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ABSTRACT 

Biocomposites reinforced with continuous natural plant fibres such as flax can 

replace conventional composites in various fields. For instance, flax fibres have 

higher density-normalised stiffness than glass fibres, higher damping than synthetic 

fibres, environmental merits, and good end-of-life options. Although the industry 

regulations on energy consumption and circularity have continuously accelerated the 

production volume of flax fibre reinforced structural composites, their share in the 

plastics and composites market is not yet optimum. One of the main issues is their 

long-term durability under dynamic loading conditions, which is critical for their 

main application fields, such as boats, sports and automotive. Regardless of the type 

of polymer matrices and their toughness, flax fibre composites subjected to impact 

and fatigue loading present brittle behaviour.  

In this thesis, various interfacial toughening strategies and their effects on low-

velocity impact resistance and fatigue performance of flax fibre composites are 

elucidated. The aim was to promote energy dissipation through interfacial sliding 

between fibre-matrix while providing sufficient interfacial adhesion for effective load 

transfer between fibre and matrix. The three main strategies were: (i) to deposit 

functionalised multi-layer graphene oxide crystals on the fibre to enable synergy 

between interfacial adhesion and sliding under dynamic loads, (ii) to coat fibres with 

a biobased thermoplastic coating to create a ductile phase between flax-epoxy, and 

(iii) to benefit from ductility of non-dried fibres through moisture insensitive in-situ 

polymerisation of the poly (methyl methacrylate) (PMMA) thermoplastic resin.  

The interfacial toughening results showed the possibility of creating synergy between 

properties such as stiffness and toughness for flax-PMMA and flax-epoxy 

composites with 40−100% better impact perforation energy, suppressed fibre 

failure, and 17−20% better fatigue performance. The scientific impact of this thesis 

was to elaborate on dynamic failure modes and means to tailor natural plant fibre 

composites as durable structural materials for sports and automotive applications. 
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1 INTRODUCTION 

Biocomposites reinforced with continuous natural plant fibres can replace 

conventional materials and composites in structural applications such as sporting 

products, boats, and automobiles. Natural fibres such as flax and hemp offer low 

density, competitive mechanical properties with glass fibres, many times better 

damping than carbon fibres, and radio-transparency, besides environmental merits, 

which can further promote the sustainability aspect of composites. Specifically, flax 

fibres have the highest tensile elastic modulus and strength among other natural 

fibres and are mainly produced in Europe. Naturally, the application of natural fibres 

is dependent on their geographic harvest location. The harvest and production of 

natural fibres can have a positive socio-economic impact, especially in less developed 

regions. There is a growing interest in biocomposites due to the environmental issues 

and regulations on CO2 emissions (e.g., Euro 6 regulation of EU) and recycling (e.g., 

2000/53/EC EU end-of-life vehicle directive). For instance, the biocomposites' 

market value estimated at USD 4.46 billion in 2016 is expected to reach USD 10.89 

billion by 2024. Regardless of their merits and ever-growing interest in developing 

commercialised structural biocomposites, the share of natural fibre composites in 

the industrial market is not yet optimum. The main limitation for further exploitation 

of flax fibre composites is their long-term durability. Specifically, the fatigue and 

impact resistance of flax fibre composites is limited due to the brittle nature of fibres.  

 

Surface modification of flax fibres can alter their composites' brittle nature by 

adjusting the interfacial strength and especially interfacial toughness between fibre 

and matrix. The interfacial toughness is a critical factor for fatigue and impact 

performance. Various fibre surface modification strategies have been proposed in 

the literature to improve the compatibility and interfacial shear strength of flax fibres 

with polymer matrix systems. However, the understanding and number of studies 

focusing on the interfacial toughness between fibre and matrix and the relevant fibre 

modification methods are very limited. Particularly, the contribution of various flax 

fibre modification methods on the low-velocity impact and fatigue performance of 

their composites is not yet investigated. Addressing the mentioned scientific gaps 
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can positively impact the market share and competitiveness of flax fibre composites 

in structural applications. 

This thesis work elucidated various interfacial toughening mechanisms and their 

effects on drop-weight impact and tension-tension fatigue tolerance of flax fibre 

composites. The upcoming chapters include aims and scope which provides 

hypothesis and research questions of this thesis, literature review and background in 

connection with the research questions, materials and methods, integrated results 

and discussions section based on appended journal articles which address all research 

questions concisely and coherently, conclusions and research impact, references, and 

appended journal articles.  
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2 AIMS AND SCOPE 

The main objective of this thesis work was to elucidate interfacial toughening 

strategies to address the brittle nature of flax fibre composites. The primary goal was 

to enhance the low-velocity impact resistance and fatigue performance of 

biocomposites for their long-term in-service durability and sustainability.  

Based on the state-of-the-art findings, the impact failure mode of natural fibre 

composites is dominated by fibre failure with limited interfacial debonding and 

delamination, which restricts the extent of energy dissipation. As the weakest point 

in impact resistance of biocomposites is fibre failure, the effect of conventional 

impact toughening methods such as interlaminar toughening and matrix toughening 

might be limited. Also, the selection of tough and stiff thermoplastic polymers as a 

matrix system is bounded to those with processing temperatures below 200 °C, 

which is the degradation temperature of natural fibres. Therefore, it was envisioned 

that interfacial toughening could be one of the most effective methods to tackle the 

impact and fatigue tolerance of natural fibre composites. Particularly, by promoting 

energy dissipation through fibre pull-outs and delamination while providing 

sufficient bonding strength for effective load transfer between fibre and matrix. The 

hypotheses, research questions and relevant journal articles are described in the next 

page of this section. 
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Hypothesis I. Graphene oxide (GO) crystals are rich in oxygen-containing functional 

groups, which can potentially form hydrogen bonds with flax fibres' surface and 

enhance the compatibility and interfacial adhesion with epoxy resin. Also, GO is 

composed of layers of oxidised graphene sheets stacked with van der Waals forces. 

Under dynamic loading conditions, such as impact and fatigue, the multi-layer nature 

of GO might promote interfacial sliding and energy dissipation between flax fibre 

and epoxy resin. 

Research question I. What is the role of multi-layer graphene oxide surface modification 

of flax fibres on the interfacial properties between flax-epoxy, and how does it affect 

the impact and fatigue performance of composites?  (Addressed in the appended 

article I and II) 

Hypothesis II. A ductile thermoplastic coating of flax fibres might modestly decrease 

the interfacial adhesion, promote energy dissipation through fibre pull-outs, and 

potentially deflect the crack path towards the matrix. It was hypothesised that 

thermoplastic interfacial toughening of flax-epoxy composites could alter the fibre 

failure dominant impact mode of composites. 

Research question II. How can interfacial toughness be enabled in brittle natural fibre 

composites, and how is it relevant to the impact resistance of flax-epoxy composites? 

(Addressed in the appended articles III) 

Hypothesis III. The inherent moisture bound to natural fibres acts as a natural 

plasticiser. It was hypothesised that the in-situ polymerisation of poly (methyl 

methacrylate) (PMMA) might not be sensitive to moisture, as MMA monomers are 

emulsion polymerised in an aqueous medium. The radical in-situ polymerisation of 

non-dry-flax-PMMA composite with preconditioned fibres (e.g., at 50% RH) can 

potentially enhance the ductility of composites and offer good interfacial adhesion 

between fibre and matrix. 

Research question III. How can the moisture affinity of natural fibres be harnessed as 

an interfacial toughening method to achieve impact-resistant structural 

biocomposites without compromising their fatigue performance? (Addressed in the 

appended articles IV) 
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3 BACKGROUND AND STATE OF THE ART 

3.1 An introduction to flax fibres as green reinforcements for 
structural composite applications 

Flax (Linum usitatissimum L.) is a nonwood type of biofibre extracted from the plant 

stem and therefore is categorised as bast fibre. Flax fibre bundles are located within 

the peripheral section of the plant stem. During the harvest, flax plants are usually 

cut into meter-long strips and laid on the soil for retting. During the retting process, 

fungi degrade the pectin, which binds fibre bundles within the bast fibre [1]. This 

retting process is aided by the air humidity (dew) and is therefore known as dew-

retting. The straw and woody stem are removed from the dew-retted flax by combing 

the flax bundles during the scutching step. The scutched bundles are further aligned 

and individualised by combing in hackling step and then spun into yarns. Currently, 

continuous spun flax yarns and fabrics are the only structural natural fibre 

reinforcement industrially available in the market (Figure 1). However, the 

processing and production lines for other competitive bast fibres, such as hemp, are 

being developed [1–3].    

 

 

Fig 1. Flax fibres from farm to fabric. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/linum-usitatissimum
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Industrially spun continuous flax yarns are often made of twisted technical flax fibres 

which are extracted during the hackling process (Figure 2). The approximate range 

for length and diameter of technical flax fibres are 300−1000 mm and 50−100 µm, 

respectively. Each technical fibre is composed of many single elementary flax fibres. 

The approximate range for length and diameter of elementary flax fibres are 10−60 

mm and 6−30 µm, respectively. 

 

 

Fig 2. Morphological overview of flax yarns, technical and elementary fibres. 

The single elementary flax fibres are composed of four layers of cell walls, namely 

primary cell wall and secondary cell walls S1−S3 [4]. The thickness of S1, S2, and S3 

cell walls are respectively 0.2−5 µm [5], 5−10 µm [5], and 0.5−1 µm [6]. Each cell 

wall is reinforced with crystalline cellulose nanofibrils in an amorphous matrix of 

hemicellulose and lignin [7]. 80−90% of the fibre volume is located within the S2 

cell wall (also named as G layer), which contains about 80% crystalline cellulose and 

20% hemicellulose and pectin [8]. The nanofibrils within the S2 cell wall are packed 

together in a spiral way along the fibre axis [9,10]. Due to the large volume of the S2 

layer, the microfibril angle (MFA) of crystalline cellulose along the fibre axis is a 

critical factor for the mechanical properties of natural fibres. The MFA of flax fibres 

based on second-harmonic microscopy with controlled polarisation (P-SHG) 

method is found to be 2°−7° [11]. Other MFA assessment methods, such as X-ray 

diffraction, have also confirmed that the MFA of flax fibre is less than 10° [6], the 

lowest value, compared to other natural fibres [5,11]. The MFA is inversely 
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correlated with elastic Young's modulus, and the high in-plane elastic modulus value 

of flax fibres is related to their low microfibril angle [5].  

Besides the MFA, the biochemical composition of fibres is an important factor that 

governs natural fibres' physical and mechanical performance [5,12]. Flax is 

composed of cellulose (60−85%), hemicellulose (14−20%), lignin (1−3%), pectin 

(1.8−15%), and lipophilic compounds on the fibre surface (1−6%) [13]. The 

percentage of cellulose in flax (60−85%) is similar to hemp (55−90%) but notably 

higher compared to other natural fibres such as abaca (60−68%), bamboo 

(36−54%), jute (58−71%), sisal (52−65%), and different species of wood (38−45%) 

[13]. The low microfibril angle in the most prominent cell wall (S2) and high cellulose 

content have endowed flax fibres with the highest stiffness and strength among all 

natural fibres [13]. Although the bulk composition of flax fibres is mainly 

composited of cellulose, the same assumption about their surface composition might 

not be accurate [14,15]. For instance, the percentage of O/C on the surface of flax 

fibres has been shown to be 0.15 [14], which is below the 0.8 value of O/C for pure 

cellulose [16] based on X-ray photoelectron spectroscopy (XPS) analysis. 

Components such as fatty acids, proteins, pectin, and lignin are often available on 

the surface of flax fibres besides cellulose [14]. 

The outstanding quasi-static tensile properties of elementary flax fibres are 

summarised in Table 1 in comparison to other natural fibres. Due to the natural 

inhomogeneities and defects within the fibre, there is a considerable variation in the 

tensile properties of single natural fibres [13,17]. However, such variations can be 

significantly reduced by careful control over the supply chain of fibres and their 

characterisation methods [18]. One alternative method to assess the tensile 

properties of natural fibres, which is more representative of their performance in 

composites, is impregnated fibre bundle testing (IFBT) [19–21]. IFBT is a tensile 

test based on epoxy-reinforced UD natural fibre continuous yarns, which provides 

optimum fibre alignment and fibre volume fraction per specimen. The epoxy resin 

is often used in IFBT to assure good adhesion between fibre and matrix. Fibre 

properties are back-calculated based on the rule of mixtures which has a minor 

statistical error margin. Based on the IFBT method, flax fibres have an elastic 

modulus of 58 ± 6 GPa, a tensile strength of 530 ± 44 MPa, compressive strength 

of 237 ± 29 MPa, and a tensile strain failure of 1.08 ± 0.13% at a low density of 1.4 

g/cm3 [20]. Regardless of good elastic modulus, tensile and compressive strength, 

flax fibres are brittle, which limits the performance of composites, especially under 
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loading conditions such as impact and fatigue. The main reasons for the brittle nature 

of flax fibres are their low MFA which limits their elongation at failure [5], in addition 

to voids and defects such as kink bands along fibres [22,23].  

Table 1. Properties of natural fibres and a reference glass fibre. 

 

Fibre  𝜌f (g/cm3) E (GPa) S (MPa) ε (%) Reference 

Flax 1.4−1.5 40−60 500−1500 1−2 [18,24] 

Hemp 1.4−1.5 14−44 500−800 2−4 [13,24] 

Jute 1.3−1.5 30−31 300−600 1−2 [13,24,25] 

Bamboo 1.4−1.5 33−48 400−500 1−5 [26] 

Sisal 1.3−1.5 9−25 300−500 2−5 [27] 

Silk 1.2−1.3 16−19 600−750 17−20 [28–30] 

Wood 0.1−0.9 15−27 500−1300 3−7 [13] 

E-glass 2.4−2.7 70−85 2000−3000 2−3 [24,30] 

Besides low MFA angle and defects along fibres, moisture and temperature influence 

the tensile properties of flax fibres, especially elastic modulus and elongation at 

failure [31,32]. Flax fibres are hydrophilic and naturally contain water molecules. For 

instance, at the ambient condition of 65% RH (21 °C), water comprises 7% of total 

fibre weight [33]. The intrinsic water molecules bound to natural fibres act as a 

natural plasticiser. For instance, the tensile strain at failure of the elementary flax 

fibres conditioned at 50% RH (23 °C) is 2.93 ± 0.74%, which decreases by 29% to 

2.07 ± 0.31% by oven-drying at 105 °C for 4 hours [34]. Based on the normal stress 

analysis, it is estimated that the shear strength of the S2 cell wall of flax fibres is 45 

MPa at 50% RH (23 °C), whereas the shear strength of only 9 MPa is estimated for 

oven-dried fibres [34]. However, natural fibres are often dried in the oven to avoid 

moisture evaporation and void formation and to prevent potential negative effects 

of moisture on the curing process of polymeric resins during the manufacturing of 

composites [14,35,36]. 

Drying and heat treatment can also alter the chemical structure of flax fibres. The 

isothermal thermogravimetric analysis (TGA) of flax fibres conducted in an air 

atmosphere for 60 min results in the removal of water and loss in surface waxes at 

120 °C (90−94% residual mass). The complete evaporation of strongly linked water 

molecules to the polysaccharide matrix within flax fibres is realised at 150 °C [34].  

Pectin, which holds elementary fibres together, degrades at 180 °C (87−91% residual 

mass) [37]. The hemicellulose, which acts as the matrix for cellulose microfibrils of 
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flax fibres, degrades within the 200−230 °C temperature range [37]. 

Depolymerisation of polysaccharides is realised within the 250−400 °C range. The 

aromatic and non-cellulosic substances degrade above 400 °C [37]. Therefore, 

polymer matrix systems with processing temperatures below 200 °C should be 

preferred for manufacturing natural fibre composites to avoid the physical 

degradation of fibres. 

From the environmental perspective, natural fibres such as flax and hemp hold a 

particular advantage over synthetic fibres such as E-glass. The non-renewable energy 

required for the production of flax fibres is within the 9−12 GJ/tonne range [38] 

compared to 45−55 GJ/tonne for glass fibres [39]. Flax and hemp have an average 

yield of 5−8 tonnes per hectare and absorb 1.4−1.6 tonnes of CO2 per tonne [2]. 

Compared to glass fibre, the production of flax fibre imposes lower pressure on 

abiotic depletion (−90%), photochemical oxidation (−88%), and human toxicity 

(−98%). However, flax fibres have higher eutrophication (+17) and land-use indices 

compared to glass fibres [38]. Due to the potential threats in land-use and 

eutrophication, the production of natural flax fibres is limited compared to synthetic 

fibres. Therefore, the research in the field of natural fibres has been focused on 

improving the quality and consistency of flax fibres in terms of yield, extraction 

process and physical quality of fibres to enhance their versatility, durability and 

reliability for engineering applications [2,40,41].  

In summary, this section briefly introduced flax fibres' production and extraction, 

their morphological and chemo-physical properties, and their environmental merits. 

Flax fibres provide a combination of low density and good mechanical properties 

comparable to glass fibres. Compared to other natural fibres, the mechanical 

performance of flax fibres is outstanding, which is attributed to the high cellulose 

content and low microfibril angle within the S2 cell wall. However, flax fibres are 

brittle which is partly related to their low microfibril angle, and defects along fibres 

which are intrinsic features of fibres or created during the fibre extraction. The 

inherent moisture bound to the flax fibres acts as a natural plasticiser and enhances 

the ductility of fibres. The brittle nature of flax fibres can negatively affect their 

composites' long-term durability, especially under impact and fatigue loading 

conditions. The following section will provide a brief overview of flax fibre 

composites, state of the art on their impact resistance and fatigue tolerance.  
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3.2 Introduction to impact and fatigue behaviour of flax fibre 
reinforced composites  

The main markets for flax fibre composites are sporting goods, leisure boats, 

secondary and interior parts of automobiles. In such applications, structures 

experience cyclic mechanical loads (fatigue) and low-velocity impact loads, such as 

falling tools and projectile hits, to name a few. An invisible impact-induced internal 

damage can negatively affect the long-term durability of composites subjected to 

fatigue loading. Therefore, fatigue performance and impact resistance are critical for 

structural flax fibre composites. However, achieving synergy between fatigue and 

impact resistance can be challenging. For instance, impact-resistant composites with 

a toughened polymer matrix or poor interfacial adhesion might have poor fatigue 

performance. The core aim of this section is to elaborate on the reasoning behind 

the limited impact resistance and fatigue performance of flax fibre composites.  

This introduction describes the effect of reinforcement properties and architecture, 

polymer matrix type, toughening of polymers, and interlaminar toughness on low-

velocity drop-weight impact and tension-tension fatigue resistance of flax fibre 

composites. In the literature, the understanding and number of studies focusing on 

fibre surface modification strategies and their effect on the impact and fatigue 

performance of composites are very limited. However, the existing literature on 

interfacial toughening methods is discussed in each section.  

3.2.1 Low-velocity impact behaviour of flax fibre reinforced composites  

Low-velocity impact refers to impact incidents where the contact time is such that 

the whole structure has time to respond to the loading and creates through-thickness 

damage. This type of impact is one of the most common incidents during the service-

life of structural composites, which can cause critical visible or invisible damages. 

Impact resistance is the ability of a composite to sustain a given impact loading with 

the minimum extent of internal damage. Impact damage tolerance is the ability to 

sustain a given level of damage with minimum effect on the structural performance 

(e.g., compression after impact). So, the two characteristics, namely impact resistance 

and impact damage tolerance, are not necessarily mutually inclusive. Therefore, the 

term 'impact tolerance' combines impact resistance and impact damage tolerance 

[42].  
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In general, composites absorb the low-velocity impact energy through matrix 

cracking, interfacial debonding and delamination, ply splitting, and especially fibre 

failure [43]. The typical internal damage patterns of composites after low-velocity 

impact testing are presented in Figure 3. Matrix cracking results from longitudinal 

stress on the upper and lower surfaces of composites beam, which form due to 

property mismatch between fibre and matrix and are usually oriented in planes 

parallel to the fibre direction in unidirectional layers [44]. Impact-induced 

delamination results from the bending stiffness mismatch between adjacent layers 

with different fibre orientations, where the highest mismatch prevails between 0/90 

layers [45]. In 0/90 cross-ply lay-ups, impact-induced delamination initiates as a 

mode I fracture due to high out-of-plane normal stresses caused by matrix cracks 

and high interlaminar shear stresses between ply interfaces [46]. Fibres have the most 

bearing on the impact response of composites and occur under the impactor due to 

high local stresses and indentation effects governed by shear forces [44]. Fibres can 

either fail in tension due to the membrane forces generated during the impact or by 

shear-out during the penetration of the impactor [42]. The ability of fibres to 

elastically store energy is a fundamental parameter for the low-velocity impact 

resistance of composites [47]. Therefore, fibre ductility and stiffness are critical 

parameters for the impact resistance of composites [44]. 

 

 

Fig 3. Typical internal damage patterns of composites after the low-velocity impact 
testing. 
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Due to the brittle nature of flax fibres, the low-velocity impact resistance of flax fibre 

composites is inferior compared to glass fibre composites. For instance, the impact 

perforation energy of cross-ply flax-epoxy composites is 4J/mm [48,49], which is 

80% lower than the similar value for cross-ply glass-epoxy composites [50]. Contrary 

to the glass fibre composites, flax fibre composites' internal impact damage patterns 

are often dominated by fibre failure with limited delamination, which limits the 

impact energy dissipation capacity of flax fibre composites [49,51]. The brittle 

characteristic of flax fibre composites is presented in Figure 4. Half of the plies failed 

by a crack initiating from the tension side of the specimen (rear surface) when subject 

to 9 J kinetic energy, which is notably below its perforation energy (21 J). Therefore, 

the brittle characteristic of flax fibre composites should be addressed to enhance 

their reliability and durability for structural applications. The essential material 

parameters and strategies that can alter the impact behaviour of flax fibre composites 

are discussed in the following paragraphs. 

 

Fig 4. The typical low-velocity impact failure modes of flax fibre composites with 
kinetic energy far below the perforation [modified from Paper II].  

The lay-up and architecture of reinforcements can alter the impact performance of 

composites in terms of damage area and perforation energy. Cross-ply flax fibre 

composites based on UD plies absorb higher impact energies than woven plies due 

to the higher in-plane strength of cross-ply composites based on UD plies [49,52]. 

Impact energy absorption by delamination is highest for cross-ply composites due 

to the mismatch of bending stiffness between adjacent plies [45]. Nevertheless, 

cross-ply composites based on woven reinforcements exhibit limited damage 

compared to cross-ply laminates based on UD plies and thus tend to have better 

properties after impact (damage tolerance) [49]. This is due to the coarse fibre 
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bundles within the woven fabrics that act as crack-stoppers and reduced 

delamination due to the nesting of the woven fabrics, which enforces 

crack propagation through a tortuous path. Bensadoun et al. [49] studied the low-

velocity impact behaviour of flax fibre composites with different fibre architectures, 

namely plain weave, 2 × 2 twill (including low, medium, and high twist yarns), and 

0/90 lay-up based on UD fabrics. In terms of impact energy absorption, the 

performances of composites reinforced with plain weave, twill, and 0/90 lay-up 

based on UD fabrics were similar. However, at a non-perforation impact energy of 

3 J (for 2 mm thick laminates), woven composites had, on average, 20% less damage 

area than cross-ply composites based on the plain weave and UD fabrics. Among 

twill fabric reinforced composites, those with the lowest crimp and yarn twist had 

the highest absorbed energy at the perforation. The in-plane strength of composites 

is essential for the impact perforation energy, as fibre failure is the dominant failure 

mode. It is known that the in-plane strength of composites decreases by the twist 

level in yarns. Also, the stiffness in composites (which is directly related to the impact 

resistance [44]) is inversely proportional to the crimp (tortuosity) level of fabrics. The 

crimp level in fabrics increases by the twist angle of yarns. From a processing point 

of view, a high twist angle in yarns can have a negative effect on wetting and resin 

impregnation. An alternative helicoidal ply stacking configuration with a ply angle of 

9° was proposed by Chew et al. [53]. The helicoidal configuration enhanced the 

impact energy absorption capacity of flax-epoxy composites by enabling systematic 

matrix crack propagation through extensive spiral paths. The fibre-dominant failure 

mode of composites was altered. The maximum contact force of helicoidal 

composites was respectively 72% and 52% higher than similar composites with 

quasi-isotropic and cross-ply lay-ups. The thickness-normalised impact perforation 

energy of flax-epoxy composites with helicoidal lay-up (7 J/mm) was respectively 

16% and 40% higher than quasi-isotropic (6 J/mm) and cross-ply (5 J/mm) lay-up. 

However, the final thickness of helicoidal flax fibre composites seems to be high 

(minimum 8.5 mm), and the effect of such ply configurations on other properties of 

composites, such as fatigue, is yet to be studied. 

The toughness and ductility of the polymer matrix system influence impact energy 

absorption and damage volume through plastic flow, crack blunting, and void 

coalescence. The selection of polymer matrix systems is limited to those with 

processing temperatures below 200 °C due to the thermal degradation of flax fibres 

at elevated temperatures. For example, substituting a brittle epoxy matrix with maleic 

anhydride grafted polypropylene (MAPP) increases the absorbed energy at the 

https://www.sciencedirect.com/topics/engineering/propagating-crack
https://www.sciencedirect.com/science/article/pii/S0263822316304895#!
https://www.sciencedirect.com/topics/materials-science/polypropylene
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perforation of cross-ply and woven flax fibre composites by 22% and 50%, 

respectively [49]. This is often related to the higher elongation at failure of 

thermoplastic polymers (e.g., 𝜀f of 474% for MAPP[49]) compared to brittle polymer 

matrix systems such as epoxies with elongation at failure of 3−5%. However, based 

on the literature the type of the matrix (thermoplastic or thermoset) and matrix 

toughening have a minor or no effect on the perforation energy of flax fibre 

composites [51].  For instance, inclusion of nanosized particles such as reduced 

graphene oxide and TiO2 enhance the interfacial adhesion between fibre and matrix 

and fracture toughness of composites such as flax-epoxy [54–56]. At kinetic energies 

below perforation, the toughening of polymer matrix with nanoparticles alters the 

impact performance of flax fibre composites in terms of maximum contact force 

due to better interfacial adhesion between fibre-matrix and limits extend of matrix 

cracking [55,56]. Although tough thermoplastic polymers can increase fracture 

toughness by an order of magnitude over brittle thermoset composites [57], the 

presence of brittle flax fibres prevents the growth of plastic zones in the matrix [47]. 

Therefore, matrix toughening strategies might not be sufficient to modify the limited 

impact perforation energy of flax fibre composites. 

Interlaminar toughening can limit the delamination growth in composites when 

subjected to impact loads. Thermoplastic film or nonwoven mat interleaving 

between plies can control damage growth (e.g., by limiting the delamination growth 

close to the mid-plane) and create a synergy between energy dissipation and after-

impact residual mechanical performance of composites. For instance, Yasaee et al. 

[43] reduced the delamination area of  glass fibre reinforced epoxy composites by 

38% by interleaving 50 µm thick polyimide thermoplastic films. Consequently, the 

compression after impact strength of composites was modified by 18%. Studies on 

interlaminar toughening of natural fibre composites are currently limited to two 

research papers on carbon nanotube buckypaper [58] and through-thickness 

stitching [59] of flax-epoxy composites. Chen et al. [58] enhanced the GIC of flax-

epoxy composites by 22%−50% by interleaving 140 µm thick multiwall carbon 

nanotube (MWCNT) buckypapers. Therefore, the Charpy impact strength of flax-

epoxy composites was enhanced by 16%. However, the authors did not study the 

effect of CNT interleaving on low-velocity impact performance or other critical 

properties such as fatigue. Ravandi et al. [59] studied the effect of through-thickness 

stitching of flax fabrics on the impact behaviour of cross-ply flax-epoxy composites. 

The stitching method negatively affected the energy absorption and perforation 

energy due to defects such as fibre distortion and resin pockets. Further 
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investigations are required to understand the effect of various interlaminar 

toughening methods on the impact resistance and tolerance of flax fibre composites. 

As described before, the internal impact damage traces of flax fibre composites in 

the literature are dominated by fibre failure due to the brittle nature of fibres and 

minor delamination. Therefore, the interlaminar toughening might have a minor 

effect on the impact resistance of natural fibre composites. 

Surface modification of fibres can modify the interfacial shear strength and fracture 

toughness of natural fibre composites. The main fibre surface modification strategies 

for natural fibre composites are plasma treatment, extraction of lipophilic 

compounds from fibre surfaces, deposition of functional nanoparticles, and 

chemical grafting of coupling agents [60]. For instance, plasma treatment of natural 

fibres at atmospheric pressure (with air, helium, or argon gas) enhances the surface 

roughness of fibres and increases the O/C ratio on the fibre surface by creating C=O 

and O–C=O functional group [61]. The enhanced surface roughness of fibres 

promotes the mechanical adhesion between fibre and matrix, while the oxygen-

containing functional groups promote hydrogen bonding with polar polymer matrix 

systems and reactive resins such as epoxy [61]. The extraction of waxes from fibre 

surfaces (e.g., by ethanol treatment [62]), introducing coupling agents (e.g., amino 

silanes [63]), and depositing functionalised nanoparticles (e.g., TiO2 [64], GO [25]) 

on fibres have essentially similar effects as plasma treatment which are enhancing 

the O/C ratio and surface roughness of fibres. However, some treatments, such as 

alkali modification [62], and plasma treatment with argon [65], can reduce the tensile 

strength of natural fibres due to chemical adjustments (e.g., by removing the 

hemicellulose and pectin from fibre microstructure) or physical adjustments (e.g., 

creating defects and cavities within fibres). The embrittlement of fibres due to 

surface modification strategies might have a negative effect on the impact and fatigue 

tolerance of composites. However, the studies in the literature are mainly focused 

on the interfacial shear strength and quasi-static mechanical performance of natural 

fibre composites. Further investigations on macroscale composites and their fatigue 

and low-velocity impact performance are required to understand the potential of 

proposed fibre surface modifications in the literature. Also, the contribution of the 

proposed fibre modification strategies on the interfacial toughness between fibre and 

matrix is somewhat overlooked in the literature. Interfacial toughening can be a 

suitable strategy for modulating the impact tolerance of composites with brittle 

fibres. Coating fibres with a ductile phase compatible with polymer matrix can 

enhance the elongation at failure and toughness of composites. Ductile and tough 
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interphase can potentially reduce the extent of impact-induced fibre failure by 

promoting energy dissipation through interfacial sliding between fibre and matrix. 

Interfacial toughening can be realised by depositing fibrous or multi-layer 

nanomaterials onto the fibre [66–68], coating fibres with elastomer or tough polymer 

coating [69,70], creating long chain entanglement between fibre-matrix [71]. For 

instance, growing carbon nanotubes on carbon fibres through chemical vapour 

deposition has been shown to improve the Izod impact strength of carbon-epoxy 

composites by 34% without negatively affecting the quasi-static mechanical 

properties of composites [68]. Lin et al. [69]  improved the interfacial shear strength 

between aramid fibre and epoxy by 67.7% with 1.39% fibre sizing content of 

thermoplastic polyurethane. The quasi-static tensile strength and elongation at 

failure of toughened composites were increased by 10%, while the fracture 

toughness was enhanced by 126%. The authors ascribed the tough nature of 

polyurethane-modified composites to the presence of a ductile interface which 

delayed the debonding by crack deflection. However, the effect of interfacial 

toughness on low-velocity impact and fatigue resistance of natural fibre composites 

is not yet studied. 

3.2.2 Fatigue behaviour of flax fibre reinforced composites 

Every structural material experiences in-service cyclic mechanical load, which 

fluctuates over time and creates time-varying stresses below the quasi-static strength 

of the material. The time-varying fatigue loading is localised at the material or 

geometrical discontinuities. Natural fibres such as flax are hierarchical cellulosic 

materials with inhomogeneities in fibre geometry, morphology, and chemistry. 

Therefore, fatigue performance is critical for the long-term durability of flax fibre 

reinforced composites.  

Fatigue loading of composites creates multi-staged damage. Matrix cracks develop 

in the early stage of the fatigue process along fibres in the tensile loading direction. 

The crack density increases by cyclic loads and reaches a saturation point where 

stress redistribution limits the initiation of new cracks. However, the macroscopic 

size matrix cracks can create stress concentration and other damage modes such as 

fibre-matrix interfacial debonding, delamination, and fibre failure. Therefore, the 

fatigue performance of flax fibre composites can be tailored based on the toughness 

of polymer matrix systems, good interfacial adhesion and interfacial toughness 

between fibre and matrix, ductility of fibres, and fibre architecture.  

https://www.sciencedirect.com/topics/materials-science/polyurethane
https://www.sciencedirect.com/topics/materials-science/polyurethane
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As described in the previous section, cross-ply composites based on woven or 

unidirectional fabrics provide the best impact resistance for flax fibre composites. 

The type of weave and fabric geometry are essential parameters in the fatigue 

performance of woven composites. Asgharinia et al. [72] found that the resistance 

of woven flax-epoxy to fatigue damage increases by decreasing the crimp in the 

yarns. Flatter and yet denser yarns reduce the crimp of fabrics. The authors studied 

flax-epoxy composites reinforced with twill-weave fabrics with areal densities of 224 

g/m2 and 550 g/m2. The quasi-static tensile properties of both composites were 

similar. However, the number of cycles to failure at every stress level for flax-epoxy 

composites with 224 g/m2 areal density was notably higher than 550 g/m2. The 

better fatigue performance of flax-epoxy composites with a lower areal density of 

fabrics was ascribed to the lower level of transverse cracks and delamination due to 

the lower crimp index of fabrics. Bensadoun et al. [73]  studied flax-epoxy 

composites with various fibre architectures. Composites with the highest quasi-static 

tensile stiffness and strength values also had longer fatigue life and less damage 

accumulation, which was demonstrated by smaller hysteresis loop area, lower strain 

shifts and plastic deformations. The longer fatigue life in ascending order was found 

for flax-epoxy composites with [0], [0/90], quasi-isotropic, woven, short fibre, and 

[90] fibre lay-ups [74]. Mahboob et al. [75] studied the fatigue performance of flax-

epoxy and glass-epoxy composites with various lay-up configurations based on 

strain-controlled (constant strain-amplitude) cycling testing. The strain-controlled 

cyclic testing was shown to eliminate the apparent modulus alteration reported for 

flax fibre composites by several stress-controlled studies [74]. Authors found that 

the fatigue performance of flax-epoxy composites (at indoor conditions) is 

comparable to their glass-epoxy counterparts with all lay-up configurations. Also, 

flax-epoxy composites showed superior resistance to stiffness loss and lower residual 

inelastic strains than glass-epoxy composites. 

Interfacial adhesion is critical for effective stress transfer between fibre and matrix. 

Under cyclic loading conditions, interfacial adhesion mainly affects the off-axis and 

shear properties of composites and corresponding damage developments [76]. For 

instance, composites with poor interfacial adhesion show an early reduction in 

stiffness, a high damage growth rate, and low fatigue damage tolerance [76]. The 

main fibre surface treatment strategies are lipophilic treatments for natural fibres, 

depositing nanocrystals such as GO, coating ductile thermoplastic layer on fibres, 

and chemical grafting of coupling agents on fibres [76]. For instance, Towo and 

Ansel [77] investigated the effect of lipophilic extraction from jute fibres based on 
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NaOH alkali treatment. Due to the higher surface roughness and free hydroxyl 

groups of alkali-modified jute fibres, the in-plane quasi-static tensile strength of jute-

polyester composites was increased by 25%. However, the alkali treatment negatively 

affected the fatigue performance of composites due to the embrittlement of fibres 

[77,78]. Deng and Ye [79] studied the effect of applying electrochemically oxidation 

and epoxy sizing (0.4 wt%) on the interfacial shear strength based on the single fibre 

pull-out test and tension-tension fatigue performance of unidirectional carbon fibre-

epoxy composites. The interfacial shear strength of carbon-epoxy was enhanced by 

33% with the proposed fibre surface modification. In the quasi-static tests, the 

longitudinal and transverse strain to failure of UD carbon-epoxy composites were 

improved by 8% and 65%, respectively. Under cyclic loading, modified composites 

had longer fatigue life (i.e., a higher number of cycles to failure) at high applied 

stresses. However, the effect of interfacial adhesion was less pronounced at low-

stress levels. In other words, the slope of stress-cycles to failure (S-N) graphs of the 

composites increased by the fibre modification which shows the fatigue behaviour 

is closely related to the interfacial adhesion. Broyles et al. [80] studied the fatigue 

performance of carbon fibre-vinyl ester composites with ductile thermoplastic sizing 

of carbon fibre based on polyhydroxy ether (phenoxy resin). The ductile sizing 

reduced the S-N slope of composites and enhanced the fatigue limit by 60% 

compared to unmodified carbon fibre-vinyl ester specimens. Authors concluded the 

significant effect of interfacial toughness on the fatigue performance of composites 

with brittle fibres. Overall, the interfacial adhesion and interfacial toughness have an 

influence of fatigue performance of composites. However, the effect of surface 

modifications for natural fibre composites are mainly focused on the quasi-static 

mechanical properties [60] which does not necessary correlate with the fatigue 

performance of composites [76]. 
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4 MATERIALS AND METHODS 

4.1 Materials  

4.1.1 Flax fibres and polymer matrices 

Flax fibres were selected as the reinforcement in this thesis work due to their 

outstanding mechanical performance (compared to other natural fibres), which is 

desired in structural applications. This selection is geographically relevant as 70% of 

flax’s global production is realised in Europe (specifically in France). Also, flax fibre 

fabrics are the only commercially available continuous natural fibre in the market. 

Non-crimp flax fabrics (ampliTex) of unidirectional and twill 2 × 2 types with an 

areal density of 300 g/m2 were provided by Bcomp (Fribourg, Switzerland). The 

manufacturer treated the flax fibres with a standard boiling water procedure to 

remove waxes from the surface. A thin polyester weft thread connected the yarns of 

the UD flax fabrics. The average tensile properties of oven-dried flax fibre bundles 

(at 115 °C for 2 hours) are summarised in Table 2. The tensile properties of flax fibre 

bundles were back-calculated from the impregnated fibre bundle test (IFBT) results 

of flax-epoxy composites [21].  
 
Table 2. The average tensile properties of ampliTex flax fibre bundles [21].  

Property Dry fibre 

Elastic modulus within 0−0.1% strain range (GPa) 57 ± 3 

Elastic modulus within 0.3−0.5% strain range (GPa) 38 ± 2 

Failure strength along fibres (MPa) 600 ± 40 

Elongation at failure (%) 1.0 ± 0.1 

The thermoset and thermoplastic polymer matrix systems in the thesis work were 

epoxy and poly (methyl methacrylate) (PMMA) resins, respectively. The epoxy was 

a standard resin (Epopox A-28, Amroy Europe, Lahti, Finland) polymerised by a 

polyether diamine hardener (Jeffamine D-23, Hunstman, Texas, USA) with a 35 wt% 

hardener to epoxy ratio. The PMMA was in-situ polymerised at the ambient 



 

40 

conditions by mixing a liquid methyl methacrylate thermoplastic resin (Elium 188, 

Arkema, Colombes, France) and dibenzoyl peroxide initiator (BP-50-FT1, United 

Initiators GmbH, Pullach, Germany) with 3 wt% initiator to resin ratio. The average 

tensile properties of the polymer resin systems are summarised in Table 3. The 

testing data and specifications are available in the following reference link [81]. 

 
Table 3. The average tensile properties of polymer matrix systems [81]. 

Property Epoxy  PMMA  

Tensile modulus (GPa) 2.3 ± 0.1 2.6 ± 0.1 

Tensile strength (MPa) 53.7 ± 1.1 63.5 ± 0.3 

Elongation at break (MPa) 6.1 ± 0.4 6.6 ± 0.3 

4.1.2 Flax fibre modification methods 

To promote the interfacial adhesion and interfacial toughness between flax-epoxy, 

the surface of flax fibres was modified by multi-layer graphene oxide (GO) crystals 

and cellulose acetate thermoplastic coating based on the dip-coating method. The 

fibre modification strategy for PMMA-based composites was based on the 

environmental precondition of fibres at 50% and 90% RH (23 °C). The motivation 

to use preconditioned fibres was to enhance the ductility and toughness of 

composites. 

Surface modification of flax fibres with graphene oxide 

The graphene oxide (GO) surface modification was realised by dip-coating flax 

fibres in a 1.2 wt% aqueous dispersion of GO (for 24 hours at 23 °C). The 1.2 wt% 

GO concentration was selected as it provided the optimum interfacial adhesion 

between flax-epoxy in the preliminary studies. The GO concentrations in the 

preliminary studies were 0.65 wt%, 1.2 wt%, and 2 wt% GO. After dip-coating, the 

flax fibres were rinsed in deionised water to remove the excess (unbound) graphene 

oxide from the fibre surfaces and then oven-dried at 60 °C overnight. Two types of 

GO dispersions (with similar concentrations) were used. In Paper I, the flax fibres 

were modified by in-house synthesised GO-dispersion according to Hummer's 

method [82]. In Paper II, a commercial GO-dispersion was used due to the macro-

scale nature of the study. The GO surface modification did not have any meaningful 
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effect on the tensile performance of single flax fibres [see Paper I, Table 2]. It should 

be noted that in Paper I, both unmodified and GO-modified flax fibres were 

immersed in de-ionised water for 24 h at 23 °C and dried at 50 °C overnight to 

account for the potential effect of water. However, in Paper II, the unmodified flax 

fabrics were used as received without water immersion.  

For the graphene oxide synthesis, a 500 mL round bottom flask was placed on a 

magnetic stirrer in an ice bath (0 °C). A 46 mL of H2SO4 (VWR, VWR International 

Oy, Helsinki, Finland) was transferred to the flask and continuously stirred by a 

magnetic bar. 1 g of NaNO3 (Sigma-Aldrich, Burlington, United states) and 2 g of 

graphite powder (type TIMREX KS44, TIMCAL Graphite & Carbon, Bodio, 

Switzerland) were added to the H2SO4. Then, 6 g of KMnO4 (≥ 99.0%, Merck, 

Darmstadt, Germany) was gradually added to the reaction, maintaining the mixture's 

temperature below 5 °C. After 10 minutes, the ice bath was removed, and the 

reaction was continuously stirred for 6 hours at 23 °C, which finally turned into a 

viscous paste. Afterwards, 92 mL and 280 mL of distilled water were added to the 

reaction with 30 minutes gap in between. Also, 10 mL of hydrogen peroxide was 

added to the flask. After the GO synthesis, an aqueous dispersion of GO was 

sonicated for exfoliation and further centrifuged to remove the acid used in the 

process and the non-exfoliated GO sheets. The obtained brown suspension was 

dried in an oven at 50 °C for 24 hours to achieve a GO film. A 1.2 wt% aqueous 

dispersion of GO was prepared by mixing GO film with deionised water in a mortar 

and further sonication. Flax yarns were dip-coated in this dispersion for 24 hours at 

23 °C and dried at 50 °C overnight. The reference flax yarns were immersed in 

deionised water for 24 hours at 23 °C and dried at 50 °C overnight to account for 

the potential effect of water.  

The commercial graphene oxide was based on a stable aqueous dispersion of 

graphene oxide (Graphenea, Gipuzkoa, Spain) with a GO concentration of 1.2 wt%, 

pH of 1.8–2, and particle size of 14–17 µm. Flax fabrics were coated with GO by 

dip-coating for 10 minutes (at 23 °C). The dip-coated fabrics were rinsed in deionised 

water to remove the excess unbound GO particles from the surface. The GO-

modified fabrics were oven-dried at 50 °C for 24 hours. 
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Surface modification of flax fibres with cellulose acetate thermoplastic coating 

 

As stated in the literature review section, various thermoplastic and elastomeric 

coatings, such as polyurethane [69], can be used for the interfacial toughening of 

composites. However, this study aimed to use a biobased thermoplastic coating. The 

potential of a few biobased thermoplastic polymers, such as cellulose acetate, methyl 

cellulose, polyvinyl acetate, and nanocellulose was investigated for selecting suitable 

fibre coating. Based on the initial quasi-static tensile tests (unidirectional and 

transverse), the cellulose acetate coating resulted in a more uniform coating of flax 

fabrics, good interfacial strength between flax-epoxy, and the best combination of 

stiffness and ductility for flax-epoxy composites. Therefore, cellulose acetate was 

selected as the fibre coating for this study. 

Pure cellulose acetate (CA) powder with average molecular weight of 100,000 

(g/mol) was supplied by Acros Organics (New Jersey, United States). The degree of 

substitution of CA was 1.3. Based on the acetyl content and degree of substitution 

of the cellulose acetate, it can be dissolved in various solvents such as acetone, 

chloroform, 2-methoxyethanol, and dichloromethane. In this study, acetone was 

selected as a solvent, based on an extensive review of the green solvent guides by 

Byrne et al. [83], which categorised solvents into six subgroups from green (e.g. 

ethanol, water), between green and problematic (e.g. acetone), problematic (e.g. 

DMSO), between problematic and hazardous (e.g. dichloromethane), hazardous 

(e.g., 2-methoxyethanol), and highly hazardous (e.g. chloroform). Compared to other 

CA-solvents, acetone has the best environmental, health, safety, and energy demand 

indices [83]. Technical acetone by Kiilto Oy (Lempäälä, Finland) was used as a 

solvent for CA powder.  

Flax fabrics were modified with CA by dip-coating into a CA-acetone solution (for 

5 seconds, at 23 °C) with a CA concentration of 5 g CA in 100 mL acetone. The CA-

modified fabrics were oven-dried at 115 °C for 2 hours. CA coating comprised the 

4 ± 1 wt% of the modified fabrics. The thickness of the formed coating on flax 

fabrics was in the range of 3 µm. The CA concentration was selected by preliminary 

studies on quasi-static transverse tensile and Charpy impact testing of flax-epoxy 

composites. Among different CA concentrations (namely 2.5 gr, 5 gr, and 10 gr per 

100 mL of acetone), the CA-modified flax-epoxy with 5 g CA/100 mL acetone 

concentration had the best performance and therefore was selected for the primary 

studies. It should be noted that the immersion of fibres in acetone (for 5 seconds, at 

https://www.sciencedirect.com/topics/materials-science/polyurethane
https://www.google.com/search?rlz=1C1GCEB_enFI879FI879&q=Fair+Lawn,+New+Jersey&stick=H4sIAAAAAAAAAOPgE-LSz9U3sMwtKIo3VuIAsSuyC7O0jDLKrfST83NyUpNLMvPz9POL0hPzMqsSQZxiq4zUxJTC0sSiktSiYoWc_GSw8CJWUbfEzCIFn8TyPB0Fv9RyBS-gdGrlDlZGAC1V64FnAAAA&sa=X&ved=2ahUKEwi3m-OmkILvAhXjQ0EAHSRbBG0QmxMoATAhegQIGhAD
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23 °C) did not alter the tensile performance of single flax fibres. The single fibre 

tensile testing data and specifications are available in the following reference link 

[84]. Further data on the mechanical properties of CA-modified flax yarns and 

fabrics are provided in Paper III [see Supplementary data in Paper III]. 

Moisture preconditioning of flax fibres for non-dry flax-PMMA composites 

Flax fibres were preconditioned at three different environmental conditions before 

the resin infusion of composites. Based on the preconditioning methods, flax fabrics 

were labelled as Dry, RT, and RH. 

Dry fabrics were oven-dried at 115 °C (for 2 hours), RT fabrics were conditioned at 

50% RH (23 °C, for 24 hours), and RH fabrics were conditioned at 90% RH (23 °C, 

24 hours). The moisture content of fibres was measured by an analytical balance 

(model GR-202, A&D Ltd, Tokyo, Japan). The average weight for three pieces of 

fabrics (10 mm × 10 mm; width × length) was measured consecutively after oven-

drying and humidity conditioning. Compared to oven-dried (Dry) fabrics, the weight 

gains of RT and RH fabrics after conditioning were 8.1 ± 0.2 wt% and 16.8 ± 0.2 

wt%, respectively. The environmental preconditionings for fabrics were done in a 

humidity chamber (model VC 0018, Vötschtechnik, Balingen, Germany). 

4.1.3 Manufacturing of composites 

Flax-epoxy composites for the quasi-static mechanical tests were manufactured 

based on hand lay-up followed by vacuum bagging. Flax-epoxy composites for cyclic 

loading and low-velocity impact testing were manufactured using vacuum-assisted 

resin infusion. Before manufacturing, flax fibres were oven-dried at 115 °C (for 2 

hours). The amounts of fibres and the number of plies were estimated based on ISO 

14127:2008 standard and Vf = (mf/𝜌f)/ (Vc) formula. The Vf for all composites was 

aimed at 40%.  In the formula, mf is the mass of the fibres, Vc is the volume of the 

composite, and 𝜌f is the density of flax fibres (1.4 g/cm3), assuming a pore-free 

composite. The general overview of the vacuum-assisted resin infusion process is 

presented in Figure 5. The epoxy resin was degassed for 5 min before the resin 

infusion. Steel-made spacers were used to tailor the final thickness of the composites 

and their fibre volume fractions. After the resin infiltration, the vacuum-bagged 

setup was placed in a hot press to ensure that the final thickness of the composites 
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was the same as the steel spacers. Based on the manufacturer's recommendation, the 

composite laminates were cured at 90 °C for 24 hours and post-cured at 150 °C for 

1 hour. The 40 ± 2% fibre volume fraction value of all manufactured composites 

was confirmed by X-CT analysis. The volume fraction values of porosities for flax-

epoxy, GO-flax-epoxy, and CA-flax-epoxy composites were 2.4%, 0.04%, and 3.4%, 

respectively. After manufacturing, flax-epoxy composites were stored in a controlled 

environment (50% RH, 23 °C) for 3−4 weeks to reach equilibrium.  

 

Fig 5. A snapshot from vacuum-assisted resin infusion process. 

All flax-PMMA composites were manufactured by vacuum-assisted resin infusion 

with a 40% fibre volume fraction. The flax-PMMA composites were categorised into 

three groups: Dry, RT, and RH. The resin infusion and the in-situ polymerisation of 

flax-PMMA composites were realised at 23 °C. After the resin infiltration, the 

vacuum-bagged setup was placed in a hydraulic press constrained with steel-made 

spacers to ensure 40% Vf for composites. After manufacturing, flax-PMMA 

composites (Dry, RT, RH) were stored in a controlled environment (50% RH, 23 

°C) for three months to reach equilibrium before further characterisation. The 

weight gain values of Dry and RT composites at equilibrium were respectively 2.3 ± 

0.1 wt% and 0.2 ± 0.1 wt%. The weight of RH-type composites was reduced by 4.1 

± 0.2 wt% upon reaching an equilibrium due to moisture desorption of swollen 

fibres. The relative humidity (RH) conditionings were performed by a humidity 

chamber (model VC 0018, Vötschtechnik, Balingen, Germany). After reaching the 

equilibrium, the volumetric fraction of porosities for Dry and RT composites was 

0.2 ± 0.05% and RH-type composites had an average porosity of 4.33 ± 0.29%. The 

fibre volume fractions of composites were 41.91 ± 1.92% (for Dry), 39.27 ± 1.72% 

(for RT), and 45.02 ± 3.05% (for RH). The volume fraction of fibres and porosities 

were analysed with X-ray computed tomography (UniTom HR, TESCAN, Ghent, 

Belgium) with a voxel size of 800 nm.  
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A band sawing machine (model RBS904, Ryobi, Hiroshima, Japan) was used to cut 

fabricated laminates into standard specimen dimensions. Specimen edges were 

polished to a final finish so that fibres in each ply were observable in a visible light 

microscope.  

4.2 Characterisation methods 

4.2.1 Spectroscopy analysis 

The surface chemistries of modified and unmodified flax fibres were analysed by 

Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron 

spectroscopy (XPS). 

The FTIR device was Perkin-Elmer Spectrum One (Perkin-Elmer, Beaconsfield, 

UK) equipped with the Universal Attenuated Total Reflectance (ATR) sampling 

accessory. The sampling accessory had a Diamond/ZeSe crystal with a 1.66 µm 

depth of penetration. Transmittance spectra were recorded within the 4000 to 

600 cm−1 range and a 0.5 cm−1 resolution. 

The XPS analysis was performed by employing a non-monochromatic Al K𝛼 X-ray 

source and VG Microtech CLAM 4 hemispherical electron spectrometer. The 

spectra were collected on a circular analysis area with 0.6 mm in diameter in the 

following order C 1s, O 1s, survey scan, Na 1s, S 2p. The C 1s were repeated to 

check the possible X-ray-induced damage. The background-subtracted XPS spectra 

were least-squares fitted with a combination of symmetric Gaussian Lorentzian 

component line shapes. The binding energy scale was calibrated according to C 1s 

C–C/H peak at 284.8 eV. The relative atomic concentrations were calculated using 

Scofield photoionisation cross-sections. 

4.2.2 Interfacial adhesion: Microbond testing 
 

The effect of fibre surface modifications on the apparent interfacial shear strength 

(IFSS) between flax fibres and epoxy resin was studied with the microbond 

technique. For the test specimen preparation, single flax fibres were extracted from 
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flax fabrics by tweezers under an optical microscope and fixed on a stainless-steel 

sample holder with epoxy glue. The average diameter of single flax fibres was 15 ± 

3 µm. The flax fibres were oven-dried (115 °C for 2 hours) before droplet deposition. 

Droplets of different sizes were deposited on flax fibres with FIBROdrop 

(Fibrobotics Oy, Tampere, Finland) device based on the resin dip method. The 

average embedded length of the droplets was 75 ± 17 µm. Droplets that had a higher 

volume than the single flax fibre were selected for testing. The microbond 

measurements were performed with FIBRObond (Fibrobotics Oy, Tampere, 

Finland) [85] device with 1 N load cell and 0.008 mm/s loading rate. The diameter 

of the fibres and the embedded length of the droplets were captured before each 

measurement with an optical microscope (model UI-3370SE, IDS, Germany) of the 

FIBRObond device. During the test, microvices sheared the droplets until complete 

debonding. The linear regression slope of the maximum debonding force of 

individual droplets versus the embedded area was considered the apparent IFSS. In 

total, 20 individual droplets were tested for each series of fibres. 

4.2.3 Interfacial adhesion: In-plane shear and transverse tensile/flexural 
testing of composites 

The effect of fibre modifications on the interfacial adhesion between fibre-matrix at 

the macroscale level was assessed by quasi-static tensile and flexural testing of 

composites with a universal testing machine (model 5967, Instron, MA, USA). The 

average mechanical properties of seven successful quasi-static test results, which 

failed within the specimen's gauge length, were reported for each composite system. 

The in-plane shear testing of composites with [+45/−45]SE lay-ups was performed 

according to the ASTM D3518 testing standard by 30 kN load cell and 5 mm/min 

displacement rate. The specimens contained four plies of unidirectional flax fibres 

with a 40% fibre volume fraction. The specimens were prepared in a rectangular 

shape with dimensions of 250 mm × 25 mm × 2 mm (length × width × thickness). 

The stress value at the 5% engineering shear strain was reported as the maximum in-

plane shear strength (τ12
max) of composites. The in-plane shear stress was calculated 

based on the τ12 = F/ (2A) formula, where F is the applied force, and A is the average 

cross-sectional area measured from three points along the gauge length of the 

specimens. The engineering shear strain was calculated based on the 

γ12i = εLi – εTi formula, where γ12i is the engineering shear strain at the i-th data point, 

εLi is the longitudinal normal strain at the i-th data point, and εTi is the lateral normal 
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strain at the i-th data point. The shear chord modulus of elasticity was determined 

based on the G12
chord = Δτ12/ Δγ12 formula. The Δτ12 is the difference in applied 

engineering shear stress between the two shear strain points, and Δγ12 is the 

difference between the two engineering shear strain points (nominally 0 to 0.004). 

The tensile performance of unidirectional composites with [90]4 lay-up was assessed 

with 500 N load cell and 1 mm/min displacement rate according to the ASTM 

D3039 testing standard. The specimens were prepared in a rectangular shape with 

dimensions of 175 mm × 25 mm × 2 mm (length × width × thickness) and 40% 

fibre volume fraction. The transverse chord modulus of elasticity of composite 

specimens was calculated within the 0 to 0.001 absolute strain range according to the 

ASTM D3039 testing standard. 

To ensure tensile failure within the gauge length of the specimens, glass fibre-epoxy 

tabs were applied with two-component epoxy glue (DP 460 Scotch-Weld, 3M, 

Minnesota, USA). Tabs had a [+45/−45]SE lay-up configuration and were 2 mm 

thick. Tabs were tapered at 45° to provide a smooth transition from the specimen 

to the tabbing area and avoid stress concentration.  

The tensile tests were monitored with a stereo optical extensometer (StrainMaster 

Compact, LaVision, Göttingen, Germany) comprising two fixed optical cameras and 

an integrated LED illumination source. The full-field strain evolution during the tests 

was analysed using Digital Image Correlation (DIC) method. The cameras had a 5 

MP resolution, a field-of-view of 120 × 140 mm2, a spatial resolution of 52 µm/pixel, 

and a fixed working distance of 250 mm. Given that the position of the cameras was 

fixed with one another, a permanent spatial calibration was used to calibrate both 

intrinsic and extrinsic parameters of the system. The data was evaluated using the 

StrainMaster DIC software package (LaVision). During testing, the force data were 

simultaneously acquired using an analogue to digital converter to be associated with 

the deformation measured using DIC. 

The transverse flexural performance of unidirectional composites was assessed with 

a 5 kN load cell and 2 mm/min displacement rate according to the ASTM D7264 

testing standard. The specimens were prepared in a rectangular shape with 

dimensions of 153 mm × 13 mm × 4 mm (length × width × thickness) and 40% 

fibre volume fraction. For these four-point bending tests, only the failure strength 

of composites was reported, as the beam deflection was not monitored with an 

extensometer. 
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4.2.4 Quasi-static in-plane tensile testing of composites 

Quasi-static in-plane tensile testing of composites was carried out with a universal 

tester (model 5967, Instron, MA, USA) according to the ASTM D3039 standard. 

The load cell and displacement rate were 30 kN and 2 mm/min, respectively. 

Depending on the study, composites had either [0]4 lay-ups or [(0,90)]4 lay-ups. The 

[0]4 lay-up was composed of four unidirectional flax fibre plies with specimen 

dimensions of 250 mm × 15 mm × 2 mm. The [(0,90)]4 lay-up was composed of 

four twill 2 × 2 woven fabric plies with specimen dimensions of 250 mm × 25 mm 

× 2 mm (length × width × thickness). The fibre volume fraction of composites was 

40%. Tapered glass-epoxy tabs were applied to the specimens. The tensile tests were 

monitored with a stereo optical extensometer (StrainMaster Compact, LaVision, 

Göttingen, Germany). The composites' longitudinal chord modulus of elasticity was 

calculated within the 0 to 0.001 absolute strain range according to the ASTM D3039. 

An average of seven test results were reported for each material system.  

4.2.5 Fatigue testing of composites 

The fatigue performance of composites was evaluated by performing cyclic loading 

tests following the ASTM D3479 standard. The lay-up and fibre volume fraction of 

composites were [(0,90)]4 and 40%, respectively. The [(0,90)]4 lay-up was composed 

of four twill 2 × 2 woven fabric plies with specimen dimensions of 250 mm × 25 

mm × 2 mm (length × width × thickness). Tapered glass-epoxy tabs were used to 

reduce the stress concentration at the gripped section of the specimens. The tests 

were performed with a servo-hydraulic tester (MTS 180, Minnesota, USA) equipped 

with a 100 kN load cell and a gauge length of 150 mm. A constant-load amplitude 

and a sinusoidal wave shape were applied at a frequency of 5 Hz. The loading 

frequency of 5 Hz was chosen to avoid any temperature rise above 10 °C (see ASTM 

D3479). The stress ratio (R) of the nominal minimum to maximum applied stress 

was 0.1. Stress-cycles to failure (S-N) graphs were acquired by registering the number 

of cycles to failure and the nominal maximum stress for each specimen. The load 

levels (90%, 80%, 70%, and 50%) for the low-cycle fatigue tests were defined with 

respect to the ultimate tensile strength (S0). Three specimens per load level 

(excluding any grip failure) were reported. The surface temperature of the specimens 

during testing was monitored by a longwave IR camera (model Ti400, Fluke, 

Washington, USA) with thermal sensitivity of 0.05 °C at 30 °C. The specimens were 

stored for one week in the fatigue testing ambient for environmental stabilisation. 
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4.2.6 Low-velocity impact testing of composites 
 

The low-velocity impact performance was studied with an instrumented drop-weight 

tester (Type 5, Rosand, Ohio, USA) without rebound impacts per ASTM D7136 and 

ASTM D5628 standards. The flax fibre reinforced composites had a cross-ply 

configuration with a [0/90]3SE lay-up, comprised of 12 unidirectional fabric layers. 

Rectangular-shaped specimens with dimensions of 60 mm × 60 mm × 5 mm (length 

× width × thickness) were clamped between two steel fixtures with a circular test 

area (diameter 40 mm) representing fixed support. The drop height of the impactor 

(2772 gr) was adjusted to, e.g., 0.33 m to reach kinetic energies of 9 J. The impact 

performance of composites was studied in a wide range of kinetic energies starting 

from 3 J up to complete perforation by 3 J sequences.  A hemispherical steel-made 

indenter (diameter 12.7 mm) was fixed to the impactor. The contact force was 

measured using a load sensor (60 kN) between the head and the impactor structure. 

The force data were recorded at a 180 kHz frequency. The displacement of the 

impactor was numerically integrated from the measured contact force-time curve. 

For each impact energy level, three composite specimens were tested.  

The rear surfaces of composites (opposite to the impacted surface) were in-situ 

monitored with synchronised high-speed optical camera (Fastcam SA-X2, Photron, 

Tokyo, Japan) and high-speed IR camera (Fast IR-1500 M2K, Telops, Quebec City, 

Canada). An unprotected gold mirror (PFSQ20-03-M03, THORLABS, Newton, 

United States) at 80 cm lens distance and a conventional mirror at 35 cm lens 

distance were placed at an angle below the impact specimen to reflect the IR 

electromagnetic radiation and full-field deformations respectively. The emissivity of 

the composites in the infrared range (ability to emit infrared energy) was measured 

to convert radiometric temperature to surface temperature. The schematic 

representation of the drop-weight impact testing setup coupled with high-speed 

optical and IR cameras is presented in Figure 6. 
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Fig 6. Schematic representation of the drop-weight impact testing setup coupled with 
high-speed optical and IR cameras [Paper IV, Supplementary data]. 

The infrared images were taken at an acquisition rate of 10000 Hz and an image 

resolution of 128 × 112 pixels. The IR camera measures radiometric temperature, 

which relies on the target being a black body or having user input emissivity values. 

The emissivities of the investigated composites were determined by coating half of 

the composite specimens with a thermographic paint (type HERP-HT-MWIR-BK-

11, LabIR, Teslova, Czech Republic) to create a homogeneous reference layer with 

known emissivity. The surface of the specimen was heated by a heat gun until 50 °C. 

The reference painting allowed for the determination of surface temperature, which 

was compared to the radiometric measurements from the composite surface to 

determine its emissivity. The emissivity values determined for flax-PMMA and flax-

epoxy composites were 0.95 and 0.88, respectively. 

The unprotected gold mirror's reflectance was approximately 98% in the infrared 

wavelength range and was considered in the radiometric temperature calculation. 

The radiometric temperature of the specimens was then converted to surface 

temperature with the following equation TTrue = TRadiometric/√𝜀4
 where 𝜀 is the 

emissivity [86]. The IR data analysis was performed with the Reveal software (Telops, 

Quebec City, Canada). 

The full-field strain measurements were carried out using a high-speed optical 

camera (Fastcam SA-X2, Photron, Tokyo, Japan), which imaged the rear surface of 

the composite specimen through a conventional mirror. The optical cameras imaged 
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the specimen at a 35 cm lens distance. The specimen was illuminated using Ultra-

Bright LED modules (Visual Instrumentation Corporation, Lancaster, United 

States). The optical images were acquired at a rate of 10000 Hz with a resolution of 

768 × 640 pixels and an exposure time of 20 µs. The full-field strains were calculated 

using 2D-DIC with the commercial package DAVIS10 (LaVision, Göttingen, 

Germany). The optical images were processed with the subset size of 41 × 41 pixels, 

step size of 13 pixels, and virtual strain gauge (VSG) of 67 pixels for the results 

presented in this article. The matching process of the DIC analysis was performed 

using an affine shape function and a sixth-order spline sub-pixel image interpolation 

scheme with the zero-normalised sum of squared differences (ZNSSD) criteria. 

The in-situ surface deformations on the rear surface of specimens during impact 

testing were plotted as von Misses strain maps and superimposed on high-speed 

optical images. Generally, the von Mises strain can be determined if a given material 

will yield or fracture. The von Mises strain condenses the three-dimensional strain 

state at any given point into an effective scalar strain value equivalent to the strain 

of a uniaxial load state. The equivalent von Mises strain was computed in the DaVis 

program or StrainMaster DIC. As the DIC imaging was performed in a 2D mode, 

the von Mises strain maps had similar values for both plane stress and plane strain 

analysis.  

The acquisition on both optical and infrared systems was synchronised using a 

waveform generator (33500B, Keysight Technologies, Santa Rosa, United States). 

The trigger to start data acquisition on the camera systems was also recorded on the 

same oscilloscope that recorded load to allow for accurate temporal synchronisation 

of load with strain and temperature. More information on the synchronisation of 

high-speed optical and infrared systems can be found in the article by Soares et al. 

[87].  

4.2.7 X-ray computed tomography (X-CT) 

The volume fraction of fibres and porosities within composites were investigated by 

a high-resolution X-CT (UniTom HR, TESCAN, Ghent, Belgium). The scanner was 

equipped with a 160 kV/25 W nanofocus X-ray tube, a tungsten reflection target, a 

low radiation detector of 2916 × 2280 pixels, and a 75 μm pixel pitch. The scans 

were acquired at 60 kV and 0.7 W, with a voxel size of 800 nm. In total, 2800 

radiographic projections were acquired over a 360º angle sample rotation, each with 
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an exposure time of 900 ms and frame averaging of 3 to reduce the projection's 

random noise. No physical filters were used for the acquisition of the projections.  

The internal damage patterns of impact-tested composite specimens were 

characterised with a lower resolution X-CT (UniTOM XL, TESCAN, Ghent, 

Belgium). The scanner was equipped with a 230 kV/300 W microfocus X-ray tube, 

a tungsten reflection target, a 2856 × 2856 pixels detector, and a 150 μm pixel pitch. 

The scans were acquired at 60 kV and 35 W, with a voxel size of 35 μm. In total, 

2877 radiographic projections were acquired over a 360º angle sample rotation, each 

with an exposure time of 67 ms and frame averaging of 3 to reduce the projection's 

random noise. 

In both cases, the acquired radiographic projections were reconstructed into 

tomographic slices by applying a filter back-projection algorithm in the TESCAN 

reconstruction software Panthera. Image analysis and visualisation were performed 

in the software Avizo 3D v2021.1. 

4.2.8 Optical and electron microscopy 

The fracture surface analysis of composites was carried out with a ULTRAplus 

(Zeiss, Oberkochen, Germany) scanning electron microscope (SEM). A thin 

platinum-palladium (Pt-Pd) coating was used to ensure enough conductivity for the 

SEM samples.  

The post-impact assessment of failure mechanisms in the impacted specimens was 

evaluated with a DM 2500 M (Leica, Wetzlar, Germany) optical microscope using a 

dark field mode. The specimens were embedded in an epoxy resin before polishing. 

The surface deformations on the rear surface of composites (opposite to the 

impacted surface after the drop-weight test) were inspected with three-dimensional 

optical profilometry with an InfiniteFocus G5 (Alicona, Graz, Austria). 
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5 RESULTS AND DISCUSSIONS 

This chapter provides a coherent overview of the key results based on the appended 

journal articles. The chapter's primary focus is the effect of fibre surface modification 

strategies on the low-velocity impact and fatigue performance of flax-epoxy and flax-

PMMA composites. For the supporting information, readers are referred to the 

appended journal articles. 

The contribution of various surface modification strategies on the low-velocity 

impact perforation energy of flax-epoxy and flax-PMMA cross-ply composites are 

presented in Figure 7. Regardless of the matrix type, the perforation energy of flax-

epoxy (4.2 J/mm), flax-PMMA (4.1 J/mm), and polylactic acid (PLA) based flax 

fibre composites (3.5 J/mm, [88]) are comparable. This shows the dominating effect 

of brittle flax fibres on the impact resistance of composites. As fibre rupture is the 

main limiting factor for perforation energy, composites processed with more ductile 

polymers can only enhance energy absorption [49,51,89]. However, the perforation 

energy of flax fibre reinforced polypropylene (PP) composites (4.9 J/mm) reported 

by Ramakrishnan et al. [51] is 14% higher than the flax-epoxy and flax-PMMA. The 

14% higher perforation energy of flax-PP composites can be ascribed to the weak 

interfacial strength between flax and PP, which promotes energy dissipation through 

interfacial sliding [90]. Indeed, PP is highly non-polar and not compatible with the 

polar characteristic of flax fibres [57]. The apparent interfacial shear strength of flax-

PP (4.9 ± 0.7 MPa [91]) is 69% and 67% lower than flax-epoxy (16.1 ± 0.8 MPa)  

and flax-PLA (15.3 ± 3.3 MPa) [92] respectively. The perforation energy of cross-

ply glass-PP composite (5.1 J/mm [93]) is 6%, 21% higher than cross-ply flax-PP 

and flax-PMMA counterparts. The better impact resistance of glass fibre reinforced 

composites can be ascribed to the higher ductility of E-glass compared to flax fibres. 

However, the mechanical performance and competitiveness of flax fibre composites 

can be modulated by adjusting their interfacial adhesion and toughness. The effects 

of microscale fibre modification strategies on the impact and fatigue performance of 

flax fibre composites are discussed in the following subsections. 
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Fig 7. Thickness-normalised impact perforation energy of cross-ply flax fibre 
composites with 40% fibre volume fraction [modified from Papers II-IV]. The 
perforation energy of cross-ply flax-PLA [88], flax-PP [51], and Glass-PP [93] 

composites are provided from the literature. 

5.1 Effect of graphene oxide fibre surface modification  
 

This section describes the effect of interfacial strength on the fatigue performance 

and impact resistance of flax-epoxy composites based on the results from Paper I 

and Paper II. It was hypothesised that the surface functionalisation of flax fibres 

with oxygen-rich multilayer GO crystals could promote the interfacial adhesion and 

effective load transfer between flax fibres and epoxy resin which is promising for the 

fatigue performance of composites. However, increasing the interfacial strength 

might potentially embrittle the flax-epoxy composites and decrease their impact 

resistance. The following paragraphs elaborate on the effect of GO treatment on the 

microscopic and macroscopic properties of flax fibres and their composites.      

The surface chemistry of fibres has a significant role in the interfacial adhesion 

between fibre and matrix. The XPS spectra of unmodified flax fibres (Flax), a 

graphene oxide film (GO), and GO-modified flax fibres (GO-flax) are presented in 

Figure 8. Based on the XPS analysis, the O/C ratio of unmodified flax is 0.4. The 

O/C ratio of 0.4 for unmodified flax is below the theoretical O/C ratio of 0.83 for 

pure cellulose and closer to the theoretical O/C ratio of 0.35 for lignin [16]. 



 

55 

Therefore, the surface of flax is rich in aliphatic carbon components containing a 

greater portion of lignin and extractives rather than pure cellulose. Analysis of the 

aliphatic carbon region (C 1s in Figure 8 a, d) is necessary to understand the flax 

fibres' surface composition further. The 284.8 eV peak in Figure 8 (d) corresponds 

to unoxidised C–C bonding and hydrocarbons, while the peaks between 286 eV and 

289 eV correspond to oxidised C species so that the oxidation state increases with 

the binding energy. The four components in C 1s of flax fibre (Figure 8 d) were 

explained by Fuentes et al. [14] as (1) C–(C, H) linkages of lignin and extractives (at 

284.8 eV peak); (2) CC–OH groups of cellulose, pectin, lignin and extractives, as well 

as CC–OC–C linkages of lignin and extractives (at 286.4 eV peak); (3) C=O groups 

in lignin and extractives, as well as OC–CC–O linkages in cellulose and 

hemicelluloses (at 287.4 eV peak); (4) COOH groups of hemicelluloses, as well as 

COOC and COOH groups of extractives (at 288.6 eV peak). Considering the XPS 

analysis, surface modification of flax fibres with oxygen-rich GO crystals might 

promote further interactions between flax and epoxy resin by enhancing the O/C 

ratio or the ratio of oxidised C in flax fibres.  

 

 

Fig 8. XPS spectra of flax, GO, and GO-flax. (a)–(c) survey scans, (d)–(f) C 1s, and 
(g)–(i) O 1s core level spectra [Paper II]. 



 

56 

It is often reported that the O/C ratio for natural fibres decreases by GO-

modification due to the presence of oxygen-containing groups in GO [25]. Contrary 

to common expectations, the overall O/C ratio of GO and GO-modified flax fibres 

is similar to the unmodified flax fibres and near 0.4. However, the GO-modified flax 

contains 50% more oxidised C than flax fibre and GO. The O 1s transition shows 

one prominent peak below 532 eV on flax and GO, representing O–C and O=C 

bonds. An interesting change is observed in O 1s on GO-modified flax fibres. A 

new component/peak appears at 533.2 eV that is not present in unmodified flax or 

the graphene oxide film. Overall, the C 1s and O 1s spectra of GO-flax cannot be 

fitted using a combination of the line shapes of flax and GO, suggesting bond 

formation between flax and GO. One explanation for the new high binding energy 

component in O 1s is that hydrogen bonding is formed between GO and flax, as the 

detected binding energy corresponds, e.g., to water or C–OH [94]. The observed 

changes in the O 1s component ratios show that when the flax fibres are dip-coated 

in the aqueous dispersion of graphene oxide, about half of the oxygen in O–C/=C 

is reacting to C/H–O–H (see Table 1 in Paper II: concentration of O 1s: O–C/=C). 

At the same time, the relative amount of (H–)O–C=O increased in C 1s. The higher 

degree of oxidised C can promote the further formation of hydrogen bonds between 

flax fibres and epoxy functional groups of the resin. For instance, the C−N bond 

can form between amine hardener and GO-treated flax fibres by ring-opening 

polymerisation. 

The contribution of graphene oxide treatment of flax fibres on the fibre-matrix 

adhesion is presented in Figure 9. The slope-based results (linear regression) 

in Figure 9 suggest an apparent interfacial shear strength (𝜏app) of 33 ± 3 MPa for 

GO-flax-epoxy which is 43% higher than 23 ± 3 MPa for flax-epoxy. The higher 

𝜏app of GO-modified fibres is related to their higher degree of oxidised C, which 

creates additional hydrogen and covalent bonds between flax and epoxy. The 

mechanical interlocking between wrinkled GO crystals and epoxy resin is an 

additional factor which can potentially contribute to the interfacial adhesion between 

flax fibres and epoxy resin. Another observation in Paper I (Figure 5 in Paper I) was 

the movement of the failure onset locus towards the matrix in the microbond test. 

 

https://www.sciencedirect.com/topics/materials-science/ring-opening-polymerization
https://www.sciencedirect.com/topics/materials-science/ring-opening-polymerization
https://www.sciencedirect.com/science/article/pii/S1359835X20305054?via%3Dihub#f0020
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Fig 9. Microbond test results for flax-epoxy and GO-flax-epoxy [Paper I]. 

The better interfacial adhesion with GO-modified fibres can benefit the macroscopic 

performance of flax-epoxy composites, especially when subjected to fatigue loading. 

The collected S-N data and normalised fatigue data from flax-epoxy specimens with 

[(0,90)]4 lay-ups are presented in Figure 10 (A) and Figure 10 (B), respectively.  

 

Fig 10. Collected S-N data (A) and normalised fatigue data (B) of flax-epoxy 
composites with [(0,90)]4 lay-up [Paper II]. 

In Figure 10 (A), the average tensile strength of GO-modified composites at the first 

cycle (S0 = 110 ± 3 MPa), is 8% lower than the unmodified flax-epoxy composites 
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(S0 = 120 ± 5 MPa), which is also reflected in the fatigue results. The relatively lower 

S values of GO-modified specimens in Figure 10 (A) can be related to the effect of 

water immersion on the tensile performance of flax fibres. Indeed, the pectin and 

hemicellulose within flax fibres can be partially dissolved in water during the GO 

fibre modification and alter the tensile performance of fibres [62]. At the 90% 

loading ratio (in Figure 10 B), the number of cycles to failure of GO-modified 

specimens (102 cycles) is one order of magnitude lower than unmodified flax-epoxy 

(103 cycles). However, at a loading range of 50%–80%, both series are comparable 

in terms of cycles to failure. Therefore, the S-N slope of GO-modified composite 

(−14.45) is less steep than unmodified flax-epoxy (−17.59), indicating a 17% slower 

fatigue strength degradation rate within the loading range of 50%–90% for GO-flax-

epoxy. The more stable fatigue performance of GO-modified specimens can be 

ascribed to their low void content (less than 0.04% compared to 2.41% for 

unmodified flax-epoxy [Paper II, Paper I]) and 40% higher interfacial adhesion with 

epoxy resin which was studied through microbond tests. The more ductile behaviour 

of GO-modified specimens within the 50%–80% loading range (compared to the 

quasi-static and 90% loading cases) can be related to the sliding within multilayer 

GO crystals which is promoted by cyclic loading and friction between fibre and 

matrix [66]. Also, under cyclic fatigue loading, the epoxy functional groups of 

graphene oxide can potentially transform into ether groups [95]. The bond angle 

within ether groups (R–C–R) can alter and contribute to energy dissipation under 

cyclic loading conditions [95]. The fracture surface investigations after fatigue testing 

of specimens are provided in Paper II (see Figure 5 and Figure 6 in Paper II). The 

fracture surface of cross-ply flax-epoxy composites after fatigue failure was 

dominated by brittle fibre failure with smooth fibre surfaces. However, fibre pull-

outs and resin residues on fibres were captured in the fracture surface of GO-flax-

epoxy specimens after fatigue testing. The traces of fibre pull-out suggested that the 

GO-modification enhances the energy dissipation of composites through fibre-

matrix sliding and shearing. The resin residues on fibres demonstrated good 

compatibility between the epoxy resin and GO-modified fibres.  

From the fatigue design point of view, larger specimen sets with different loading 

conditions (e.g., compression-tension) and information about the expected in-

service life are required. However, the preliminary fatigue testing data presented in 

Figure 10 provides design insights about the fatigue performance of flax-epoxy 

specimens with [(0,90)]4 lay-ups. In Figure 10 (B), the variation in the number of 

cycles until failure for flax-epoxy is small, which is promising.  However, coating flax 
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fibres with GO has increased the variation in the data, which might be related to the 

inhomogeneous nature of GO crystals (e.g., degree of functionality) and the 

nonuniform distribution of GO on fibres. The run-out threshold for flax-epoxy 

specimens was at the 30% load level, where the specimens did not fail up to 106 

cycles. Also, at 50% load level, GO-modified and unmodified specimens do not fail 

until 105–106 cycles, suggesting reliable and long service life.  

The impact kinetic energy-time histories of cross-ply flax-epoxy composites with 

[0/90]3SE lay-up are outlined in Figure 11. The impact energy is partly recovered at 

kinetic energies below the perforation energy, as shown in Figure 11 (A). At 21 J 

kinetic energy, the impactor perforates the specimens, and almost all the impact 

energy is absorbed by plastic deformations. In Figure 11 (B), the internal damage 

patterns of GO-flax-epoxy and flax-epoxy at perforation energy are similar and 

comprised of ply failure, delamination, and fibre pull-outs.  

 

Fig 11. Effect of GO-modification on the energy-time history of composites (A) 
and internal damage patterns at perforation based on X-CT (B) [Paper II]. 

In Figure 11 (A), the thickness-normalised impact perforation energy for both GO-

flax-epoxy and flax-epoxy composites is 4.2 ± 0.1 J/mm. The main reason for the 

limited perforation energy of flax fibre composites is the brittle nature of fibres. As 

a result, increasing the interfacial adhesion strength with GO-modification does not 

alter the limited perforation energy of flax-epoxy composites. Therefore, it is 

necessary to modify the ductility of fibres and interfacial toughness to achieve a 

better impact resistance for flax fibre composites. However, it should be noted that 

at kinetic energies below the perforation, GO-modification reduces the absorbed 

kinetic energy and enhance the recovered kinetic energy for flax-epoxy composites 
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(see Figure 11 A). This aspect is further discussed by considering the internal damage 

patterns of composites in Figure 12.   

In Figure 12 (A), at the kinetic energy of 9 J (1.8 J/mm), half of the flax-epoxy plies 

have failed in a brittle manner with minor delamination. Compared to unmodified 

flax-epoxy, the crack length on the rear surface (tension side) of GO-modified 

composite is limited and travels through a more tortuous path. The cumulative 

lengths of delamination lines for GO-flax-epoxy at 9 J (43 mm) are 50% higher than 

the similar values for flax-epoxy at 9 J (21 mm). A similar observation is evident for 

15 J kinetic energy in Figure 12 (B). The higher extent of delamination and energy 

dissipation in GO-modified composites can be related to the multi-layer nature of 

graphene oxide crystals. The shear strength in multilayer graphene oxide could be as 

low as 5.3 ± 3.2 MPa [96]. The weakly bonded graphene layers can potentially 

promote energy dissipation through interfacial sliding between fibre and matrix and 

sliding between individual graphene oxide layers within GO. A recent study showed 

that surface modification of carbon fibres with graphene oxide deposits (5–50 µm in 

diameter and composed of 5–10 GO layers) enhanced the interfacial damping 

performance of carbon-epoxy composites by 113% based on the loss factor acquired 

from dynamic mechanical analysis (DMA) [66]. Evidently, at kinetic energies below 

the perforation energy, the GO-modification reduces the extent of fibre failure in 

flax-epoxy composites by promoting interlaminar delaminations. Therefore, the 

GO-modified composites have higher elastically recovered kinetic energy values 

compared to unmodified flax-epoxy composites (see Figure 12 C). Further studies, 

such as compression after impact (CAI), are needed to understand better the 

contribution of GO-modification on the impact tolerance of flax-epoxy composites. 

However, GO-modification might have a positive effect on the impact tolerance of 

composites as it modifies the interfacial shear strength of composites. 
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Fig 12. X-CT images of unmodified (EP) and GO-modified (GO) flax-epoxy 
composites tested at 9 J (A) and 15 J (B) kinetic energies and elastically recovered 

impact energy of composites (C) [modified from Paper II].  

In summary, the effect of GO-modification on the microscale and macroscale 

properties of flax-epoxy was investigated. The XPS analysis showed that the surface 

chemistry of flax fibres is composed of lignin, pectin, and other extractives rather 

than pure cellulose. The GO-modification enhanced the oxidised C content of flax 

surfaces by 50%, which promoted hydrogen and covalent bond formation between 

flax and epoxy resin. As a result, the GO-modification enhanced the apparent 

interfacial shear strength of flax-epoxy by 40%. At 50% load level, GO-modified 

and unmodified specimens did not fail until 105–106 cycles, suggesting a reliable and 

long service life for flax-epoxy composites. The fatigue run-out threshold was 30% 

load level.  The GO modification decreased the porosity of flax-epoxy composites, 

as described in Paper I−II. As a result, the GO-modification lowered the fatigue 

strength degradation rate within the loading range of 50%–90% by 17% without a 

negative effect on their impact resistance. The higher interfacial strength provided 

by GO-modification had a minor effect on the impact resistance of flax-epoxy 

composites. However, it was envisioned that GO-modification could positively 

affect the impact tolerance (e.g., CAI) of flax-epoxy composites by providing better 

interfacial strength. It was concluded that the interfacial toughness and ductility of 

flax fibres should be modified to address the limited perforation energy of flax fibre 

composites. 
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5.2 Effect of cellulose acetate fibre surface modification 
 

Here, the effect of interfacial toughness on the impact resistance of flax-epoxy is 

studied based on the thermoplastic coating of flax fibres with cellulose acetate (CA). 

It was hypothesised that applying a ductile layer between fibre and matrix can 

enhance the ductility of brittle flax-epoxy composites and modify their limited 

impact resistance.   The following paragraphs elaborate on the effect of CA-

modification on the microscopic and macroscopic properties of flax fibre 

composites based on the results from Paper III. 

The FTIR spectra (Figure 13 A) of pure CA have characteristic peaks at 

1735 cm−1 and 1221 cm−1 related to the stretching vibration of the C=O bond of 

ester groups and the C−O bond of ether groups, respectively [97]. Those distinct 

peaks of CA are shifted to 1740 cm−1 and 1232 cm−1 in CA-modified flax fibres, 

indicating hydrogen bonding between C=O and C−O groups of CA and hydroxyl 

groups of flax fibre. The FTIR results indicate good compatibility and bonding 

between flax and CA. It is also shown that CA forms a uniform coating on flax fibres 

with an approximate thickness of 3 µm (see Paper III, Figure 2). The CA-coating 

decreases the apparent interfacial shear strength (𝜏app) of flax-epoxy by 22% (Figure 

13 B). The lower 𝜏app of CA-modified elementary flax fibres can be the uniform CA 

coating which reduces the effective contact area for chemical and physical bonds 

between epoxy and flax. However, the 𝜏app of 17 MPa can still provide sufficient 

bonding for effective load transfer between fibre-matrix.  
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Fig 13. The FTIR spectra of CA-modified fibres [Paper III] (A) and the effect of 
CA modification on the microbond test results (B). 

The contribution of CA-modification on the quasi-static tensile performance of flax-

epoxy composites is presented in Table 4 and Figure 14. The UD flax-epoxy and  

CA-flax-epoxy composites have a comparable modulus of elasticity (within 0−0.1% 

strain range) in the range of 24 GPa and average tensile failure strength in the range 

of 260 MPa. The average in-plane shear strength of CA-modified composites is 22% 

lower than unmodified composites, which corroborates with the microbond results. 

However, the failure strains of CA-modified laminates with [0]4 and [+45/−45]SE 

lay-ups are 13% and 52% higher than the flax-epoxy values. Despite the 22% 

decrease in the interfacial strength, the increase in strain at failure of CA-modified 

composites has enhanced their toughness by 22% (for [+45/−45]SE lay-up) and 11% 

(for [0]4 lay-up) compared to the unmodified flax-epoxy. 
 
Table 4. The average quasi-static tensile properties of flax-epoxy composites with 

and without CA-modification [Paper III]. 

 

Lay-up Fibre 
E (0.1%)  
(GPa) 

σ failure
 

(MPa) 
ε failure  
(%) 

Toughness 
(MJ/m3) 

[0]4 
Flax 24.98 ± 0.85 260 ± 7 1.66 ± 0.04 23.8 ± 1.1 

CA-Flax 24.55 ± 0.56 260 ± 11 1.88 ± 0.07 26.6 ± 1.6 

[+45/−45]SE 
Flax 5.21 ± 0.25 67 ± 2 3.72 ± 0.49 19.2 ± 4.5 

CA-Flax 4.82 ± 0.43 52 ± 5 5.64 ± 0.37 23.6 ± 4.3 

https://www.sciencedirect.com/topics/materials-science/elastic-moduli
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The contribution of CA-modification on the toughness of flax-epoxy composites is 

also evident in the tensile failure mode of composites (see Figure 14). The brittle 

failure mode of flax-epoxy composites (transverse to fibre direction) is altered to 

ductile failure dominated by shear bands and shear-type failure along the fibre 

direction in CA-modified composites. Compared to the unmodified flax-epoxy, the 

higher toughness of CA-modified composites can be ascribed to their higher 

elongation at failure and plasticity by the inclusion of the thermoplastic phase (CA). 

Further data on the quasi-static tensile tests and fractographic observations are 

provided in the appended Paper III. 

 

Fig 14. The representative (average) in-plane tensile (A) and in-plane shear stress-
strain plots (B) of composites [Paper III]. 

The impact kinetic energy-time histories of cross-ply composites with [0/90]3SE lay-

up are presented in Figure 15. The CA-modification has enhanced the perforation 

energy of flax-epoxy composites by 40%. The thickness-normalised perforation 

energy of the tough and ductile CA-modified flax-epoxy (5.9 ± 0.1 J/mm) is higher 

than the corresponding flax-PLA (by 69%) [88], flax-PP (by 23%) [51], and Glass-

PP (by 15%) [93] composites with similar composite and testing configurations. The 

quasi-static tensile and low-velocity impact results show that interfacial toughening 

is a promising strategy to achieve a new class of stiff and tough natural fibre 

composites as environmentally superior alternatives for glass fibre composites.   
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Fig 15. The effect of CA on the energy-time history of composites [Paper III]. 

The contribution of CA-modification on the impact resistance of flax-epoxy 

composites at non-perforation kinetic energies is discussed based on the contact 

force-displacement curves (Figure 16) and internal damage patterns (Figure 17). In 

general, the contact-force curve in drop-weight impact tests is comprised of three 

phases: (i) initial linear loading phase, (ii) damage progression in a plateau-type 

region, and (iii) rebound of the impactor. At maximum contact force by the end of 

phase-I, the damage initiates on the rear surface of composites as matrix cracking 

and ply-splitting. These phases are captured and analysed by in-situ synchronised 

high-speed imaging in Paper IV (see Figure 8 and Figure 9 in Paper IV). The 

maximum contact force by the end of phase-I for CA-modified composites is higher 

than unmodified flax-epoxy composites at different kinetic energies (Figure 16 A-

C). The higher contact force in CA-modified specimens is related to their enhanced 

ductility and toughness, which can delay damage initiation and progression. The 

length of phase-II (penetration phase) is limited in CA-modified specimens 

compared to unmodified flax-epoxy, which indicates better damage resistance of 

interfacially toughened composites. In Figure 16 (D), the recovered kinetic energy 

(the area under the phase-III) of CA-modified composites is higher than unmodified 

flax-epoxy, which can be ascribed to their higher ductility.  
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Fig 16. Effect of CA-modification on the contact force-displacement curves (A-C) 
and recovered kinetic energies of composites (D) [modified from Paper III].  

The better impact resistance of interfacially toughened flax-epoxy composites is 

demonstrated in Figure 17 based on microscopy images from the surface and 

internal damage patterns of specimens after impact testing. Figure 17 (A) shows the 

permanent surface deformation maps on the rear surface (tension side) of cross-ply 

specimens with [0/90]3SE lay-up. These deformation maps were acquired by the 

profilometry measurements after impact testing. The maps were then superimposed 

on the rear surface of the composites. Compared to the unmodified flax-epoxy, CA-

modified composites have a lower extent of permanent surface deformation and 

damage at non-perforation kinetic energies. The internal damage patterns of flax-

epoxy composites at 15 J kinetic energy are provided in Figure 17 (B-C). The CA-

modification of flax fibres has altered the brittle and fibre-dominant failure mode of 

flax-epoxy composites to interfacial debonding between fibre and matrix.  

In summary, the results here showed that the CA-modified composites offer a scarce 

combination of stiffness and ductility, which enhanced the impact resistance of flax-

epoxy composites by 40%. Also, the impact resistance of CA-modified specimens 

was 14% higher than their glass fibre composite counterparts. 
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Fig 17. Effect of CA-modification on the rear surface deformation and internal 
damage patterns of composites [modified from Paper III]. 

5.3 Effect of environmental preconditioning of fibres 

The intrinsic water molecules bound to natural fibres act as a natural plasticiser. For 

instance, the tensile strain at failure of the flax fibres conditioned at 50% RH (23 °C) 

decreases by 29% due to oven-drying of fibres, which is a necessary protocol for 

manufacturing natural fibre composites [34]. This section investigates the effect of 

environmental preconditioning of flax fibres on the interfacial adhesion and 

toughness of flax-PMMA composites. It was hypothesised that the moisture-

insensitive in-situ polymerisation of flax-PMMA composites with ductile non-dry 

fibres could modify the limited impact resistance of composites without 

compromising their good fatigue performance. The following paragraphs elaborate 

on the microscopic and macroscopic properties of non-dry flax-PMMA composites 

based on the results from Paper IV. 

The internal microstructures of flax-PMMA composites after three months of 

stabilisation at 50% RH (23 °C) are presented in Figure 18. It should be reminded 

https://www.sciencedirect.com/topics/materials-science/microstructure
https://www.sciencedirect.com/science/article/pii/S1359835X22002925?via%3Dihub#f0005
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that the flax-PMMA composites were processed with oven-dried (Dry) and 

precondition fibres (RT: at 50% RH, RH: at 90% RH). Based on the X-CT analysis, 

the volume fraction of porosities is 0.2 ± 0.05% for Dry and RT composites and 

4.33 ± 0.29% for the RH-type composites. The fibre volume fractions of composites 

are 41.91 ± 1.92% (for Dry), 39.27 ± 1.72% (for RT), and 45.02 ± 3.05% (for RH). 

 

 

Fig 18. X-CT tomography of flax-PMMA composites after environmental 
stabilisation at 50% RH (23 °C, for 3 months) [Paper IV].  

The similar amount of void content in Dry and RT composites suggests that the 

extent of fibre swelling and shrinkage for RT composites is limited. Therefore, in 

Table 5, the transverse tensile strength, which is highly dependent on the interfacial 

adhesion between fibre and matrix and porosities, is in the same range for RT and 

Dry composites. In Table 5, the transverse elastic modulus, which is highly 

dependent on the elastic modulus of the resin matrix, is similar for RT and Dry 

composites. Their similar transverse tensile modulus confirms that the in-situ 

polymerisation of PMMA is not sensitive to fibre moisture during manufacturing. 

However, the transverse elastic modulus and strength of RH specimens are 48% and 

38% lower than the Dry, mainly due to the higher porosity of RH composites. 

Indeed, the RH fibres (preconditioning at 90% RH) have shrunk during the 

composites’ stabilisation at 50% RH and created interfacial crack openings of 

9.7 ± 3.1 µm in width (see Figure 18). The tensile elastic modulus and failure 

strength values for cross-ply composites with [(0,90)]4 lay-ups follow a similar trend 

as transverse tensile tests (see Table 5). However, the average elongation at failure 

values for RT and RH specimens with [(0,90)]4 lay-ups are 13% and 50% higher than 
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the reference Dry specimens, respectively. The more ductile nature of RT and RH 

specimens compared to Dry was also evident through in-plane shear tests provided 

in Paper IV. For instance, the elongation at failure (γ12) of RT and RH specimens 

with [+45/−45]SE lay-ups were 42% and 77% higher than Dry, respectively [Table 

1, Paper IV]. The ductile behaviour of non-dry composites is related to the 

plasticising effect of moisture bound to the internal microstructure of fibres and 38% 

lower transverse tensile strength (i.e., interfacial adhesion) of RH compared to Dry 

(see Table 5). The RT composite is especially promising as it provides similar 

interfacial adhesion and stiffness as the Dry composite but with notably higher 

toughness.  

 
Table 5. Quasi-static tensile properties of the flax-PMMA composites [Paper IV].  

Composite, lay-up E chord, (GPa) σ failure, (MPa) ε failure, (%) 

Dry, [90]4 3.1 ± 0.3 14.5 ± 0.3 0.41 ± 0.05 

RT, [90]4 3.1 ± 0.2 13.7 ± 0.7 0.42 ± 0.02 

RH, [90]4 1.6 ± 0.1 8.9 ± 0.6 0.72 ± 0.01 

Dry, [(0,90)]4 11.7 ± 0.2 110.2 ± 1.8 1.62 ± 0.06 

RT, [(0,90)]4 11.4 ± 0.1 105.2 ± 1.2 1.83 ± 0.05 

RH, [(0,90)]4 8.4 ± 0.1 94.5 ± 1.4  2.44 ± 0.08 

The fatigue performance of flax-PMMA composites is presented in Figure 19. In 

Figure 19 (A), the S-N slope of RH (−12.45) is less steep compared to Dry (−15.87), 

which indicates a 21% slower fatigue strength degradation rate within the loading 

range of 50%–80% for RH composites that had 50% higher elongation at failure 

compared to Dry specimens (see Table 5, [(0,90)]4 lay-up). The S-N slope of Dry and 

RT composites are similar, which can be explained by their similar level of interfacial 

shear strength based on in-plane shear and transverse tensile tests. In Figure 19 (B), 

the number of cycles to failure of Dry, RT, and RH specimens within the 50%–90% 

loading range are comparable. Also, in terms of the number of cycles to failure, the 

performance of flax-PMMA specimens is comparable to their flax-epoxy 

counterparts (see Figure 19 B and Figure 10 B). The flax-PMMA specimens reach 

the run-out threshold (106 cycles before failure) at a 50% load level. The results in 

Figure 19 indicate that processing flax-PMMA composites with non-dry fibres 

especially in the case of RT (preconditioned at 50% RH) does not negatively affect 

https://www.sciencedirect.com/science/article/pii/S1359835X22002925?via%3Dihub#t0010
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their fatigue performance, which is promising.  The fracture surfaces of non-dry 

specimens (in Paper IV) are dominated by fibre pull-out traces, indicating their 

higher level of ductility than the reference Dry specimens. 

 

Fig 19. Collected S-N data (A) and normalised fatigue data (B) of cross-ply flax-
PMMA composites with [(0,90)]4 lay-up [Paper IV]. 

The impact kinetic energy-time histories of cross-ply composites with [0/90]3SE lay-

up are presented in Figure 20. The impact perforation energy of Dry flax-PMMA 

composites has been enhanced by using ductile non-dry fibres up to 57% (for RT) 

and 100% (for RH). The RT composites are especially promising as they offer good 

interfacial adhesion, stiffness, fatigue performance, and outstanding impact 

resistance. For instance, the thickness-normalised impact perforation energy of RT 

(6.4 ± 0.2 J/mm) is higher than the corresponding flax-epoxy (by 52%), flax-PLA 

(by 83%), flax-PP (by 33%), and glass-PP (by 25%) composites with similar 

composite and testing configurations.  It is beneficial to revisit the quasi-static tensile 

test results of non-dry composites to justify their better impact resistance than the 

Dry specimens.  The in-plane shear toughness values of non-dry specimens were 

similar. Also, the interfacial strength of the RT was as good as the Dry specimens, 

while the interfacial strength of the RH was 38% lower than Dry. Therefore, the 

main reasons for better impact resistance of the RT and RH specimens compared to 

the Dry composites are the ductility of non-dry fibres and lower interfacial adhesion 

in the case of RH specimens.  
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Fig 20. The energy-time history of flax-PMMA composites [Paper IV]. 

The internal damage patterns of the perforated Dry specimen at 21 J kinetic energy 

are presented in Figure 21. At the same impact kinetic energy, the non-dry specimens 

have reduced the extent of fibre failure due to their higher ductility and by promoting 

energy dissipation through shear-induced damages such as ply-splitting and 

delaminations.  The cumulative length of delaminations in the RT specimen (112.56 

mm) is 37% higher than in the RH specimen (82.05 mm). Also, the ply splitting, one 

of the RT's dominant damage modes, is very limited in the RH specimen.  

 

Fig 21. Damage patterns of flax-PMMA composites based on X-CT [Paper IV]. 
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Figure 22 (A) shows the contact force-displacement histories of the flax-PMMA 

specimens at 21 J kinetic energy.  The maximum contact force (Fmax) of the RT and 

RH composites at 21 J kinetic energy are respectively 13% and 19% above the similar 

value for the Dry specimens (see Figure 22 B). This can be explained by the limited 

degree of ply failure within non-dry composites at 21 J kinetic energy (as shown 

in Figure 21), which enhances the load-bearing capacity of the RT and RH 

specimens. Also, the average displacement values at Fmax for RT and RH are 

respectively 45% and 61% higher than those for Dry (Figure 22 C). The higher 

displacement values suggest that the non-dry specimens present more ductile 

resistance against the impactor. Further discussions on the in-situ impact response 

of flax-PMMA composites are provided in Paper IV. 

 

Fig 22. Contact force-displacement curves of flax-PMMA composites at 21 J (4.1 
J/mm) impact kinetic energy (A), average values for the maximum contact forces 

(B), and displacement at maximum contact force (C) [Paper IV]. 

In summary, the results in this section showed that the brittle characteristic of flax-

PMMA composites could be modified by harnessing the hydrophilic nature of 

natural fibres. The effect of moisture during manufacturing and the environmental 

preconditioning of flax fibres on the impact resistance and fatigue performance of 

flax-PMMA composites was addressed. The in-situ polymerisation of PMMA was 

not sensitive to moisture during manufacturing. By using the non-dry 

(preconditioned) fibres, the impact resistance of flax-PMMA composites enhanced 

between 50%−100% without a negative effect on their fatigue performance. The 

non-dry flax-PMMA composites can find various applications in 

industrial/structural fields as they offer unique combinations of stiffness and 

toughness, impact resistance and fatigue tolerance.  

 

https://www.sciencedirect.com/science/article/pii/S1359835X22002925?via%3Dihub#f0035
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6 CONCLUSIONS 

Engineering natural fibres such as flax are sustainable and low density structural 

materials which offer a unique combination of stiffness and damping properties.  

The market capacity and use cases of flax fibre reinforced composites have grown 

tremendously in recent years, especially in the sports and automotive sectors. In such 

applications, impact and fatigue resistance are essential for the long-term durability 

and sustainability of flax fibre composites. However, the brittle nature of flax fibres 

limits their resistance against dynamic loads such as impact. This thesis investigated 

the effect of interfacial adhesion and toughness on the impact and fatigue 

performance of flax-epoxy and flax-PMMA composites.  

6.1 Overview  
 

The results showed that it is possible to produce stiff and tough flax fibre composites 

which have comparable or even higher impact resistance than glass fibre reinforced 

composites. The proposed interfacial toughening methods enhanced the impact 

resistance of flax-epoxy (up to 40%) and flax-PMMA (up to 100%) without or with 

minor compromise on their interfacial strength and fatigue performance. The 

interfacial sliding/debonding between fibre and matrix, and the ductility of fibres 

had a significant role in modifying the damage modes and impact resistance of 

composites. In the following sections, the effects of each microscale fibre 

modification on the macroscale mechanical performance of composites are 

described in relation to research questions I−III. 

Interfacial strength 
 

The effect of interfacial strength on the fatigue and impact performance of flax-

epoxy composites was studied based on graphene oxide (GO) fibre surface 
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modification. The GO-modified fibres enhanced the interfacial strength between 

flax and epoxy by 40% based on the microbond tests. This enhancement was 

ascribed to the 50% higher degree of oxidised carbon (C-C/H) on GO-modified flax 

fibres compared to unmodified fibres. As a result, the GO-modified fibres were 

more reactive towards the epoxy resin, and their composites were less porous 

compared to unmodified flax-epoxy (0.04% vs. 2.41%). Therefore, the GO-modified 

fibres enhanced the cyclic loading performance of flax-epoxy composites by 17%. 

At impact kinetic energies below the perforation limit, the GO modification limited 

the extent of fibre failure by promoting energy dissipation through interlaminar 

delamination. This observation was attributed to the weakly bonded sheets of GO 

within multilayer GO crystals. It was concluded that the GO-modification could 

potentially enhance the impact tolerance (e.g., CAI) of flax-epoxy composites by 

providing better interfacial strength. Nevertheless, the surface treatment did not 

positively or negatively affect the limited perforation energy of flax-epoxy 

composites. As was observed in Paper I, the enhanced interfacial adhesion in GO-

modified composites limits the ductility of flax-epoxy specimens. Overall, the GO-

modification created a synergy between fatigue and impact performance of flax-

epoxy composites. 

Interfacial toughness 

The CA-modified fibres enhanced the low-velocity impact perforation energy of 

cross-ply flax-epoxy composites by 40% without compromising the in-plane 

mechanical performance of composites. Also, in Paper III, the Charpy impact 

strength of CA-modified specimens with [0]4 lay-up was 40% higher than the 

unmodified flax-epoxy. The CA-modification reduced the apparent interfacial shear 

strength between flax-epoxy (based on microbond tests) and the in-plane shear 

strength of composites by 22%. As a result, the quasi-static tensile toughness values 

of CA-modified composites with [+45/−45]SE and [0]4 lay-ups were respectively 

22% and 11% higher than the unmodified flax-epoxy specimens. Interestingly, the 

CA-modification enhanced the ductility of flax-epoxy composites without negatively 

affecting their elastic modulus. For instance, the elongation at failure of flax-epoxy 

specimens with [+45/−45]SE lay-up increased by 52% with CA-modification. It can 

be concluded that the 40% better impact resistance of modified composites was due 

to their stiff and tough nature. The CA-modification promoted energy dissipation 
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through interfacial sliding and debonding between flax and epoxy and limited the 

extent of fibre failure in impact tests.   

Ductility of fibres and moisture during manufacturing of composites 

Based on the quasi-static tensile results and morphology analysis of composites, it 

was concluded that the in-situ polymerisation of PMMA is not sensitive to moisture 

during manufacturing. The MMA monomers are often emulsion polymerised in an 

aqueous medium which might explain the moisture insensitivity of the 

polymerisation. 

The Dry and RT composites had similar tensile moduli, transverse tensile strength, 

and in-plane shear strength. However, the tensile elongation at failure of RT 

specimens with [(0,90)]4, [+45/−45]SE lay-ups were 13% and 42% higher than Dry. 

The better ductility of RT specimens was ascribed to the plasticising effect of water 

molecules, and it was described by previous findings in the literature [34]. The RT 

composites had a unique combination of good interfacial strength, stiffness, ductility 

and toughness. Therefore, the impact resistance and perforation energy of cross-ply 

RT specimens were 56% higher than Dry. Also, the fatigue performance of cross-

ply RT specimens was as good as the Dry specimens.  

The RH specimens experienced significant shrinkage and interfacial debonding 

between fibre and matrix during the stabilisation period. As a result, the transverse 

tensile and in-plane shear strength of RH specimens were −38% and −23% lower 

than the reference Dry specimens. Besides the plasticising effect of water molecules, 

the primary toughening mechanism for RH specimens was their low interfacial shear 

strength which enhanced their ductility. For instance, the in-plane shear strain to 

failure of RH specimens was 77% more than Dry. Therefore, the impact perforation 

energy of cross-ply RH specimens was 97% higher than Dry. The S-N slope of RH 

(−12.45) was 21%  less steep compared to Dry (−15.87), which might yield a 

longer fatigue life for RH composites. 

6.2 Research impact and industrial implications 

Designing lightweight composites with contrasting properties such as stiffness and 

toughness can be challenging. The proposed fibre modification strategies in this 

https://www.sciencedirect.com/topics/materials-science/elastic-moduli
https://www.sciencedirect.com/topics/materials-science/fatigue-of-materials
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thesis resolved this challenge without compromising the other properties of 

composites. For instance, the CA-modified composites were as stiff and strong as 

flax-epoxy and had more impact resistance than flax-PP thermoplastic composites. 

The impact resistance of CA-modified flax-epoxy and non-dry flax-PMMA 

composites was competitive with glass-PP counterparts. The results showed that 

interfacial toughening could effectively create a synergy between fatigue and impact 

resistance of natural fibre composites.  

Also, it was shown that the moisture affinity of natural fibres could be harnessed as 

a toughening method for their composites by using moisture-insensitive 

polymerisation methods. Naturally, such polymerisation methods can save 

processing time and energy by eliminating the common oven-drying step in 

manufacturing natural fibre composites. Additionally, processing composites with 

moist (non-dry) fibres can reduce the swelling and shrinkage of natural fibre 

composites in wet environments. 

Overall, the findings in this thesis can promote the in-service durability of natural 

fibre composites and enhance their competitiveness for structural applications which 

require a combination of the following properties: stiffness and toughness, good 

interfacial adhesion and ductility, fatigue tolerance and impact resistance, 

hydrothermal stability, durability, and recyclability. 
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Abstract 

Fatigue and impact resistance are essential performance indicators for designing sustainable and 

durable natural fibre composites in structural applications. Here, flax fibres were modified with 

graphene oxide (GO) to stimulate energy dissipation through interfacial sliding between fibre and 

matrix and potentially between graphene layers. Based on the results, GO-modification reduced the 

slope of the S-N curve of flax-epoxy composites by 17%. The GO-modification of fibres altered the 

brittle fatigue failure mode of composites to ductile failure dominated by fibre pull-outs. According to 

the tomography assessments, GO-treatment promoted the dissipation of impact energy through 

delamination. Interestingly, GO-modification enhanced the capacity of composites to elastically restore 

part of the kinetic energy to the impactor and delayed the damage initiation. However, the GO-

treatment of fibres did not alter the impact perforation energy of composites. The in-situ impact 

damage progression on the rear surface of composites was monitored with synchronised high-speed 

optical cameras. 

Keywords 

Natural fibers; Bicomposites; Surface treatments; Failure 

1. Introduction 

Natural fibres such as flax are a class of green engineering reinforcements for structural applications. 

Specifically, flax fibre bundles offer elastic modulus of 58 ± 6 GPa, tensile and compressive strength 

of 530 ± 44 MPa and 237 ± 29 MPa, respectively, tensile failure strain in the range of 1.08 ± 0.13%, 

and a low density of 1.4 g/cm3 [1,2]. Polymeric composites reinforced with natural fibres are promising 

for sports and automotive applications [3–5], and they offer a unique combination of high stiffness 

and 2–3 times better damping than carbon fibre reinforced composites [6,7]. For those applications, 
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resistance against dynamic loads, which might onset fatigue and impact damage, is critical. Optimising 

these properties will allow design with natural fibre composites' to achieve both safety and 

sustainability.  

The fatigue performance of composites reinforced with flax or hemp is comparable to conventional 

composites, such as glass fibre reinforced counterparts. For instance, composites produced with [0/90] 

cross-ply lay-up tested under strain-controlled cyclic load (5 Hz and strain ratio of 0.1) have shown 

comparable fatigue trend slopes for flax-epoxy and glass-epoxy composites [8]. However, the 

performance of natural fibre composites is not optimised in terms of impact resistance and perforation 

energy. Even at low-velocity impact energies far below the perforation energy, through-thickness fibre 

failure is the dominant damage mode for flax fibre composites [9,10]. It is essential to enhance the 

impact resistance of flax fibre reinforced composites without compromising their fatigue performance. 

The interfacial toughness between flax fibre and matrix should be modified to allow energy dissipation 

through interfacial debonding and fibre pull-out to achieve better impact resistance [9–12]. Besides, 

the interfacial toughening strategy should also assure effective force transfer between fibre and matrix 

through optimum interfacial adhesion without or with minor compromises on the quasi-static 

performance of composites [9–11,13]. One of the effective methods is to deploy a thin ductile layer 

between fibre and matrix to promote interfacial toughness and fibre pull-out. For instance, cellulose 

acetate surface modification has been shown to reduce the impact-induced fibre-dominant failure and 

enhance the perforation energy of cross-ply flax-epoxy composites by 40% [9]. An alternative method 

can be to apply multilayer graphene oxide (GO) crystals on fibres and potentially promote energy 

dissipation through interfacial sliding between fibre and matrix and sliding between individual graphene 

oxide layers within GO [14]. A recent study showed that surface modification of carbon fibres with 

graphene oxide deposits (composed of 5–10 GO layers) enhanced the interfacial damping performance 

of carbon-epoxy composites by 113% based on the loss factor acquired from dynamic mechanical 

analysis (DMA) [14].  

The effect of graphene oxide surface modification on the mechanical performance of natural fibre 

composites has been focused mainly on epoxy resins, where the fibre-matrix adhesion was studied 

based on microbond testing and quasi-static transverse tensile testing [15,16]. Usually, strong hydrogen 

and covalent bonds form between fibre and matrix by in-situ polymerisation of low viscosity and 

reactive resins such as epoxies and PMMA [17], where resin can also penetrate the fibre structures 

(with a penetration depth of 1.7–2.2 µm) [18]. Deposition of GO crystals with oxygen-containing 

functional groups (such as –OH, O–C=O, C–O–C, C=O) on fibres can further promote hydrogen 

bond formation between fibre and matrix [15,16]. For instance, flax fibres dip-coated in an aqueous 

dispersion with 1.2 wt% GO have shown 40% higher apparent interfacial shear strength and transverse 

flexural strength than unmodified flax-epoxy [15]. Interestingly, the fractographic studies of fibre and 
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droplets after microbond testing showed epoxy resin residue on GO-modified fibres suggesting the 

movement of failure onset locus towards the matrix [15]. Therefore, the surface modification of flax 

fibres with graphene oxide can be a potential toughening method against impact loads for macroscale 

composites.  

The understanding of the effect of GO-surface modification of fibres on the impact and fatigue 

performance of composites is limited. Few studies are available on the impact performance of natural 

fibre composites with GO-dispersed epoxy resins [19,20] rather than GO-modified fibres. Alipour et 

al. [19] studied the low-velocity drop-weight impact behaviour at 18 J kinetic energy for flax-epoxy 

composites (2 × 2 twill woven fabrics, 0.1–0.7 wt% GO-dispersed epoxy resin, and 30% Vf). The best 

performance in terms of maximum impact contact force (+21%) and surface damage area on the rear 

surface (−68%, based on optical microscope images) was found for 0.5 wt% GO-modified composites. 

The higher contact force can be related to the 47% better quasi-static flexural strength of GO-modified 

composites compared to unmodified flax-epoxy in their study. However, the lower extent of surface 

damage area in their study is debatable as the internal damage area was not investigated.  

Here, the synergistic effect of GO-fibre surface modification on the impact resistance and cyclic 

loading performance of flax-epoxy composites was investigated by applying tension-tension fatigue 

and low-velocity drop-weight impact tests. Epoxy resin was selected as the matrix due to its good 

mechanical properties and reactive nature, which provides strong interfacial adhesion between fibre 

and matrix [21], best durability under cyclic mechanical [22] and hygrothermal loading conditions [23–

25], and wide industrial application. The motivation was to benefit from the potential energy 

dissipation through interfacial sliding between fibre and matrix, and inside graphene layers which were 

previously reported for GO-modified flax fibre-epoxy based on microbond testing and dynamic 

mechanical analysis [14,15,26]. After fatigue tests, the fracture surfaces of composites were investigated 

by scanning electron microscopy (SEM). The internal through-thickness damage of impacted 

composite specimens was studied by X-ray computed tomography.  

 

2. Methodology 

Non-crimp flax fabrics (ampliTex) of unidirectional and twill 2 × 2 types with an areal density of 300 

g/m2 were provided by Bcomp (Fribourg, Switzerland). The manufacturer treated the flax fibres with 

a standard boiling water procedure to remove waxes from the surface. A standard epoxy resin (Epopox 

A-28, Amroy Europe, Lahti, Finland) and a polyether diamine hardener (Jeffamine D-23, Hunstman, 

Texas, USA) with 35 wt% hardener to epoxy ratio were used as the polymer matrix system. A stable 

aqueous dispersion of graphene oxide (Graphenea, Gipuzkoa, Spain) with GO concentration of 1.2 

wt%, pH of 1.8–2, and particle size of 14–17 µm was used for dip-coating flax fabrics for 10 minutes 
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(at 23 °C). The dip-coated fabrics were rinsed in deionised water to remove the excess unbound GO-

particles from the surface. The GO-modified fabrics were oven-dried at 50 °C for 24 h. The selection 

of the GO concentration was with reference to the previous study, where the 1.2 wt% GO-modified 

flax fibres had the highest interfacial shear strength with epoxy resin [15].  

The elemental surface compositions of GO films, unmodified flax, and GO-modified flax yarns were 

characterised based on X-ray photoelectron spectroscopy (XPS). The XPS analysis was performed by 

employing a non-monochromatic Al K𝛼 X-ray source and VG Microtech CLAM 4 hemispherical 

electron spectrometer. The spectra were collected on a circular analysis area with 0.6 mm in diameter 

in the following order: C 1s, O 1s, survey scan, Na 1s, S 2p. The C 1s evaluation was repeated to check 

the possible X-ray-induced damage. The background-subtracted XPS spectra were least-squares fitted 

with a combination of symmetric Gaussian Lorentzian component line shapes. The binding energy 

scale was calibrated according to the C 1s C–C/H peak at 284.8 eV. The relative atomic concentrations 

were calculated using Scofield photoionisation cross-sections.  

The effect of GO-modification on the polarity of flax fibres was investigated through a fibre-water 

contact angle with a high-precision tensiometer (K100SF, Krüss, Hamburg, Germany). Fibres were 

immersed in ultrapure water at a 1.5 mm/min velocity to measure the wetting forces exerted on the 

fibres. The contact angle was deduced from the Wilhelmy equation Fwet = p γLV cosθ [27] where Fwet is 

the measured wetting force, p is the fibre perimeter, and γLV is the surface tension of water (72.8 

mN/m). The wetted perimeters (p) of single fibres were deduced from the same formula with n-

Hexane (99.6%, Acros Organics), assuming a perfectly wetting liquid (θ = 0° and γLV = 18.4 mN/m) 

[28]. 

Flax-epoxy composite panels with a fibre volume fraction (Vf) of 40% were manufactured based on 

the vacuum-assisted resin infusion method. The inherent moisture within flax fabrics was removed by 

oven-drying at 115 °C for 2 h before the resin infusion to minimise the void formation and possible 

hindrance of the curing process [10,29].  

The fatigue performance of flax-epoxy composites was evaluated by performing cyclic loading tests of 

composites with [(0,90)]4 lay-ups following the ASTM D3479 standard. Rectangular-shaped specimens 

were used with dimensions of 250 mm × 25 mm × 2 mm (length × width × thickness). Tapered glass-

epoxy tabs were used to reduce the stress concentration at the gripped section of the specimens. The 

tests were performed with a servo-hydraulic tester (MTS 180, Minnesota, USA) equipped with a 100 

kN load cell and a gauge length of 150 mm. A constant-load amplitude and a sinusoidal wave shape 

were applied at a frequency of 5 Hz. The loading frequency of 5 Hz was chosen to avoid any 

temperature rise above 10 °C (see ASTM D3479). The stress ratio (R) of the nominal minimum to 

maximum applied stress was 0.1. Stress-cycles to failure (S-N) graphs were acquired by registering the 



5 
 

number of cycles to failure and the nominal maximum stress for each specimen. The load levels (90%, 

80%, 70%, and 50%) for the low-cycle fatigue tests were defined with respect to the ultimate tensile 

strength. Three specimens per load level (excluding any grip failure) were reported. The surface 

temperature of the specimens during testing was monitored by a longwave IR camera (model Ti400, 

Fluke, Washington, USA) with thermal sensitivity of 0.05 °C at 30 °C. The ambient conditions during 

tests were 23 °C and 50% RH. The fracture surface analysis of composites was carried out with a 

ULTRAplus (Zeiss, Oberkochen, Germany) scanning electron microscope (SEM). A thin platinum-

palladium (Pt-Pd) coating was used to ensure enough conductivity for the SEM samples.  

The low-velocity impact performance of flax-epoxy composites with a [0/90]3S lay-up was studied with 

an instrumented drop-weight tester (Type 5, Rosand, Ohio, USA) without rebound impacts per ASTM 

D7136 and ASTM D5628 standards. Rectangular-shaped specimens with dimensions of 60 mm × 60 

mm × 5 mm (length × width × thickness) were clamped between two steel fixtures with a circular test 

area (diameter 40 mm) representing a fixed support. The drop height of the impactor (2772 g) was 

adjusted to 0.33, 0.55, 0.66, and 0.88 m to reach kinetic energies of 9, 15, 18, and 21 J, respectively. A 

hemispherical steel-made head (diameter 12.7 mm) was fixed to the impactor. The contact force was 

measured using a load sensor (60 kN) between the head and the impactor structure. The force data 

were recorded at a 180 kHz frequency. The displacement of the impactor was numerically integrated 

from the measured contact force-time curve. Three composite specimens were tested for each impact 

energy level. During the impact testing, the rear surfaces of composites (opposite to the impacted 

surface) were in-situ monitored via mirrors placed under the specimens with a synchronised high-speed 

optical camera (Fastcam SA-X2, Photron, Tokyo, Japan). A conventional mirror was placed at an angle 

with a 35 cm distance from the lens below the specimen to reflect the full-field deformations. The 

impact-induced internal damage of composites was studied with X-ray computed (X-CT) tomography 

(UniTOM XL, TESCAN, Ghent, Belgium) as a non-destructive inspection method.  

 

3. Results and discussions 

3. 1. Surface characterisation of fibres and morphology of composites 

The XPS spectra of unmodified flax fibres (Flax), graphene oxide film (GO), and GO-modified flax 

fibres (GO-flax) is presented in Fig. 1 and Table 1. The GO and flax fibre surfaces contained only C 

and O, while GO also had trace amounts (<1 at. %) of Na and S. The surface characteristics of each 

series are investigated in the following paragraphs. 
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Fig 1. XPS spectra of flax, GO, and GO-flax. (a)–(c) survey scans, (d)–(f) C 1s, and (g)–(i) O 1s core 

level spectra. 

Based on the XPS analysis, the overall O/C ratio of unmodified flax fibres (0.4) is below the theoretical 

O/C ratio of 0.83 for pure cellulose and closer to the theoretical O/C ratio of 0.35 for lignin [30]. 

Therefore, the surface of flax is rich in aliphatic carbon components containing a higher portion of 

lignin and extractives rather than pure cellulose. Analysis of the aliphatic carbon region (C 1s in Fig. 1 

a, d) is necessary to further understand the flax fibres' surface composition. The 284.8 eV peak in Fig. 

1 (d) corresponds to unoxidised C–C bonding and hydrocarbons, while the peaks between 286 eV and 

289 eV correspond to oxidised C species so that the oxidation state increases with the binding energy 

(Table 1). The four components in C 1s of flax fibre (Fig. 1 d) were explained by Fuentes et al. [29] as 

(1) C–(C, H) linkages of lignin and extractives (at 284.8 eV peak); (2) CC–OH groups of cellulose, 

hemicelluloses, lignin and extractives, as well as CC–OC–C linkages of lignin and extractives (at 286.4 

eV peak); (3) C=O groups in lignin and extractives, as well as OC–CC–O linkages in cellulose and 

hemicelluloses (at 287.4 eV peak); (4) COOH groups of hemicelluloses, as well as COOC and COOH 

groups of extractives (at 288.6 eV peak). Considering the XPS analysis, surface modification of flax 

fibres with oxygen-rich GO crystals might promote further interactions between flax and epoxy resin 

by enhancing the O/C ratio or the ratio of oxidised C in flax fibres.  

Based on the literature, the O/C ratio for natural fibres is expected to decrease by GO-modification 

due to the presence of oxygen-containing groups in GO [31]. The XPS results show that the overall 
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O/C ratio of GO and GO-modified flax fibres is similar to the unmodified flax fibres and near 0.4. 

However, the GO-modified flax contains 50% more oxidised C than flax fibre and GO. The higher 

oxidised C content can increase the extent of hydrogen bond formation between flax fibres and 

epoxide groups present in the epoxy resin. Indeed, our previous study showed that GO-modification 

enhances the apparent interfacial shear strength of flax-epoxy by 40% [15]. 

The nature of bonding between GO crystals and flax fibre surface was investigated based on the  O 1s 

transitions. The O 1s transition (Fig. 1 g, h) shows one prominent peak below 532 eV on flax and GO, 

representing O–C and O=C bonds. An interesting change is evident in the O 1s transition of GO-

modified flax fibres (Fig. 1 i): A new component/bonding exists at 533.2 eV that is not present in 

unmodified flax or the graphene oxide film. Overall, the C 1s and O 1s spectra of GO-flax cannot be 

fitted using a combination of the line shapes of flax and GO, suggesting bond formation between flax 

and GO. One explanation for the new high binding energy component in O 1s is that hydrogen 

bonding is formed between GO and flax, as the detected binding energy corresponds, e.g., to water or 

C–OH [32]. The observed changes in the O 1s component ratios show that when the flax fibres are 

dip-coated in the aqueous dispersion of graphene oxide, about half of the oxygen in O–C/=C is 

reacting to C/H–O–H (see Table 1: concentration of O 1s: O–C/=C). At the same time, the relative 

amount of (H–)O–C=O increased in C 1s. 

 

Table 1. Binding energies of photoelectron transitions and their relative surface atomic concentrations. 

Traces of Na and S detected in GO are excluded. 

Transition: bonding Binding energy (eV) Concentration (at. %) 

 Flax GO GO-flax Flax GO GO-flax 

C 1s: C–C/H 284.8 284.8 284.8 29.93 30.47 15.37 

C 1s: C–O(–C/H) 286.4 – 286.1 30.56 – 24.09 

C 1s: C=O, (HO/O–)C–O 287.4 287.0 287.2 9.18 36.65 21.69 

C 1s: (H–)O–C=O 288.6 288.7 288.6 2.86 4.27 11.58 

O 1s: O2– 529.7 – 529.2 1.57 – 1.65 

O 1s: O–C/=C 531.8 531.6 531.9 25.90 28.61 12.73 

O 1s: C/H–O–H – – 533.2 – – 12.89 

The contribution of GO-modification on the polarity of flax fibres is presented in Fig. 2. The fibre 

diameter and water-contact angle along flax fibres are presented in Fig. 2 (A). The variation in fibre 

diameter along the wetting length highlights the typical morphological heterogeneity of natural fibres 

(Fig. 2 A). The diameter values for unmodified and GO-modified fibres are within the 10–30 µm range, 
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typical for elementary flax fibres. The average advancing water-contact angle of unmodified and GO-

modified are respectively 75 ± 10 ° and 66 ± 10 °. It should be noted that the average wetting angles 

represent the wetting length between 1–4 mm which is the stable measurement range. The 

hydrophilicity of modified fibres can be ascribed to the oxygen-containing functional groups of GO 

and the fact that GO-modified flax fibres had more oxidised C components than unmodified flax fibre 

and GO film based on XPS analysis. 

 

 

Fig. 2. Variation of local fibre diameter (A) and water contact angle (B) along the fibre length. 

 

The effect of GO-modification on the morphology of flax-epoxy composites is demonstrated in Fig. 

3. The volumetric void content of flax-epoxy composites is 2.41% which is reduced to 0.04% with 

graphene oxide surface modification of fibres. The lower extent of porosities in modified composites 

shows that graphene oxide having various oxygen-containing functional groups such as epoxide (C–

O–C) enhances the compatibility between flax and epoxy. The less porous structure of GO-modified 

flax-epoxy composites can benefit their fatigue performance and in-service durability. 

 

Fig. 3. Internal porosities of flax-epoxy and GO-flax-epoxy composites based on X-CT tomography. 
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3. 2. Fatigue performance of composites 

The collected S-N data and normalised fatigue data from flax-epoxy specimens with [(0,90)]4 lay-ups 

are presented in Fig. 4 (A) and Fig. 4 (B), respectively. In Fig. 4 (A), the average tensile strength of 

GO-modified composites at the first cycle (S0 = 110 ± 3 MPa), is 8% lower than the unmodified flax-

epoxy composites (S0 =120 ± 5 MPa), which is also reflected in the fatigue results. The relatively lower 

strength of GO-modified specimens in Fig. 4 (A) can be related to the effect of water immersion on 

the tensile performance of flax fibres. Indeed, the pectin and hemicellulose within flax fibres can be 

partially dissolved in water during the GO fibre modification and alter the tensile performance of fibres 

[33]. At the 90% loading ratio (in Fig. 4 B), the number of cycles to failure of GO-modified specimens 

(102 cycles) is one order of magnitude lower than unmodified flax-epoxy (103 cycles). However, at a 

loading range of 50%–80%, both series are comparable regarding the number of cycles to failure. 

Therefore, the S-N slope of GO-modified composite (−14.45) is less steep than unmodified flax-epoxy 

(−17.59), indicating a 17% slower fatigue strength degradation rate within the loading range of 50%–

90% for GO-flax-epoxy. The more stable fatigue performance of GO-modified specimens can be 

ascribed to their low void content (less than 0.04% compared to 2.41% for unmodified flax-epoxy) 

and 40% higher interfacial adhesion with epoxy resin which was studied through microbond tests [15]. 

The more ductile behaviour of GO-modified specimens within the 50%–80% loading range (compared 

to the quasi-static and 90% loading cases) can be related to the sliding within multilayer GO crystals 

which is promoted by cyclic loading and friction between fibre and matrix [14]. Also, under cyclic 

fatigue loading, the epoxy functional groups of graphene oxide can potentially transform into ether 

groups [34]. The bond angle within ether groups (R–C–R) can alter and contribute to energy dissipation 

under cyclic loading conditions [34].   

 

Fig. 4. Collected S-N data (A) and normalised fatigue data (B) of flax-epoxy composites with [(0,90)]4 

lay-up. 



10 
 

Fig. 5 and Fig. 6 provide further insight into the contribution of graphene oxide surface modification 

to the energy dissipation and failure modes of flax-epoxy composites. A general view of the final fatigue 

failure surface of flax-epoxy composites is presented in Fig. 5 (A), where all plies are visible. In Fig. 5 

(A), interfacial debonding and cracks are visible at the crossover of warp and weft yarns. Although 

fibre pull-out traces are notable in Fig. 5 (B–D), the fracture surface is dominated by clear-cut fibre 

failure, which indicates the brittle failure of flax-epoxy composites and overall good adhesion between 

fibre and matrix. 

  

 

Fig. 5. The final (fatigue) failure surface of flax-epoxy composites (A, B, C, D). 

 

In Fig. 6 (A–D), the fracture surface of GO-flax-epoxy composites after the final fatigue is dominated 

by extensive fibre pull-out traces. Fibre pull-outs act as a fatigue energy dissipation mechanism through 

interfacial sliding inside GO layers and at the fibre-matrix interface [14]. The polymer residues on the 

GO-modified fibre surfaces indicate good compatibility between fibres and matrix (Fig. 6 D).  
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Fig. 6. The final (fatigue) failure surface of GO-flax-epoxy composites. 

3. 3. Impact performance of composites  

The impact kinetic energy-time histories of cross-ply flax-epoxy composites with [0/90]3S lay-up are 

outlined in Fig. 7. Generally, when composites are subject to impact loading, part of the kinetic energy 

is absorbed through plastic deformation and part of the kinetic energy is recovered back to the 

impactor (Fig. 7 A). At 21 J kinetic energy, the impactor perforates the specimens, and almost all the 

impact energy is absorbed by plastic deformations. The internal damage patterns of GO-flax-epoxy 

and flax-epoxy at the perforation energy (4.2 ± 0.1 J/mm) are similar and comprise ply failure, 

delamination, and fibre pull-out (Fig. 7 B). Regardless of the matrix type, the perforation energy of 

flax-epoxy (4.2 J/mm, this study), flax-PMMA (4.2 J/mm, [10]), and polylactic acid (PLA) based flax 

fibre (3.5 J/mm, [35]) composites with the similar specimen and testing configurations are comparable. 

As fibre failure is an important limiting factor for perforation energy, composites processed with tough 

polymers can often enhance energy absorption [36–38]. However, the perforation energy of flax fibre 

reinforced polypropylene (PP) composites (4.9 J/mm) reported by Ramakrishnan et al. [38] is 14% 

higher than the flax-epoxy and flax-PMMA. The 14% higher perforation energy of flax-PP composites 

can be ascribed to the weak interfacial strength between flax and PP, which promotes energy 

dissipation through interfacial sliding [6,21]. Indeed, interfacial strength and toughness are critical for 

the impact resistance of flax fibre composites [9,10]. For instance, the impact resistance and perforation 

energy of interfacially toughened flax-epoxy composites (5.9 J/mm, [9]) and flax-PMMA composites 

processed with ductile non-dry fibres (6.4–8.1 J/mm) are comparable to glass-PP composites (5.1 

J/mm, [39]) tested with the similar specimen and testing configurations.  
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The GO-modification can potentially enhance the impact tolerance (i.e., compressive strength after 

impact) of flax-epoxy composites by modifying their interfacial shear strength. Therefore, it is 

beneficial to investigate the effect of GO-modification on the impact resistance of flax-epoxy 

composites at kinetic energies below the perforation limit. The following paragraphs elaborate on the 

contribution of GO-modification to the internal damage patterns, contact force-displacement/time 

behaviour, and in-situ damage initiation and progression of flax-epoxy specimens. 

 

 

Fig. 7. Energy-time history of composites (A) and internal damage patterns at perforation based on 

X-CT (B). 

The impact energy is partly recovered at kinetic energies below the perforation energy, as shown in 

Fig. 8 (A). For cross-ply flax-epoxy and GO-flax-epoxy composites in this study, the 9 J kinetic energy 

can be defined as the perforation threshold (ETh) beyond which through-thickness ply failures prevail, 

and the elastically recovered portion of the impact energy decreases. The GO-modified composites 

present higher elastically recovery kinetic energy values at 9 J (by + 24%) and 15 J–18 J (by + 200%) 

impact kinetic energies. For all non-perforation impact energies, the GO-modification reduces the 

extent of fibre and ply failure by promoting energy dissipation through interlaminar delamination (Fig. 

8 B). For instance, in Fig. 8 (B), the cumulative lengths of delamination lines for GO-flax-epoxy at 9 J 

(43 mm) and 15 J (77 mm) are respectively 50% and 26% higher than the similar values for flax-epoxy 

at 9 J (21 mm) and 15 J (57 mm).  
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Fig. 8. Elastically recovered impact kinetic energies of composites (A) and the internal damage 

patterns of specimens based on X-CT tested at 9 J (B) and 15 J (C) kinetic energies. 

The contact force-time histories for non-perforation impact energies are presented in Fig. 9. In terms 

of maximum contact force, modified and unmodified composites have similar performance. At the 

lowest kinetic energy (9 J), previously defined as the perforation threshold (ETh), GO-modified and 

unmodified composites have similar impact behaviour. The main contribution of the GO modification 

is between the perforation threshold energy and the perforation energy.  

 

Fig. 9. Contact force-displacement histories of composites at 9 J (A), 15 J (B), and 18 J (C) kinetic 

energies. 

In addition to the impact resistance, it is beneficial to understand the contribution of GO-modification 

on impact damage initiation and propagation of flax-epoxy composites. The full-field deformations of 

the specimen's rear surface at 15 J kinetic energy are presented in Fig. 10 and Fig. 11. The in-situ high-

speed optical images are synchronised with contact force-time profiles to provide point-specific and 

comparative data between flax-epoxy and GO-flax-epoxy composites. The von Mises strain maps are 

superimposed on the optical images to visualise the 2D surface deformations. The deformations after 

the surface crack opening are provided without strain maps, as the full-field strain data calibration can 
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be distorted due to the surface discontinuity. The contact force-displacement traces are divided into 

three regions, namely the initial linear-elastic region (phase I), plateau-like region (phase II), and the 

last part, where the cross-like surface damage starts with a continuous drop in the force value until 

complete failure of the specimens (phase III). 

The contact force-time trace of unmodified flax-epoxy at 15 J kinetic energy is presented in Fig. 10 

(H). Towards the end of the linear-elastic region (phase I), matrix cracking is evident at the centre of 

the specimen, followed by fibre crack initiation at maximum contact force. (Fig.10 A-C). In the plateau 

region (phase II), the crack that started at the maximum contact force steadily propagates parallel to 

the fibre directions on the rear surface of the specimen (Fig. 10 D). At the end of phase II, the crack 

reaches its maximum length (22 mm) (Fig. 10 E). By phase III, transverse cracks initiate and propagate 

while the impactor penetrates the specimen (Fig. 10 E-G). The impact damage initiation and 

progression of cross-ply flax-epoxy are comparable to the case of flax-PMMA composites with similar 

specimen and testing configurations [10], emphasising the often dominant contribution of fibre failure 

in the impact performance of natural fibre composites. However, impact-induced ply splitting, 

reported for tough flax-PMMA composites [10], is not detected for the flax-epoxy composites in this 

study. 

 
Fig. 10. The impact damage initiation and progression (A–G) on the rear surface of unmodified flax-

epoxy composites with [0/90]3S lay-up at 15 J kinetic energy synchronised with the force-time profile 

(H). 

The contact force-time history of GO-modified flax-epoxy composites at 15 J kinetic energy is 

provided in Fig. 11 (A). The maximum contact force at the end of the linear-elastic region for GO-

flax-epoxy (3.32 kN) is lower than for flax-epoxy (4.6 kN), and the damage modes are slightly different. 

For instance, the (fibre) crack opening at the end of the linear-elastic region for flax-epoxy is replaced 

by matrix cracking for GO-flax-epoxy and delayed to phase II. The area of the localised von Mises 
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strain map at the centre of the GO-modified specimen upon matrix cracking (Fig. 11 C) is relatively 

larger than for unmodified flax-epoxy (Fig. 10 B). This observation could mean that GO-modification 

facilitates the better distribution of contact force over a larger area on the rear surface of flax-epoxy 

composites. Also, the length of the plateau-like region (phase II) for GO-flax-epoxy (1.45 ms) is 42% 

larger than for unmodified flax-epoxy (1.02 ms). The contact force value for GO-flax-epoxy in phase 

II gradually increases, contrary to the case of unmodified flax-epoxy. The longer contact time and 

gradual increment of contact force value in phase II indicate that GO-modification improves the 

impact damage resistance and delays crack growth on the rear surface of flax-epoxy specimens by 

promoting redistribution of contact force over a larger area. Interestingly, the transverse crack initiation 

and progression (phase III, Fig. 11 G, H) on the rear surface of GO-flax-epoxy is realised within the 

plateau region at constant contact force, unlike for the unmodified flax-epoxy. 

 

Fig. 11. The contact force-time history of GO-flax-epoxy composite with [0/90]3S lay-up at 15 J 

kinetic energy (A) and in-situ damage patterns on the rear surface of specimens (B–H). 

In summary, this article provides new experimental insights on the nature of bonding between 

graphene oxide and flax fibres, the effect of GO on the porosity of composites, fatigue performance, 

and the impact resistance of composites. The surface modification of fibres with graphene oxide 

prolongs the fatigue life of flax-epoxy composites without compromising the impact perforation 

energy. Also, GO-surface modification alters the fibre-dominant failure mode of flax-epoxy 

composites at kinetic energies below perforation by promoting energy dissipation through interfacial 

sliding and delamination. This study provides new insights into the in-situ impact damage progression 

and internal damage patterns of composites, which can be valuable for further numerical and 

experimental investigations.  
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4. Conclusions 

The effects of graphene oxide fibre surface modification on the morphology, fatigue performance, and 

impact resistance of flax-epoxy composites were investigated. The XPS results proved the existence of 

hydrogen bonding between flax fibre and deposited GO crystals. Also, the XPS surface analysis 

showed that the percentage of unoxidised carbon (C-C/H) on flax fibres (30 at. %) was decreased by 

50% with GO-coating of the fibres. As a result, the GO-modified fibres were more reactive towards 

the epoxy resin, and their composites were less porous compared to unmodified flax-epoxy, showing 

good wetting. The modification of fibres with multilayer GO crystals promoted energy dissipation 

through interfacial sliding and fibre pull-outs under dynamic cyclic loading. The GO modification 

reduced the fatigue life degradation rate of flax-epoxy composites by 17% without a negative effect on 

the low-velocity impact perforation energy of the composites. The GO-modification altered the fibre-

dominant impact failure mode of the composites by enhancing the extent of energy dissipation through 

interlaminar delamination. The contact force-time synchronised in-situ high-speed optical images 

showed that the GO-modification delays the fibre damage initiation on the rear surface of composites 

and prolongs the damage progression phase compared to unmodified flax-epoxy composites. 
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