Fig. 4.17b the singular zone is rather small. 

 

4.2.5.5. Practical implications of the singular zone 

 

When the singular zone is small, comparable  to a microstructural length scale, then strictly 

speaking the smeared out continuum approach should be replaced by an approach based on a 

microscale model. However, a closer approach is to consider that if the size of this singular zone of 

the continuum model is much smaller than one fibre diameter, the singular stress field is unlikely to 

initiate specimen failure. This judgement is based on the assumption that failure of a single layer of 

fibres would possibly not lead to specimen failure. On the other hand, in cases where the size of the 

singular zone is much larger than one fibre diameter, the singular wedge tip stress field is likely to 

initiate failure of many fibres, leading to premature specimen failure. Therefore, the following 

criterion is proposed for the avoidance of wedge tip failure: The tensile stress, σxx, may be 10% (or 

more) higher only within a radius, r from the wedge tip corresponding to one fibre diameter, df. 

Then, the criterion for gauge section failure can be written as [A4-10]: 

 
   

  
                                                                                                                                         

The 10% limit is based on the engineering judgement that an error up to 10% in the failure strength 

is probably acceptable in most engineering situation. The proposed criterion can be used as follows. 

After the stiffness ratio,  and the orthotropic parameter  are calculated, the maximum allowable 

wedge angle, max, can be read off from Fig.4.19. The maximum allowable wedge angle can be 

estimated as listed in Table 4.3 for the various tab/test material combinations according to the 

failure criterion above. It can be seen from Table 4.3 that testing of glass/epoxy and flax/LPET 

composites is more challenging since they need much lower wedge angles than carbon-epoxy 

composites. 

Table 4.3: Recommended wedge angle of tab specimen for material combinations. 

Test material Tab material  (-)  (-) max (°) 

Flax/LPET Epoxy 0.12 0.1 5 

Glass/Epoxy Epoxy 0.10 0.2 10 

HS-Carbon/Epoxy
1
 Epoxy 0.03 0.1 15 

HM-Carbon/Epoxy 
2
 Epoxy 0.01 0.02 45 

1: High strength fibre, 2: High modulus fibre 
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Figure 4.18. Singularity exponent as a function of the stiffness ratio for different wedge angles in 

isotropic (a) and orthotropic (b) materials. 
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Figure 4.19. Stresses at r/H =0.015 corresponding to one fibre diameter as a function of stiffness 

ratio,   for different wedge angles in isotropic (a) and orthotropic materials (b). 
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From a practical point of view, it is desirable not to use very small values of max, This raises the 

question of what is the best way of the reducing wedge tip singularity while still having a 

reasonably specimen design. Also, a very soft tab material may not be useful from the point of view 

of gripping a specimen. This leads to a proposed specimen design in Fig. 4.20 where a very soft 

material is used as the wedge tip material (to decrease the wedge tip singularity) but a stiffer tab 

material is used for gripping. In a previous study, such an approach has experimentally been 

proposed by Wang et al. (Wang et al., 2006). They have tested YSZ - nickel oxide specimens with 

90° aluminium tab specimens. Specimens with tabs but without wedge tip material failed in the grip 

section near the wedge tip. In order to decrease the singularity at the wedge tip, the aluminium tab 

material ends of the test specimens were modified by adding a wedge of a compliant wedge tip 

material (epoxy) (see Fig. 4.20). By this method, most specimens failed in the gauge section. Thus, 

the results of Wang’s approach indirectly support our model predictions. 

 

 

Figure 4.20. A suitable geometry of a test specimen combination with different materials for gauge 

section failure. 
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5. CONCLUSIONS 

 

This study investigates the mechanical properties of single flax fibres and flax fibre composites. 

The tensile behaviour of single flax fibres was examined together with microscopic observations. 

The fibre microstructure such as central voids (lumens) and fibre defects such as kink bands were 

observed along the fibre length and at the fracture surfaces by scanning electron microscopy and 

optical microscopy. Furthermore, the effect of the geometrical shape of the fibre cross sections on 

the tensile properties of the fibres was investigated. It is found that some of the variation of the 

fibre tensile properties can be attributed to the method of measuring the cross section of the fibres. 

Flax fibres have non-homogenous cross sections along the length of the fibre, and the variable 

aspect ratio of a fibre cross section is shown to significantly affect the variation of the calculated 

tensile properties, Also, the variable size of defects in the fibre cell wall leads to differences in the 

tensile behaviour of the fibres. Observations on the fracture surface of single fibres show that a 

large fracture area is formed in a non-brittle manner presumably due to cell wall defects, in addition 

to the anisotropy of the internal cell wall structures. This is in contrast to fracture mechanisms 

typically observed in brittle ceramic and glass fibres. 

The effect of the applied consolidation pressure used to manufacture unidirectional flax/LPET fibre 

composites was studied using two different planar sizes of fibre assemblies consolidated under the 

same compression load. The effect of the different consolidation pressures on the volume fraction 

of the composite constituents was investigated, and this was related to the measured physical and 

mechanical properties of the composites. The model by Madsen et al. (2009) for volumetric 

composition, density and stiffness of plant fibre composites was used with the new experimental 

results and microscopic observations, leading to an improved understanding of the underlying 

mechanisms. 

The maximum attainable fibre volume fraction (Vfmax) of the unidirectional flax/LPET composites 

was shown to be increased from 53 to 60% by increasing the consolidation pressure from 1.67 to 

4.10 MPa. The higher consolidation pressure was shown to lead to a decrease in the porosity 

content from 11.3 to 8.6 %, and an increase in the maximum stiffness of the composites from 35 to 

40 GPa. In addition, it was shown that after Vfmax, the porosity content of the composites was 

significantly increased (up to 32 %) causing a decrease in density and stiffness of the flax/LPET 

composites. Finally, it was shown that the fibre-correlated impregnation porosity and the structural 

porosity, caused by insufficient matrix, are important parameters for composite volumetric 

composition and tensile behaviour.  

The fracture behaviour of the unidirectional flax/LPET composites was analysed for different fibre 

weight fractions (Wf). It was found that the fracture surfaces of the composites show evidence of a 

“local load transfer” process at low and intermediate fibre weight fractions (       ). The fracture 

surfaces show rather limited and short pull-out fibres in a brittle manner at lower fibre weight 

fractions. However, at high fibre weight fractions (        ), the fracture surfaces are rougher in 
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the higher fibre length. Even though the fracture surfaces are rougher and higher pull out fibres due 

to increasing porosity content between fibres, the composites are still controlled by “local load 

transfer” due to an indication of strong-matrix fibre adhesion at the fracture surfaces. 

Furthermore, the general problem for tensile testing of unidirectional composites was investigated 

in the case of the unidirectional flax/LPET composites. The composites failed at the end of the tabs 

during tensile testing. A complicated stress field in the gripping area caused the specimens to fail 

prematurely, and thereby leading to an underestimation of the ultimate tensile strength. The 

premature failure in the gripping area of the tensile test specimens was assumed to be due to the 

presence of a stress singularity at the tab wedge tip. Failure at the gauge section can be achieved by 

reducing the stress singularity by selecting a suitable combination of the stiffness ratio of the tab 

and test materials and the wedge tip angle of the tab. This conclusion was established based on a 

finite element model developed which describes the decreasing stiffness ratio between tab and test 

materials, and a decreasing wedge angle leads to reduce the stress singularity. However, it is 

important to simplify the practical implications of a singular stress field and the size of the singular 

zone. It is proposed that if the size of this singular zone is much smaller than one fibre diameter, the 

singular stress field is unlikely to initiate specimen failure. This underlying idea is based on the 

assumption that failure of a single layer of fibres would probably not lead to specimen failure. A 

criterion is proposed for the occurrence of gauge section failure and the 10% limit is chosen since 

an uncertainty of 10% of the tensile strength value is considered to be the maximum allowable 

within a radius of the wedge tip corresponding to one fibre diameter.  

Finally, a specimen suggested design using a tab material and wedge tip material is proposed for 

tensile testing of composite materials. The tab material should be stiff to facilitate a good gripping 

and load introduction and the wedge tip material should be rather compliant relative to the tested 

composite material. 
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6. FUTURE DEVELOPMENTS 

 

The selection of fibres and procedures of the applied test methods are essential in the evaluation of 

the tensile test results. For this reason, the entire process should be well-controlled from plant 

harvesting to composite production in order to obtain the best possible reinforcement performance 

of the single fibres in composites. A test method providing that the correct cross sectional 

measurements, and defect quantification by X-ray microscopy should be carried out so that it can 

improve the determination of the tensile behaviour of single fibres. A development of a set-up for 

having controlled humidity conditions during testing of the single fibres might also improve the 

reliability of the results. The twisting effect of the fibre yarns and impregnation of the fibres 

certainly improve the understanding of the effect of single fibres in the composite mechanical 

properties. Furthermore, the FE results of the wedge tip singularity were applied for moulded 

homogenous tab and test materials. However, an adhesive layer should also be considered for 

modelling of the composite tensile specimens.  

.  
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ABSTRACT 

Natural fibres have received increasing attention as reinforcement in composite applications. 

However, the fibre strength shows a large variation due to variability in composite-like structure of 

fibre morphology and defects depending on the degree of the fibre processing. The fibre strength also 

affects the composites strength, limiting their application in load bearing structural components. In 

order to improve the composite properties, novel methods for fibre processing from the natural plants 

are required. 

Single flax fibres were extracted from flax samples that were processed by two different processing 

steps. The numbers and sizes of defects were quantified from images by polarized optical microscope 

and fibre fracture surfaces were examined under environmental scanning electron microscope. Single 

fibre tensile tests were performed to measure tensile strength, Young’s modulus and failure strain.  

It is shown that the tensile strength and Young’s modulus of the fibres depend critically on defects in 

the fibres, which may either be induced naturally during growth of the plant or be induced during 

processing of the fibres. It was found that increasing processing steps leads to an increasing number of 

defects and larger defect sizes, thereby decreasing tensile strength and Young’s modulus of the fibres.  

 

1. Introduction 

 

Natural fibres have great variability in the morphological structure due to variation in environment, 

maturity of the plant as well as the adopted retting and decortication processes [1]. Therefore, 

morphological characterization has to be done before fibres can be used as reinforcement in composite 

materials in order to assess their performance. Due to high variability in their mechanical properties 

they are often employed only in low graded applications [2]. In particular, it has been found that the 

strength of natural fibres is critically affected by the defects and damage inside or at surface of the 

fibres. These defects may either occur naturally or be induced during the processing stages [3]. 

Flax fibres are located in the outer part of the stem of the flax plant. The fibres are extracted from the 

plant by retting and a series of mechanical processes. Firstly, field retting is used as a defibration step 

to degrade the binding between the fibres in the outer layer of the stem and the shives in the middle of 

the stem. The retting process leads to great variability in the quality of the fibres dependent on the 
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uncontrollable weather conditions and the nature of attacking microorganisms. Secondly, the retted 

stems are mechanically decorticated to separate the fibre bundles (technical fibres). The decortication 

process has a negative influence on the fibre quality, and this is particularly critical for the production 

of fibres for high graded applications such as reinforcement in composite materials. Thus, milder and 

more effective defibration and decortication processes must be developed before natural fibres can 

compete with synthetic fibres [4].  

The aim of this study is to investigate the influence of consecutive processing steps on the amount of 

defects and the mechanical properties (tensile strength, Young’s modulus, failure strain) of single flax 

fibres. 

 

2. Experimental  

 

2.1. Material 

 

The flax fibres in this study were supplied by Ekotex from Poland. Two different types of flax fibres 

are used and described below: 

- Stem fibres: The fibre stems are field retted after harvesting. The fibres were not subjected to any 

kind of mechanical treatments. 

- Noils fibres: Firstly, the field retted fibre stems are broken into smaller parts by passing them between 

rollers. Afterwards, the fibre bundles in the outer part of the stems were separated from the broken 

woody core parts by a scutching process where the stems are passed between rollers equipped with 

knives. In this process, the knives scrape along the fibre and they are thereby introducing defects to the 

fibres. The obtained long scutched fibre bundles are still relatively coarse. The coarse fibre bundles are 

cut and the fibre’s ends are tore off in a hackling process in order to get straightened and thinner fibre 

bundles, and to purify them. After hackling of the long scutched fibres, the fibres are divided into long 

hackled fibres and short fibres. The short fibres are the so-called Noils fibres [5].  

 

2.2. Sample preparation and experimental set-up for defect quantification 

 

Individual fibres were carefully extracted by hand from the Stem and the Noils fibre bundles. The 

single fibres were subsequently cleaned by ultrasound in deionised water bath for approximately 10 

minutes. It was necessary to clean the fibres in order to get rid of impurities: grease and other dust 

particles and also to make the defects visible. The cleaned fibres were then glued on both ends to glass 

plates using a double sided tape under an optical microscope to avoid uneven surface and twisting of 

the fibres. Since an optical microscope has a low depth of field, the fibres need to be straightened  

The fibres were analysed by using a Leitz optical microscope equipped with polarisation filters. Cross 

polarised light was used to make the defects appear as bright or dark patterns in the fibres. Light 

intensity and fibre angle to the polarised filters is required to be constant in order to get reliable results 

for defect quantification [6]. Five fibre samples of each fibre type were analysed in order to quantify 

the total number of defects. For each sample, a length of approximately 6 mm was scanned under the 

microscope.  
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2.3.  Sample preparation and experimental set-up for mechanical testing 

 

Single fibres were separated manually from the fibre bundles. The fibres were too delicate for manual 

handling and a cardboard was used as a specimen holder to facilitate the testing. Firstly, a rectangular 

cardboard (10cm x 1cm) was punched with hole of 5 mm diameter at the centre. The fibre ends were 

then fixed to the cardboard using cyanocrylate adhesive in such a way that the middle part of the fibre 

was placed above the hole. The tensile test was performed with a constant cross head speed of 0.5 

mm/min on an electromechanical test machine equipped with a 50 N load cell. The cardboard was 

gripped in the jaws of the tensile machine close to the places where the fibre was mounted. The 

cardboard was then cut on both sides of the hole so that the fibre was carrying the full load alone 

between jaws. Approximately 50 fibres were tested for each fibre type (Stem and Noils). All testing 

was conducted at an ambient temperature of about 23°C and a relative humidity of about 55%. 

 

The fibre dimensions were measured with an optical microscope. Since it was impossible to determine 

the cross section shape of the fibres, all fibres were assumed to be perfectly circular in cross section. 

Fibre diameters were measured at 9 different positions along the fibre and an average diameter was 

calculated for each fibre. The stress  was calculated by the ratio of the load to the cross sectional 

area of the fibre.  

 

 

 

2.4.  Fibre Surface Characterisation and Fracture Surfaces 

 

The fracture surfaces of the fibres were examined under an environmental scanning electron 

microscope (ESEM). An ESEM is well suited for the investigation of biological materials since 

biological samples can be investigated in wet state at high magnifications. In the present study, ESEM 

is also used for surface defect characterization of fibres in order to get images with a high depth of field 

and resolution  

 

 

3. Results and discussions 
 

3.1. Defects Quantification 

  

The individual fibres were observed to have many defects along their lengths. The defects were 

counted and their size was measured. Figure 1 shows that the fibre defects are observed as different 

size of transversal patterns in the polarised micrographs. 
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Figure 1: Defects on fibres observed by polarized optical microscope. Fibre diameters in all images are ca. 20µm 

 

The defects that are seen as slightly bright or dark lines across the fibre (Figure 1a and 1b) are due to 

small changes in the angle of the cellulose microfibrils. These defects cannot be observed on the fibre 

surface with ESEM (results not shown). However, the larger defects (Figure 1c) denoted kink bands 

slip planes or compressed zones can be clearly observed with ESEM (see Figure 5). 

Characteristic images from each differently processed fibre types obtained by using polarized optical 

microscope are reported in Figure 2. The Stem fibres seem to have a smooth surface with small defects 

whilst the Noils fibres have more and larger defects.  

The number of defects was manually counted and is given in Table 1. It is seen from the results that the 

number of defects was increased by mechanical processing of fibres. Hence, the Noils fibres have 

higher number of defects per mm than the Stem fibres (28 vs. 20 defects per mm). In addition, a larger 

part of the fibre surface is covered by defects in the Noils fibres compared to the Stem fibres (a total 

width of defects of 0.37 vs. 0.20 mm per mm).  

 

 
Defect counts per mm 

Total width of defects per 

mm (mm/mm)  

Stem  20 ±10 0.20 ± 0.12 

Noils  28 ± 6 0.37 ± 0.07 

    Table 1: Mean ± standard deviation values for defects counts and size in per mm of fibre length 

 

 

 

 
 

 

 

 

 

 

 

 

a b c 
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Figure 2: Representative images of the two types of flax fibres: Stem (left) and Noils (right) fibres. The defects can be seen 

as bright and dark lines across the fibres. The scale bars in both images are ca. 100µm. 
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3.2.Mechanical Properties of Single Fibres 

Figure 3 shows typical curves of stress and strain for the Stem and the Noils fibres 

 
Figure 3. Representative stress-strain curves of single flax fibres. 

The flax fibres showed some variation in their stress-strain behaviour. Some fibres showed essentially a 

linear stress-strain relationship. Other fibres showed a distinctive non-linear behaviour. Linear stress-

strain behaviour was predominantly seen in the Stem fibres. The Noils fibres have much more non-

linear stress-strain curves as shown in Table 2. The non-linear behaviour may be explained by an 

increased microfibril angle (above 10°) in the defect regions. It is known that the microfibril angle is 

higher in damaged regions than in defect free regions [7]. Since the mechanical processed Noils fibres 

have more defects than the Stem fibres, the non-linear stress-strain behaviour of the Noils fibres can be 

attributed to the presence of the defects. 

 

 

Fibre 

Diameter 

[µm] 

Tensile Strength 

[MPa] 

Failure Strain 

[%] 

Young's 

Modulus [GPa] 

Number of Curve Types* 

Linear Nonlinear 

Stem  16.3 ± 2.6 1445 ± 553 2.9 ± 0.6 52 ± 16 21 1 

Noils  18.9 ± 3.6 812 ± 342 2.9 ± 0.9 30 ± 11 9 19 

Table 2: Mean ± standard deviation values for diameter, tensile strength, failure strain, Young’s modulus and number of 

typical stress-strain curve types of single flax fibres. 

Mechanical properties of nearly 50 single flax fibres were acquired from tensile tests and they are 

summarised in Table 2. A trend of decreasing tensile strength and decreasing Young’s modulus as a 

result of processing is observed. Hence, the Stem fibres had a higher tensile strength and Young’s 

modulus than the Noils fibres. However, failure strain of the two fibre types were similar. As can be 

seen from the standard deviations, the Stem fibres exhibit a larger scatter in tensile strength and 

Young’s modulus than the Noils fibres. 
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Figure 4. Tensile strength and Young’s modulus as a function of cross sectional area for the two different types of single 

flax fibres. 

 

The relationship between the mechanical properties (tensile strength and Young’s modulus) and the 

cross sectional area of the fibres is shown Figure 4. Although the figure shows a large scatter in results, 

a major trend is that both the fibre strength and Young’s modulus decrease when the cross sectional 

area of the fibres increases. It can be seen that the mechanically treated Noils fibres show lower scatter 

than the Stem fibres. Large scatter of mechanical properties may be due to non-circular cross-sectional 

area of the fibres. Both the tensile strength and Young’s modulus for the Stem and the Noils fibres 

given in Table 2 are in good agreement with data from literature [1,8]. 

 

3.3.Morphological Analysis of Fibres 

 

The appearance of defects sometimes depends on whether the fibre is investigated with optical 

microscope or environmental scanning electron microscope (ESEM). Figure 5 shows an example of the 

same defect observed by optical microscope and by ESEM. Since the fibre has some clear transverse 

marks on the surface (denoted kink bands, slip planes, buckling), it is possible to make observations 

with ESEM. However, small defects may not always be possible to see on fibre surface with ESEM, 

although they can be clearly seen with polarized optical microscope. Therefore, quantification of 

defects on flax fibres in the present study were done with polarized optical microscope where defects 

inside the fibres can be seen.  

ESEM micrographs of fractured flax fibres are presented in Figure 6. The fibre surfaces are shown to 

be rough and a large amount of impurities are attached to surface. Fibre fracture occurred differently on 

outer surface and inside of the cell wall layers. 

In addition to large transversal defects, which are most visible type of defects longitudinal defects can 

also be clearly seen on the surface (figure 6b). The crack propagation seems to be along the 

longitudinal defects. It appears from ESEM micrographs (Figure 6a) that transversal defects are points 

of crack initiation, and the fibre then continues to split along the longitudinal defects until faced with 

another transversal crack. Figure 6d shows an example of a fibre that has failed in a different way. The 
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surface layers show shear failure with fibrillation along the fibre direction. However, the inner layers 

show transversal failure. Similar results have been reported in the literature [8, 9]. 

 

10 µm

 

Figure 5: Comparison of the same large defect on the fibre observed by optical microscope (top) and ESEM (bottom).  

 

 
Figure 6. ESEM micrograph of flax fibres; a) The white arrows show transversal crack initiation on the flax fibre which is 

started at a fibre defect region, b) shows longitudinal cracks on the fibre along with micro fibrillar units on the fibre surface 

and inner layers, c) fracture surface with smooth and blunt ending, d) fracture surface with fibrillated fine structure and also 

surface layer with transversal crack path with smooth ending even though inner layers have longitudinal crack and fibrils. 

 

a 
b 
 

b 

c
c 
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4. Summary 

 

The defect on flax fibres were quantified by polarised optical microscope and ESEM. The tensile test 

of single fibres was performed in order to show the effect of processing on: defect size, defect number 

and mechanical properties of flax fibres. The major results of the study are: 

 

 Tensile strength and Young’s modulus of flax fibres decreased as an effect of processing, but 

failure strain was unchanged.  

 Increase in defect number and defect size was well correlated with a decrease in tensile strength 

and Young’s modulus of the fibres. 

 Fracture surfaces are followed on inner cell wall longitudinally and on outer cell wall 

transversely. 
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Abstract Due to the typical large variability in the

measured mechanical properties of flax fibres, they are

often employed only in low grade composite applications.

The present study aims to investigate the reasons for the

variability in tensile properties of flax fibres. It is found that

an inaccuracy in the determination of the cross-sectional

area of the fibres is one major reason for the variability in

properties. By applying a typical circular fibre area

assumption, a considerable error is introduced into the

calculated mechanical properties. Experimental data,

together with a simple analytical model, are presented to

show that the error is increased when the aspect ratio of the

fibre cross-sectional shape is increased. A variability in

properties due to the flax fibres themselves is found to

originate from the distribution of defects along the fibres.

Two distinctive types of stress–strain behaviours (linear

and nonlinear) of the fibres are found to be correlated with

the amount of defects. The linear stress–strain curves tend

to show a higher tensile strength, a higher Young’s mod-

ulus, and a lower strain to failure than the nonlinear curves.

Finally, the fibres are found to fracture by a complex

microscale failure mechanism. Large fracture zones are

governed by both surface and internal defects; and these

cause cracks to propagate in the transverse and longitudinal

directions.

Introduction

The utilisation of renewable resources is of crucial

importance for advancing towards a sustainable way of

producing materials. Natural fibres are renewable resources

that are used in a wide range of industrial applications such

as textiles and increasingly in polymer composites, as an

alternative to synthetic fibres. Flax fibres (Linum usita-

tissimum) are widely studied plant-based natural fibres for

use as reinforcement in polymer matrix composites [1–7].

Flax fibres are known to show a large variability in their

measured mechanical properties [2, 3]. Due to uncertainties

about the reasons for the variability of fibre properties, and

the influence of this variability on the final mechanical

properties of the composites, flax fibres are often employed

only in low grade composite applications [4]. The vari-

ability in fibre properties can be ascribed either to the

variability introduced by the applied experimental charac-

terisation method, or to the inherent variability of the flax

fibres themselves. A typical approach of evaluating the

cross-sectional area of the fibres as being circular, and to

use the measured fibre ‘diameter’ to calculate the cross-

sectional area is a rough approximation since the fibres

have a polygonal shape [3, 5–8]. Furthermore, the fibres are

known to vary in their cross-sectional area along the fibre

length [9]. Altogether, any uncertain evaluation of the

cross-sectional area brings a variation into the determined

mechanical properties of the fibres [10]. In addition, flax

fibres are delicate materials with cross-sectional dimen-

sions in the order of micrometers, and a few millimeters in

length; this enhances measurement errors during the

mechanical testing of the fibres. Flax fibres themselves

show variability in their cell wall structure due to variations

in growth conditions, different levels of maturity of the

fibres, as well as due to the non-uniformity of the retting
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and decortication processes applied to extract the fibres

from the plants. One type of structural characteristics in

flax fibres are the so-called kink bands which are regions of

the cell wall with a disordered organisation of the cellulose

microfibrils in the matrix of hemicellulose and lignin. The

kink bands are formed both naturally during growth, and

artificially during fibre processing. The kink bands are

presumed to act as defects influencing the mechanical

behaviour of the fibres [2].

The aim of the present study is to investigate the various

reasons for the variability in mechanical properties of

single flax fibres. The experimental-based investigations

include analyses of the applied method for determination of

the cross-sectional area of the fibres, together with analyses

of the different types of stress–strain behaviours, and

fracture behaviours of the fibres. An attempt is made to

correlate the latter two types of mechanical behaviours

with the defect regions of the fibres.

Materials and methods

Materials

The flax fibres (Linum usitatissimum) were supplied by

Ekotex, Poland. Two types of differently processed fibres

were used. The two types of fibres were originating from

different fields, and as such they are not coming from the

same batch.

Green fibres

These fibres were obtained from plant stems that have been

harvested with no further processing. Single fibres were

carefully separated from the stems by hand.

Cottonized fibres

After the plant stems were harvested, they were kept in the

field for retting. Afterwards, the fibre bundles in the outer

part of the stems were separated from the broken shives in

the core part by a decortication process where the stems

were crushed and beaten by passing them between rotating

wheels equipped with blunt knives. Next, the coarse fibre

bundles were combed in a hackling process in order to get

straightened fibres and thinner fibre bundles. Finally, to

further disintegrate the fibre bundles into single fibres, they

were cottonized by a mechanical process [11, 12]. Single

fibres were separated carefully from the fibre bundles by

hand.

Measurement of cross-sectional area of fibres

A precise determination of the cross-sectional area of the

fibres is crucial for the calculation of the correct tensile

stress values. Since the fibres have irregular polygonal

shapes, errors can easily arise in the cross-sectional mea-

surements. In the present study, the cross-sectional area of

the fibres was measured with two different methods.

Method 1: circular fibre area measurements

An optical microscope (Aristomet, Leitz) equipped with

polarised filters, and image analysis software (Image-Pro

Plus 5.0) was used to measure the fibre width with an

accuracy of ±0.1 lm at 9 positions along the fibres within

a gauge length of 5 mm (see Fig. 1). The cross-sectional

area was calculated by assuming a circular cross-section.

Method 2: true fibre area measurements

The fibres were placed in a plastic holder to avoid tilted

cross-sections, and to align the fibres. The fibres were then

embedded in epoxy resin (EpoFix, Struers). The embedded

fibre samples were ground and polished as described by

Reme et al. [13]. A series of cross-sectional images were

acquired at different locations using a Hitachi S-3000

variable pressure scanning electron microscope with a

solid-state backscattered detector. The digital images were

processed automatically with the PFI Fibre Cross-Section

ImageJ plugin (version 3k). The images were thresholded.

Touching fibres, fibre agglomerates and apparently misa-

ligned fibres were removed by applying a combination of

size, form factor and solidity shape measurements (see

Fig. 2), as described by Chinga-Carrasco et al. [14].

Figure 3 shows a schematic drawing of the cross-sec-

tional areas that were determined by the two different

methods. Acirc is the circular fibre area determined by

Method 1. Atrue is the true fibre area and Alum is the area of

the lumen determined by Method 2. The cell-wall area is

given by Acw = Atrue - Alum. In addition, in Method 2, the

shape of the fibre cross-sections was quantified by their

aspect ratio, which is the ratio between the major and

minor axis of a fitted ellipse with an area equivalent to the

Fig. 1 Optical microscope

image of single flax fibre used

for measurements of fibre width

(Method 1)
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fibre cross-sectional area, and with the same first and sec-

ond degree moments (Image-Pro Plus 5.0). The aspect ratio

is always C1.

Tensile testing of fibres

Single flax fibres were inspected with an optical micro-

scope in order to exclude double fibres, and highly

deformed and twisted fibres. Since the fibres are too deli-

cate for manual handling, cardboard was used as a speci-

men holder to facilitate the testing. The fibre ends were

fixed to the cardboard using cyanoacrylate glue. Prior to

the tensile testing, using the optical microscope, the aver-

age fibre width was determined from 9 width measure-

ments along the 5 mm gauge length, and the circular fibre

area was calculated (Method 1). The cardboard was grip-

ped in the plastic grips of the tensile test machine (Elec-

troPuls E3000, Instron) close to the places where the fibre

was mounted. The cardboard was then cut on both sides of

the central hole. The tensile tests were performed with a

constant cross head speed of 0.5 mm/min. The load was

measured using a 50 N load cell. The testing was done

according to the ASTM D 3379 at an ambient temperature

of about 23 �C and a relative humidity of about 55%.

Figure 4 shows the testing configuration used. In total, 35

Green fibres, and 50 Cottonized fibres were successfully

tested (15 Green fibre samples were discarded due to

failure nearby the glue region).

Fracture surface of fibres

The fracture surfaces of the tensile tested fibres were

examined in an environmental scanning electron micro-

scope (ESEM, Zeiss). In addition, detailed surface images

of intact fibres were acquired with an ultra field-emission

SEM (FESEM, Zeiss) in the secondary electron mode.

Results

Cross-sectional area

Figure 5 shows the cross-sectional area distributions that

were determined for single flax fibres (Cottonized fibres)

using the two different measurement techniques, Method 1

and Method 2. The results obtained using the circular fibre

area measurements (Method 1) are in the same range as the

Fig. 2 Scanning electron microscope images of flax fibre cross-sections used for the measurements of fibre area (Method 2): a unprocessed

image, b binary image, c processed image where fibres that were not suitable for measurements were automatically removed

Fig. 3 Schematic drawing of the cross-sectional fibre areas that were

determined by the two different methods (Methods 1 and 2)

Fig. 4 Experimental setup for the tensile testing of single flax fibres
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true fibre area measurements (Method 2). For both meth-

ods, 95% of fibres were distributed in the range of 100 to

650 lm2. However, the distribution of Method 1 is shifted

to the right of the distribution for Method 2 with

mean ± SD fibre areas of 327 ± 128 and 236 ± 115 lm2,

respectively (Table 1). Thus, on an average basis, the area

of fibres determined by Method 1 is 39% higher than the

area determined by Method 2; see, however, the results

below about the influence of the fibre shape.

Figure 6a shows that the lumen content (ratio of the

lumen area to the true fibre area) of the fibres is typically

very small although some large values of lumen content

were found. Hence, it is found that 85% of all fibres show a

lumen content below 1%. The mean lumen content is 1.6%.

The distribution of aspect ratios of the shape of fibre

cross-sections is presented in Fig. 6b. Distributions are

shown for fibres with lumen and without lumen. The aspect

ratios are in the range of 1.0–2.3 and with means ± SD of

1.45 ± 0.27 and 1.40 ± 0.12, for fibres with lumen and

without lumen, respectively. The grand mean ± SD aspect

ratio of all fibres is 1.42 ± 0.26.

The results presented in Table 1 are for two large groups

of fibres that did not consist of the exact same fibres. In

order to compare the measurements of the exact same

fibres, one group of 6 fibres was randomly selected. The

circular area of each of the fibres was first determined by

Method 1, and then the fibres were embedded in epoxy

resin and the true area of each of the fibres was determined

by Method 2 at several locations along the fibres. The

measured cross-sectional areas and aspect ratios for these 6

fibres are shown in Table 2. It is seen that the percentage

difference (in absolute values) in the area measurements

between the two methods is consistently increased when

the aspect ratio of the fibres is increased. For a low aspect

ratio of 1.1, the area difference is only 3%, whereas the

area difference is 37% for a high aspect ratio of 1.9. The

results also point towards that the area determined by

Method 1 is being overestimated for fibres with low aspect

ratios, and it is being underestimated for fibres with high

aspect ratios. The threshold aspect ratio is in the range of

about 1.5–1.8.

Fig. 5 Frequency distributions of fibre areas that were measured by

the two different methods (Methods 1 and 2)

Table 1 Mean and standard deviation values of cross-sectional area

and aspect ratio determined by Method 1 and Method 2 for two large

groups of flax fibres (Cottonized fibres)

Fibre

counts

Mean ± SD

Circular fibre area, Acirc (lm2) (Method 1) 399 327 ± 128

True fibre area, Atrue (lm2) (Method 2) 585 236 ± 115

Lumen content (%) (Method 2) 585 1.6

Aspect ratio (–) (Method 2) 585 1.42 ± 0.26

(a)

(b)

Fig. 6 Frequency distributions of the measured a lumen content and

b aspect ratio of fibres (Method 2)
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Stress–strain behaviour

Initially, all the measured stress–strain curves were eval-

uated based on their curve shapes. The curves evaluated as

being a result of experimental errors were excluded from

further analysis. Figure 7 shows typical examples of such

erratic curves. Several factors such as twisted fibres, double

fibres, pre-loaded fibres and fibre slip from the glue are

assumed to be the cause of these experimental errors. For

the Cottonized fibres, 15 out of 50 stress–strain curves

(30%) were excluded due to such experimental errors. For

the Green fibres, 5 out of 35 stress–strain curves (14%)

were excluded.

Besides the above-mentioned experimental error curves,

it was found that the flax fibres show a distinctive variation

in their stress–strain behaviour. Typical stress–strain

curves for the Green and the Cottonized fibres are shown in

Fig. 8. All the measured fibres were grouped based on the

two distinctive stress–strain behaviours: (1) nearly linear

stress–strain behaviour, and (2) nonlinear stress–strain

behaviour. Interestingly, the linear stress–strain behaviour

was the only curve type seen for the Green fibres, whereas

both curve types were almost equally represented by the

Cottonized fibres (see Table 3).

The values of tensile strength, Young’s modulus and

strain to failure were obtained from the stress–strain

curves. The results are summarized in Table 3 by grouping

Table 2 Mean and standard deviation values of cross-sectional area and aspect ratio determined by Method 1 and Method 2 for one group of 6

flax fibres (Cottonized fibres)

Fibre number Circular fibre area,

Acirc (Method 1) (lm2)

True fibre area, Atrue

(Method 2) (lm2)

Relative area

difference, Darea (%)

Aspect ratioa

(major axis/minor axis)

1 280 ± 30 273 ± 35 3 1.14 ± 0.04

2 280 ± 17 265 ± 40 6 1.41 ± 0.14

3 215 ± 25 194 ± 5 11 1.50 ± 0.15

4 240 ± 30 268 ± 30 -10 1.80 ± 0.19

5 316 ± 20 432 ± 31 -27 1.78 ± 0.17

6 224 ± 29 356 ± 15 -37 1.89 ± 0.13

a Aspect ratio of an ideal circular shape is equal to 1.0

Fig. 7 Typical stress–strain curves of single flax fibres with exper-

imental errors

(b)

(a)

Fig. 8 Typical linear and nonlinear stress–strain curves of single flax

fibres: a Green fibres, and b Cottonized fibres
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them according to fibre type and stress–strain curve type.

The following comparisons are made based on the mean

values to show the trends of the results. For the Cottonized

fibres, the nonlinear type of stress–strain curves exhibit a

lower tensile strength (641 vs. 760 MPa), a lower Young’s

modulus (24.2 vs. 33.1 GPa), and a higher strain to failure

(2.50 vs. 2.27%) than the linear type of curves. Based on

the results from the linear curves, the Green fibres showed

a higher tensile strength (974 vs. 760 MPa), and a higher

strain to failure (3.00 vs. 2.27%) than Cottonized fibres.

The relatively large variability of the measurements is

shown by the large values of SD which gives coefficient of

variations (CV = SD/mean) in the range of 20–50%.

Fracture behaviour

Figure 9 shows typical examples of the two types of

defects seen on the surface of flax fibres: (i) transverse

defects, which are the most visible type of defects and (ii)

longitudinal defects. These two types of defects, which are

introduced to the fibres both naturally during growth and

artificially during processing, are found in the present study

to control the fracture behaviour of the fibres.

On a macroscopic level, by observing the stress–strain

curves of the fibres (see Fig. 8), it appears that the fibres

fracture in a brittle manner. However, microscopic

investigations have revealed that the fracture of the fibres

occurs in a more ductile and complex manner by longitu-

dinal splitting over a large area. Figure 10a shows an

example of a flax fibre that was observed by optical

microscope before and after a tensile test. Large surface

transverse defects and small internal transverse defects

were visible in the microscope before the test. Based on the

observations of the fractured fibre ends (Fig. 10a), it is

believed that the fibre starts to fracture at one (the largest)

Table 3 Mean and standard deviation values for diameter, tensile strength, Young’s modulus and strain to failure for single flax fibres

Fibre type Curve type Number

of curves

Fibre

diametera (lm)

Max

load (N)

Tensile

strength (MPa)

Young’s modulus

(GPa)

Strain to

failure (%)

Green Linear 30 18.9 ± 4.3 0.29 ± 0.13 974 ± 419 31.4 ± 16.2 3.00 ± 0.65

Nonlinear 0 – – – – –

Cottonized Linear 15 18.4 ± 3.0 0.19 ± 0.10 760 ± 392 33.1 ± 11.6 2.27 ± 0.63

Nonlinear 20 19.8 ± 3.6 0.22 ± 0.11 641 ± 314 24.2 ± 10.7 2.50 ± 0.48

The results are grouped according to the fibre type and two types of stress–strain curves
a These values are the fibre widths measured by Method 1

Fig. 9 Field-emission SEM image of a single flax fibre showing

transverse defects and longitudinal defects

Fig. 10 Fracture behaviour of a flax fibre showed a by optical

microscope images of a fibre before and after fracture and b in a

schematic view. The locations of small and large transverse defects

are indicated
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defect and then it continues to split until faced with the

next defect along the fibre length as shown by the sche-

matic view in Fig. 10b.

Figure 11 shows an example of a fibre that has a large

fracture zone. It is apparent that the fibre was split into

smaller microfibrillar units at both fractured ends. It is

believed that the fibre fracture started at the outer fibre

surface in a transverse direction, and then it propagated in a

longitudinal direction inside the cell-wall layers.

Discussion

Cross-sectional area

The results show that the cross-sectional areas measured by

the two methods on two large groups of fibres are within

the same range of area distribution (see Fig. 5). It can

therefore be argued that the two groups of fibres are rep-

resentative of identical and comparable sub-groups; i.e. the

sampling of fibres in the two groups is unbiased. The dif-

ference between the mean values suggests that the circular

fibre area measured by the Method 1 is overestimating the

true fibre area by 39%. This value compares very well with

the value of 42% found from similar measurements on

bundles of jute fibres in the study by Virk [6]. Furthermore,

in a study of kenaf, bamboo, and curaua fibres, Teresaki

et al. [15] demonstrated that the fibre area determined by

the circular assumption is higher than the true fibre area,

which was measured by laser scanning microscopy. The

results in the present study, however, for the cross-sectional

areas measured for the same fibres (Table 2), shows that

the fibre area is only slightly overestimated by Method 1

for fibres having a low aspect ratio, and that the fibre area

was much underestimated for fibres having an aspect ratio

above a given threshold value. This is supported by the

examples shown in Table 4 of different cross-sectional

shapes of flax fibres and their measured aspect ratios.

Altogether, it is demonstrated that the aspect ratio must be

taken into account when considering the accuracy of the

widely used Method 1. Similar considerations were made

in the study by Thomason et al. [5].

As a consequence of the above considerations, it can be

seen that the tensile strengths of the fibres, which were

evaluated based on a circular assumption (Method 1), is

likely to be either overestimated or underestimated

depending on their aspect ratios. In general, the tensile

strength will be determined with less accuracy for fibres

having a high aspect ratio. The magnitude of the error can

be estimated by approximating the cross-sectional shape of

the fibres to be elliptical with dimensions of the minor and

major axes a and b, respectively. Then, the true cross-

sectional area is

Atrue ¼ p1

4
a b for ða� bÞ ð1Þ

Then, at the point of maximum applied force, P, the true

tensile strength, is

rtrue ¼
P

Atrue

¼ P

p 1
4
a b

ð2Þ

Assuming (incorrectly) that the fibre has a circular

cross-section, and by measuring the fibre width, the cross-

sectional area may be calculated wrongly. In the two most

extreme cases, the cross-sectional area can be estimated

from the minor axis, a, and the major axis, b, respectively.

Then, the cross-sectional areas are calculated to be

Amin ¼ p 1

4
a2 and Amax ¼ p 1

4
b2 ð3Þ

Fig. 11 Scanning electron microscope image of a large fracture zone

in a single flax fibre. Magnified views (1 and 2) are presented to

highlight the longitudinal cracks along the fibre, and the formed

microfibrillar units at the inner layers at both fractured ends

Table 4 Examples of cross-sectional shapes of flax fibres and their

measured aspect ratios

Cross-sectional shape

Aspect ratio 2.33 2.00 1.14 1.12
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so that the tensile strength would be calculated as

rmax ¼
P

Amin

¼ P

p1
4

a2
and rmin ¼

P

Amax

¼ P

p1
4

b2
ð4Þ

where the subscripts ‘max’ and ‘min’ refer to the maximum

and minimum values, respectively. Combining Eqs. 2 and

4, the ratio between the strengths assuming a circular cross-

section and the (true) elliptical cross-section can be

calculated. The result is

rmax

rtrue

¼ b

a
and

rmin

rtrue

¼ a

b
ð5Þ

Figure 12 shows these upper and lower strength ratios as

a function of the aspect ratio, b/a. The effect is quite

significant. For instance, for a moderate aspect ratio of

1.25, the strength ratios are 0.8 and 1.25. Thus, the

uncertainty in the strength value exceeds ±20%. For an

aspect ratio of 2.3 (about the upper bound of aspect ratio

found in the present study), the strength ratios are 0.43 and

2.3, respectively. For this situation, the calculated tensile

strength value—obtained by assuming a circular cross-

section—may be in error by more than 50%. If only an

uncertainty of 10% is accepted then b/a must be below

1.10.

The results in Table 2 of measured fibre areas by

Method 1 and 2 can be used to calculate the error of the

experimental tensile strength values found in the present

study. The relative area difference, Darea, between the two

fibre areas is given by the equation

Darea ¼
Acirc � Atrue

Atrue

¼ Acirc

Atrue

� 1 ð6Þ

An expression for the ratio between the experimental

and true tensile strength can then be found

rcirc

rtrue
¼ Atrue

Acirc
¼ 1

Darea þ 1
ð7Þ

The equation is used to calculate the strength ratios

(rcirc/rtrue) of the 6 fibres in Table 2, and the results are

shown as data points in Fig. 12. This demonstrates that the

experimentally found errors in strength values are well

located within the upper and lower bounds of the model

lines.

In addition to the above considerations of fibre aspect

ratio, it is also important to consider how the determined

strength of the fibres is influenced by their lumen content.

When the apparent fibre area is used to calculate the

strength values, it necessarily means that in the case of

fibres with a large variation in lumen content, the strength

values will equally show a large variability. To avoid this,

the absolute fibre area (i.e. the cell-wall area) should be

used in the calculation of strength. However, this can only

be done by direct methods such as the one used in Method

2. For the flax fibres in the present study, the lumen content

was found to be very low with a mean of 1.6% although

some fibres have large lumen contents, and where about

85% of all the fibres were found to have lumen content

below 1%. In addition, it was found that the shape of the

fibres, given by their aspect ratio, was not influenced by the

fibres having a lumen. Hence, it can be stated that in the

present study the variability of strength values is not

influenced by the lumen content of the fibres. This is

supported by a previous study by Charlet et al. [9] where it

was shown that the lumen content of flax fibres rarely

exceeds 8% and that the variation of mechanical properties

is only slightly influenced by changes in the lumen content.

Stress–strain behaviour

The observed nonlinear stress–strain behaviour is likely to

be the result of the re-arrangement of the cellulose

microfibrils in the fibre cell wall during loading. Baley [7]

recorded a similar nonlinear behaviour of flax fibres, and

noted that the fibres started to show a linear behaviour after

the first loading cycle, which was ascribed to a presumptive

change of the microfibril angle during loading. Others have

also reported that the stress–strain curves can be seen as

having either a linear elastic behaviour or a nonlinear strain

hardening behaviour [16, 17]. In the present study, the

Cottonized fibres showed both linear and nonlinear stress–

strain behaviours, whereas the Green fibres showed only a

linear behaviour. This difference between the two fibre

types might be explained by the previous finding that the

highly processed Cottonized fibres have many more defects

than the low-processed Green fibres [18] (see Fig. 13),

Fig. 12 Experimental data and model predictions of the ratio

between the determined strengths of fibres using the assumed circular

cross-sections and the measured true cross-sections, as a function of

the aspect ratio of the cross-sectional shape of the fibres
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which possibly is caused by the stable growth of distributed

damage. In other studies, it has been found that the

microfibril angle is higher in defect regions than in non-

defect regions [19–21], and this will lead to the hypothesis

that more defective fibres will show more frequently a

nonlinear stress–strain behaviour. This hypothesis is sup-

ported by the findings in the present study. Although, the

proposed structure–property relationship needs more

experimental verification, it is an interesting idea that the

stress–strain behaviour of flax fibres can be used as a

quantitative measure of their defect content. Furthermore,

with the perspective of using flax fibres as reinforcement in

composites, it can be mentioned that a similar nonlinear

behaviour has been observed for the axial tensile stress–

strain behaviour of unidirectional flax fibre/polyester resin

composites [22]. As discussed earlier, the large scatter in

mechanical properties can be attributed (partly) to the use

of the circular fibre area; an error which is increased when

the aspect ratio of the fibres is increased. In addition to this,

the large scatter in mechanical properties is likely also to

be attributed to the distribution of defects (or kink bands)

along the fibres (see Fig. 13). Large defects lead to low

mechanical properties, whereas smaller defects result in

less reduced mechanical properties. A full quantitative

understanding of the relationship between the size and

number of defects and the mechanical properties of the

fibres is still to be established, although a few studies have

presented work on this [8, 23]. In the present study, despite

the large scatter in mechanical properties, the results show

as anticipated that the low-processed Green fibres tend to

have a higher strength and a higher strain to failure than the

highly processed Cottonized fibres.

The measured values of tensile strength, Young’s

modulus and strain to failure in the present study are

generally in good agreement with data from the literature

as shown in Table 5. It can be seen that the three param-

eters for mechanical properties of flax fibres show large

variability both within studies and between studies. The

variability in properties within studies can be quantified by

the calculated coefficients of variation (CV). These CV

values are in the range from 20 to 60%, in general for all

three mechanical properties. The study by Baley [25]

shows the lowest variability in properties with CVs

between 27 and 36%. The observed variability in properties

of flax fibres between studies is probably caused by dif-

ferences in the origin of the fibres, fibre processing con-

ditions, in addition to differences in the applied testing

methods.

Fracture behaviour

It is obvious that the appearance of defects in an optical

microscope (OM) image and in a scanning electron

microscope (SEM) image (see Figs. 9, 10 and 13) is dif-

ferent. It is possible to identify fibre defects with the SEM

when the defects are shown as clear transverse marks

Fig. 13 Representative

polarised optical microscope

images of single flax fibres:

Green fibres (top) and

Cottonized fibres (bottom).

Fibre defects can be seen as

bright and dark lines across the

fibres. Used with permission of

Mehmood [18]

Table 5 Mechanical data from present and previous studies of single flax fibres

Tensile strength (MPa) Young’s modulus (GPa) Strain to failure (%) Reference

974 ± 419 (43%) 31 ± 16 (52%) 3.0 ± 0.7 (23%) Present study

760 ± 392 (52%) 33 ± 12 (36%) 2.3 ± 0.6 (26%) Present study

641 ± 314 (49%) 24 ± 11 (46%) 2.5 ± 0.5 (20%) Present study

621 ± 295 (48%) 52 ± 18 (35%) 1.3 ± 0.6 (46%) [8]

1,795 ± 1,127 (63%) 76 ± 40 (53%) 2.4 ± 0.7 (29%) [9]

1,339 ± 486 (36%) 54 ± 15 (28%) 3.3 ± 0.9 (27%) [25]

678 ± 216 (32%) – – – [24]

906 ± 246 (27%) – – – [24]

1,834 ± 900 (49%) – – – [2]

Shown are results (mean ± standard deviation, and coefficient of variation in brackets) of tensile strength, Young’s modulus and strain to failure
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(denoted kink bands) on the fibre surface. However, other

types of defects are not visible on the fibre surface with the

SEM, but they are clearly visible with the polarised OM.

This suggests that these latter defects are located inside the

fibres. Thus, a polarised OM is presently the most suitable

imaging technique for investigating how the mechanisms

of crack initiation and propagation are controlled by sur-

face and/or internal defects.

It appears from the polarised OM micrographs that

transverse defects can be sites of crack initiation. The

observations of the fracture behaviour of the fibres suggest

that they exhibit a brittle transverse failure in the outer

surface, whilst the longitudinal microfibrillar splitting

propagates inside the fibres. Previous studies have pre-

sented SEM micrographs of fracture surfaces [23, 26], but

with no clear indication as to which type of defect caused

the fibre fracture. However, based on the OM and SEM

images in the present study, a mechanism is suggested to

explain how both the surface and internal defects are

controlling the fracture behaviour. The fact that the

microscale failure mechanism is complex may explain why

the strength variation of the flax fibres may not always

follow a Weibull distribution [27]. The large fracture area

formed in a complicated way is due to cell wall defects and

anisotropy of internal fibre structures. This is in contrast to

crack growth in brittle ceramics and glass fibres, which fail

by unstable crack growth once a crack has initiated from a

defect.

Conclusions

Single flax fibres were investigated to find the reasons for

the large variability in their measured mechanical proper-

ties. The major reasons for the variability were found to be:

• Inaccuracy in the determination of the cross-sectional

area of the fibres. By using the circular fibre area

assumption, a considerable error is introduced into the

calculated mechanical properties. Experimental data,

together with a simple analytical model, are presented

to show that the error is increased when the aspect ratio

of the shape of fibre cross-sections is increased. Thus,

the aspect ratio of the fibres must be taken into account

to improve the accuracy (and to reduce the variability)

of the mechanical properties.

• Two distinctive types of stress–strain behaviour (linear

and nonlinear) of the fibres. The linear stress–strain

curves were found to give a higher tensile strength, a

higher Young’s modulus, and a lower strain to failure

than the nonlinear curves. It was suggested that the two

types of stress–strain behaviour were correlated with

the amount of defects; the low-processed Green fibres

revealed only the linear behaviour whilst the highly

processed Cottonized fibres show both the linear and

the nonlinear behaviour.

• Complex fracture behaviour. The fibres were found to

fracture by a complex microscale failure mechanism

with large fracture zones governed by both surface and

internal defects causing cracks to propagate in the

transverse and longitudinal directions. A distribution in

the size and number of defects along the fibres will lead

to variability in the tensile strength obtained.

Altogether, it is recommended to furthermore investi-

gate the correlation between the fibre defects and the

mechanical performance of the fibres. It is believed that

this will lead to an improved confidence in the use of flax

fibres for reinforcement in polymer matrix composites.
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Abstract 

 

Unidirectional thermoplastic composites with flax fibres and LPET (Low melting Polyethylene 

terephthalate) matrix filaments were manufactured by a filament winding process followed by a 

vacuum assisted compression moulding process. The influence of applied pressure during 

compression moulding on fibre volume fraction, density, and axial stiffness of the manufactured 

composites is presented using a modified rule of mixture model and experimental results. The 

results show that attainable fibre volume fraction increases with applied pressure. In composites 

with higher volume fractions, it is observed that density and axial stiffness increases by 

increasing pressure due to decreasing composite porosity. The porosity is mostly results from 

impregnation problems at higher volume fractions. Microstructure of composite cross sections at 

different weight fractions shows a correlation between applied pressures, attainable fibre volume 

fraction and porosity distribution within composite structure. The results show an apparent 

correlation between the model and the composite constitutes for the samples tested. It is found 

that the higher consolidation pressure leads to decrease average porosity distribution of 10%, 

increase attainable volume fraction of 13% and a increase in the maximum stiffness of the 

composites from 35 to 40 GPa. 

 

1. Introduction 

 

Flax fibres have for long been considered as attractive raw materials in mainly the textile 

industry. However, they can be used as well as reinforcing fibres in composite materials for 

transport and construction applications [1]. Continuous textile yarns and fabrics with controlled 

yarn directions produced from short flax fibres are the key to the manufacturing of high 

performance flax fibre composites for structural applications[2].  

 

High performance fibre composites present critical structural features needed for attaining 

maximum composite strength and stiffness [3]. The fibres should be long, well aligned in 

controlled directions, and they should be present at a high volume fraction Researchers have for 

long challenge to process flax fibre composites with such structural features [4-6]. Due to this 

challenge, it is typically argued that flax fibres should not be considered as reinforcement in 

mailto:muas@risoe.dtu.dk
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structural composites. Therefore, many studies of flax fibre composites are focused on non-

aligned fibres at low volume fractions [7-11]. 

 

In general, the volume fraction of fibres in composites is a key parameter for the control of 

composite stiffness. The fibre volume fraction in unidirectional flax fibre composites is typically 

lower than the one in unidirectional glass fibre composites, as shown by Madsen and Lilholt 

(2004), since the flax fibre assemblies have lower compactibility than glass fibre assemblies due 

to their non-uniform cross sections [12]. However, the flax fibre composites can be comparable 

or even superior to glass fibre composites in terms of specific stiffness properties (stiffness per 

weight). Oksman (2001) shows that the specific stiffness of flax fibre composites (29 GPa/gcm
-3

) 

is higher than the value of  glass fibre composites (18 GPa/g cm
-3

) at  fibre volume fraction of 

0.42. 

 

The content of porosity in flax fibre composites should be kept to a minimum to obtain high 

performance composites. An analysing of the volumetric porosity content in the composites 

requires knowledge of porosity size, location and distribution [13]. The luminal cavity inside the 

fibre, the irregular shape of the fibre [14, 15]; the poor fibre/matrix interaction [16] and the un-

optimised composite process parameters such as temperature and pressure  lead typically to flax 

fibre composites with a large porosity content [17].   

 

The objective of the present study is to investigate the effect of consolidation pressure on the 

attainable maximum fibre volume fraction (Vfmax) and the porosity content in order to have 

improved mechanical properties of flax fibre composites. Such investigations are needed before 

flax fibre composites can be used for structural applications. Model predictions are provided to 

determine the best volumetric composition of the composites, and the predictions are verified 

with the measured volumetric composition, density and stiffness of the composites. The 

experimental results and the model predictions are supported by microscopic observations of the 

morphology and the distribution of the composite constituents. 

 

2. Theory 

 

The microstructure of a composite shows a combination of three volumetric components: fibres, 

matrix and porosity. Knowledge of the volume fractions of fibres, matrix, and porosity are 

necessary to predict the physical and mechanical properties of composites.  
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Figure 1: Model diagram of the interaction in composites between volume fractions of fibres, 

matrix and porosity as a function of the fibre weight fraction, shown together with schematized 

cross sections of composites.  

 

Madsen et al. (2007) has showed that the volumetric composition in fibre composites can be 

depicted schematically as presented in Figure 1. The volumetric interaction of the constituents is 

separated by a transition stage between a Region A and a Region B. At the transition stage, the 

fibres are fully compacted to a minimum volume (vc min), and the volume of matrix is only 

sufficient to fill the free space between the fibres.  

 

In the Region A, (before the transition stage), the fibre assembly is not fully compacted (   

      ) and the volume of matrix is more than sufficient to fill the free space between the fibres. 

Different types of porosity can be indentified in the composites, e.g. interface porosity, and 
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matrix area porosity (as indicated in Figure 1), which are denoted processing porosity. The 

equations of volume fractions in Region A (Eq. 1,2,3) can be written as [13]: 

    
   

  
    

     

                             
                                                              

    
   

  
    

         

                             
                                                           

    
   

  
    

                     

                             
                                                             

where V is volume fraction, W is weight fraction,  is density, α is porosity constant, and the 

subscripts f, m, and p are fibres, matrix and porosity, respectively. The fibre correlated and 

matrix correlated porosity constants, αpf and αpm, respectively, govern the content of processing 

porosity in the composites, as will be described later.        

 

In the Region B, (after the transition stage), the fibre assembly is fully compacted (        ) 

and the volume of matrix is insufficient to fill the free space between the fibres. The porosity 

caused by the remaining unfilled space between the fibres is denoted structural porosity. The 

equations of volume fractions in Region B (Eq. 4,5,6) can be written as [13]: 

    
   

      
    

  
  

      

                                                                                                                 

    
   

      
    

  

  

      

         
          

     
                                                                                 

    
   

      
    

              

      
               

          

     
                                          

where Vf max is the maximum attainable fibre volume fraction. 

 

The transition between the A and B regions corresponds to a volumetric composition of 

composites with a high fibre volume fraction and a low porosity content (see Figure 1), which 

results in composites with a high density and stiffness, and the transition stage gives therefore the 

optimum parameters for composite design. The optimum transition fibre weight fraction (Wf trans) 

can be calculated by Eq.7 [13]. 

           
                 

                                       
                                                  



5 
 

The density of composites with variable volumetric composition is calculated by the standard 

equation, which is valid for all multiphase materials:  

                                                                                                                                          

where the last porosity term equals zero (since p  0). The density of the composites in Region 

A and Region B can be obtained by inserting Eqs. 1-3 and Eqs. 4-6 into Eq. 8, respectively. In 

the same way, the transition composite density (        ) that represents the maximum attainable 

composite density, can be obtained by calculating the transition volume fractions of fibres, 

matrix and porosity by inserting Eq. 7 into Eqs. 1-3 (or Eqs. 4-6), and these volume fractions are 

then inserted into Eq. 8.  

 

Micromechanical models of composites are derived based on the properties of the individual 

constituents and their arrangement. The simplest available model that can be used to predict 

elastic properties of composites is the rule of mixtures (ROM) model. This model works well for 

aligned and continues fibre composites where the basic assumption of equal strains in the two 

fibres and matrix constituents is correct. However, in composites with a more complex fibre 

arrangement, in terms of fibre geometry, fibre orientation, and fibre packing, in addition to 

having a non-negligible porosity content, a combined ROM model can be used (Madsen et al. 

2009): 

 

                             
                                                                                                       

 

where n controls the effect of porosity to give stress concentrations in the composites,  
 
 is the 

fibre orientation factor (Krenchel 1964) and  
 
 is fibre length factor (Cox 1952). When the 

parameters Vf, Vm, and Vp for the Region A (Eqs, 1-3) and Region B (Eqs. 4-6) are known, the 

stiffness of the composites can be calculated by Eq. 9. 

 

3. Experimental Methods 

 

3.1. Materials 

 

The composites were manufactured with flax fibre yarns (supplied by Extreme Materials, Italy) 

and with low melting temperature polyethylene terephthalate (LPET) filaments (supplied by 

Comfil, Denmark). The linear density was measured to be 88.9 ± 2.6 tex for the flax yarn and 56 

± 0.8 tex for the LPET filament.  

 

3.2. Composite manufacturing 

 

The unidirectional flax fibre reinforced LPET composites were manufactured by filament 

winding of flax yarns and LPET filaments followed by press consolidation. After the flax yarns 
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and the LPET filaments were wound on a frame, the fibre/matrix assembly was first dried under 

vacuum conditions (1 mbar, 23°C, and 16 hours) for moisture removal. Then, the fibre/matrix 

assembly was converted to a composite panel by a vacuum assisted hot pressing moulding 

method. The assembly was heated for 200°C for 15 minutes under vacuum before applying a 

compression moulding force of 200 kN for 1 minute, at 30 °C.  

 

Composites were manufactured with different consolidation pressures (1.67 and 4.10 MPa) by 

using two different panel sizes. Small composite panels (120x400 mm) were consolidated under 

a pressure of 4.10 MPa, whereas large composite panels (300x400 mm) were consolidated under 

a pressure of 1.67 MPa. For both consolidation pressures, a series of composite panels were 

manufactured with fibre weight fractions in the range 0.24-0.83. In addition, one panel was 

manufactured with only LPET. For the composites, the fibre weight fraction of the wound 

fibre/matrix assembly, which is assumed identical to the fibre weight fraction (Wf) of the 

composite plate (Madsen 2004), was calculated from the measured linear density values of flax 

fibre yarns (texf) and LPET matrix filaments (texm) by using Eq. 10. 

 

   
       

               
                                                                                                                       

where N is the number of flax yarn and LPET filament bobbins used in the filament winding 

process.  

 

3.3. Density 

 

The density of the flax yarn fibres (
 
  and the LPET filaments (

 
  were measured according 

to the pycnometer method (ASTM 792) using water as the displacement medium. In this method, 

the luminal cavity of the flax fibres is assumed not to be included in the determined fibre density. 

The density of the composites (
 
  (and the neat LPET panel) was measured according to the 

buoyancy method (ASTM D792). For these measurements, four samples with dimensions 

15x15x2 mm were cut from the central part of the composite panel. 

 

3.4. Volumetric composition 

 

Based on the measured materials densities (c, f and m) and fibre weight fractions (Wf), the 

volume fractions of fibres (Vf), matrix (Vm) and porosity (Vp) in the composites were calculated 

by the Eqs.11-13. 
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3.5. Microstructure 

 

The polished cross-sections of the composites were observed under an optical microscope 

(Aristomet, Leica) to analyse the distribution of fibres, matrix and porosity. In addition, electron 

scanning microscopy (Supra, Zeiss) were used to measure the area and dimensions of the 

different types of porosities by using an image analyzer software (Image-Pro plus 5.0).  

 

3.6. Tensile properties 

 

Dumbbell shaped tensile specimens with outer rectangular dimensions of 180 x 25 mm and 

gauge section dimensions of 100 x 20 mm were cut from the composite panels. Thickness of the 

specimens varied in the range 2.0-2.5 mm. All specimens were initially conditioned in a climate 

chamber (temperature of 23°C and relative humidity of 50%) for 2 months until specimen 

weights were stable. Tensile tests were performed on an Instron universal testing machine 

according to ISO 527 at room temperature, with cross head speed of 2 mm/minute and load cell 

of 25 kN. Strain was measured on the two sides of the specimens using extensometers. For each 

composite panel, five specimens were tested. 

 

4. Results and Discussion 

 

4.1. Establishment of porosity parameters for the volumetric composition model 

 

The fibre correlated porosity constant (αpf), and the matrix correlated porosity constant (αpm) in 

the volumetric composition model are linear proportionality constants of the assumed linear 

relation between the two types of porosities (Vpf and Vpm), and the fibre and matrix volume 

fractions (Vf and Vm): 

 

                                                                                                                                                              

                                                                                                                                                            

 

The two types of porosities can be further divided into a number of sub-porosities that are 

controlled by their location in the composites: fibre lumen porosity (Vpf (1)), interface porosity 

(Vpf (2)), impregnation porosity (Vpf (3)), and matrix porosity (Vpm (1)), and each of these sub-

porosities is assigned a porosity constant:  
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Next, it will be described how the values of porosity constants were established based on the 

microstructure of the composites.  

 

Figure 2 shows the three types of fibre correlated porosities in the flax/LPET composites. The 

fibre lumen porosity (Vpf (1)) is located in the lumen area (the central cavities) of the individual 

flax fibre cross sections. The interface porosity (Vpf (2)) is found at the flax fibre/LPET matrix 

interface. This kind of porosity is formed due to the non-perfect compatibility between fibre and 

matrix. The impregnation porosity (Vpf (3)) can be seen as free cavities in the interior of the flax 

fibre bundles. This is formed due to non-perfect matrix impregnation of the fibres.  

 

Figure 2: OM and SEM micrographs with increasing magnifications from a) to d) of polished 

cross sections of flax /LPET composites showing three types of fibre correlated porosities: fibre 

lumen porosity, interface porosity, impregnation porosity, in addition to one type of matrix 

correlated porosity: matrix area porosity.  
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The fibre lumen porosity and the interface porosity can be quantified by image analysis of 

polished composite cross sections. The fibre lumen porosity constant           can be determined 

from the measured fibre lumen content (Vlumen) (Madsen et al. 2007): 

 

         
      

        
                                                                                                                                    

  

The interface porosity constant            can be determined from the measured dimensions of the 

debonded interface gap and the fibre cross sectional area (Madsen et al. 2007):  

 

        
   

  

 

        
                                                                                                                          

where b is the width of the interface gap,   is the interface debonding fraction (=1 for fully 

debonded fibres), A is the cross sectional area of the fibre, and C is the perimeter of the fibre 

cross-section.  

Based on SEM micrographs of the flax/LPET composite cross sections (such as the one shown in 

Figure 2b), a large number of measurements were made of (i) the cross-sectional area of the 

fibres, (ii) the luminal area in the centre of the fibres, (iii) the perimeter of the fibre cross-

sections, (iv) the width of the interface gaps, and (v) the interface debonding fraction. No 

systematic difference was found between composites with different fibre contents, and between 

composites processed by the two different consolidation pressures. The mean ± stdv. of the 

microstructural measurements are presented in Table 1. The mean fibre area and fibre luminal 

area was found to be 131 ± 57 µm
2 

and 0.65 ± 0.48 µm
2 

respectively, resulting in fibre lumen 

content (Vlumen) of 0.005. In a previous study of single flax fibres by Aslan et al. 2011, the fibre 

lumen content was determined to be 0.016. The measured values of the microstructural 

parameters presented in Table 1 were used to establish values of         and         on 0.005 and 

0.006, respectively, by the use of Eqs. (18) and (19).  

 

Table 1: Measurements of the microstructure of flax/LPET composites. 

Microstructural parameters Value 

Fibre cross-sectional area (A) [µm
2
] 131 ± 57 

Fibre luminal area [µm
2
] 0.65 ± 0.48 

Fibre cross-sectional perimeter (C) [µm] 41.8 ± 10.1 

Interface gap width (b) [µm] 0.09 ± 0.03 

Interface debonding fraction () 0.20 ± 0.04 

Fibre lumen content (Vlumen) 0.005 
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The matrix porosity constant           can be determined from the measured matrix porosity 

content (Vmatrix) (Madsen et al. 2007): 

 

         
       

         
                                                                                                                                  

In principle, Vmatrix can be determined from composite cross sectional observations of neat 

matrix regions, but this presents some difficulties with respect to the definition of a matrix unit 

area (in analogy to a fibre unit area, which can be defined by a single fibre). Instead, Vmatrix can 

be determined from the absolute matrix density (i.e. excluding porosities) (m abs), and the 

apparent matrix density (i.e. including porosities) (m app): 

 

           
      

      
                                                                                                                                    

  

The density of the LPET filaments was measured to be 1.357 g/cm
3
, and this is assumed to 

represent the absolute matrix density (m abs). The density of the neat LPET plates made by 

compression moulding was measured to be 1.337 g/cm
3
, and this is assumed to represent the 

apparent matrix density (m app). Based on these two measured density values, Vmatrix is 

calculated to be 0.015, which means that the pure matrix regions in the composite contain 1.5 % 

porosity. This is in accordance with the microstructural observations showing only a few 

occurrences of porosities in the matrix (see Figure 2c). By the use of Eq. (21), the value of 

        was established to be 0.015.  

 

The final porosity parameter in the volumetric composition model, the impregnation porosity 

constant           is not straightforward to quantify directly from cross sectional images of 

composites, since it cannot be measured independently due to overlap with the other types of 

porosities (see Figure 2). Instead, this porosity constant can be determined from the slope of a 

linear regression line of the relation between experimental values of porosity (Vp) and fibre 

volume fraction (Vf) of the composites (Madsen et al. 2008):  
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Figure 4: Porosity of flax/LPET composites as a function of fibre volume fraction. Shown are 

experimental data and model predictions for composites manufactured with low and high 

consolidation pressures.  

Figure 4 shows the experimental values of porosity as a function of fibre volume fraction for the 

flax/LPET composites manufactured with the low and high consolidation pressures. It can be 

observed that the experimental data form approximate linear relationships, as foreseen by Eq. 

(22). The two regression lines are made with a fixed intercept of 0.015 (                   ) 

at Vf = 0, which is in accordance with Eq. (22). Based on the slopes of the regression lines, and 

by knowledge of the values of the three other porosity constants,         is determined to be 0.119 

and 0.094 for composites made with the low and high consolidation pressure, respectively. Thus, 

the experimental data and the model analysis support the expected trend that the higher 

consolidation pressure leads to a slight reduction in the amount of impregnation porosity.  
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Table 2: Model parameters for the modelling of the volumetric composition of flax/LPET 

composites manufactured by low and high consolidation pressure. 

Model Parameters  Low Pressure 

Composites 

High Pressure 

Composites 

Fibre density [g/cm
3
]     1.589 1.589 

Matrix density [g/cm
3
]     1.357 1.357 

Fibre lumen porosity constant         0.005 0.005 

Interface porosity constant         0.006 0.006 

Impregnation porosity constant         0.119 0.094 

Fibre correlated porosity constant     0.130 0.105 

Matrix area porosity constant         0.015 0.015 

Matrix correlated porosity constant      0.015 0.015 

Maximum fibre volume fraction  f  a  0.530 0.597 

Transition fibre weight fraction  f trans 0.611 0.676 

 

Table 2 shows the established values of the porosity constants to be used for the modelling of the 

volumetric composition of the flax/LPET composites. It shows that the fibre correlated porosity 

(i.e. the sum of the sub-porosities) is higher for the low pressure composites compared to the 

high pressure composites with values of 0.130 and 0.105, respectively. This difference is due to 

the difference in impregnation porosity between the composites. It can also be noted that the 

impregnation porosity is the pre-dominant type of porosity in the composites, which also can be 

evaluated from the micrograph in Figures 2d.  

 

4.2. Volumetric composition of composites 

The values of the model parameters determined for predicting the volumetric composition of the 

flax/LPET composites are given in Table 2. The measured values of ρf and ρm are 1.589 g/cm
3
 

and 1.357 g/cm
3
 respectively. As described above, αpf is measured to be 0.130 and 0.105 for the 

low and high pressure composites, respectively, and αpm is measured to be 0.015, with an 

assumed no difference between the two composites. The maximum attainable fibre volume 

fraction, Vf max, is determined by the average of measured fibre volume fractions in the Region B 

(see Figure 1). As shown in Table 2, Vf max is determined to be 0.530 and 0.597 for the low and 

high pressure composites, respectively. By the use of Eq. (7), the transition fibre weight fraction, 

Wf trans, is calculated to be 0.611 and 0.676 for the two composites, respectively. This is the value 

of fibre weight fraction that gives optimum volumetric composition, and thereby optimum 

mechanical properties of the composites.  

 

Figure 5 shows the experimental data together with model predictions of the volume fractions of 

fibres, matrix and porosity in the low and high pressure flax/LPET composites as a function of 

the fibre weight fraction. As can be observed, there is a good agreement between experimental 

data and model predictions. At low fibre weight fractions, below the transition stage, the volume 

fractions of fibres, matrix and porosity changes monotonically with the fibre weight fraction. At 
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high fibre weight fractions, above the transition stage, the fibre volume fraction shows a constant 

level, (= Vf max), the matrix volume fractions show a non-linear decreasing trend, and the porosity 

starts to increase rapidly.  

 

 
Figure 5: Volume fractions of fibres, matrix and porosity as a function of fibre weight fraction 

for flax/LPET composites manufactured by low and high consolidation pressure. Shown are 

experimental data and model predictions. Filled and open experimental data points are for low 

and high pressure composites, respectively.    

 

As shown in Figure 5, the low and high pressure composites show almost similar trends in 

Region A, before the transition stage. In this region, the small observable difference in porosity 

between the composites is due to the small difference in the fibre correlated porosity constant 

with values of 0.13 and 0.11 for the two composites, respectively. As noted above, the main part 

of this porosity is assigned to impregnation porosity. In Region A, the small differences in the 

fibre and matrix volume fractions between the two composites are not easily observable. The 

fibre weight fraction at the transition stage between Region A and B is however clearly different 

between the low and high pressure composites with values of 0.61 and 0.68, respectively. Thus, 
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the fibre weight fraction can be increased to a higher level for the composites manufactured with 

the high consolidation pressure, before the maximum fibre volume fraction is attained (= Vf max). 

In other words, the higher consolidation pressure leads to the situation of a fibre assembly than 

can be more closely packed, and a higher fibre volume fraction can therefore be obtained in 

Region B. The difference in Vf max between the low and high pressure composites is 7 % point, 

and as will be shown later, this leads to a marked difference in optimum properties between the 

composites. When the fibre weight fraction is increased further in Region B, the dramatic 

increase of porosity is caused by that the available matrix volume is not sufficient to fill the free 

space between the maximum packed fibres. The difference in Vf max between the low and high 

pressure composites leads to a shift in the onset of the increase in porosity.  

 

4.2.1. Microstructure of composites  

Figure 6 shows optical microscope images of polished cross sections of flax/LPET composites 

with three different levels of fibre weight fractions (Wf  Wf trans, Wf  Wf trans, Wf  Wf trans), and 

manufactured with two different consolidation pressures (low and high). Thus, the effect of fibre 

content and consolidation pressure on the microstructure of the composites can be observed, and 

here follows qualitative descriptions: 

 

 The spatial distribution of fibre bundles, i.e. fibre yarns, is affected by the fibre content. 

As expected, it is clearly shown that the yarns are increasingly being packed more closely 

together when the fibre content is increased. Below Wf trans, the yarns are more or less 

non-uniformly distributed with large matrix-rich areas between the yarns. When the fibre 

content is increased, the yarns are more regular arranged with small confined areas of 

matrix between the yarns. At fibre contents above Wf trans, the yarns are arranged in a 

closely packed configuration. No effect of the change in consolidation pressure can be 

observed on the spatial distribution of yarns at the three levels of fibre content. 

 

 For composites with a low fibre content before the transition stage (Wf  Wf trans), no 

difference can be observed for the porosity content of the low and high pressure 

composites (as evaluated by the extent of black areas in the cross sections). This is 

consistent with the almost identical model lines for porosity in Region A, for the two 

composites, as shown in Figure 5. The porosity can be seen to consist mostly of 

impregnation porosity (i.e. black areas within the yarns), which also was shown by the 

above quantitative analysis (see Table 2).  
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Figure 6: Optical microscope micrographs showing the microstructure of flax /LPET composites 

with three different levels of fibre weight fractions (Wf), with respect to the transition fibre 

weight fraction (Wf trans), and manufactured with two different consolidation pressures, low and 

high. Values of Wf are 0.24, 0.55 and 0.76 for both the low and high pressure composites. Scale 

bar is 200 µm. 
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 For composites nearby the transition stage (Wf  Wf trans), a characteristic microstructural 

feature can be observed, as shown by the middle image in Figure 6 for the low pressure 

composites. Large and confined areas of porosity are seen to be developed in the matrix-

rich areas between the yarns. These are thought to be local occurrences of structural 

porosity due to an insufficient volume of matrix to fill the free space between the 

(almost) fully compacted fibres. Based on the microstructural observations, it is indicated 

that nearby the transition stage, there a preferable filling by the matrix of the space 

between the fibres in the yarns, and there is then not enough matrix to fill the space 

between the yarns, giving rise to structural porosity Other examples of these local 

structural porosities is shown in Figure 7. They were found to be non-uniformly 

distributed across the cross sections given rise to a very heterogeneous microstructure 

(which will be shown later to be correlated to an increase of the scatter of the measured 

properties). Interestingly, the occurrence of local structural porosity was observed only 

for the composites manufactured with the low consolidation pressure.  

 

 For composites with high fibre content after the transition stage (Wf  Wf trans), the 

porosity takes up a dominating part of the materials, as shown by the micrographs in 

Figure 6. This is also consistent with the results of the quantitative analysis (see Figure 5) 

where the porosity content is determined to be in the range of 10-45% of the total 

composite volume. The major part of the porosity consists of structural porosity, which is 

almost uniformly distributed in the composite cross sections, but with a tendency to be 

located mostly within the yarns (in contrast to the above observation of local structural 

porosity). It is therefore indicated that in this case, there is a preferable filling by the 

matrix of the space between the yarns, and there is then not enough matrix to fill the free 

space within the yarns. It should however be noted that the high porosity content of these 

composites and the related low quality of the micrographs, impede a detailed evaluation 

of the microstructure. 
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Figure 7: Optical microscope micrographs flax/LPET composites showing occurrences of local 

structural porosity.   
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4.2.2. Compaction behaviour of fibres  

Many researchers have experimentally investigated the compaction behaviour of fibre 

assemblies, and have found that it can be simulated by a power law function (Vf = a P 
b
), where 

the fibre volume fraction (Vf) is calculated as a function of the compaction pressure (P) [12, 18, 

19]. It has been shown that the compaction behaviour is controlled by the configuration of the 

fibre assemblies, such as fibre orientation, and fibre morphology. For unidirectional flax yarn 

assemblies, the values of the fitting constants, a and b, were established by Madsen and Lilholt 

(2002) to be 0.5 and 0.1, respectively.  

 

Figure 8: Compaction curve for unidirectional flax yarn assemblies together with values of Vf max 

for the unidirectional flax/PET composites manufactured with two different consolidation 

pressures. 

A textile flax yarn with a linear density of 64 tex was used, and this is in the same range as the 

one used in the present study with a linear density of 89 tex. Figure 8 shows the compaction 

curve for unidirectional flax fibres. The curve starts with a Vf of about 0.30 at zero compaction 

pressure, which means that the volume of flax fibres in the un-compacted assembly is 30% 

compared to the total volume (and the remaining 70% of volume is air). When the fibre assembly 

is compacted by increasing the compacting pressure, the fibre volume fraction is increased 

following a power law relationship. It can be anticipated that there is a correlation between the 

compacting behaviour of fibre assemblies, and the maximum fibre volume fraction that can be 

attained in the related composites.  The two flax yarn composites of the present study were 
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consolidated with pressures of 1.67 and 4.10 MPa giving rise to values of Vf max on 0.530 and 

0.597, respectively. These two data points are shown together with the compaction curve in 

Figure 8. 

It is seen that low and high pressure levels are well correlated with mathematical model (Madsen 

et al, 2007). The difference between the data from present study and those of Madsen and Lilholt 

(2002) was less than 0.02. Similar results has been found for hemp fibre composites (Madsen 

and Lilholt 2002).  

4.3. Physical and mechanical properties of the composites 

4.3.1. Density of the composites 

 

Figure 9: Composite densities as a function of fibre weight fraction for low and high pressure 

composites 

 

Figure 9 shows that density (c) of low and high pressure composites increases as fibre weight 

fraction increase until the transition fibre weight fraction between region A and B which is 

determined by setting Eq.4 and then decreases with increase in fibre weight fraction. When 

composites are produced with higher pressure they show lower porosity fractions. At low weight 

fraction there is little difference in the density of composites for low pressure composites and 

high pressure composites. But at higher weight fractions density of low pressure composites is 

less due to larger porosity fractions. The model predictions also show good agreement with 

experimental density data.  
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4.3.2. Stiffness of the composites 

 

The experimental data points of stiffness and model lines for low and high pressure Flax/LPET 

composites are shown Figure 10. The model predictions and experimental values of stiffness 

show almost the same increasing trend by increasing fibre weight fraction at low weight fractions 

(region A) for both low and high pressure composites. After transition region (region B) at high 

weight fractions, the stiffness starts to decrease by increasing weight fraction and significantly 

decreases for low pressure composites. The model lines are well correlated with experimental 

data points at low weight fractions but they are not consistent at high weight fractions due to 

increasing deviation of porosity fractions as an effect of pressure. Experimental data points show 

large scatter at higher weight fractions (transition region and region B). The stiffness of 

composites in axial direction is controlled by fibre volume fractions. The higher scatter results 

from higher porosity are due to structural porosities resulting from insufficient matrix and poor 

impregnation at higher fibre volume fractions. 

 

Figure 10: Composite stiffness as a function of fibre weight fraction for low and high pressure 

composite 
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Table3: Model parameters for the composite stiffness. 

Model Parameters Low  Pressure Flax/LPET High Pressure Flax LPET 

Ef [GPa] 76.3 76.3 

Em [GPa] 2.83 2.83 

n 2 2 

 0 1 1 

 1 1 1 

Ectrans  [GPa] 35.5 40.3 

 

The model parameters to predict the stiffness of composite are shown in Table 3. Measuring 

fibre stiffness (Ef) is necessary for selection of fibre reinforcement in unidirectional composites. 

The axial stiffness of the flax fibres calculated to be76.3 GPa using Eq.11. Accuracy of the fibre 

stiffness value has strong effect on the true value of maximum composite stiffness (Ectrans). 

Stiffness of single flax fibres shows large variability between 13-116 GPa due to structural, 

processing defects and measurements errors [14].The matrix stiffness (Em) is measured to be 2.8 

GPa from the tensile stress-strain curves of 10 samples produced from pure LPET panel. Madsen 

(2004) found that the porosity efficiency exponent (n) is assumed equal to 2 since it gives a good 

fit to the experimental data for plant fibre composites [12]. Both fibre orientation factor      and 

fibre length efficiency factor      are calculated to be 1 for unidirectional composites. According 

to measured and nominal parameters, maximum attainable composite axial stiffness (Ectrans) is 

calculated to be 35.5 and 40.3 MPa for low and high pressure composites, respectively. The 

model prediction results were found slightly higher than measured stiffness values to be 33-34 

GPa at higher volume fractions. 

 

5. Conclusion 

In the present paper, the effect of panel size which induced different pressure levels on volume 

fraction of the composite constitutes has been investigated in terms of physical and mechanical 

properties. The following new findings for volume fraction model, density and stiffness model 

with validated experimental values in flax fibre/LPET composites are presented.  

This effect was confirmed by compaction factor of the fibre assemblies before consolidation.  

 Pressure difference makes decreasing effect on porosity at higher volume fractions and a 

large part of the porosity is caused by structural porosities (Wps) at higher volumes which 

formed during processing in comparison to small part of fibre related porosities.  

 A higher pressure certainly improves attainable maximum fibre volume fraction, the 

density and the stiffness properties of the flax fibre composites. 

 Flax/LPET composites can be produced up to optimum 60% of volume fractions for 

unidirectional composites, which is the highest level until now. 
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Abstract 

Although test standards give guidelines for specimen design for gauge section failure in order to 

determine the ultimate tensile strength correctly, unidirectional test specimens often show 

premature failure due to the presence of a stress singularity in the gripping section. In the present 

paper, a parameter study is performed to determine the effect of specimen geometry and elastic 

properties of tab and test materials (isotropic or orthotropic) on the stress singularity. The results 

showed that the singularity in the vertex of dissimilar material wedges can not be eliminated 

completely, but it can be reduced significantly. Softer tabs and low wedge angles decrease the 

stress singularity. There is no effect of thickness ratio of the tab/test material on the order of 

stress singularity. A simple criterion is proposed for the assessment of the severity of the stress 

singularity. For typical composite materials, gauge section failures should be achievable by 

selecting a suitable tab material and test material combinations with small wedge angles in the 

range of 5° and 10° depending on the stiffness ratio. The results suggest that the effect of 

stiffness ratio between the tab and test materials is not fully taken into account in the current 

standards.  

Keywords:  Stress singularity, Elasticity, Mechanical testing, Finite element model (FEM) 
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1. Introduction 

Tensile testing of unidirectional composites is not straightforward. It is difficult to obtain a valid 

gauge section failure, i.e., failure located away from the specimen ends where the load is applied 

and the stress state is multiaxial and non-uniform. The occurrence of failure away from the gauge 

section thus leads to erroneous strength determination, denoted premature failure. As an 

example, Figure 1 shows a unidirectional Flax-LPET (Linear Polyethylene terephthalate) 

composite specimen with square cut GFRP (glass fibre reinforced plastic) tabs after uniaxial 

tensile testing according to the ISO 527 [1] standard. As can be seen from the Fig. 1, the test 

specimen failed at the end of tab. 

 

Fig. 1: Unidirectional flax / LPET composite tensile specimen (ISO 527) which failed in the 

vertex of tab-specimen edge. 

The desired uniform, uniaxial stress state in the gauge section can be obtained by the application 

of a tension force through shear tractions along the surfaces at the specimen ends. In practice, the 

shear forces are applied using grips and friction. The grips clamp the specimen surfaces at each 

side by high normal forces. The grips themselves can cause damage to the surfaces of the test 

material in the gripping area. Such damage will likely lead to premature failure at the grips. 

Then, the strength of the test material will be under estimated. Therefore, tabs are usually bonded 

onto the test material in order to protect the test material from damage in the gripping area. The 

tabs protect the test material and introduce the load into the specimen but induce a complicated 

stress field at the end of the tab. 

The standards differ in terms of the design of the specimen geometry, fixturing, gripping and 

displacement measurement method. The ASTM and JIS standards use tapered GFRP tabs while 

and ISO 527 standards allow the use of square cut tabs. Moreover, the ASTM D 3039 [2] 

standard suggests a large range of tab wedge angle           and a longer specimen than 
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the ISO 527 standard. In many cases, however, unidirectional straight sided specimens still fail 

prematurely from the tab ends [3]. For the width tapered specimen geometry, specimens show 

failure by cracking parallel to the fibre orientation (splitting cracks) from the wedge tip in both 

specimen sides during loading [4].  

The effects of tab design and gripping conditions on the tensile properties were investigated 

experimentally by Hojo et al. [5]. They observed that the use of square cut GFRP tabs     

    ) and tapered GFRP tabs           did not result in significantly different tensile strengths. 

Many of the specimens (65 - 85%), both tapered and non-tapered, broke inside the tabs near to 

the wedge tip. For tension testing perpendicular to the fibre direction, specimens with GFRP tabs 

having a wedge angle of 90° broke at the end of the tabs and had a lower strength than specimens 

with rubber tabs which broke within the gauge section. 

Wisnom and Maheri [6] presented experimental results of the uniaxial tensile strength of 

unidirectional carbon fibre-epoxy composites made from prepregs. The plies were placed in a 

stepped way in order to produce a tapered section of plates. The tensile strength of specimens 

with a wedge angle of 0.7° was found to be 14% higher than the strength of straight-sided 

specimens. This difference was considered to be statistically significant.  

Belingardi [7] found that the gripping pressure, specimen geometry, tab material and 

manufacturing procedure affect the tensile strength of unidirectional tensile specimens under   

test conditions in accordance with the ASTM D 3039 standard.  They found a significantly lower 

tensile strength for specimens having tabs molded to the test materials during production. The 

difference was attributed to residual stresses originating from the molding. Moreover, they 

suggested the use of a lower gripping pressure, lower wedge angle and softer tab material with 

adhesive bonding to avoid tab failure. 

Most of the studies on the stress state of various tab configurations for a tensile test only consider 

a few specific geometric factors. However, the stress state depends on both the geometry and 

elastic properties. It is therefore difficult to make general recommendations from a few specific 

cases. This may be the reason for all the different type of materials and configurations proposed 

in the standards. 

Some earlier studies investigated the stress state in terms of a stress concentration at the wedge 

of the tab/test material by finite element modelling (FEM). They found that both the tab 

geometry and the tab material type had a large effect on the stress distribution. The stress 

distribution was calculated with the aim of minimisation of the stress concentration at the end of 

the tab-test material interface [8]. Adams and Adams [10] investigated specimens with different 

tab configurations involving tab thickness, the tab length, tab wedge angle, and stiffness of the 

tab material by FEM. They stated that the tab thickness does not have any influence but a tab 

length of at least       was recommended for the minimization of the stress concentration.  
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The model results above were based on the assumption of a stress concentration (i.e. a finite 

stress) at the end of the tab. However, detailed linear elastic stress analyses reveal that the stress 

state at a wedge tip can be singular [11]. The general problem of two dimensional bonded half 

planes of dissimilar isotropic elastic materials loaded with arbitrary boundary tractions was first 

analysed by Bogy [11]. The solution was found with three non-dimensional combinations of four 

elastic constants (a Young’s modulus and a Poisson’s ratio for each of the two materials). 

However, Bogy [12] later expressed the stress fields for wedges of arbitrary angles in terms of 

the two non-dimensional elastic Dundurs’ parameters  and  [13]. The Dundurs’ parameters  

and  are defined in plane strain condition as  

                          
    

   
                                           

  

  

     
  

     
  

                                                  

   
 

 
 
                   

                 
                     

  

       
                                                  

where Ej is the Young’s modulus,   is the stiffness ratio, Gj is the shear modulus and vj is the 

Poisson’s ratio of material number      . The first Dundurs’ parameter  is a measure of the 

Young moduli difference across the interface. When material #1 is extremely stiff in comparison 

with material #2,  approaches +1. When material #1 is extremely compliant,  approaches -1. 

For most material combinations,   lies between     and      [14]. As seen from eq. (1), 

material combinations can also be defined in terms of the stiffness ratio,  ,  instead of . 

The order of the wedge tip stress singularity depends on the geometry of the tab and material 

elastic properties but is independent of external loading. In two dimensions, the stress singularity 

can be written as [12]  

                                                                                                                                                    (3) 

where     is the stress tensor, p is a singularity exponent and r is the radial distance from the 

wedge tip. The parameter p is a complex number that consists of real and imaginary parts. The 

stresses approach infinity at the wedge tip                  when p has a positive real part 

(0 < p < 1). However, the stress at the wedge tip will be finite and the singularity varnishes when 

p has a non-positive real part (p  0). Bogy also showed that a half plane bonded to a quarter 

plane (i.e., wedge angle of 90°) possesses a singularity for most applicable material 

combinations. For a high wedge angle, the imaginary part becomes non-zero, resulting in 

oscillatory stress behaviour. 

Hein and Erdogan [15] presented numerical solutions for the stress singularity at the vertex of 

two elastically dissimilar half spaces. They found that high wedge angles lead to complex 

singularity values (i.e., non-zero imaginary part) and higher values of the real part singularity 
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exponent, so that singularity increases and becomes significant even for small values of stiffness 

ratio,  .  

Xu et al. [16] investigated the stress state for straight-sided and convex bimaterial butt joints. 

They demonstrated experimentally that the final failure strength is higher for specimens having a 

convex corner joint than for specimens having a straight edged joint. They also showed 

numerically that a smaller corner angle gave a lower stress singularity and resulted in a relatively 

uniform interfacial stress distribution and higher tensile strength for convex corners.    

The stress state of tensile specimen made of an orthotropic material is more complicated than 

specimens made of isotropic materials since the stress state depends on more elastic parameters. 

However, under certain restrictions, orthotropic composite materials can be analysed as being an 

isotropic specimen by the orthotropy rescaling technique [17]. The method allows reduction of 

the complexity of the stress field in composite materials.  

For orthotropic materials, the stress field under prescribed surface tractions depends on two non-

dimensional parameters  and  defined as [17, 18] 

                                          
   

   
                     

       

    
                                                             

where     and     denote the Young moduli in the direction of the x- and y-axis, 

respectively,      and     are the major and minor Poisson's ratios and     is the shear modulus. 

For isotropic materials,      . In many cases, the stress field dependence of   is relative 

weak [18]. 

For the present problem, the stress distribution at the vertex of the tab and test material of the 

specimen can be expressed as follows 

                                                    
   

  
      

  

 
                                                                                 

where    is the applied stress in the gauge section, Aij represent non-dimensional singularity 

functions and H is a characteristic dimension, here the thickness of the test material.  

The aim of the present study is to develop a tensile test specimen geometry that creates valid 

failures within the central gauge section of the test material by minimising or eliminating the 

stress singularity at the vertex of the tab wedge. The analysis includes both isotropic and 

orthotropic test materials. 

The paper is organised as follows: first, a two dimensional model of a tensile test specimen is 

defined. A finite element model, used for analysing the problem is then described. Next, results 

for an isotropic bimaterial specimen are presented in terms of singularity exponents and 

functions for different wedge angles and elastic constants. Results for orthotropic material cases 
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are presented using the orthotropic parameter  with    . Then follows a discussion leading to 

proposals for practical test specimen design. Finally, the major results are summarised. 

 

2. Problem Statement   

 

A problem of interest is a straight-sided tensile specimen with an end-tab as shown schematically 

in Figure 2. The problem is analysed as a 2-dimensional problem since it is assumed that there is 

no variation of stress distribution along the z-direction (width). 

The geometry of the test specimen is described in terms of the tab material thickness, h, the tab 

material length along the interface to the wedge tip, L1, the gauge length of the test material, L2, 

and the test material thickness, H. They are fixed as        ,            and      

       in the present study.  

 

 

Fig 2: Schematic view of the 2D test specimen 

The tensile test specimen will be analysed as a two dimensional (plane strain) problem. Owing to 

symmetry conditions, only one quarter of the specimen geometry needs to be considered in the 

model. For an isotropic and orthotropic wedge tip problem, the non-dimensional singularity 

exponent, p and singularity functions, Aij take the form 

                                                                               
 

 
                                                                  

                                                                          
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where   and   are given by (1),  and  by (4), while   is the wedge angle and   is an angular 

direction for stress components around the wedge tip. In the present study, the wedge angle,  ,  

was varied in values of 90, 45, 15, 10, 5, and 2.5°. The elastic properties of the tab material were 

varied in 20 different values of   (or ) from very compliant (  = 0.005) to very stiff (  = 10). 

The parameter  was varied in values of 0, /3 and /4. The orthotropic parameter  was varied 

in values of 0.005, 0.1, 0.5, 1 but  was always fixed as 1 in this study.  

The stress singularity exponents, p, and the singularity function, Axx, are obtained by the slope of 

the log-log plot of the stress component σxx as a function of the distance to the wedge ti for a 

specific angular direction,      The estimation procedure is explained in detail in Appendix 1. 

 

3. Finite element model 

 

The straight sided specimen was modelled by the finite element (FE) method using the 

commercial code Abaqus version 6.10-1 [19]. The mesh consisted of six-node (triangular) 2D 

plane elements denoted CPE6. Plane strain conditions (z = xz = yz = 0) were prescribed. A 

typical mesh is shown in Figure 3. Since the primary interest is the determination of the potential 

stress singularity at the end of the tab material (x =L1), small elements (smaller than 10
-5

 H) were 

used near the wedge tip where larger stress gradients are expected. 

The boundary conditions were prescribed as the relative displacement of nodes of the elements in 

the axial direction (x-axis). The nodes on the right end and bottom of the model (midplane of the 

sample) were constrained in the x- and y-directions, respectively. The tab material and the test 

material were modelled to have a perfect bonding along the interface (i.e., shared nodes).  
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Fig. 3: A typical finite element mesh for the 2D problem 

 

4. Results 

4.1. Model Verification 

Although the stress value at a singularity is in principle unbounded, a FE model will always give 

finite stresses. However, if the mesh is sufficiently refined around the singular point, the FE 

stress field will follow a singular field in a region near the singular point so that the effect of tab 

material type and geometry on the singularity can be determined correctly. More details about 

the mesh refinement close to the wedge tip are given in details in Appendix 2.  
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In order to determine the accuracy of the results and to check that the mesh is sufficiently refined 

near the wedge tip, p and Axx were determined for different angular directions,   ( /4,  /2, 3 /4 

and  ). The difference between the singularity values for these angular directions was found to 

be less than 0.001. This difference is considered to be insignificant (see Appendix 3). 

Moreover, the results from the present model were checked with data from the literature. The 

stress singularity exponents of the present study were compared with values read off a graph 

from a study of Hein and Erdogan [15] (see Appendix 4). The difference between the data from 

present study and those of Hein and Erdogan [15] was less than 0.001. 

4.2. Stress distribution at the wedge  

Contours of the stress component     (normalised by the applied stress,   ) in the wedge of the 

tab and test material are presented for        and       with          in Figure 4. It is 

seen that the test specimen having       has a larger region with high stresses near the wedge 

tip than the specimen with      . Figure 5 shows the axial stress,     (normalised with the 

applied stress,   ) as a function of the distance from the wedge tip for the   =   in the case of no 

elastic mismatch      . The maximum stress of the test specimen having   = 90° is much 

higher than the maximum stress of a specimen with      . This indicates that the singularity is 

stronger for       than       .  

 

Fig. 4: Contours of the stress distribution (        near the wedge of the test and tab material a) 

for       and b)       
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Fig. 5: Axial stress distribution as a function of position along the interface from the wedge tip 

for       and       for      

4.3. Stress singularity exponent and singularity function for isotropic materials 

 

Fig. 6: Singularity exponent as a function of Dundurs’ parameters ( and ) 

The stress singularity exponent, p, of the stress field around the vertex are shown for       in 

Figure 6 for isotropic materials in terms of the Dundurs’ parameters,  and . The major trend is 

that p increases with increasing . It is seen that the singularity exponent takes the same value 

for different  values except for  very close to unity. Assuming that the effect of  is generally 

small, only material combinations with        will be investigated in the remainder of the 

study. 
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Fig 7: Singularity exponent (a) and constant (b) as a function of stiffness mismatch for different 

wedge angles 

Fig. 7 shows p as a function of   and   with       . The results show that the p is between 0 

and 0.5 for the entire range of Dundurs’ parameters and different wedge angles. For a fixed  , p 

decreases with decreasing  . For a fixed  , p decreases with decreasing  . For       and 

   , p is relatively insensitive to    In contrast, for       , p varies rather strongly for 

     . However, for       (        it is convenient to show the singularity exponents in 

terms of the stiffness ratio   instead of  . The values of p and Axx are re-plotted as a function of 

  in Figure 8a and b, respectively. It is instructive to compare results for different values of  . 

For instance, the value of p for the test specimen having a   = 0.01 and   = 90° is equivalent to 

the p value for a     and       .  

   

Fig. 8: Singularity exponent as a function of stiffness ratio for different wedge angles 
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Fig 9 shows the data of the lower left corner of Fig. 8 in greater detail. Note that for    0.1 and 

   10°, p is close to zero and depends only weakly on   and  . For        and      , the 

effect of   is small. Although the stress singularity exponent approaches zero for      , it does 

not varnish completely for any material combinations and wedge angles. 

 

Fig. 9: The singularity exponent as a function of lower stiffness ratio,   and wedge angles,   

The singularity exponent was determined for different thickness ratios of tab/test materials 

(              ). Specimens with a larger thickness ratio were found to have a slightly lower 

stress singularity exponent. However, the difference between singularity exponents was less than 

0.001 which is considered to be insignificant.  

4.4. Orthotropy rescaling (identical tab and test materials) 

The orthotropy rescaling technique by Suo et al. [17] was used to analyse orthotropic problems. 

This approach can be used when the tab material has the same orthotropic elastic properties as 

the test material ( =  = 0). As mentioned in the introduction, for 1 , the stress field can be 

obtained exactly from an isotropic problem by the use of the orthotropy rescaling technique [17, 

20]. This implies that the mathematical equations for the stress field of an orthotropic specimen 

(Fig.10a) are the same as for a rescaled isotropic specimen (Fig. 10b). Then, the singularity 

exponent of the wedge tip stress field of an orthotropic problem with a wedge angle,  , is 

identical to the singularity exponent of the wedge tip stress field of an isotropic problem with a 

wedge angle 
* . Using the orthotropy rescaling technique, the relationship between the two 

wedge angles is obtained as: 

                                                                                                                                                    
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Fig 10: Orthotropic rescaling of a specimen for different material combinations in the x-y 

coordinate system 

This corresponds to a shortening of the specimen, as indicated in Fig. 10b. This effect has been 

called      contraction [17]. Fig. 11 shows *  as a function of   for various values of  . The 

figure should be understood as follows. Each point on the curves represents the connection 

between   and 
*  where the wedge tips stress singularity exponents of the two problems are 

identical. Note from the figure that        for a composite that is stiffer in the x-direction than 

in the y-direction      ). Conversely, if we wish to choose a wedge angle,  , of an orthotropic 

composite specimen such that the singular exponent is equal to the singular exponent, p, of an 

isotropic specimen with a given wedge angle, * , for (  < 1) the orthotropic wedge angle has to 

be smaller than the associated isotropic one. For instance, for 101  (approximate the value 

for a unidirectional carbon fibre/epoxy composite), a wedge angle, 
* = 5 of the isotropic 

problem corresponds to  = 2.81 for the orthotropic problem. For small values of  , a Taylor 

expansion, retaining only one term, gives (in radians):  

                                                                                                                                                               

From this equation it is immediately apparent that       for   < 1 (as also shown in Fig. 11 

using Eq. 8, since then      . 
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Fig 11: The rescaled isotropic wedge angles as a function of the orthotropic wedge angle,   for 

different values of the orthotropy parameter,  

In summary, orthotropic rescaling shows that tensile testing of orthotropic composites being 

stiffer in the x-direction requires a smaller wedge angle than an isotropic material in order to 

obtain the same singularity exponent, p. Equation (9) can be used to choose an approximate 

angle   for an orthotropic material using the data of Fig. 8a for    . 

FE simulations were made to check the validity of Eq. (8). First, the singularity exponent, p was 

determined for a given wedge angle,  , of an orthotropic problem. Next, the wedge angle,   , of 

the equivalent rescaled isotropic problem was determined from Eq. (8), and the singularity 

exponent was determined by the FE model for this problem. As mentioned in connection with 

Eqs. 4 and 9, only when  = 1, the wedge angles of the orthotropic materials can be rescaled and 

transformed to isotropic materials.  = 1 was obtained by adjusting the shear modulus Gxy in 

accordance with Eq. (4). The singularity exponents were obtained for five different angular 

directions from   = /4 to   for the orthotropic and the rescaled isotropic problems. Singularity 

exponents ± standard deviations obtained for the five angular directions are listed in Table 1.  

 

Table 1: Singularity exponents for rescaled isotropic and orthotropic materials 

Rescaled 

isotropic  

material 

Angle  5° 10° 15° 45° 

Singularity 0.052±0.002 0.097±0.003 0.139±0.003 0.308±0.005 

Orthotropic 

material 

Angle 2.81° 5.61° 8.44° 25.31° 

Singularity 0.051±0.001 0.096±0.002 0.136±0.002 0.298±0.008 
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The differences between the two p values are within the uncertainty, confirming the validity of 

the orthotropy rescaling technique. For instance, in comparison to the orthotropic problem with 

        has a singularity exponent ± standard deviation,               while for the 

rescaled isotropic material with      has              .. 

 

4.5. Stress singularity exponent and singularity function for orthotropic tab and test materials 

A complete parametric study for orthotropic tab and orthotropic test materials becomes 

extensive. In order to find the major trends, some problems for a pair of orthotropic test material 

joints were solved by the FE method. The stress singularity of orthotropic test material with 

isotropic tab material (Fig. 12) and orthotropic tab material (Fig. 13) were investigated as a 

functions of material parameters   and  with    . The wedge angles were   = 2.5° and   = 

10° for isotropic tab materials and   = 2.5° for orthotropic tab materials, respectively. Singularity 

exponents and singularity functions are shown as a function of the stiffness ratio of the 

combination of isotropic tab material and orthotropic test material for different values of  in 

Fig. 12. While p increases with increasing   and increasing , Axx decreases with increasing   

and increasing  for   =  . Also, as for the isotropic materials (Fig. 8), material combinations 

involving tab materials with       have a higher p value than those of tab materials with 

       °. 

 

   

Fig 12: Stress singularity exponent (p) and constant (A) as a function of the stiffness ratio,   for 

different orthotropy parameters,  in isotropy - orthotropy material combination 
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Fig 13: Stress singularity exponent (p) and constant (A) as a function of the stiffness ratio,    for 

different orthotropy parameters,  in orthotropy – orthotropy material combination 

Figure 13a and 13b show p and Axx as a function of   for combinations of orthotropic tab 

materials combined with orthotropic test materials having the same orthotropy factor,    . The 

values of p for the orthotropic tab material are slightly lower than those for the isotropic tab 

material (Fig. 13a). Overall, for an orthotropic-orthotropic material combination (Fig. 13a), p 

shows the same trend as for isotropic-orthotropic material combinations (Fig. 12a). 

 

5. Discussion 

 

5.1. Practical implications of a singular zone near to the wedge tip  

The results in Figs. 8-9 and Figs. 12-13 show that the wedge tip singularity can not be 

completely eliminated. Therefore, it is relevant to discuss the practical implications of a singular 

stress field and the size of the singular zone. It is obvious from Fig. 4 that the size of the singular 

zone is rather small. Recall also that the present analysis considers the composite test material as 

a smeared-out orthotropic material. However, when the size of the singular zone is comparable to 

microstructural length scales, the smeared-out continuum approach should be replaced by a 

microscale model that consists of discrete fibres embedded in a matrix material. Alternatively, 

we can consider what the singular stress field actually implies. Define, somewhat arbitrarily, a 

singular zone size by the radius from the wedge tip at which     exceeds the applied stress by 

10% (The 10% limit is chosen since an uncertainty of 10% of the strength value is considered to 

be the maximum allowable). Now if the size of this singular zone is much smaller than one fibre 

diameter, the singular stress field is unlikely to initiate specimen failure. This underlying 

principle is based on the assumption that failure of a single layer of fibres would probably lead to 

specimen failure. Conversely, if the size of the singular zone is much larger than the fibre 

diameter, the singular wedge tip stress field is likely to initiate failure of many fibres, leading to 
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premature specimen failure. Therefore, in the following we propose to design the test specimen 

on the basis that the tensile stress, σxx, may be 10% (or more) higher only within a radius, r from 

the wedge tip corresponding to one fibre diameter, df. Then, the criterion for gauge section 

failure can be written as: 

   

  
                                                                                 

The approach can be used as follows. First, for a given combination of  ,   and , values of p 

and Axx are read off from Figures 12 and 13. Then, it becomes possible to determine the stresses, 

    at      if    is known, using Eq. 2. In this manner, the stresses can be calculated as a 

function of  ,   and  as shown in Figure 14. In such a plot, the criterion (10) can be imposed as 

a straight, horizontal line. Wedge tip failure is predicted for points lying above the line and gauge 

section failure is predicted for points lying below the line.  

As an example, consider a glass/epoxy composite test material. The fibre diameter,   , is      

and specimen thickness     mm gives           . The singularity exponent,         

and singularity function,          can be read off from Fig. 13 for       (       GPa, 

      GPa, see Table 2),        and    . The values are used in Eq. 5 in order to 

calculate the stress for one fibre diameter,          . Results are plotted in Fig. 14. Similar 

plots can be made for other values of    using the same approach.  

Table 2: Elastic properties of various composite test and tab materials 

Material Exx [GPa]
 

Eyy [GPa] Reference 

Flax/LPET 35 4 22 

Glass/Epoxy 39 9 23 

HS-Carbon/Epoxy
1
 142 11 23 

HM-Carbon/Epoxy
2
 294 6 23 

Epoxy 4 4 23 
1: High strength fibre, 2: High modulus fibre 

 

The normalised stress for          , analysed for isotropic tab/test material combinations, is 

shown in Fig. 14a. The stress increases with increasing   and increasing  . The 10% failure limit 

criterion, eq. (10), is fulfilled for all wedge angles up to 90° when the stiffness ratio is lower than 

0.02. For   = 15°, a much more moderate stiffness mismatch,   = 0.1 is allowable. Also, in the 

case of   = 2.5°, stiffness ratios up to 0.5 can be chosen; this enables a large range of tab 

materials. Results for isotropic tab and orthotropic test material combinations are shown in 

Figure 14b. Imposing the 10% failure criterion, allowable stiffness ratios of       and       

with        are obtained respectively for        and      . 
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Fig 14: Stresses  at r/H =0.015 corresponding to one fibre diameter for   = 2.5 as a function of 

stiffness ratio,    and orthotropy parameter,  for  different material combinations  a) isotropy-

isotropy, b) isotropy-orthotropy c) orthotropy – orthotropy. 
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Stresses at           for   = 2.5° are shown in Figure 14c for orthotropic tab materials and 

orthotropic test materials. The stresses are seen to increase with increasing   and decreasing  as 

for isotropic material combinations (Fig. 14a). For instance, for      , the stresses are lower 

than the failure limit criterion, eq. 10, when   is smaller than 0.5. The stresses are slightly lower 

for an orthotropic tab material (Fig. 14c) than an isotropic tab material (Fig. 14b). Furthermore, 

from Fig. 14a, the p value of orthotropic materials for other wedge angles can be approximately 

obtained with the -effect estimated from Fig. 14 (Fig. 14b also includes those of isotropic 

materials for     and    ). Since the stress for the orthotropic problems       are higher 

than for the isotropic problem,      , the use of the isotropic data for orthotropic problems 

with     is not conservative and should be used with care. 

 

5.2. Comparison with literature results 

It is tempting to test the proposed approach against the experimental results cited in the 

introduction. Oplinger [4] found that decreasing the wedge angle from 90° to 10° did not prevent 

tab failure for the same tab and test material (E-glass/epoxy composite). From Fig. 14a and Fig. 

14c, it can be seen that for   = 1 and  = 0.2,        exceeds the failure criterion of 1.10, eq. 

(10), for both   = 90° and   = 10°. The experimental results of Oplinger [4] are thus consistent 

with our prediction.  

Belingardi et al. [7] presented experimental results of unidirectional glass/epoxy composites for 

   = 90° and    = 30°. Specimens using aluminium tabs and steel tabs did not result in a gauge 

section failure. From Fig. 14a and b it can be seen that for    1 (the case for both tab material 

aluminium and steel),    = 30° shows a normalised stress at           that is much higher 

than 1.25, exceeding the failure criterion Eq. (10). The experimental results (grip failures) are 

consistent with our predictions. 

Hojo et al. [5] found experimentally that square cut tabs (       and tapered tabs       ) 

with the same tab material (carbon/epoxy composite) showed tab failure. This is consistent with 

our predictions        , Fig. 14c) since for            ,     for both wedge angles. Hojo 

et al. [5] also compared two different types of tab material (rubber and GFRP) for testing GFRP 

test materials in tension perpendicular to the fibre direction. Specimens with rubber tabs failed in 

the gauge section but specimens with the GFRP tabs failed in the grips. From Fig. 14a, we find 

that when the rubber-GFRP specimens are used (      ,       for    , testing 

perpendicular to the fibre direction), the normalised stress is lower than 1.05 suggesting gauge 

section failure. However, for a GFRP tab/test specimen        and        for    ) the 

stress values are higher than the failure criterion, eq. 10, predicting tab failure. Again, our 

criterion (10) gives predictions that are in agreement with the experimental results. It is 

encouraging that all the experimental results are consistent with the simple criterion (Eq. 10). 
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5.3. Design of practical applications 

Table 2 shows typical elastic properties of unidirectional composites as test material. Values of 

epoxy as a tab material are also given. 

Table 3 includes a list of different test materials (from Table 2) combined with a softer tab 

material (epoxy), as well as the appropriate values of  ,  and the maximum allowable 

(according to eq. 10) wedge angle,  max.     and  are calculated from Eq. 1 and Eq. 4, 

respectively. Then, the stress values are read off from Fig. 14.  The maximum allowable wedge 

angle,  max, can be estimated as listed in Table 3 for the various tab/test material combinations 

according to the failure criterion, eq. 10. 

Table 3: Recommended wedge angle of tab specimen for common material combinations 

Test material Tab material   (-)  (-)  max (°) 

Flax/LPET Epoxy 0.12 0.1 5 

Glass/Epoxy Epoxy 0.10 0.2 10 

HS-Carbon/Epoxy
1
 Epoxy 0.03 0.1 15 

HM-Carbon/Epoxy 
2
 Epoxy 0.01 0.02 45 

1: High strength fibre, 2: High modulus fibre 

It follows from Table 3 that testing of glass/epoxy and flax/LPET composites is more 

challenging to test since they need much lower wedge angles than carbon-epoxy composites. 

Referring the recommendations of the test standards, it is perhaps not surprising that they do not 

suggest a specific wedge angle for gauge section failure. 

 

 

Fig 15: Geometry of test material and tab material modified with compliant wedge tip material.  

 

In a study by Wang et al. [21], a tab material should be as stiff as possible and a wedge tip 

material should be as compliant as possible depending on the tested material, so that the loads 

transfer from the grips to gauge section without losing strength as shown in Fig 15. They showed 

that YSZ - nickel oxide specimens (          GPa) were first tested with 90° aluminium 

tab specimens. They all failed in the grip section near the wedge tip. Afterwards, in a subsequent 
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test series, the aluminium tab material ends of the test specimens were modified by adding a 

wedge of a compliant wedge tip material (epoxy) with          (see Fig. 15) in order to 

decrease the singularity at the wedge tip. For these specimens, about 70-80% failed in the gauge 

section. The stiffer square tab material and softer wedge tip material as a combination of two 

materials appears to protect the test material from high grip forces and reduces the wedge tip 

singularity. The approach of Wang et al. [21], creating a lower wedge tab angle of a softer tab 

wedge tip material, should also be applicable to composite materials. Suitable wedge tip material 

angles are given in Table 3. 

 

6. Summary 

In the present study, the singularity exponent, p, and the singularity function, Axx, were 

determined as a function of the stiffness ratio,  , of the tab/test materials, the wedge angle,  , of 

the tab material, and the orthotropy parameter, . The existence of a wedge tip singularity was 

taken into account in the numerical investigations and a fine FE mesh was used to determine p 

and Axx accurately.  

The results show that it is not possible to make the singularity at the end of tab material varnish. 

However, the value of p can be reduced significantly by decreasing    and decreasing  . Since 

orthotropic tab materials with     shows a lower singularity than isotropic tab materials, softer 

(isotropic) tab materials with low wedge angles should be used for testing. In practice, a design 

based on a stiff tab material and a soft wedge tip material (e.g., epoxy) with      or       

can be used for glass and carbon fibre composite testing, respectively. 
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Appendix 1: Determination of singularity exponent 

The order of the singularity, p is obtained by the slope of the log-log plot of the stress 

distribution at near of the vertex. A representative figure is shown for the case of  = = 0 (  = 

1 and v1 = v2 = 0.33) in the plane strain state. The stress component,    , normalized by the 

applied external remote tension,   , is shown as a function of distance from the wedge tip, r, 

normalized by the test material thickness, H. As can be seen Fig. A-1, when the data is plotted 
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using logarithmic scales, the data appear as straight lines. The singularity exponent p and 

singularity function, Axx are then obtained by linear regression as follows: 

   

  
    

  

 
 
  

         
   

  
             

  

 
                                            

The singularity exponents of the present study are determined using Eq. 2. The stresses are 

determined in the range of r:                . However, for       and       the 

stresses are determined                due to strong oscillatory behaviour. 

 

Fig A1: Determination of the stress singularity exponent and singularity constant. a) The 

distribution of average stresses against the distance, b) the distribution of the average stresses 

against distance in a logarithmic scale.  

 

Appendix 2: Determination of singular stress field at wedge tip 

The mesh refinement were analysed for the test specimen with a wedge angle         . The 

stress components were shown as a function of distance from the wedge tip for       and 

         at       . Mesh sizes were applied by three different element sizes (fine, medium 

and coarse) in the certain distance from the wedge tip (        ). The number of elements in 

the circular zone (Fig. 3c) for coarse, medium and fine element sizes is 563, 5407 and 19606, 

respectively. The fine mesh sizes were used to determine singularity exponents in the model 

(Fig. 3). The numbers of total elements of the entire model is 30197 (Fig. 3a). 
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Fig A2: The normal stress distribution against the distance in terms of different mesh sizes for 

    and         

 

In Figure A-2, it is seen that the peak value of the normal stresses for   = 1 clearly increases with 

increasing number of elements (finer mesh). The highest normal stresses for        remains at 

the same level by increasing the number of elements. Obviously, for        the stress 

singularity is weaker than that for    . 

Appendix 3: Accuracy of singularity exponent  

   

Fig. A3: The stress singularity exponents for the     stress component in   directions from     

to    as a function of   for a)         b)        
 

In order to check the accuracy of the results, the singularity exponent, p, was determined for each 

of the stress components              along four different directions,  from               

and    The stress component in the loading direction,    , had a smaller difference in singularity 

exponents than the other stress components,        . For instance, the difference between of the 
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singularity exponents for stress components,            , for the different directions was found 

to be approximately               and       , respectively for         Among the 

directions,     shows the highest singularity values.  In the body of the paper, values of   and 

    are obtained in the   =   direction since a particular attention will be given to the stress state 

at the end of the interface along the tab and test material at the wedge tip. Figure A-3 shows only 

the   values for the     stress component in  directions from     to    as a function of   for 

        and         The difference between of singularity exponent for normal stresses, 

    is lower than        for        and lower than       for       . 

Appendix 4: Model validation/ comparison with published results 

Fig. A-4 shows the comparison the values of the singularity exponents between the present study 

and a literature study [15] as a function of   from      to     and       for different material 

thicknesses. The singularity exponents determined by Hein and Erdogan [15] are read off from 

Fig 9 in their paper. The difference between   values of the present study and those of Hein and 

Erdogan [15] is less than 0.001. Some of this difference can be attributed to uncertainty of the 

read-off values. The results show that there are no significant differences between results of 

finite thickness and infinite thickness (two half spaces) of materials. This confirms that the 

singularity exponent is a independent property of layer thicknesses. 

 

Fig. A4: A comparison of the values of the singularity exponents between the present study and a 

literature study [15] as a function of   from      to     and       for different material 

thicknesses 
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