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Abstract 
 

Flax fibre composite is a bio-material that can meet the requirements in many engineering 

applications. It has been used especially in applications for the automotive industry due to the 

several excellent specific properties which are similar to composites manufactured with glass 

fibres. However, due to the hydrophilic nature of flax fibre, this material is prone to absorb 

water and moisture from the environment, and therefore, they are not reliable for outdoor 

applications. The growing demand for flax composites in the field of bio-material research 

enforces the researchers to have in-depth knowledge in their processing into a useful final 

product. However, the correlation between the environmental effects and the performance of 

the flax fibre bio-composites is not well established. The main focus of this study is to address 

the specific environmental issues and their effects on flax fibre composites manufactured by 

the vacuum infusion method.  

First of all, the effect of the moisture content in the fibres on the mechanical performance 

and overall quality of the manufactured composites is studied. Flax composites are 

manufactured with fibres having different moisture content and they are compared to 

composites manufactured with dry fibres. This work begins with measuring moisture 

absorption kinetics of the flax fibres. Flax fibres absorb moisture almost linearly from 0% to 

70% RH (relative humidity) environments, however, this absorption almost double from 70% 

to 95% RH. The tensile strength of the flax fibre reinforced composites increases until a certain 

RH value (50% RH) and then it decreases as the RH of the environment is raised up to the 

maximum value (95% RH). However, the tensile modulus, flexural strength and modulus of 

the composite samples continuously decrease with the increasing RH values. The 

microstructural tests of the composites confirmed the presence of micro-cracks and pores and 

debonding in the fibre-matrix interface. In addition, a study about the dynamic response of the 

flax composites manufactured with fibres stored at different RH levels ensures that dry 

composites have better vibration and damping properties. The damping ratios of the flax 

composites manufactured with fibres with different RH values are slightly increased with the 

increasing rates of moisture absorption although this change is not notable. Moreover, the 

mechanical properties of the flax composites manufactured with fibres at different RH 

environments are predicted by analytical models. The geometric and displacement potential 

function approaches are proposed to estimate the tensile properties of the flax composites. The 

proposed models demonstrate greater accuracy when validated with experimental observations. 
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Secondly, the consequence of different environmental conditions on the performance and 

durability of flax composites is analysed. Composites made by vacuum infusion using dry 

fibres are immersed in water, exposed to warm humid environments and subjected to freeze-

thaw (F/T) cycles. During exposure to different environments, the mechanical performance 

(tensile and flexural properties), moisture content and physical changes (dimensional stability) 

of the composites are analysed. The water absorption trend is partially Fickian for the samples 

immersed in water at room temperature and these samples are greatly affected and degraded. 

Furthermore, the mechanical properties of the water saturated (WS) samples are clearly 

degraded in contrast to the as manufactured (AM) samples. Compared to AM samples, the 

tensile strength and modulus are decreased approximately by 9% and 57%, respectively for 

WS samples and their flexural strength and modulus is decreased by 64% and 70%, 

respectively. However, some of these properties could be recovered, to some extent, by drying 

the WS samples. On the other hand, the reduction of tensile strength and modulus for the 

humidity saturated (HS) samples is only 0.8% and 3%, respectively, when compared to the AM 

composite samples. It was found that freezing-thawing cycles have almost no effects on the 

flax bio-composites.  
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Chapter 1. Introduction 

 
 
 

1.1. Background and Motivation 

Natural fibre reinforced composites have become an indispensable part of many 

engineering applications. Especially, with the growing concerns about environment 

pollutions and increasing rate of greenhouse gas emission has enforced the researchers 

to rethink these materials. Many conventional materials such as metals, plastics, or 

metal-based alloys used in engineering structures are responsible for environmental 

pollutions. Not only those materials but also the synthetic fibre composites are causing 

a huge environmental problem nowadays. Plant fibres are a kind of natural fibres. 

Natural plant fibres and their composites are environment-friendly as their processing 

requires a very minor amount of fuels, they are sustainable and hardly emit any 

greenhouse gas into the environment. Faruk and Sain stated [1] that bio-fibres are used 

as reinforcement or as filler in the “bio-composites” irrespective of the kind of matrix 

used. Due to several significant properties, cost, recyclability and other health-related 

benefits during their usage, flax fibres and their composites have occupied an important 

place in material research topics during the past few decades. Yan et al. [2] reported the 

number of natural fibres used as reinforcement was around 315,000 tonnes in 2010 

represented as 13% of the total reinforcing materials during that period. This quantity 

is increasing each year. The projected natural fibre reinforcing amount will reach almost 

830,000 tonnes by 2020.  

The abundance of naturally grown plant fibres makes them promising in 

composite reinforcement. Primarily, low cost and relatively high mechanical properties 

of the flax fibre differentiates them from other natural fibres. Synthetic fibre composites 

are a huge market within the manufacturing industries. Especially, synthetic fibre 

composites are used reasonably often in the automotive sector. However, flax and other 

plant fibre reinforced composites are gaining more interest in this sector due to their 

low cost, low density and the environmental advantages mentioned earlier. In many 

cases, scientists have reached the performance limit of several metals in industrial 

applications and the use of plant fibre composites is essential. Therefore, it is required 

to acquire a comprehensive knowledge regarding the bio-based fibre processing and 

conversion into the useful final output, due to the growing market demand. Gassan and 
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Bledzki [3] reported that plant fibre composites are low price materials and possess 

comparable specific properties as glass fibre composites. These composites are 

thermally recyclable, as energy can be generated by burning them with a very little 

amount of residue. Several studies [4-7] confirmed the good acoustic properties of these 

materials and evidenced their ease in machining as low tool wear rate can occur during 

their machining process.  

Although plant fibre composite is a potential choice in many industrial 

applications, however, this material has several detriments which minimize its 

application area. Natural fibres are highly hydrophilic. They absorb moisture from the 

environment. Sometimes it might be very difficult to bond hydrophilic fibres with 

matrix materials which are in general hydrophobic during their manufacturing process. 

Furthermore, bio-composites are prone to absorb moisture and water from the 

environment which severely affects their mechanical properties. Plant fibre quality 

varies with the cultivation process and growing conditions. Most of the natural fibres 

start degrading at 200 °C [2]. In a study regarding hemp fibre composite [8], it was 

found that the flexural and tensile properties of this material decreased with the increase 

of the percentage of moisture uptake. At high temperature, the performance of the 

composites degraded more with the moisture uptake than at room temperature. The 

tensile and flexural properties decreased due to the degradation of the fibre-matrix 

interface. Plant fibres, such as hemp and flax are hygroscopic by nature although their 

fibres possess good mechanical properties. In the following chapters, details about the 

degradation process and effects on mechanical properties of natural fibre composites 

have been discussed. Although the potentiality of the plant fibres, specifically flax 

fibres, has been well established in composite reinforcement, their research is still in an 

initial stage. This research will, therefore, assist in enhancing the current understanding 

of the processing of flax fibre fabrics in manufacturing their composites with 

thermosetting epoxy matrix. 

 

 

1.2. Problem statement and research questions 

 

Two main facts of flax fibres are their unique mechanical properties and higher 

production rate. Flax fibres are in increasing interest for natural fibre reinforced 

composites research because of these two key factors. Yan et al. [2] stated that flax 
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fibres are cost-effective and offer specific mechanical properties which are to some 

extent comparable to those of glass fibres. Composites manufactured with flax fibres 

and suitable thermoplastic, thermosetting or biodegradable matrices exhibit good 

mechanical properties and reduced final cost. 

However, the complex microstructure of natural plant fibres and their chemical 

composition rich in cellulose, hemicellulose, lignin, pectin, etc. permits moisture 

absorption from the surrounding environment which might cause weak bindings 

between the fibre and the matrix. The highly hydrophilic nature of the flax fibres and 

moisture sensitivity of their composites are the main disadvantages indicated by many 

researchers [9, 10]. During manufacturing the composites, sometimes hydrophilic 

natural fibres and hydrophobic thermoplastic and thermoset matrices require physical 

and chemical treatments due to their incompatibility and to increase the adhesion 

between them [2, 8, 11]. Nilsson [12] reported that the stiffness of the flax fibres are 

highly affected by the moisture content present in the fibre. The tensile moduli of flax 

fibres are strongly influenced by the moisture content presents in the fibre, which 

depends on the environmental relative humidity (RH), as it was also found by [13]. Both 

static and dynamic moduli of flax fibres were found to decrease remarkably with an 

increase in RH. Therefore, humidity and water absorption behaviour of the flax fibres 

always play a significant role in manufacturing of their bio-composites. Better 

understanding of the influence of environmental conditions on the mechanical 

performance and the fibre-matrix interface of the composites is not an easy task which 

has been elaborated in the literature review.  

 Although a few research on the effects of moisture content and RH on flax fibre 

reinforced composites are available, however, little information can be found about the 

effects of moisture present in the fibres prior to their manufacturing stage on the 

properties of the composite. The environmental effects on flax fibre composites have 

yet to be clarified clearly. Therefore, this study will help to enrich the little existing 

knowledge regarding the conditioning of flax fibre fabrics prior to the manufacture of 

thermosetting epoxy matrix composites. After determining the effect of moisture in the 

fibres on the epoxy-flax bio composites’ performance, it is also critical to study the long 

term behaviour of these green composites. Consequently, this Thesis will provide a 

better understanding of the moisture absorption of flax fibres-bio epoxy composites 

exposed to different environmental conditions, analysing moisture diffusion 
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mechanisms and diffusion rates within the composites, the interfacial and 

microstructural detriment and overall mechanical performance degradation. Therefore, 

the specific research questions of this research are as follows:  

1. Does the fibre moisture content, prior to manufacturing, make any difference 

regarding the tensile and flexural properties of the flax composites?  

2. Is there any effect of moisture in the fibres, prior to manufacturing, on the 

dynamic performances of the flax/epoxy composites?  

3. Could the detriment in the mechanical properties of the flax fibre reinforced 

composites exposed to different relative humidities be modelled?  

4. What is the effect of common environmental conditions on the long term 

mechanical performance of flax composites?  

 

1.3. Hypothesis 

The main hypothesis of this research work is that the acceptability of flax fibre 

reinforced epoxy composites could be increased by understanding the effect of different 

environmental conditions on the materials performance and long term behaviour. 

 

 

1.4. Research objectives 

This research is focused on identifying the effect of different environmental 

conditions on flax fibre composites. During the manufacturing stage, moisture present 

in the fibre fabrics is the main factor that could affect the performance of the composite. 

Thus, the relationship between the moisture content of flax fibres and the relative 

humidity (RH) of the storage room, and its effect on flax-bio epoxy composites are 

studied. Once manufactured, the bio-composites might be exposed to many different 

environmental conditions that could affect their performance during their life in service. 

This research is also carried out in this Thesis. According to the research background 

and motivation mentioned above and a detailed literature survey (presented in chapter 

2), the research gaps and research questions are identified. The precise research 

objectives of the study are as follows: 

1. Analysis of the moisture absorption kinetics of the flax fibres under different 

RH levels.  

2. Evaluation of the effects of moisture in the fibres on the performance of flax 

fibre reinforced composites manufactured at different RH. 
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3. Investigation of the dynamic response of the flax fibre reinforced composites 

manufactured at different RH values. 

4. Development of analytical models to predict the mechanical properties of the 

flax fibre reinforced composites manufactured at different RH levels and 

demonstrate the potentiality of the models. This includes the following steps: 

- Develop geometric models to represent the mechanical properties of the 

unidirectional (UD) flax fibre reinforced composites under different RH 

levels. 

- Develop analytical models using the displacement potential function 

approach to estimate the mechanical properties of the UD flax fibre 

reinforced composites under different RH levels. 

- Analyse the analytical results of the mechanical properties of the UD flax 

fibre reinforced composites under different RH levels with the 

experimentally measured values  

- Compare the analytical results with the experimental data and a cross-ply 

synthetic fibre composite to validate the models. Develop geometric models 

to represent the mechanical properties of the unidirectional (UD) flax fibre 

reinforced composites under different RH levels  

5. Characterization of the environmental effects on the durability and mechanical 

properties of flax fibre reinforced composites.   

The proposed work flowchart of this study is illustrated in Figure 1.1. 
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Figure 1.1. Flow chart of the research work. 

(T & F: Taylor and Francis) 
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1.5. Scope of research 

The scope of the research are as follows: 

1. Manufacturing of flax-epoxy bio-composites by the vacuum assisted resin 

infusion method.  

2. Using a controlled humidity chamber and an electric oven prior to 

manufacturing the composites. 

3. Identification of the tensile and flexural properties by using the Instron universal 

testing machine. 

4. Microstructural characterization of the bio-composites by using optical and 

scanning electron microscopy (SEM).  

5. Measuring the natural frequency and damping ratio by using the impact hammer 

testing method.  

6. Modelling the mechanical properties of the flax-epoxy composites 

manufactured with fibres having different moisture contents.   

7. Evaluation of the degradation of flax fibre composites by using accelerated 

weathering tests.  

 

 

  

1.6. Thesis outline 

This study is focused on investigating the effects of moisture and water on the 

flax fibre reinforced epoxy composites manufactured with the vacuum infusion method. 

In addition to the introduction and conclusion chapters, five other chapters are included 

in this study. The outline of the thesis is as follows: 

Chapter 1 introduces the research background, objectives, methodology and the 

scope of this study. 

Chapter 2 represents a technical discussion on the fundamentals of natural fibre 

composites and their manufacturing methods. An overview of the flax fibres and their 

composites is elaborated. The structure of flax fibres and the main factors that affect the 

fibre properties is discussed. This chapter briefly illustrates a review of moisture 

absorption behaviour of the flax fibres and their composites, moisture diffusion process 

and diffusion rates inside the composites, as well as effects of water and moisture on 

the physical and mechanical properties of the flax fibre composites under different 
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environmental conditions. The main findings of this chapter were published in the 

Journal of reinforced plastics and composites. 

Chapter 3 presents moisture absorption kinetics of the flax fibres under different 

relative humidities. The effects of moisture present in the fibres prior to the 

manufacturing process on the mechanical properties of the composites are studied. In 

order to improve a clear understanding about the effects of moisture on the flax 

composites, microstructures of the differently humidified composites, tensile and 

flexural properties are studied. These results are published in the Journal of natural 

fibers. 

In order to evaluate the dynamic performance of the flax fibre composites 

manufactured with different RH levels in the vacuum infusion process, various modal 

parameters (natural frequency and damping ratio) are investigated. The impacts of 

different RH on the flax fibre composites are reported in Chapter 4. The main findings 

of this study are published in the Journal of natural fibers. 

Chapter 5 describes the analytical models to estimate the mechanical properties 

of the flax fibre composites manufactured with fibres at different RH levels. A 

geometric model and a displacement potential function are introduced to predict the 

tensile properties of the flax composites. Details about the analytical formulations and 

comparison of the results with the experimental data are discussed in this chapter. These 

results are submitted in the Composites Part B. 

In Chapter 6, the environmental degradation of the flax fibre composites is 

evaluated. Different environmental conditions are selected to carry out accelerated 

weathering tests. Composite samples are manufactured by the vacuum infusion process. 

The water immersion, humidity and freeze-thaw tests are selected to simulate the 

different outdoor environments. The physical changes of the composites exposed to 

these conditions are analysed and the water and moisture uptake is quantified with 

moisture diffusion coefficient. The mechanical properties of the flax composites 

exposed to the different environments are measured to determine the severity of each 

condition. The outcomes of this study are published in the Composites Part B and in a 

conference paper. 

Chapter 7 summarizes the research outcomes and discusses possible future 

works. 
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Chapter 2. Flax fibre and its composites: An overview 

 
 
 

This chapter discusses and reviews the state of art of the natural fibres and their 

composites. Emphasis is given on flax fibres and their composites. The review 

concentrates mainly on the research developments regarding the environmental effects 

on flax fibre composites and properties characterization with the changing 

environmental conditions. Basically, this section provides relevant background and a 

detailed literature survey of the work described in this thesis. 

 

A part of this chapter has been published in a Journal and the bibliographic 

details of the paper, including all authors, are: 

 

Abdul Moudood, Anisur Rahman, Andreas Öchsner, Mainul Islam and Gaston 

Francucci, “Flax fiber and its composites: An overview of water and moisture 

absorption impact on their performance”, Journal of Reinforced Plastics and 

Composites, vol. 38(7), pp. 323–339 (2019).  

doi: 10.1080/15440478.2017.1414651 
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Abstract 

Contemporary researchers have specified that natural flax fibre is comparable 

with synthetic fibres due to its unique physical and mechanical characteristics which 

have been recognized for decades. Flax fibre reinforced composites have the potential 

for wide usage in sport and maritime industries, and as automotive accessories. In 

addition, this composite is in the development stages for future applications in the 

aeronautical industry. However, designing the flax composite parts is a challenging task 

due to the great variability in fibre properties. This is caused by many factors, including 

the plant origin and growth conditions, plant age, location in the stem, fibres extraction 

method, and the fact that there is often a non-uniform cross-section of the fibres. 

Furthermore, the water and moisture absorption tendency of the flax fibres and their 

composites and the consequent detrimental effects on their mechanical performance are 

also major drawbacks. Fibres may soften and swell with absorbed water molecules, 

which could affect the performance of this bio-composite. Flax fibres’ moisture 

absorption propensity may lead to a deterioration of the fibre-matrix interface, 

weakening the interfacial strength and ultimately degrading the quality of the 

composite. This study represents a brief summary of the main findings of research into 

flax fibre reinforced composites, focusing on the challenges of its water and moisture 

absorption behaviour on their performance. 

 

Keywords: Flax fibre composites, Moisture absorption, Mechanical properties, 

Interfacial strength, Water diffusion 
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2.1. Introduction  

Environmental awareness is a most important concern nowadays. Scientists all 

over the world are enthusiastic about the research of environmentally-friendly 

materials, owing to the increasing rate of greenhouse gas emissions and other related 

health hazards. The various products made from plastic and metal have a significant 

impact on the environment. Specifically, for composite materials, global awareness 

about the environmental impact of synthetic fibres throughout their manufacturing, 

usage, and end-life has greatly increased in recent years. In this context, natural fibres 

and their composites are considered to be one of the major alternatives and have 

occupied a substantial place in the field of material research during the last few decades. 

They are lightweight, inexpensive and structurally efficient materials that can replace 

the commonly used conventional synthetic fibre composites in some engineering 

applications. Thus, the production of eco-friendly and sustainable bio-based materials, 

with economic advantages, has resulted in increased attention in developing novel 

natural fibre reinforced composites.  

Plant fibres, a sub-section of natural fibres, are cost-effective and offer good 

specific mechanical properties when compared to glass fibres [1, 2]. Monteiro et al. [3] 

mentioned that economic, technical, societal and environmental benefits are achieved 

by using plant fibres instead of synthetic fibres for reinforcement. Summerscales et al. 

[4] also reported that automobile accessories manufactured with plant fibres are light in 

weight. Due to this weight reduction, vehicles require less energy to operate. These 

fibres are extracted from different parts of the plant such as from the outer part of the 

plant stem, i.e., the bast (e.g., jute, kenaf, hemp, ramie, flax), leaf (e.g., sisal), fruit (e.g., 

coconut), and seed (e.g., cotton).  

According to statistical data, the worldwide production rate of bast fibres is higher 

than the other types, and they are more popular among current fibre composite 

researchers [5, 6]. Further, flax is one of the most widely used natural fibres of the bast 

family for composite reinforcement [7]. However, the chemical composition and 

microstructure of vegetable fibres permits moisture absorption from the environment, 

which causes weak bindings between the fibre and the polymer matrix. Like other 

vegetable fibres, the highly hydrophilic nature of flax fibres and the moisture sensitivity 

of their composites are the main disadvantages [8, 9]. Occasionally, due to the 

incompatibility between hydrophilic plant fibres and hydrophobic thermoplastic and 
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thermoset matrices, physical and chemical treatments on such fibres and/or matrices are 

needed to increase the adhesion between them [2, 7, 10]. 

In particular, the overall quality of the composites depends on the properties of 

the fibres, the matrix and their interface. Water and moisture absorption of plant fibres 

have multiple effects, in terms of their properties, morphology, chemical composition 

and dimensional stability. The composites made with fibres taken from different relative 

humidity (RH) environments are expected to behave differently. On the other hand, 

when the composites are made with dry fibres, these can also absorb moisture in various 

conditions of humidity. Furthermore, if the composites are immersed underwater, their 

physical, mechanical and microstructural properties are likely to be degraded by 

absorbing water.  

 

2.2. Natural and synthetic fibres  
  

Natural fibres are very popular reinforcements used for manufacturing 

composites for a wide variety of engineering applications. These fibres are gradually 

occupying the place of synthetic fibres in some applications due to a sustainability 

viewpoint. The composites made with synthetic fibres, such as carbon or glass fibres, 

are known as high-performance composites. Several studies [11-13] reported about the 

recycling problems of the synthetic fibre composites and how environmental hazards 

were caused by these fibres. On the other hand, researchers [11, 14-16] indicated that 

natural fibres, especially plant fibres, are a possible replacement for synthetic fibres. 

The extraction and production process of the plant fibres are almost free of 

contaminants. Furthermore, all residues coming from the leftovers during fibre 

processing are non-toxic and non-hazardous. In a study, Joshi et al. [17] stated that 

composites made with natural fibres are environmentally better than the synthetic fibre 

composites, in most cases, in terms of the performance indicators. The cultivation of 

natural fibres is dependent on solar energy and the fibre extraction and production 

process require only a small amount of fossil fuel energy. However, the synthetic fibre 

production processes require a massive amount of fossil fuel which causes an obvious 

environmental problem. In addition to the environmental advantages of natural fibres 

over synthetic fibres, Wambua et al. [18] concluded that the mechanical properties of 

the natural fibre composites are fairly comparable to those of glass fibre composites. 

For example, the tensile and flexural strength and moduli of the hemp, jute, kenaf and 
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sisal fibre composites were very close to those of the glass fibre composites. 

Specifically, hemp fibre composites displayed higher tensile strength (52 MPa) than the 

glass fibre composites for the same fibre volume fraction (32 MPa). In addition, few 

specific properties such as specific flexural strength (flexural strength divided by 

density) of hemp/PP composites and specific tensile moduli of hemp and kenaf 

composites have been reported to be superior to the glass fibre composites. 

Nevertheless, natural plant fibres are also regarded as the best choice for commercial 

purposes [19]. The mechanical properties of some natural plant fibres and synthetic 

fibres are illustrated in Table 2.1. 

 

Table 2.1 Comparison of mechanical properties of some plant fibres and synthetic 

fibres. 

 

Name of  

fibres  

Density  

(kg/m3)  

Diameter  

(μm) 

 Tensile 

strength  

(MPa) 

 Tensile 

modulus  

(GPa) 

 % 

Elongation  

Reference 

E-glass 2.55 <17 3400 73 3.4 [20] 

S-glass 2.5 - 4580 85 4.6 [20] 

Aramid 1.4 11.9 300 124 2.5 [20] 

HS 

Carbon 

1.82 8.2 2550 200 1.3 [21] 

Sisal 1450 50-300 227-400 9.0-20 2.0-14 [22] 

Pineapple 1440 20-80 413-

1627 

34.5-

82.5 

0.8-1 [23] 

Abaca 0.83 - 418-486 12-13.8 3.0-10.0 [23], [24] 

Curaua 1.4 × 103 - 500-

1150 

11.8 3.7-4.3 [23], [24], 

[25] 

Coir 1.1 × 103 - 131-175 4.0-6.0 15.0-40 [23] 

Cotton 1.6 × 103 - 287-597 5.5-12.6 3.0-10.0 [23], [24] 

Bagasse 1.25 200-400 290 11 - [24] 

Vakka 0.81 175-230 549 15.85 3.46 [26] 

Agave 1.2 126-344 - - - [26] 

Oil palm 0.7-1.55 150-500 80-248 0.5-3.2 17-25 [23], [26] 

Bamboo 910 - 503 35.91 1.4 [23] 

Softwood 

kraft pulp 

1.5 - 1000 40 4.4 [26] 

Sea grass 1.5 5 453-692 3.1-3.7 13-26.6 [26] 

Date 990 - 309 11.32 2.73 [26] 
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2.2.1.  Classification of natural fibres  

According to the origin, natural fibres may be classified as plant fibres, mineral 

fibres and animal fibres. The plant or vegetable fibres are often termed as cellulosic 

fibres. These fibres can be further sub-divided into non-wood natural fibres and wood 

natural fibres. Non-wood natural fibres can be divided into bast, leaf, seed, straw and 

grass fibres. Among all-natural fibres, plant fibres are the ones generally used in the 

industry as reinforcement. A common natural fibre classification is shown in Figure 

2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Classification of natural fibres. 

 

2.2.2.  Structure of natural plant fibres 

The natural fibres are extracted from plants in different regions of the world and 

are dependent on growth in different environmental conditions. Therefore, the 

properties of natural fibres are also influenced by geographic locations. The 

lignocellulosic plant fibres mainly consist of cellulose, hemicellulose, lignin and pectin 

with cellulose being the main element of plant fibre [9, 27]. This constituent is a semi-

crystalline polymer containing many hydroxyl functional groups along with its long 

macromolecular structure. In general, these fibres are like composites, where the 

cellulose fibrils are embedded with the amorphous lignin and hemicellulose matrices. 

Every fibre contains several fibrils and these are continuous throughout the fibre length. 

The fibres are bonded together with sufficient strength and stiffness by hydrogen bonds 
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and other linkages present in the cellulose [28]. A complex layered structure can be 

found in each fibril where a thin primary cell wall is surrounded by three thick 

secondary cell walls with a hollow lumen at the centre. The thick middle layer of the 

secondary cell walls determines the mechanical properties of the fibre. A series of 

helically wound cellular micro-fibrils generate from the cellulose molecules with a 

longer chain found in this middle layer [29]. The overall properties of plant fibres are 

mainly dependent on the plant structure, microfibrillar angle (angle between the fibre 

axis and the microfibril), presence of defects, the dimension of the cell, and the chemical 

composition of the plant fibres [29, 30]. If the cellulose constituent increases more than 

the normal value, then the tensile strength and the modulus of elasticity of the plant 

fibres will also increase. If the microfibrils are found to spiral with the fibre axis, then 

the plant fibres will be more ductile in nature. However, the fibres will be rigid, 

inflexible and possess higher tensile strength whenever the microfibrils are more 

parallel to the fibre axis [29]. 

 

2.2.3.  Advantages and disadvantages of natural plant fibres 

There are numerous advantages of natural plant fibres for industrial use. Firstly, 

they are renewable resources and their production and processing need limited energy. 

During the composting and combustion of the plant fibres, excess carbon dioxide (CO2) 

gas is not emitted to the atmosphere. In a study [29], plant fibres are mentioned as non-

abrasive to mixing and moulding equipment. The friendly processing atmosphere of 

these fibres with improved working condition reduces the dermal and respiratory 

irritation. In addition, their processing can be possible with reduced tool wear. 

Generally, plant fibres are highly electrical resistive. Furthermore, the hollow cellular 

structure provides good thermal and acoustic insulation properties. Lastly, plant fibres 

are available worldwide and their production and processing are possible with low 

investment, which is one of the main advantages [15, 31].    

Despite the wide ranges of advantages, a few drawbacks of these fibres limit their 

usage in some industrial applications. The lignocellulosic plant fibres possess an 

inherent polar and hydrophilic nature. The fire resistance of plant fibres is very poor 

and their prices can fluctuate depending on harvest results or agricultural politics. 

However, the lower durability of natural fibres and susceptibility to rotting may require 

the use of fibre treatments which is also a significant disadvantage to their use. These 
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characteristics cause shipping and storage problems and even issues during composite 

processing. Plant fibres are not always dimensionally the same and uniform in nature, 

although they can be procured from individual plants in the same cultivation. This can 

cause great variability in the mechanical properties of the fibres [31]. Moreover, the 

lower tensile and impact strength with intrinsic odour and fogging during their handling 

and processing are also disadvantages of plant fibres. The advantages and disadvantages 

of using plant fibres are summarized in Table 2.2. 

 

Table 2.2 Selection of plant fibres [26, 32, 33]. 

 

 Advantages Disadvantages 

Physical-

mechanical  

 Natural fibres possess low density, 

therefore, low weight. 

 Higher specific strength and stiffness 

could be found when compared to 

synthetic fibres, i.e. glass. 

 These fibres are also useful due to good 

thermal and acoustic insulation 

properties. 

 Moisture absorption is 

the main disadvantage 

of natural fibres.  

 Natural fibres generally 

possess lower strength 

than the synthetic ones, 

especially their impact 

strength. 

Environment 

aspect  

 As natural fibres are mainly extracted 

from natural sources, so environmental 

pollution is quite minimal due to no 

CO2 emission. 

 Almost one-third of energy can be 

saved for their production when 

compared to synthetic fibres.   

 They generate very low emission of 

toxic fumes during their heating and 

burning at the end of their life cycle.  

 Due to fungus attack, 

weathering conditions, 

etc. natural fibres are 

characterized as 

relatively low durable 

materials.   

 Fibre quality might be 

different at different 

segments of the plants, 

harvest results, 

cultivation policy, etc.   

Processing 

viewpoint 

 Natural fibres could be processed with 

a lower price as compared to the 

synthetic ones.  

 These fibres are non-abrasive to the 

screws and other metallic parts during 

their processing.  

 Non-hazardous processing and no skin 

irritation.   

 The lower temperature 

needed for fibre 

processing might limit 

the matrix usage 

alternatives.  

 

 
 

2.2.4.  Applications of natural plant fibres 

Plant fibre usage is increasing day by day is widely used in the automotive and 

other transport industries. For example, a composite material made with cotton fibres 

embedded in a polyester matrix was used in the car body of the German brand 
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“Trabant”. Coconut fibres have been used in commercial vehicles for more than a 

decade, while jute fibre-based door panels were used by Mercedes in 1996. All the 

major car manufacturers in Germany (BMW, Audi, Mercedes, Chrysler, Volkswagen, 

etc.) are using natural fibres, especially plant fibres, for automotive interior components. 

Composites manufactured with natural fibres and a polypropylene (PP) matrix are used 

in car dashboards and door panels for Daimler Chrysler, whereas door trim panels were 

manufactured by polyurethane and flax-sisal reinforcement for the A2 midrange cars of 

the Audi brand in 2000 [34]. Furthermore, Herrera-Estrada et al. [35] stated that banana 

fibre reinforced composites are suitable for automobile and transport industry 

applications.  

Several studies [36-38] have been conducted in relation to plant fibre reinforced 

composite applications in furniture and construction sectors. Polylactic acid (PLA) 

reinforced with hemp and kenaf fibre composites exhibit high tensile strength but low 

impact strength. Therefore, these composites are used for furniture and boarding where 

high impact strength is not required [39]. Silva et al. [40] studied sisal fibre-cement 

composites, from which they were able to manufacture and design thin walled 

components with high strength in tension and compression. They found these 

composites are applicable in the construction of tanks, pipes, roofing elements, and for 

strengthening existing structures, facades, and structural building members. Further, 

banana fibre reinforced with tamarind seed gum polymer composites exhibit higher 

tensile strength and can be used for false roofing [36]. Dweib et al. [41] studied the 

cellulose fibre and soy oil based resin composites and found that these composites 

possess sufficient stiffness and strength to be used in roof construction. 

Ho et al. [42] illustrated a few other applications of the plant fibres. They stated 

that these fibres could be successfully used in composites for electrical and electronic 

products, sports and leisure items, aircraft and household products, noise barriers and 

impact resistance structures. Furthermore, these fibres are also used for diverse 

applications in toy industries, funeral articles, packaging industries, surfboards, cases 

for mobiles and laptops, fishing rods or even in turbine blades as composite structures 

[13]. A few applications of some common natural plant fibre composites are illustrated 

in Table 2.3. 
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Table 2.3 Application of plant fibre composites [42]. 

 

Sl No. Application areas Examples 

1 Automobile and transport 

industries 

Door panels, seat backs, headliners, 

dashboards, car door, transport pallets, trunk 

liners, decking, rear parcel shelves, spare 

tyre covers, other interior trim, spare-wheel 

pan, trim bin, rail car panels 

2 Aircraft industries Interior panels 

3 Construction industries Railing, false ceiling, bridge, sliding 

profiles 

4 Household appliances and 

furniture industries 

Table, chair, fencing elements, door panels, 

interior panelling, window frames, door-

frame profiles, food tray, partition 

5 Electrical and electrical 

appliances 

Mobile cases and laptops cases, insulation 

materials.  

6 Sports and leisure items  Tennis racket, bicycle frames, snowboards, 

surfing boards. 

7 Others Toy and packaging materials, fishing rods, 

turbine blades, marine products 

 

 

2.3. Important manufacturing methods of plant fibre reinforced composites  

A few important processing techniques for natural fibre reinforced thermoplastics 

are discussed in the following sub-sections. 

Manual hand layup 

Manual lay-up moulding is the simplest technique to manufacture a plant fibre 

composite and this process is undertaken by manually applying a layer of fibres (or mats 

of fibres), one after another, with resin in between on a moulded surface. This is 

repeated until the desired thickness is attained and pressure is applied usually by hand 

rolling afterwards. 

 

Injection moulding 

Shubhra et al. [43] stated that both the thermoset and thermoplastic matrices can 

be subjected to injection moulding. However, there are a few differences in the 

processes. Thermoplastic material is initially melted and subsequently forced through 

an orifice into the mould which has a lesser temperature. Next, the thermoplastic 

material solidifies in the mould and then is removed. Hence, a reactive material is forced 

into a considerably warm mould, wherein the material is transformed into a solid part 

after suitable polymerization. 
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Injection moulding is usually employed for the manufacturing of high volume and 

low-cost components. In this process, the measured amount of mixture that contains 

melted thermoplastic polymer and natural fibre is forced into the mould cavity that sets 

the desired shape of composites. Hull and Clyne [44] stated that short fibre reinforced 

thermoplastics can be used to manufacture the components in injection moulding. This 

process is widely applied for thermoplastics. Polypropylene (PP), nylon and 

polycarbonate are the three commonly used polymers for injection moulding. In a study, 

Nyström [45] optimized the microstructure and process parameters of the natural fibre 

composites manufactured by the injection moulding process. He mentioned that the 

original thermoplastic polymer utilized by this procedure was designed for plastic 

pellets. For fibre reinforced composites, the pellets with fibres are cut into pieces and 

fed through a funnel-shaped hopper into a heated compression barrel with a rotating 

screw (''screws'' for the twin-screw extruder). The motivation behind heating the barrel 

is to change the solid pellets into a viscous liquid which can be driven through the sprue 

nozzle and lastly, thrown into the coordinated metal-based mould cavities. The mould 

is tightly fastened against the injection pressure where the polymer solidifies, freezing 

the orientation and distribution of fibres. The composite is then removed from the closed 

mould after it is sufficiently cooled to be ejected to form a part of the desired shape. As 

the mixture is required to move toward to the sprue nozzle, the polymer is pressurised 

because of the screw mechanism. 

Dickson et al. [46] observed the significant reduction of fibre length in the 

injection moulded samples. The melting occurs due to the high pressure and temperature 

during the injection moulding process. As a result, high shear, elongation, and 

deformation rates can be caused which reduces the fibre length and consequently, the 

mechanical properties deteriorate. Further, damage to the fibre walls can also occur. 

The damaged region is observed as a distorted structure which indicates crack initiation 

and swelling of the fibre outwardly due to fibre wall delamination. Sallih et al. [47] also 

found a few complexities such as poor feed regulation and funnel flow deficiency when 

fibres are fed into the machine.   

Ho et al. [42] elaborated that natural fibres should be chopped into short fibres 

following the critical fibre criteria so that stress is totally transferred from the matrix to 

the fibre. Thus, the fibres are loaded to full capacity and a better interfacial bonding is 

assumed. Longer fibres demand severe conditions be dispersed satisfactorily in this 
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process. This is attributed to the fact that the final fibre lengths are lesser than those of 

the initial input lengths. Fibre orientation and residual stress are also critical issues that 

affect the modulus distribution of the injection moulded composites. Various factors 

should be taken into concern during the injection moulding process to obtain the 

optimum properties of the resulting natural fibre composites and avoid the development 

of residual stress which causes warpage, stress cracking, and long-term deformation. 

Process, material and geometric parameters should be optimised to minimise the 

occurrence of these problems. 

 

 Reaction injection moulding 

There are a few differences between injection moulding and reaction injection 

moulding (RIM). A low viscosity liquid polymer thermoset is used in the RIM process. 

The polymer hardens after crosslinking chemical reactions and expanded by thickening 

once it is injected into a heated mould. In addition, RIM can produce much more 

intricate designs than the ordinary injection moulding. The manufacturers can select the 

raw materials and moulding techniques or even modify the process according to the 

desired weight, strength, density and hardness characteristics. RIM offers notable 

benefits over injection moulding, as well as including vacuum-forming, pressure-

forming and cast moulding. In a study, Zia et al. [48] reported that high performance 

recycled products could be manufactured when compression moulding is mostly used 

with RIM polyurethanes. RIM and reinforced RIM parts are used in automobile 

industries. The commencement of recycling is the main focus in this stage which pays 

attention to the reduction in polyurethane processing and polyurethanes recovered from 

the scrapped vehicles. 

 

Vacuum assisted resin transfer moulding  

The vacuum assisted resin transfer moulding (VARTM) process is a low-cost 

method. This process has great potential for manufacturing high performance fibre 

reinforced polymer composites with a relatively low cost. It is suitable for 

manufacturing large and complex composite parts for several civil and defence 

applications, marine structures, wind turbine blades, or in other commercial 

applications [49, 50]. This process is a very simple closed moulding process where 

vacuum is used to drive resin into the  fibre  preform. The  experimental setup  of  the  
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Figure 2.2. Schematic illustrations of VARTM process [50]. 

 

 

vacuum infusion process is shown in Figure 2.2. The multiple layers required for the 

fabrics are first to cut into the required mould shape and then placed over the die. The 

peel ply is placed over the fibre fabrics and flow media (green mesh) or the core layer 

is placed over the peel ply, to accelerate the resin flow. The resin is allowed to infuse 

into the fabric with the aid of vacuum generated by a vacuum pump for wet out smoothly 

and slowly. After completing the resin infusion, the composites are left to cure under 

vacuum for several hours at room temperature, after which they are unpacked and taken 

for inspection. Finally, a post curing stage can be performed according to the resin cure 

kinetics to maximize the polymerization degree and optimize the material properties. 

The time for infusion is a function of resin viscosity, the preform permeability, and the 

applied pressure gradient which is actually 1 atm.  

VARTM has numerous advantages. Advantages of this process are lower tool 

cost by eliminating the costs associated with matched-metal tooling, reduced volatile 

emission, as well as lower injection pressures, very consistent resin usage, unlimited 

set-up time and is cleaner [42, 51]. Although this process usage is increasing in 

transport, marine, and wind power generation industries, the process modelling has not 

been completely satisfactory until now as the nature of the process is not fully 

understood due to the undesirable flow method and also because the resin flow path is 

deviating from the standard path due to unpredictable variations in the fibre preform 

mat [52]. 
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2.4. Bast fibres  

Bast fibre plants consist of firm stalks with nodes throughout their length. 

Between each node, the stems are filled with a dense wooden pith, a cambium layer, 

phloem that contains chlorophyll, long fibre cells and, finally, a thin protecting layer of 

the cortex and the epidermis [53]. The long fibres, which are situated just inside the 

outer protective bark and longitudinally in the phloem sections, are mainly used as the 

bast fibres for reinforcement in composite materials. The individual bast fibres’ 

structure is similar even though the shape and size of the stem of different bast fibre 

plants are distinct in many ways. The long individual fibres and fibre bundles could be 

produced in high numbers with a comparatively low price from the bast fibres. Bismark 

et al. [53] reported on the unique characteristic properties of the different stalk and fibre 

structures of the bast fibres. The commonly used bast fibres are: 

 

Hemp 

Hemp (Cannabis Sativa L., Cannabaceae) is normally grown in moderate 

climates like those of Central Asia and Northern America. This fibres’ cultivation has 

been restricted by strict legislation as a result of its physical resemblance to the narcotic 

drug i.e. marijuana even though it has been cultivated for more than 12,000 years. Hemp 

cannot be used as a narcotic, however, since it yields less than 1% of the narcotic 9-Δ 

tetrahydrocannabinol (THC) in comparison to 3-20% produced by marijuana. There is 

an extensive range of products produced by hemp plants including speciality paper, 

textiles, construction materials, plastics and composites, food, medicine, and fuel. 

Hemp plants are very resilient crops requiring no or minimal herbicides, fungicides, 

pesticides, and fertilizers. In addition, they also have quick growth rates reaching 

heights of up to 5 m with bast fibre contents between 28 and 46 per cent. The fibre 

strands have lengths of 1.8 m or longer, with elementary fibres averaging 13 to 25 mm 

in length. Although hemp fibres are hygroscopic, however, they are highly resistant to 

moisture degradation and rot very slowly in water. Hemp fibres also possess excellent 

mechanical properties, such as strength and stiffness, with low elongation to break as a 

result of their low cellular microfibril angle [53]. 
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Jute 

Hot and humid climates are well suited for growing jute (Corchorus capsularis, 

Tiliaceae) plants, although this plant originated in the Mediterranean. The delta formed 

by the Ganges and the Bramhaputra River in India and Bangladesh are the main sources 

of jute fibres nowadays. It is also found in China, Thailand and Brazil. The average 

height of the jute plants is between 2 and 3.5 m whereas the stalk diameters range from 

2 to 3 cm. Jute plants are grown completely for their fibres, which are between 1.5 and 

3 m in length. These bast fibres vary widely in size and although they are strong, their 

tensile properties are lower than those of other bast fibres, such as those for hemp and 

flax. Moreover, they are fairly brittle and exhibit low elongation to break as a result of 

their high lignin content. Jute fibres are resilient to attacks by microorganisms; however, 

they are quite hygroscopic and are sensitive to moisture as well as chemical and 

photochemical attack [23].   

 

Kenaf  

Kenaf (Hibiscus cannabinus) is an annual cane-like crop originating in Asia and 

Africa. They are fast growing and their heights could be 2.4 to 6 m within 5 months. 

Products made from kenaf plants include paper, textiles, and composites. The kenaf 

plant has both short and long fibres within its stalks. However, the elementary fibres are 

quite short as their lengths lie between 1.5 to 6 mm. The surface of the fibres is striated 

and their shape is irregular. Moreover, the fibres are coarse and brittle and could be 

difficult to process. Their mechanical properties are similar to those of jute fibres. 

However, the density of kenaf fibres is usually less than that of jute as a result of the 

lower cellulose content. Kenaf plants are the newest of the bast crops reviewed and 

therefore, it is anticipated that many new applications will be found for the stalks and 

fibres of these plants. Kenaf is also well known because of its high carbon dioxide (CO2) 

absorption from the environment. This property makes this plant a valuable tool in the 

reduction of CO2 contents in the atmosphere [53]. 

 

Ramie 

Ramie (Beohmeria nivea L. and Boehmeria viridis, Urticaceae) is a strong 

perennial crop that is cultivated primarily in Indonesia, China, Japan, and India. The 

plants grow to heights of 1.2 to 2.5 m and can be planted and harvested up to six times 
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per year. Ramie fibres are primarily used in textile industries as they are very fine 

(diameters from 10 to 25 μm) and silk-like as well as strong. They also have very good 

resistance to bacteria, mildew and insect attack. Unlike flax, hemp, and jute fibres, they 

are also stable in both alkaline media and mild acids. Ramie fibres also have excellent 

strength and stiffness properties which is most likely a result of their high cellulose 

content. A disadvantage of ramie fibres is their often high (production) cost in 

comparison to other natural fibres [53]. 

 

 

2.5. Cultivation and harvesting of the bast fibres  

The cultivation and harvesting time of bast fibre plants are governed by the 

necessity of either high quality fibres or their seeds with good conditions. Sometimes 

both the fibres and seeds also determine their harvest timing. In addition, the bast fibre 

harvesting processes might vary depending on the species and variety of the plants. The 

cultivation methods are used to generate the highest plant productions with the least 

effects on the surrounding environment. For instance, plant rotations, advanced soil 

tilling, and optimize fertilizer use, minimum herbicides and pesticides use all are 

desirable methods for their cultivation. The timing of cultivating bast fibre crops 

depends heavily on whether the plant products are being used for one or several reasons. 

For example, jute is only planted to use its fibres. Generally, optimized harvest times 

for jute plants depend on the expectation of the highest production of bast fibres. For 

other plants like flax and hemp, where both seeds and fibres are the target products, 

harvesting times will differ for the crops. Therefore, it may be hard to optimize harvest 

times to achieve maximum and quality yield for multi-purpose plants. Generally, the 

growth of bast fibres increases with crop age, yet the useful growth of fibres can interact 

with the harmful lignification of the stalk over time. The bast fibres are normally located 

in the outer part of the stalk so they must be separated from the inner woody tissue. 

Decortication and separation of the fibres from the woody core and one another gets 

more difficult when the plants are left to grow beyond optimal ripeness. The pulling or 

mowing of the plant at the bottom of the stalk is used to maintain the longitude of the 

bast fibres during the harvesting process [53, 54]. 
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2.6. Separation, extraction and processing of the bast fibres  

The fibres should be separated and extracted from the woody tissue of the fibre 

crops after mowing or pulling the bast fibre crops. Generally, bast fibres are separated 

from the fibre crops by the retting process. Retting is a process that separates the fibre 

bundles from the central stem which loosens the fibres from the woody tissue of the 

plants. Hence, extraction can be described as breaking the bonds between the bundles 

of fibres and cores. The fibre extraction has an impact on fibre yield, fibre quality, 

chemical composition, structure, and properties of the fibre. In order to degrade pectic 

polysaccharides of the non-fibrous tissue, and therefore separate the fibre bundles, most 

accessible techniques of retting depend on the biological activities of microorganisms, 

bacteria and fungi that exist in the environment. Retting, which is also termed as rotting, 

is commonly induced by moisture exposure and sometimes by mechanical 

decortication. Sadrmanesh and Chen [55] reported that fibre extraction is done by three 

major methods: retting, mechanical extraction and combination of both. The bast fibre 

processing techniques are illustrated in Figure 2.3.  

 

2.6.1.  Fibre extraction by retting 

Dew, chemical, water and enzyme retting are the most common retting methods 

for bast fibre extraction.  

 

Dew retting 

Dew retting is the earliest and most frequently used retting method for fibre 

separation. It's also called field retting. This process requires adequate ranges (levels) 

of moisture and temperature and this is why it cannot be used worldwide. The crops 

should remain on the ground until the fibres have been separated from the cortex and 

xylem by microorganisms. To guarantee homogeneous retting, the crops are regularly 

swapped over. The retting method should be monitored and stopped at the correct time 

to avoid degradation of cellulose by microorganisms (fungi), otherwise over-retting 

could occur. Over-retting decreases the fibre’s mechanical properties while under-

retting complicates further fibre processing. Dew retting usually requires 3 to 6 weeks, 

depending on weather conditions. There are several disadvantages of this method, such 

as bad fibre quality relative to other procedures, filthy dark fibres due to soil contact, 

geographical location, uncontrollable weather conditions, and land occupation until the 
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Figure 2.3. Schematic representation of bast fibre processing [55]. 

 

 

retting is finished. However, it is still used by farmers for different crops due to the low 

labour cost and sustainability viewpoints.  

 

Water Retting 

The conventional cold water retting involves steeping the fibre section of the plant 

in running water, such as in rivers or streams. Next, they are put into water tanks after 

steeped in running water which is sealed or opened depending upon the weather and the 

water change takes place every 2 days. This process utilizes anaerobic bacteria that 

break down the pectin and it is mainly followed in Eastern Europe. Coldwater retting 

normally takes between 7 and 14 days but the duration largely depends on the 

temperature of the water, the water type, and the bacterial function. This retting process 
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produces higher quality fibres than does field retting. There are some disadvantages of 

this process such as high water consumption, high cost of artificial drying after retting, 

environmental pollution from organic wastewater, and malodour of fermentation gases. 

This process has been terminated in most parts of Europe due to environmental 

concerns. 

The warm water retting is an accelerated water retting process which produces 

clean and high quality of fibres in 3 to 4 days. The water tanks are heated between 28 

and 40°C. The process and limitations are similar to those of cold water retting and have 

been abolished in most parts of Europe. The wastewater could be used as liquid fertilizer 

if it is treated to remove toxic elements [53]. 

 

Enzyme Retting 

The pectin degrading enzymes are used to separate the fibres from the woody 

tissue. This gives organized retting of the fibre crops through selective biodegradation 

of the pectinaceous substances. The enzyme activity increases with increasing 

temperature up to an optimum temperature above which the enzyme starts to denature. 

The fibres produced by this process are of high and consistent quality. In a study [56], 

it is mentioned that enzymatic retting was the most effective technique to reduce the 

proportion of lignin in kenaf bast fibres. Yu and Yu [57] used fungi treatment to kenaf 

stalks and found that approximately 91% of the pectin was eradicated from the kenaf 

fibres. 

 

Chemical retting 

In this retting processes, the fibre section of the plant is submerged in the heated 

tanks with water solutions of sulphuric acid, chlorinated lime, sodium or potassium 

hydroxide, and soda ash to dissolve the pectin component. The surface active agents 

could be used in retting to remove the unwanted non-cellulosic components adhering to 

the fibres (dispersion and emulsion forming process). Chemical retting produces high 

quality fibres but the cost is higher than that of conventional methods. The main 

disadvantage of chemical retting is the disposal of used chemicals and wastewater [55]. 
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2.6.2.  Mechanical extraction  

Mechanical retting, also known as green retting, is a simple and cost-effective 

process to separate the fibres. Mechanical retting is performed after field or technical 

drying. Field drying normally takes about 2 to 3 days. The fibres are separated from 

woody tissues mechanically, however, the fibres produced by mechanical retting are 

less fine than field or water retting process. Mechanical extraction is usually completed 

in two phases. The first phase is decortication which separates the outer fibre bundle 

from the inner core of the plant stalk. The output from decortication is a mixture of fibre 

bundles and cores, and the cores must be separated from the fibres. This is completed 

in the second phase denoted to post-decortication cleaning. 

 

2.6.2.1.  Decortication 

The stalks of the crops are fed into a decorticator where they are applied to 

compressive, shear, and impact forces. By doing this, the stalks are broken into pieces 

and the bast fibres are debonded or partly debonded from the core. The decortication 

produces fibre bundles as the primary products and core as the by-product. Different 

kinds of decorticators, including hammer mills, grinding rollers, and ball mills have 

been used for fibre processing [55]. 

The selection of a suitable decorticator depends on the demands of fibre quality 

and handling ability. Hammer mills are preferred if higher processing capability is 

needed. Cutter heads are more suitable for obtaining short, uniform-length fibres due to 

the built-in cutting function of the cutter heads. Crushing rollers generate lengthy fibres 

and are more appropriate for retted crop stalks but are smaller in capacity than hammer 

mills. Hammer mills, crushing rollers, and cutter heads all have fibre-wrapping 

problems because the plant material has direct contact with the spinning components of 

the machines. This problem can be avoided by the ball mills but they have a smaller 

capacity. All the mechanical extraction methods are more efficient in terms of fibre-

purity using retted stalks, with 15–51% purity of flax fibres being obtained when using 

hammermills. It is very hard to maintain a higher purity level in the mechanical 

extraction processes. Therefore, post-decortication cleaning is required to improve the 

purity of the fibres. 
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2.6.2.2.  Post-decortication cleaning 

The main objectives of post-decortication cleaning are to remove the pure fibre 

portion from the mixture, extract the fibre from the fibre-bound-to-core fraction and 

remove the fines. Post-decortication cleaning significantly improves the quality of the 

fibre and thus increases the market value. For certain applications, such as fabrics and 

bio-composites, post-decortication cleaning is crucial to enhance fibre quality. Several 

methods are available for post-decortication cleaning. The sieving technique has 

traditionally been used to separate biomaterials depending on the particle size, however, 

this technique does not clean the fibres properly as the cores are held within tangled 

bundles of fibres so it prohibits them from falling through the screens [55]. Scutching 

is another common method of cleaning the decorticated materials. Scutching may 

further detach the fibre from the core, but it may fail to remove all the impurities 

necessary to achieve high-purity of fibres. Depending on the variations in terminal 

velocities, fibres and core particles can be detached using the pneumatic technique but 

it is very challenging to use the airflow to separate the fibre and core particle practically. 

Fibres and the core particle could be often tangled together making it hard to detach 

technically. A perfect fibre cleaning could be found by adding the openers which 

separate the tangled clusters with the sieving and aerodynamic post-decortication 

methods. However, it would have to be synchronized with opening and sieving 

techniques, which could be difficult. The water flotation technique is also technically 

sound but wastewater management stops this technique from being cost-effective and 

environment friendly. In conclusion, higher impurities contained by the decorticated 

material and tangling tendency of the core are still the considerable issues in post-

decortication cleaning of the bast fibres. 

 

 

2.7. Global supply and their producers of the bast fibres  

The use of natural plant fibres has a significant impact on the worldwide objective 

of a more sustainable globe. In industrial applications, only a small portion of these 

fibres is used which reflects the enormous development potential of these natural 

resources. The properties of bast fibres depend on the diversity of the plants, growing 

conditions, and the methods of processing. As a result, the main prerequisites for high 

quality fibres are good cultivation, harvesting and processing methods. The worldwide 

production of bast fibres and their producers are illustrated in Table 2.4.  
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Table 2.4 Worldwide production of bast fibres and their producers [23].   

 

Bast fibres World production (× 103 Tons) Largest producers 

Flax 830 Canada, France, Belgium 

Hemp 214 China, France, Philippines 

Jute 2300 India, Canada, Bangladesh 

Kenaf 970 India, USA, Bangladesh 

Ramie 100 China, Brazil, Philippines, India 

 

 

2.8. Flax natural fibre-an important bast fibre  

Flax fibre is considered as the most important member of the bast family for 

composite reinforcement due to its unique properties [7]. The bast fibres are collected 

from the fibrous bundles which are situated in the inner bark of a plant stem. The 

inherent high strength and stiffness of flax fibre and low elongation to failure are the 

important characteristics of this fibre that make it particularly interesting in composite 

research. Flax (Linum usitatissimum) is typically grown in a moderate climate region. 

Charlet et al. [58] reported that flax plants are cultivated widely in Western Europe 

where the daily temperature is below 30 °C generally. However, flax is also grown in 

Southern Europe, Argentina, India, China, and Canada. Flax fibres are not continuous 

fibres as compared to the synthetic fibres, but they have a structure similar to that of 

composites and are hierarchically organized. Their macroscopic properties arise from 

their micro and nano-structural level. Flax is an important industrial fibre that has been 

used since ancient time. More than 30,000 years ago, prehistoric hunters were using 

twisted wild flax fibres for making cords for hafting stone tools, weaving baskets, or 

sewing garments [59]. 

  

2.8.1.  Structures and composition of flax fibres 

A flax stem has the constituents of bark, phloem, xylem and a void at the centre. 

The fibres are located as fibre bundles in the outer surface of the plant stem as shown 

in Figure 2.4. The flax plants can grow to heights of 80 to 150 cm in less than 110 days 

since the plants are fast growing by nature. The bundles (technical fibres) are between 
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60 and 140 cm long and their diameter ranges from 40 to 80 μm. A flax stem contains 

20-50 bundles in its cross section. Each bundle consists of 10-40 spindle-shaped single 

(elementary) fibres of 1-12 cm long and 15-30 μm in diameter [61]. Charlet et al. [62] 

reported that the elementary fibre diameters are different if taken from the bottom, the 

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

from the bottom to the top of the stems. 

 

 
 

Figure 2.4. Structure of the flax fibre: (a) cross section of flax plant stem and position 

of the bundles of elementary fibres and technical fibres after extraction, (b) SEM 

image of a technical fibre with its constituting elementary fibres (reproduced with 

permission from [60]). 
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Figure 2.5. An elementary fibre structure (reproduced with permission from [63]). 

 

 

The elementary fibre (Figure 2.5) denotes a single cell in the flax plant. Each 

elementary fibre is composed of concentric cell walls which are different from each 

other in terms of thickness and the arrangement of their constituents. Each cell wall 

consists of what is known as a primary (outer) and a secondary cell wall. These are 

concentric cylinders with a small open channel in the middle called a lumen. The 

primary cell wall can be up to 0.2 µm thick and the lumen can be as small as 1.5% of 

the fibre cross-section. The secondary cell wall contains three sub-layers S1, S2, S3 [64, 

65] The single flax fibres have been shown to possess different shapes within cross-

sections along the fibre axis, which some researchers approximated to hexagonal or 

pentagonal cross-sections [66]. However, the fibres vary in their non-uniform 

geometrical shapes along the axis. Owing to these irregularities in the thickness of the 

cell walls, the fibres vary greatly in strength [65]. 
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The main constituents of flax fibres are cellulose, hemicellulose, lignin and 

pectin. A small percentage of wax, oil and structural water are also found [9, 67]. Both 

primary and secondary cell walls are composed of cellulosic materials. Cellulose fibrils 

(diameter between 0.1 μm and 0.3 μm) are surrounded by concentric lamella, composed 

of about 2% pectin and 15% hemicellulose, which contribute to the thermal degradation 

and water uptake behaviour of the fibres [68]. The secondary cell wall is the major part 

of the fibre diameter and S2 layer is its dominating constituent. This layer consists of 

highly crystalline cellulose microfibrils bounded by lignin and hemicellulose. The 

microfibrils in the S2 layer follow a spiral pattern at an angle of 5-10° along the fibre 

axis, which explains the stiffness and strength of the fibre in the axial direction. The 

middle lamella is considered to be the matrix which binds the cell together [65]. Bos et 

al. [65] described the technical fibres, which are extracted by partially separating the 

fibre bundles in the flax plant and can be as long as the stem length (approximately 1 

m). The technical fibres (i.e., the bundles of elementary fibres) consist of 10-40 

elementary fibres in the cross-section. The elementary fibres overlap for a considerable 

length and are glued together by interphase known as a middle lamella, consisting 

mainly of pectin and hemicellulose which is a mixture of lower molecular weight 

branched polysaccharides. Table 2.5 illustrates the composition and mechanical 

properties of flax and other bast fibres. 

 

 

2.9. Factors affecting the properties of flax fibres 

Flax is investigated at the elementary and technical fibre level. The great 

variability reported for flax fibre properties (tensile strength and modulus of elasticity, 

among others) is a consequence of many factors, including  plant  origin  and  growth  

 

Table 2.5 Bast fibres: compositions, physical and mechanical properties [1, 29, 30, 69]. 
 

Natural 

fibres 

Cellulose Hemicellulose  Lignin Pectin Wax Density  

(gm/cc) 

Young's  
modulus 

(GPa) 

Tensile  

strength 

(MPa) 

Elongation  

at break 

(%) 

  (%)         

Flax 60-81 14-20.6 2-3 1.8-5 1.7 1.5 27.6 345-1500 2.7-3.2 

Hemp 70-92 17.9-22.4 3-5.7 0.9 0.8 1.4-1.5 17-70 368-800 1.6-4 

Jute  51-84 12-20.4 5-13 0.2 0.5 1.3-1.4 10-30 393-773 1.2-1.5 

Kenaf 31-57 13.6-21 5.9-19 2 - 1.2 14-53 240-930 1.6 

Ramie 68.6-76.2 13-16.7 0.6-1 1.9-2 - 1.5-1.56 27-128 400-1000 1.2-3.8 

Banana 60-65 6-19 5-10 3-5 - 1.3-1.35 27-32 529-914 1-3 
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conditions, plant age, location in the stem and a non-uniform cross-section of all the 

fibres. Due to this inherent variability, a Weibull distribution function was used to 

describe the tensile strength of the flax fibres [70-73]. 

Charlet et al. [62] found that mechanical properties of flax fibres were influenced 

by the location in the stem. Flax fibres located at the bottom of the stem display the 

poorest mechanical properties, while the fibres located in the middle are the ones that 

show the best mechanical performance. The biochemical analysis confirmed that both 

cellulose and non-cellulosic polymers are to be found prolifically in most extensive 

contents of the middle fibres. Cellulose is considered as the equivalent reinforcing 

material of a composite structure, whereas non-cellulosic materials are the matrix 

constituent that supports the exchange of load from one microfibril to another. Bos et 

al. [65] reported that the technical fibre strength decreases when the clamping length 

increases because of the similar composite-like structure of this fibre. They performed 

tensile tests to determine the strength of elementary and technical flax fibres and found 

that elementary flax fibres showed considerably higher strength than technical fibres of 

the same length due to a bundling effect. During testing of the technical fibre bundle, it 

was found that all elementary fibres are not firmly bonded with the matrix constituents, 

which happens especially in the secondary cell wall region. As a result, less efficient 

stress transfer was found in the tensile tests, producing reduced strength as compared to 

elementary fibres. These results are quite consistent with Bensadoun et al. [60]. 

Fibre extraction methods also influence the mechanical properties of the flax 

fibres. Bos et al. [65] revealed that the tensile strength of the fibres is dependent on the 

isolation procedure, with manually isolated fibres being stronger than mechanically 

isolated ones. The mechanical processes of fibre extraction were found to induce kink 

bands in the fibres, thus reducing their tensile strength. However, they noted that the 

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

standard mechanically isolated ones. They claimed that the mechanical fibre processing 

methods generate a number of large defects, which reduces the scatter in the fibre 

strength, although the fibres show a lower mean strength. In a different study [74] of 

elementary flax fibre tensile tests, it was found that fibres separated by enzyme 

treatment may receive less damage than mechanical processes. Zeng et al. [75] 

introduced a new method of fibre extraction from 35% aqueous ammonia pre-treated 

flax stems, comparing this with a standard extraction process. They found both tensile 
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and flexural properties of flax fibres were increased due to the ammonia treatment. The 

average tensile strength of ammonia treated fibres was almost 50% higher than the one 

obtained with the commercial extraction processes. In addition, higher flexural 

toughness was also evident for the ammonia treated fibres.  

The tensile strength of the elementary flax fibres was tested by Baley et al. [76], 

who found that fibre kink bands and micro-compression defects were the main cause of 

strength reduction. These two defects act as points of fracture initiation during fibre 

failure. Both the tensile strength and Young’s modulus decreased when the fibre 

diameter was increased with associated fibre defects. The effect of fibre diameters on 

fibre strength is shown in Figure 2.6. However, there was no clear relation between the 

tensile strength and the number and shapes of the kink bands. In a different study, Baley 

et al. [77] analysed the effect of a drying stage on the tensile strength of the elementary 

flax fibres and found it to decrease after drying. 

 

 

 

Figure 2.6. Effect of fibre diameter on fibre strength (reproduced with 

permission from [76]). 
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Among the different factors affecting the fibre properties, moisture absorption 

and its effects on the fibre properties have been investigated by many authors and the 

main findings are presented in the following sub-sections. 

 

2.9.1.  Moisture absorption of flax fibres 
 

Most of the bast fibres have almost similar structures and constituents. Moisture 

susceptibility is treated as one of the main problems in the usage of these fibres. As 

cellulose and hemicellulose are the dominant constituents of the plant fibres, so 

hydrogen bonds exist between the molecules of the fibre cell wall. Cellulose and 

hemicellulose consist of a large hydroxyl (OH) to carbon (C) ratio. Cellulose also 

consists of a highly crystalline region and it may not be possible for water molecules to 

enter. However, water molecules diffuse into the amorphous regions of the cellulose 

and hemicellulose and break inter-molecular hydrogen bonds. This allows an increase 

in the inter-molecular distance of the cellulose chains, which causes fibre swelling. 

Either a nano-layer can be formed in between the fibres where a close association was 

seen with the OH groups, or a multilayer can be generated where all the water molecules 

might not intimately relate with the OH groups [78]. It is known that the water holding 

capacity correlates strongly with the volume and structure of the pores in the fibre wall. 

The uptake of water has been considered the sum of two components: flow into the 

capillaries (pore absorption); and penetration into the fibres (fibre absorption). The fibre 

absorption accounts for an increase in fibre thickness during penetration. 

Zhang et al. [79] studied the moisture absorption mechanism of flax fibres 

exposed to different humid environments. They found a linear relationship between the 

equilibrium moisture content and the surrounding RH until it reaches 70% RH and, after 

that value, moisture absorption was found to increase sharply (Figure 2.7). More than 

10% of the air’s moisture content can be absorbed by flax fibres within one hour at 90% 

RH. These results are quite consistent with a recent study [44], where researchers found 

equilibrium moisture absorption is almost double (14.3%) at 95% RH than that at 70% 

RH. Interestingly, all the fibres reached the equilibrium moisture content at ambient 

temperature within 60 minutes regardless of the RH value (Figure 2.8). 
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Figure 2.7. Equilibrium moisture absorption of flax sliver at different RH 

(reproduced with permission from [79]). 

 

 
 

 
 

Figure 2.8. Moisture absorption kinetics of flax fibres at different RH (reproduced 

with permission from [80]). 
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A detailed investigation of such environmental effects on duralin (treated) and 

green (raw) flax fibres was carried out by Stamboulis et al. [63, 81]. They found 3%, 

15% and 24% moisture contents in the flax fibres when exposed to 20%, 66% and 93% 

RH environments, respectively, and the absorption curves followed typical Fickian 

behaviour. However, when the fibres were exposed to 100% RH, the absorption 

mechanism changed and did not behave according to Fick’s law. Basically, they 

observed an absorption curve that increased in a stepped manner, reaching different 

equilibrium levels (showing a maximum of 42% moisture content). They attributed this 

behaviour to swelling stresses that develop during moisture absorption and relax after a 

certain time once the first equilibrium is reached, changing the equilibrium moisture 

condition. In a different study [82], the absorption-desorption equilibrium for flax fibres 

at 21 °C and 40% RH was reached in 40 minutes and in 40-45 minutes for hemp fibres 

with the same conditions. Similar findings were found in a previous study [83], where 

flax fibres reached the moisture equilibrium after 28.5, 34 and 37 minutes during a 

drying stage at 80 °C, 60 °C and 40 °C respectively. 

 

2.9.2.  Effect of moisture absorption on properties of flax fibres 

Moisture absorption and its effects on flax fibres have been investigated in detail 

due to their excellent mechanical properties and extensive use in the composite 

manufacturing process. Nilsson [84] reported that the moisture content in natural fibres 

has a great influence on their stiffness. Davies and Bruce [70] found that the tensile 

modulus of flax fibres is strongly dependent on the environmental RH, both static and 

dynamic moduli of flax fibres decreasing remarkably with an increase in RH. 

Specifically, they considered four different RH (between 30% and 70%) during their 

experiments and found that the static modulus showed a decreasing trend with 

increasing RH at a rate of 0.39 GPa/%RH for a single flax fibre. Fibre strain was 

independent of static modulus, but dynamic modulus displayed an increasing rate with 

an increasing strain at a rate of 13% GPa/% strain. This phenomenon was confirmed by 

Baley [66]. In another study, Baley et al. [77] also investigated the effects of absorbed 

moisture on the tensile properties of elementary flax fibres. They carried out tensile tests 

on ‘as received’ raw fibres, dried fibres and dried fibres in contact with ambient air 

where moisture was absorbed. The experimental analysis confirmed that in each case, 

fibres were damaged, which reduced their mechanical properties. Surprisingly, moisture 
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absorbed raw flax fibres presented higher tensile strength than the fibres subjected to 

drying stages. They concluded that the cohesion between the matrix and the microfibrils 

is lost after drying, potentially leading to a decrease in tensile strength. Mustata and 

Mustata [82] studied the moisture equilibrium in yarns of flax and hemp fibres finding 

a higher tensile strength in the wet yarns than the dry ones for both fibres. Joffe et al. 

[74] revealed that strain at failure increased with moisture penetration at the fibre cell 

wall and is the outcome of the plasticizing effect of absorbed water on a flax fibre. 

Netravali [85] also found that fibre strength can be significantly decreased with 

continuous moisture absorption and desorption cycles.  

Stamboulis et al. [63] observed the changes in the structure of the fibres as they 

were exposed to high humidity levels. The surface of dry fibres was smooth, and the 

fibrils were well connected by the organic matrix forming a bundle, while the 100% RH 

conditioned fibres were swollen, and their surface was rougher than that of the dry ones. 

In addition, the individual fibrils were more separated and some damage in the form of 

kink bands were observed. These observations strongly suggest that properties of 

composites manufactured with natural fibre fabrics having different moisture contents 

could vary significantly. 

 

 

2.10. Flax fibre reinforced composites 

Elementary flax fibres are processed into the form of mats, rovings, fabrics, and 

yarns to use in the manufacturing of composites. After selecting a suitable 

manufacturing technique, these are combined into several layers with the matrix 

material of some form of resin to manufacture composites. The hydrophilic behaviour 

of these fibres and hydrophobic matrix material often affect the adhesion between them. 

To address this issue, chemical and physical treatment of the fibres is used, e.g., 

acetylation, alkali treatment, bleaching, peroxide treatment, isocyanate treatment, vinyl 

grafting, coupling agents, etc. The details of the different treatment processes are out of 

the scope of this review and can be found in various studies [86-89]. 

 

2.10.1.  Suitable matrix selection for flax composites 

 

Fibres are held together by the matrix in a fibre reinforced composite which is an 

essential and key consumable for the manufacturing of composites. Temperature is an 
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important factor in resin selection for the flax fibre composites. Summerscales et al. 

[90] reported that temperature limits the matrix selection as natural fibre degrades at a 

higher temperature. In most cases, vegetable fibres start to degrade at 200 °C or above 

over time. Therefore, matrix selection for the composite materials is restricted to 

thermosetting polymers of thermoplastics with a low melting temperature.  

Although composites manufactured with thermoplastic matrices are less 

expensive and recyclable, they possess limited mechanical properties and a higher 

tooling cost is required. In addition, the directional properties of flax fibres cannot be 

used completely when randomly oriented short fibres are used with thermoplastics [91]. 

Thermosetting matrices offer many advantages like being easy to process (low 

viscosity), requiring less processing temperature and less expensive. Furthermore, as 

the impregnation of the fibres is easier, the manufacturing process requires lower 

pressure and facilitates a higher loading of fibres [69]. 

Undoubtedly, epoxy is the most widely used resin in the flax fibre composite 

manufacturing processes. A variety of benefits can be found in the epoxy-based resins 

during the manufacturing process. Epoxy possesses excellent mechanical and chemical 

properties. It also has a high hardness with good heat and water-resistant properties. The 

shrinkage associated with epoxy resins is extremely low as compared to vinyl esters and 

polyesters. It also contains excellent adhesive properties and is easy to cure and use. No 

volatile agents are formed during the curing process, which is a major advantage as 

compared to phenolic, polyester and vinyl ester resins.  

 

2.10.2.  Manufacturing aspects of the flax fibre reinforced composite 

A number of factors require consideration before processing the flax fibre 

composite: fibre type, fibre content, fibre orientation and the moisture content of the 

fibres. Engineers would mainly focus on criteria which include the desired properties, 

size, and shape of the resultant composites, the processing characteristics of raw 

materials (both fibres and polymers: bio-based or petroleum based). In addition, the 

production speed and the manufacturing cost required also affect the selection of a 

proper process to fabricate natural fibre composites. Furthermore, based on the 

processing techniques, semi-finished product manufacturing; mat production, slivers, 

fibre yarns, fibre preparation (opening, mixing, and carding), and granule production 

are the important steps to be taken into account for the production of natural flax fibre 
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composites [33, 42]. The fibre length, aspect ratio (length/diameter of fibres) and the 

chemical composition of the fibres can also influence their processing.     

Several methods are available for manufacturing natural fibre reinforced 

composites. According to the resin used for these composites, it is suitable to divide the 

bio-composites into thermoplastic and thermoset matrix-based composites. Usually, 

traditional manufacturing techniques can be used to manufacture natural fibre 

thermoplastic composites: compounding, mixing, extrusion, injection moulding and 

compression moulding. On the other hand, natural fibre reinforced thermoset 

composites are usually manufactured by liquid composite moulding (LCM) processes. 

Resin transfer moulding (RTM), vacuum infusion (VI), injection compression 

moulding (ICM), sheet moulding, pultrusion, reaction injection moulding, bulk 

moulding compound are some examples of LCM. Francucci et al. [92] presented a 

comprehensive review of the manufacturing of vegetable fibre composites by LCM 

techniques. Some LCM methods are illustrated in Table 2.6. 

 

Table 2.6 Liquid composite moulding processes [92]. 

 
Methods Type of mould used  Volume of 

production 

Part 

complexity 

Part size 

Resin transfer 

moulding (RTM) 

Rigid mould (steel or 

aluminium) 

High High Small-

medium 

Light resin transfer 

moulding (LRTM) 

Rigid mould (glass fibre 

reinforced composites) 

Low-

Medium 

Medium Small-

medium 

Vacuum infusion (VI) Rigid lower mould-

flexible sheet (vacuum 

bag, plastic sheet, 

silicone or rubber 

membrane) 

Low Medium Medium

-large 

Injection compression 

moulding (ICM) 

Rigid mould (steel or 

aluminium) 

Medium-

high 

Medium Small-

medium 

 

 

Oksman et al. [93] studied the influence of fibre microstructure on the 

mechanical properties of extruded composite materials. They used jute and enzyme 

treated flax fibres to reinforce polypropylene (PP). The composite materials were 

manufactured via a long fibre thermoplastic (LFT) processing method whereby rovings 

were continuously fed into an extruder. A twin-screw extruder was utilized to 

compound the samples and PP plastic. A temperature profile of 180-200 °C between 
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the feeding zone and the die was maintained to ensure complete and homogenous 

mixing. As expected, the authors observed an increased flexural stiffness when the fibre 

loading was increased. It was noted that the use of 2% maleated PP significantly 

improved the composite properties because of the better compatibility in the mixing 

process. 

In a different study, Oksman et al. [94] studied flax fibre reinforced polylactic 

acid (PLA) composites manufactured by compression moulding (CM). They found the 

PLA based composite has 50% better strength than the conventional flax/PP 

composites. In contrast, a microscopy study of the microstructure confirmed the poor 

adhesion between the fibres and the PLA matrix. The researchers found no difficulty in 

processing flax/PLA composites with a traditional manufacturing process and this 

composite can be processed in a similar way as flax/PP composites. 

Pultrusion and RTM are two of the most common processes used to make 

thermosetting composite materials. Pultrusion can be assumed as a continuous process 

for producing long profiles made of composite materials. Reinforcing fibres are 

saturated with the liquid resin, and then pulled through a heated die to form a composite 

with a specific shape and dimensions. Angelov et al. [95] were one of the first to 

pultrude flax fibres into a fixed shape. They varied the preheating and die temperatures 

while pulling the flax fibres and PP yarns. After passing through the preheating zone 

(approximately 600 mm at temperatures of 155-166 °C), the profile was pulled through 

the die. The temperature of the hot die was tested at 200 °C and 210 °C. After the hot 

die, the polymer passed into the cold die that was maintained at room temperature. The 

pulling speed was varied from 8 to 38 cm/min. The authors concluded that similar 

mechanical performance can be obtained in the pultrusion process as compared to the 

composites manufactured by CM. 

In addition, RTM is also a processing technique suitable for manufacturing high 

quality natural fibre reinforced composites. In a related study [96], arctic flax fibres and 

epoxy resin were used as reinforcement and matrix respectively. A comparison between 

the obtained mechanical properties of the materials showed that the composite with 50% 

arctic flax has significantly more stiffness (40 GPa) compared to that of pure epoxy (3.2 

GPa). A similar pattern was observed in the tensile strength of composites compared to 

the neat epoxy. This study verifies that RTM is a suitable processing method for natural 

fibre composites based on epoxy resins. 
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2.11. Effect of RH, moisture and water on flax fibre composites 
 

Since flax fibres are highly hydrophilic, the RH has a vital role in the fibre 

reinforced composites. Generally, moisture absorption of the flax fibres increases with 

increasing RH. Immersion of the composites under water boosts water absorption and 

the water molecules diffuse within the composite materials and affect them by swelling.  

 

2.11.1.  Moisture present in the fibres prior to manufacturing the composites 

In general, moisture in fibres is considered to be detrimental to composite 

performance. The flax fibre fabrics are usually dried before the manufacturing stage, 

which would likely be beneficial for the quality of the obtained composites [95]. 

However, Baley et al. [97] proved that drying the fibres (for 14 hours at 105°C) results 

in a significant loss of strength (44% on average) and failure strain (39%). They also 

performed tensile tests on unidirectional (UD) flax/epoxy composites, where 

reinforcement was dried and ‘as-received’ flax fibres. It was found that drying did not 

affect the axial stiffness but caused a large drop (36%) in composite strength, in a similar 

way to the drop found in fibre strength. Furthermore, they postulated that the removal 

of moisture would also influence the properties of the fibre surfaces and hence, the 

interfacial bonding. Therefore, they suggested that a more detailed study was necessary 

to optimize the conditioning of plant fibre fabrics in order to obtain the highest quality 

composites. 

Recently, Fuentes et al. [98] studied the influence of moisture present in the 

environment during the manufacturing of flax fibre-unsaturated polyester (UP) 

composites on their performance. They compared the performance of composites that 

were manufactured under dry and 100% RH conditions and they found that the high RH 

caused a decrease in the tensile strength and modulus of 18% and 25%, respectively, 

and also a reduction in flexural strength and modulus of 11% and 8%, respectively. This 

fact was related to the decrease of the fibres’ mechanical properties due to the softening 

and possible dissolution of the interface between the elementary fibres. 

Moudood et al. [80] reported the effects of moisture present in the fibres prior to 

manufacturing flax fibre reinforced epoxy composites by a vacuum infusion process. 

Composite panels manufactured with flax fibres taken from 70% RH and 95% RH 

environments showed severe warpage. They suggested that as the fibrous preform was 

in a swollen state when compacted by the vacuum bag and some of the moisture was 
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gradually extracted during the infusion process (drawn away by the vacuum and 

dissolved in the resin), this cause fibre shrinkage. Thus, residual compressive stresses 

developed during the curing process, which ultimately led to part warpage after 

demolding. The fibre-matrix interface became weaker due to the high moisture content 

in the fibres and porosity was increased in the microstructure of the composites. 

Although the fibre-matrix interface was affected, the optimum tensile strength was 

found at composites made with 50% RH conditioned fabrics and, below and above that 

value, the tensile strength of the composites was decreased. This was explained by water 

molecules increasing the tensile strength of the fibres but at the same time negatively 

affecting the fibre-matrix interface and overall microstructural condition. The 

researchers also indicated that the plasticizing effect of water molecules on flax fibres 

significantly increased the strain at break and decreased Young’s modulus. On the other 

hand, the flexural strength and modulus decreased continuously with increasing RH. 

Furthermore, composites made with fibres conditioned at 95% RH showed a sharp drop 

in mechanical properties (Young’s modulus, flexural strength and modulus). 

The effect of RH in the fabrication of flax/UP composites on interfacial shear 

strength (IFSS) and flexural properties was investigated by Zhang et al. [79]. The IFSS 

of the composites started to drop sharply at 70% RH and ended up with a more than six-

fold reduction at 90% RH. Therefore, this study concluded that RH should be less than 

70% to manufacture a composite with consistently better quality. 

 

2.11.2.  Water and moisture absorption mechanisms 

Newman [99] studied the water absorption process of flax-epoxy composites after 

being immersed underwater. Fibre swelling occurs and the matrix material around the 

fibres is stressed due to water absorption. Next, the matrix molecules’ relaxation 

processes release a few of these stresses. Drying of natural fibre composite materials 

that have absorbed water results in fibre shrinkage, causing the matrix material to lose 

contact with the fibres. As a result, a gap is generated between the fibres and the matrix, 

having a detrimental effect on the interfacial properties. The author explained this 

phenomenon as an auto accelerative process where the drying cycle enhances the water 

damage which increases the rate of fibre shrinkage. In contrast, the shrinking process 

of the matrix material is relatively slow and therefore, stress is released by the generated 
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microcracks within the fibres and at the fibre-matrix interfaces. This water absorption 

mechanism with debonding is shown schematically in Figure 2.9. 

The water and moisture absorption behaviour of flax fibre reinforced composites 

depend on the surrounding temperature, the humidity present in the environment and 

also on the nature of the composite. The water molecules spread in the composite by a 

diffusion mechanism inside the matrix. Sometimes micro-pores and cracks that are 

generated within the matrix or even the capillarity transport along the fibre-matrix 

interface can enhance the diffusion rate. The diffusion behaviour of the polymeric 

composites can be divided as Fickian, non-Fickian and intermediate. Assarar et al. [101] 

studied the water uptake behaviour of flax fibre reinforced epoxy composites, reporting 

that it is Fickian at room temperature. The water absorption behaviour of flax-epoxy 

composites is shown in Figure 2.10, which is linear initially (Fickian diffusion) but 

slows down as the moisture content approaches its saturation level. The saturated water 

absorption at equilibrium is almost 13.5% for each unit thickness of the composite. 

 

 
 

Figure 2.9. Debonding process in fibre/matrix interface with water (reproduced 

with permission from [100]). 
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Figure 2.10. Water absorption pattern of flax-epoxy composites (reproduced 

with permission from [101]). 

 

 

Cheour et al. [102] studied the flax-epoxy composites with different fibre 

orientations to measure the effects of moisture absorption on composite performance. 

They used water immersion test of composites for three different fibre orientations (0°, 

45° and, 90°) and found that fibre orientation has a significant impact on the moisture 

uptake of flax composites. The UD flax fibre reinforced epoxy composites (FFRE) with 

fibres at 45° absorbed the highest amount of water among the different orientations. The 

FFRE 45° and FFRE 90° absorbed 25.1% and 5.2% more water respectively than the 

FFRE 0° laminate (Figure 2.11). They explained this fact by stating that water diffusion 

occurred preferentially both in the fibre direction and thickness directions of the 

composites. The water diffusion in fibre orientation for FFRE 0° is negligible as 

compared to the diffusion in thickness direction due to the fibre length in the 

composites. However, the fibres are shorter in width for FFRE 45° and FFRE 90° 

samples, which makes water diffusion easier in the fibre direction for these composites. 

This diffusion of water into flax composites with different fibre orientation is illustrated 

in Figure 2.12. 
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Figure 2.11. Moisture absorption of flax composites with different fibre orientation 

(reproduced with permission from [102]). 

 

 

 
 

Figure 2.12. Water diffusion of flax composites in different fibre orientation (a = 0°,  

b = 90°, c = 45°) (reproduced with permission from [102]). 

 

 

Recently, Chilali et al. [103] compared the water uptake behaviour of flax fibre 

reinforced thermoplastic and thermosetting composites. The water absorption 

behaviour was found to be the same as reported for different conditions of the flax 
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composites. The amount of absorbed water increases linearly at the beginning, but the 

absorption slows down as the saturation level is reached. In addition, flax composites 

with a thermosetting resin (epoxy) absorb more water than the composites with the 

thermoplastic resin (acrylic) (Figure 2.13). Dhakal et al. [104] compared the water 

absorption behaviour of two natural fibre composites: flax and jute. In order to measure 

the influence of moisture, they conducted water immersion tests for forty days at room 

temperature and found that saturated moisture contents were 9.61% and 14.41% for flax 

and jute composites respectively. Berges et al. [105] studied the moisture uptake 

behaviour of UD flax fibre reinforced epoxy laminates, finding their diffusion kinetics 

follow a one-dimensional Fickian behaviour when exposed to hygrothermal 

conditioning at 70°C and 85% RH. These results were also supported by Scida et al. 

[106], who confirmed that flax fibre composites follow a Fickian diffusion mode at 

similar conditions. The tensile mechanical behaviour is clearly affected by the 

hygrothermal ageing which was confirmed by the shape of the stress-strain curves. At 

90% RH and 20 °C, Young’s modulus decreased by 33% for the first 3 days and a 55% 

reduction was found after 38 days. 

Different diffusion coefficients for flax fibre reinforced composites are found in 

different literature as shown in Table 2.7. 

 
 

Figure 2.13. Water absorption of flax/epoxy and flax/acrylic composites (reproduced 

with permission from [103]). 
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Table 2.7. Diffusion coefficients of flax fibre composites according to literature. 

 

 

 

 

Fibre conditions and 

humidity 

Matrix  

used 

Diffusion 

coefficient, D 

(cm2/s) 

Manufacturing 

methods and other 

conditions 

Reference  

UD and twill fibres  

at 55°C and 75% RH 

UP 

 

0.00104×10-3± 0.02 Hand lay-up, 8.89% 

water uptake for UD 

flax composites and 

10.24% uptake for 

twill flax composites 

[107] 

0.00287×10-3±0.08 

Green flax PP 1.3×10-2 Moisture uptake 

reduced by 30% in 

treated flax 

composites (duration 

14 days) 

[81] 

Treated flax PP 7.8×10-3 

Treated flax MAPP 5.0×10-3 

Flax at 23°C, 80% RH  0.002×10-3 Extrusion [108] 

Flax at 25°C, maximum 

immersion 40 days 

Bio 

epoxy 

37.1 Hand lay-up,  

Equilibrium moisture 

content, 9.61% 

[104] 

Flax at three 

orientations ( 0°, 45°, 

90°), immersion at 

room temperature 

Epoxy 6.67×10-9 for 0° Press platen process, 

Maximum moisture 

uptake 13.70% by 

45° fibre orientation  

[102] 

12.45×10-9 for 45° 

14.19×10-9 for 90° 

0°/90° flax at 40 and 55 

wt%, immersion at 

room temperature, 32 

days immersion test 

Bio-

epoxy 

1.63×10-8 for 40% RTM, Saturation 

water absorption 

8.71% and 6.23% by 

55% and 40% fibre 

volume respectively 

[109] 

2.32×10-8 for 55% 

Twill flax, immersion at 

room temperature 

Acrylic  7.7×10-9±0.03  Vacuum infusion, 

moisture at 

equilibrium, 6.6% for 

flax-acrylic and 

7.31% for flax-epoxy 

composites 

[103] 

Epoxy 8.1×10-9±0.04  

Flax fibre bundles, 

immersion test at room 

temperature (212 days), 

40% fibre volume 

PP  2.23×109  Compounding, 

saturated moisture 

content, 9.09% for 

flax-PP and 8.53% 

for flax-MAPP 

composites 

[110] 
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2.11.3.  Moisture and water absorption of composites-effect on the performance 

The moisture content at a given RH has a substantial effect on flax fibre reinforced 

composites. Generally, plant fibre reinforced composites have a tendency to 

significantly decrease their tensile and flexural properties and interfacial strength in wet 

conditions [2, 111]. 

The effect of water absorption on the mechanical properties of the flax fibre/bio-

epoxy composites has been evaluated by Munoz and Garcia [109]. This study was done 

by immersing the samples into the water at room temperature. The authors found that 

fibre content influences the moisture absorption behaviour of the composites which 

have a tendency to absorb more water as the fibre content was increased. They further 

found that water absorbed composites have a higher tensile strength and strain than the 

dry composite samples. The water absorbed fibre swelling filled the gaps between the 

fibre-matrix interfaces and the tensile strength was increased up to 35%. The tensile 

strain also increased due to the plasticization effects of the wet composite samples. In 

contrast, the flexural strength decreased by 20% when compared to the dry composites. 

The researchers concluded that a higher percentage of water absorption might cause 

more micro-cracking due to the swelling of the flax fibres which generated a poor fibre-

matrix interface during bending loading. However, they observed that the flexural and 

tensile moduli of the composites decreased with increasing water absorption since these 

properties depend on fibre properties not on the fibre-matrix interface. The findings of 

this study are opposite to those of Le Duigou et al. [112] who found that flax/PLA 

composites degrade both in terms of tensile strength and stiffness when the composite 

absorbs water molecules. Different matrix materials were used in both studies which 

might be a reason for this discrepancy. 

In many cases, the interfacial strength between the fibre-matrix bonding becomes 

weaker with increasing moisture content. However, Le Duigou et al. [113] studied the 

fibre-matrix interface with water treated flax/PLA and untreated flax/PLA composites. 

They found both IFSS and frictional stress were increased by 13% and 30%, 

respectively, for water treated flax fibre reinforced Poly-L-lactic Acid (PLLA) 

composites. In general, the fibre roughness properties, chemistry and surface energy 

mainly influence the interfacial strength between the fibre and the matrix material [114, 

115]. 
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However, in a different study Fuentes et al. [98] reported that the flax fibre surface 

is susceptible to water absorption due to its amorphous polymer constituents, but the 

surface energy and IFSS of the flax fibre were both found to be relatively constant at 

different RH. Nevertheless, they found a reduction in strength of the flax composites at 

different RH as the fibres turn soft, thus the dissolution of the interface might occur 

between the elementary fibres. Scida et al. [106] pointed out that the matrix material 

was mainly damaged when the flax fibre composites are aged with 90% RH across 

different time durations. This damage affects the fibre/matrix interfacial bonding and 

fibre breakage occurs.  

 Le Duigou et al. [8] tested the interfacial strength of a single flax fibre/epoxy 

micro-composite by immersing samples in water for different time durations and found 

a 60% reduction of shear strength from their initial value after 135 hours. In an earlier 

study [112] of wet (seawater) ageing of flax/PLLA composites, they also found the 

fibre/matrix interfacial strength was damaged due to swelling of the fibres at the 

interface. The absorbed water can form hydrogen bonding with the fibres which 

eventually reduce the interfacial bonding. Assarar et al. [101] also reported the weak 

fibre-matrix interface of water absorbed flax/epoxy composites when tested with 

acoustic emission. 

 

 

2.12. Present and future scope of flax fibre composites 

Several unique properties and strength of natural fibres have prompted 

researchers to become interested in these composites. The renewable resources of plant 

fibres are experiencing an increasing uptake in different industrial usage. For example, 

Saheb and Jog [115] reported that natural fibres can be used in composites which have 

various applications from normal appliances to space-craft. Specifically, the flax fibre 

industrial supply is increasingly being used for manufacturing composite materials. 

Suddell and Evans [34] reported that flax fibre composites are widely used in the 

automotive and other transport industries. For instance, several automotive components 

previously manufactured with glass fibres are being replaced by these fibres and flax 

fibres can also be used in car disk brakes to replace asbestos. George et al. [116] stated 

that the advantage of these fibres over synthetic ones in automotive interior components 

is that the natural fibre composite automotive parts can be ruptured instead of splintering 

during failure of the structures if an accident occurs. In addition, these fibres lead to 
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lighter parts and as a consequent reduction in fuel consumption, which has economic 

and environmental advantages. 

Flax Fibre reinforced composites are widely used in sports industries (bicycle 

frames, stand-up paddleboards, most kind of boards, etc.), and the maritime industry 

(small to medium sized boats). In addition, flax prepregs with heavy areal weight (300 

to 550 gm/m2) are in developmental phases for future application in the aeronautical 

industry [34]. Flax fibre composites are also used with concrete structures for building 

construction materials to enhance structural strength [117]. 

 

 

2.13. Summary and concluding remarks 

The growing trend of flax fibre usage in the composite industry has proved it to 

be a potential candidate to draw more interest among researchers. Due to its wide range 

of applicability in various industries, it is important to understand what factors affect 

the properties of flax fibre reinforced composites. Flax fibres have an intrinsic 

variability in their physical and mechanical properties, which must be considered when 

designing structural parts. Moisture and water absorption are two key factors 

responsible for the deterioration of the composite. Some key points of the effects of 

moisture and water content on the properties of the flax fibres and their composites can 

be summarized as follows: 

1. Moisture present in flax fibre fabrics before manufacturing the composites 

affects the final microstructure and properties of the obtained material. The 

microstructure of the composite materials is negatively affected by moisture in 

the fabrics, leading to pores and fibre debonding from the matrix. Flexural 

strength continuously decreases as the moisture in the fabrics is increased, but 

the tensile strength is shown to have an optimum value due to two opposite 

effects: the positive effect of water molecules on the tensile properties of the 

fibres and the deterioration of the overall composite microstructure (pores, poor 

interface, etc.). When the moisture content in the fibres is higher, both Young’s 

modulus and the flexural modulus decrease, while the strain at break increases 

because of plasticization effects.        

2. Due to the preferential water transport paths alongside the fibre direction, fibre 

orientation with respect to the thickness direction of samples has a significant 
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effect on the water absorption behaviour of the composites. Composites having 

the fibres oriented perpendicular to the thickness direction show the least water 

uptake while using fibres oriented at 45° causes the most water absorption.  

3. In some cases, superior mechanical properties were observed in composites 

having moisture absorbed flax fibres than dried fibres. Swelling of flax fibres in 

the composites can improve their tensile strength as this could fill the gap in the 

interface, increasing friction and thus the interfacial strength. However, the 

flexural strength was found to decrease as the moisture content of the fibres 

increases.  

4. Both the fibres and the composites follow a one-dimensional Fickian diffusion 

behaviour during the absorption of water molecules at high humidity and 

temperature, except at 100% RH.   

5. If the composites have been immersed underwater or exposed to high RH for a 

long time, fibre swelling at the interface can damage the fibre/matrix interfacial 

strength, by letting water remove water-soluble substances from the fibres and 

also by establishing hydrogen bonds between the water molecules and the OH 

present in the fibres. 

6. It is well established that physical and chemical treatments improve the moisture 

absorption property of flax fibres which will increase the quality of the 

composites. However, further study is still needed to reduce the moisture 

absorption behaviour of the fibres and their composites. Furthermore, the 

influence of moisture on the fibre/matrix interfacial strength still needs some 

attention. This will extend the usage of flax fibre reinforced composites in 

precise engineering applications such as aeronautical and automotive parts.  
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2.14. Summary of literature review and research goals 
 

2.14.1.  Summary of literature review 
 

Effect of relative humidity (RH) and the moisture absorption behaviour of the 

natural plant fibre composites reduce their usage in potential applications. A number of 

studies have been reported in the field of plant fibre composites. However, much 

attention still needs to be paid to the water and moisture absorption behaviours of the 

flax fibre composite. Therefore, this study focuses on the characterization of the tensile, 

flexural properties of different RH conditioned flax fibres reinforced composites. The 

investigation on the effect of moisturized fabrics on the quality of vacuum infused 

flax/epoxy composites in terms of overall composite quality, mechanical properties and 

microstructural observations can enhance the understanding of the research of the plant 

fibre reinforced composites to widen their consumptions. In addition, their dynamic 

responses also will be investigated. Despite the practical importance of the dynamic 

performance of bio-fibre composite materials, the published research work in this field 

is scarce, especially on the influence of RH in the manufacturing process.  Limited 

research is available to address the vibration behaviour of flax fibre composites. The 

dynamic behaviour of flax fibre composite beams is required to understand the 

influence of humidity on the vibration frequency and damping. Due to moisture 

sensitivity issue, these composites are mainly used in indoor applications. The 

environmental degradation of the flax fibre reinforced composites is a major concern. 

The durability and mechanical performance (tensile and flexural behaviour) of flax/bio-

epoxy composites exposed to different environmental conditions will be evaluated. 

Moreover, modelling techniques will also be applied to validate the experimental 

results.  

 

2.14.2.  Research goals 
 

1. Effects of moisture on the mechanical properties of the flax/epoxy composites. 

2. Investigation of the effect of moisture in the fibres, prior to manufacturing, on 

the dynamic properties of the flax/epoxy composites. 

3. Evaluating the mechanical properties of the flax/epoxy composites using 

geometric and analytical techniques.  

4. Environmental degradation and durability test of the flax/bio-epoxy composites.   
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Abstract 

Moisture present in plant fibres is considered to be detrimental to the performance 

of composites. In general, a drying stage is performed on the plant fibre fabrics before 

manufacturing the composites since it is seemed to allow better output. This work 

provides an analysis of the effect of moisture in flax fibres on the overall quality of 

epoxy/flax bio-composites. Flax fibre fabrics were conditioned at different relative 

humidity (RH) environments and composites were manufactured by vacuum infusion 

technique. Composites were characterized by mechanical and microstructural analysis. 

Results showed that manufacturing composites with highly humid fabrics (95% RH) 

generates post processing deformation of finished parts and also leads to poor 

microstructural quality. The moisture in the fibres with different RH reduced the 

stiffness (from 23.74 to 17.67 GPa for Young’s modulus and from 16.28 to 11.82 GPa 

for flexural modulus) but increased their fracture strain (from 1.87 to 2.64). Tensile 

strength displayed an optimum value (287.96 MPa) for fabrics conditioned at 50% RH, 

but flexural strength decreases continuously from 225.12 to 152.34 MPa as the moisture 

in the fabric increases. 

 

 

Keywords: Flax fibres, Mechanical properties, Microstructures, Moisture, Liquid 

Composite Moulding (LCM), Manufacturing 
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3.1. Introduction 
 

The growing concern of environmental issues has promoted the use of 

biomaterials replacing various synthetic materials over the past few decades [1]. In this 

context, biocomposites are being manufactured by using natural fibres, usually derived 

from plants, which are renewable, abundant in nature and cheaper than synthetic ones. 

Additionally, these fibres are less abrasive, reduce tool wear and the health risk to 

workers and operators. So, the initial low investment and friendly processing 

atmosphere of natural fibres reduce the dermal and respiratory irritation are one of the 

main advantages [2-4]. However, the lignocellulosic plant fibres possess inherent polar 

and hydrophilic nature. The natural tendency of plant fibres to absorb moisture may 

cause swelling of the fibres and micro-cracks or voids can be created at the fibre-matrix 

interface. This may result in poor mechanical properties of the composites and reduced 

dimensional stability [5, 6]. 

Vegetable fibres can be extracted from different parts of the plant such as the bast 

fibres (jute, kenaf, hemp, ramie, flax), leaf fibres (sisal), fruit fibres (coconut), seed 

fibres (cotton), and among others. Flax, an important member of the bast family is 

widely used in industries for composite fabrication. Flax fibre reinforced composites 

have the potential for wide use in sports industries (bicycle frames, stand-up paddles, 

most kind of boards, etc.), automotive accessories (dashboards, door panels, etc.), 

maritime industry (small to medium sized boats). Nevertheless, flax prepregs with 

heavy areal weight (300 to 550 gm/m2) are in the development phase for future 

applications in the aeronautical industry [7]. George et al. [8] reported that flax based 

composites possess reduced weight and emit less carbon during their processing. They 

further indicated the minimum dependence on foreign oil and less chance of volatility 

during manufacturing as their potential benefits. Each vegetable fibre (diameter 

between 50-100 µm) is composed of several elementary fibres (10-20 µm) glued 

together with lignin and hemicellulose [9]. The cell wall of the elementary fibres has 

four different layers of cellulose microfibrils embedded in a matrix of hemicellulose 

and lignin. These microfibrils, which are mainly responsible for the mechanical 

properties of the fibre, follow a spiral angle along the elementary fibre that is composed 

of alternated crystalline and amorphous regions. The open channel in the centre of the 

elementary fibre is called the lumen. A small percentage of pectin, fat, wax and other 

water-soluble substances are also found in the constituents [6, 10]. Plant fibres are 
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highly hydrophilic, due to the presence of hydroxyl (OH) groups associated with the 

cell wall macromolecules: cellulose, hemicellulose and lignin. Cellulose units possess 

a high crystalline content (inaccessible to water molecules) but also a paracrystalline 

component to which water molecules can gain access. Lignin occurs in plant fibres in 

varying amounts, and is an amorphous crosslinked polymer composed of phenolic units 

and has a relatively low OH to carbon (C) ratio as compared with polysaccharides. The 

cell wall also contains hemicellulose and pectic component, which is a predominantly 

amorphous polysaccharide, is highly accessible to water molecules and has a high OH 

to C ratio [11]. As the cell wall absorbs moisture, the absorbed water molecules occupy 

space between the micro-fibrils resulting in expansion of the material, i.e. fibres swell. 

In the case of flax fibres, they are composed of a very small percentage of lignin (2%), 

up to 20.6% of hemicellulose and more than 65% of cellulose [12, 13]. The composition 

of flax fibre depends on the time of flax harvesting and degumming method. Table 3.1 

shows the equilibrium moisture content of some natural fibres at 65% relative humidity 

(RH) and 21 oC [14]. The moisture content at a given RH can have a significant effect 

on the performance of the fibres and their composites. Davies and Bruce [15] studied 

the tensile properties of flax and nettle fibres and reported a consistent relationship 

between the modulus and RH when mechanical damage of fibres was considered. Baley 

et al. [16] investigated the effect of absorbed water on the tensile strength of elementary 

flax fibres. They concluded that the fibre drying process affects the tensile strength and 

reduces the mechanical properties of the fibres. A different study [17] of water absorbed 

elementary flax fibres revealed that the strain at failure is increased with moisture 

penetration at the fibre cell wall and it is the outcome of plasticizing effect of absorbed 

water of the flax fibres. Netravali [18] also mentioned that fibre strength can be 

decreased significantly with continuous moisture absorption and desorption cycles. 

 

Table 3.1. Equilibrium moisture content at 65% relative humidity (RH) and 21 °C 

[14].  

 

Fibre Sisal Hemp Jute Flax Ramie Bagasse Bamboo 

Equilibrium moisture 

content (%) 

11 9 12 7 9 8.8 8.9 

 

http://www.sciencedirect.com/science/article/pii/S0079670012000391#tbl0020
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Stamboulis et al. [19] have reported moisture contents in flax fibres of 3%, 15% 

and 24% when exposed to 20, 66 and 93% RH environments, respectively, and the 

absorption curves showed typical Fickian behaviour. When the fibres were exposed to 

100% RH, they found that the absorption mechanism changed, and Fick’s law was not 

useful. Basically, they observed an absorption curve that increased in a stepped manner, 

reaching different equilibrium levels (showing a maximum of 42% moisture content). 

They attributed this behaviour to swelling stresses that develop during moisture 

absorption and relax after a certain time once the first equilibrium is reached, changing 

the equilibrium moisture condition. The authors also observed changes in the structure 

of the fibres as they were exposed to high humidity levels. The surface of dry fibres was 

smooth, and the fibrils were well connected by the organic matrix forming a bundle, 

while the 100% RH conditioned fibres were swollen and their surface was rougher than 

that of the dry ones. In addition, the individual fibrils were more separated and some 

damages in the form of kink bands were observed. These observations strongly suggest 

that properties of composites manufactured with natural fibre fabrics having different 

moisture contents could be varied significantly.  

It has been widely reported that the exposure of natural fibre composites to wet 

and/or very humid environments cause degradation and is detrimental for their 

performance, although flax based bio-composites are still environmentally attractive 

[20]. However, little information can be found about the effect of moisture present in 

the fibres prior to the manufacturing stage on the composites’ properties. A drying stage 

is usually performed on plant fibre fabrics conjecturing that it would allow obtaining 

better composites since moisture in fibres is generally considered to be detrimental to 

composite performance. However, Baley et al. [21] probed that drying the fibres (14 h 

at 105 °C) results in significant loss of strength (44% on average) and failure strain 

(39%). They also performed tensile tests on unidirectional composites reinforced with 

dried and “as-received flax fibres” and found that drying did not affect axial stiffness 

but caused a large drop (36%) in composite strength, in a similar way to the drop found 

in fibre strength. Besides, they stated that the removal of moisture would also influence 

the properties of the fibre surfaces and hence the interfacial bonding. Therefore, they 

suggested that a more detailed study is necessary to optimize the conditioning of plant 

fibre fabrics in order to obtain the highest quality composites. Recently, Fuentes et al. 

[22] studied the influence of moisture content in the environment during manufacture 
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by vacuum infusion of flax fibre-unsaturated polyester (UP) composites on their 

performance. They compared the performance of composites which were manufactured 

under dry and 100% RH conditions and found a reduction in tensile and flexural 

strength and stiffness, which was related to the decrease of the fibre mechanical 

properties due to softening and possible dissolution of the interface between elementary 

fibres. Therefore, this study was carried out to enrich the little existing knowledge 

regarding the conditioning of plant fibre fabrics prior to the manufacture of thermoset 

matrix composites. Since the matrix chemistry could be important in the moisture-fibre-

matrix interaction, an epoxy resin was chosen to compliment and contrast the results 

available for a UP matrix, reported by Fuentes et al. [22]. The effect of moisture present 

in the fabrics on the quality of vacuum infused flax/epoxy composites was studied in 

terms of overall composite quality, mechanical properties and microstructural 

observations.   

 

3.2. Experimental procedure 
 

3.2.1.  Materials 

Flax composites have been manufactured by using flax fibres and epoxy resin. 

Commercially available FlaxPLY UD 180 (fabric pretreated with 16% epoxy-based 

resin) supplied by Lineo company (France). The areal weight of this flax fabric is 180 

gm/m2. The low density (1.4 gm/cm3) fabric has a fibre fraction of about 65% by weight 

before curing. The H180 standard hardener was properly mixed with epoxy resin (R-

180 Part A) before infusion. Both were procured from Nuplex industries (Aust) Pty Ltd. 

TR 102 regular wax (TR industries, USA) was used to release the mould. 

 

3.2.2.  Drying of fabrics and moisture absorption tests  

The fabrics were stored in our laboratory (65% RH, 23oC) and were cut into five 

rectangular samples (230 mm × 270 mm), weighted using an analytical scale (precision 

+/- 0.0001 gm) and placed inside a dehumidifier oven (model: TD300F, Thermoline 

Scientific) at 60oC. The weight loss was monitored every 20 min until equilibrium was 

reached.   

The study on the moisture absorption kinetics was done in a humidity chamber 

(model: CH700 V, Angelantoni) set to different relative humidity values (10, 35, 50, 70 

and 95% RH). The humidity chamber can control the RH within the error limit +/- 1%. 



76 | P a g e  

 

Fabrics were first dried and weighted. Weight gain was monitored by means of an 

analytical scale until equilibrium was reached.  

The relative specimen weight was calculated with Eq. (1), where Mr (t) is the 

relative weight of the specimen at any time, W (t) is the specimen weight at each time, 

and W0 is the initial specimen weight. 

 

0

)(
)(

W

tW
tM r           (1) 

 

3.2.3.  Composites manufacturing 

Composites were manufactured by the vacuum infusion technique using ten 

layers of unidirectional reinforcement stacked all in the same orientation (0 °), which 

were previously conditioned at 25 oC and different relative humidity levels in the 

humidity chamber (10, 35, 50, 70, 95 % RH). To ensure that the composites were 

manufactured with the correct moisture content in the fabrics, the following procedure 

was carefully carried out: 

The layers of fabric were first cut to the dimensions needed for the composite 

panels (230 mm × 270 mm) and dried. Then, they were placed inside the humidity 

chamber at the desired value of RH distributed individually on the shelves (not stacked) 

for 24 h. In the meantime, an aluminium flat mould was waxed and all the infusion 

materials (bag, peel ply, flow media, hoses) were prepared and cut to the correct 

dimensions. Fabrics were withdrawn from the humidity chamber and they were quickly 

placed on the aluminium mould. The peel ply and the flow media were laid over the 

fabrics and the vacuum bag was sealed to the mould but only in two sides, where the 

hoses (resin and vacuum ports) were also attached. In this way, the other two longer 

sides of the bag remained wide open. Although this procedure takes not more than 15 

minutes, the fabrics can lose or gain moisture, depending on the moisture gradient 

between the fabrics and the environment. Therefore, the mould was placed inside the 

humidity chamber for another 24 h, giving enough time to the fabrics to reach the 

corresponding equilibrium value for the set RH. Finally, the mould was removed from 

the humidity chamber and the remaining two open sides were sealed instantaneously 

(less than one minute), ensuring that the fabrics were kept at or close to the desired 

moisture content, and the resin infusion was carried out immediately following the 

bagging process. The flow media allowed completing the impregnation in less than 10 
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minutes, therefore the extraction of moisture from the preform by the vacuum system 

was kept to the (practically achievable) minimum. In addition, once the impregnation 

was finished the resin inlet and vacuum port was immediately closed.  

In addition, composites were manufactured using dry fabrics. In this case, fabrics 

were dried in the oven for 4 h at 60 oC, then placed on the mould, the infusion set up 

was prepared and the vacuum bag was completely sealed to the mould. A vacuum was 

applied and the stack of fabrics was dried in the oven for another 3 h under full vacuum 

at 45 oC. Since the preform was under vacuum and there was no risk of moisture 

absorption, the resin was infused 15 minutes after the mould was withdrawn from the 

oven, allowing the system to cool down and reach the laboratory temperature. 

All composites were cured under full vacuum (-100 kPa) at room temperature for 

24 h and then post cured for 8 h at 60 oC, according to the recommendation provided 

by the resin technical data sheet (TDS). The tests samples were cut from the panels by 

means of a laser cutter device to the required shape and dimensions given by the 

standards used for the mechanical characterization. Table 3.2 represents the 

nomenclature used throughout this work to refer to each composite material. 

 

Table 3.2. Nomenclature used in this work. 

 

Nomenclature C-D C-10 C-35 C-50 C-70 C-95 

% RH used in fabric 

conditioning 

0 (dry fabrics) 10 35 50 70 95 

 

 

3.2.4.  Microstructural characterization 

Composites microstructure was analysed by optical microscopy. Transverse 

sections of the laser cut composites were polished with a 2500 grain size sandpaper 

before the microstructural observations. In addition, the fibre-matrix interface was 

analysed by scanning electron microscopy (SEM), model: JEOL FE-SEM JSM7100F. 

The specimens were prepared by polishing the surface of the composites and finally by 

coating the specimens with a thin layer of platinum. 
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3.2.5.  Mechanical properties evaluation 

An Instron universal testing machine was used for mechanical characterization. 

Three-point bending tests were performed using a span of 60 mm and a crosshead 

displacement speed of 2.4 mm/min, according to the ASTM D790 [23] (sample size: 

127×12.7×3.2 mm). Load-displacement curves were obtained from these tests and 

flexural modulus and strength values were determined. Tensile properties (Tensile 

strength, modulus and strain at failure) were measured according to the ASTM D3039 

[24] (sample size: 250×15×3.2 mm), using a testing speed of 2 mm/min. A static axial 

clip-on extensometer (INSTRON) was used to measure the elongation of the samples. 

 

3.3. Results and discussion 
 

3.3.1.  Moisture absorption 

The equilibrium moisture content of flax fibre fabrics exposed to different relative 

humidity levels is shown in Figure 3.1. As expected, the moisture content increased 

with increasing relative humidity reaching a maximum value of 14.3% at 95% RH. 

These results are in good agreement with those found by Stamboulis et al. [19] for 

duralin flax fibres (treated fibres). The equilibrium moisture contents in the fabrics for 

different relative humidity levels were increased almost linearly with the relative 

humidity from 10% RH to 70% RH. A sharp increase can be observed between that 

value and 95% RH where the moisture content was almost double that found at 70% 

RH. This trend is very similar to that found by other authors on different cellulose fibres, 

such as cotton [25], bamboo [26] and flax [19]. When cellulose fibres are exposed to 

moisture, at the first stage water molecules are absorbed directly onto the hydrophilic 

groups of the fibre material. After that, more water molecules are attracted either to 

other hydrophilic groups or they may form further layers on top of the water molecules 

already absorbed [25, 27]. Therefore, at high humidity levels, liquid water may be held 

together by the forces of surface tension in capillary spaces available in the material 

[26]. 
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Figure 3.1. Equilibrium moisture content in the fabrics exposed at different RH. 

 

It should be noted that all fabrics reached the equilibrium moisture content in less 

than 60 minutes (Figure 3.2), showing that the absorption kinetics is quite fast if 

compared to the normal processing times required for handling, pre-forming and 

preparing the infusion. Similar findings were observed in a study about flax and hemp 

fibres. The absorption-desorption equilibrium for flax fibres at 21 °C and 40% RH was 

40 minutes and 40-45 minutes for hemp fibres with the same conditions [28]. Nair et al. 

[29] also reported that flax fibres reached the equilibrium after 28.5, 34 and 37 minutes 

when they were drying at 80 °C, 60 °C and 40 °C respectively. 
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Figure 3.2. Moisture absorption kinetics for all conditions. 

 

 

3.3.2.  Visual observations of the manufactured composite panels 

Panels manufactured with fabrics conditioned at 95% RH have been shown severe 

warpage after demoulding, as shown in Figure 3.3a, and this effect was also observed, 

in a less extent, on the composite made with fabrics conditioned at 70% RH (Figure 
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3.3b). On the other hand, composites made with fabrics conditioned at 50% RH and 

lower did not suffer any deformation (Figure 3.3c). Warpage of composite laminates 

has been observed by many authors [30-35]. When the autoclave processing technique 

is used, the main reported causes for this issue are the residual stresses that develop due 

to mismatched coefficients of thermal expansion (part-mould) and chemical shrinkage 

of the resin. These stresses can also develop due to gradients in temperature, fibre 

volume fraction, and uneven curing throughout the part [36]. This non-uniform stress 

distribution is locked in as the resin cures and upon removal from the tooling, the 

resultant bending moment warps the part away from the tooling. When liquid resin 

infusion processes are used, such as those used in this work where Perrin et al. [37] 

suggested that the resin distribution media can be another important source of warpage, 

explaining that the cure shrinkages are too different in the part (high fibre to resin ratio) 

than in the flow media (high resin to nylon mesh ratio). 

 

 
 

Figure 3.3a. Severe warpage observed. Fabrics conditioned at 95% RH. 
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Figure 3.3b. Moderate warpage observed. Fabrics conditioned at 70 % RH. 

 

 

 
 

Figure 3.3c. No warpage observed. Fabrics conditioned at 50 % RH. 

 

 

In the present work, the composites were manufactured and cured at room 

temperature, so the temperature was uniform throughout the part (no temperature or 

resin conversion gradients existed) and no significant thermal expansions/contractions 

could have occurred in the mould and the part. In addition, no chemical treatment was 

carried out to reduce the hydrophilic nature of the fibres. Therefore, the only significant 

interaction between the part and the mould must have been caused by part shrinkage.  It 
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is important to note that all composites were manufactured using the same infusion 

materials (same peel ply, flow media, and vacuum bag) and that the samples made with 

dry fabrics and those conditioned at 35% RH and 50% RH did not show any warpage. 

These facts strongly suggest that the high moisture content in the fabrics conditioned at 

70 and 95% RH was the main reason for the post processing deformation of the panels. 

A possible cause for part shrinkage and residual stress development is the 

swelling and shrinkage of flax fibres exposed to high % of RH. It is well known that 

plant fibres swell and shrink as they absorb and desorb moisture, respectively. In 

addition, moisture-induced swelling is considerably larger in the radial or transverse 

direction compared with that of the axial direction [38], which is consistent with the 

warpage direction observed in the composites. The fibrous preform was in a swollen 

state when compacted by the vacuum bag, and part of the moisture could have been 

gradually extracted during the infusion, drawn away by the vacuum and dissolved in 

the resin, causing fibre shrinkage and therefore, compressive stresses were developed 

in the part. This suggestion is consistent with the optical microscopies where a 

significant number of voids were found when the composites were manufactured with 

high moisture content fabrics. Water molecules dissolved in the resin could have form 

water vapour as the pressure decreased due to the applied vacuum and the temperature 

of the system increased due to the exothermic reaction, forming the voids that remained 

in the cured composite. 

Summarizing, it seems to be a moisture content over which residual stresses 

caused by part shrinkage are significant enough to originate deformation on the 

manufactured part. In this work, that limit was found to be at some point between 7% 

(C-70) and 14% (C-95). 

During the post curing stage, composite panels were flattened by compressing 

them between two heavy steel plates. In this way, the post curing cycle was also used 

to relieve the residual stresses in the parts trying to restore their original shape. Figure 

3.4a and 3.4b show pictures of the two samples that suffered significant warpage after 

the post curing stage. It can be seen that C-70 composite flattened almost completely, 

while the composite made with the most humid fabrics (C-95) still presented significant 

warpage, although it was much less severe than that observed immediately after 

demoulding. 
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Figure 3.4a. Warpage almost disappeared after the post-curing stage. Fabrics 

conditioned at 70% RH. 

 

 

 
 

Figure 3.4b. Warpage decreased but still significant. Fabrics conditioned at 95% RH. 

 
 

3.3.3.  Microstructural analysis 

Moisture present in the fabrics led to the formation of voids in the composite’s 

microstructure. Figure 3.5 (a, b and c) shows optical micrographs of C-D, C-50 and C-

95 composites. It can be seen that the composite produced with dry fabrics presented 

almost a void-free microstructure, the one manufactured with the 50% RH conditioned 
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fabrics had some small voids, and the sample produced with the most humid fabrics 

exhibited at least 40-50 interconnected voids as seen by the optical microscope. As 

suggested in the previous section, water molecules attached to the fibres could have 

been dissolved by the resin and formed a water gaseous phase as the pressure decreased 

due to the applied vacuum, and the temperature of the system increased due to the 

exothermic reaction, forming the voids found in the cured composite. It is also 

interesting to note that the number of voids was higher close to the bag side of the panel. 

This is consistent with the visual observation of the manufactured composites, which 

presented a smooth and quasi-perfect surface on the mould side, but a more porous 

surface at the bag side (only for composites made with 95% RH fabrics). These 

observations suggest that low-density gaseous water bubbles had enough time to 

migrate to the upper surface before gelation point was reached (3-4 h). 

 

 

 
 

Figure 3.5a. Optical micrograph of C-D showing an almost void-free microstructure. 
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Figure 3.5b. Optical micrograph of C-50 showing a few amounts of small pores. 

 

 

 
 

Figure 3.5c. Optical micrograph of C-95 showing a significant amount of large 

interconnected voids. 

SEM images provided more details of the composite’s microstructure (Figure 

3.6). It can be seen that composites manufactured with dry fabrics showed a healthy 

microstructure and good cohesion between fibres and matrix (Figure 3.6a). The black 
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dots which can be seen in the picture are not pores, but the tip of some elementary fibres 

overcharged by the electron beam. When 50% RH conditioned fabrics were used, the 

interface between fibres and the matrix looked similar to that of the dry composite, but 

some voids were visible in the matrix region (Figure 3.6b). As expected, the poorest 

microstructural quality was shown by the composites made with 95% RH conditioned 

fabrics, where matrix cracking was detected and poor interfacial adhesion between the 

flax yarns and the epoxy matrix was observed (Figure 3.6c). Matrix cracks could have 

been created during panel warpage due to the intense residual stresses developed during 

the curing stage, as explained in the previous section. Chen et al. [26] also found a poor 

fibre-matrix adhesion in their bamboo/vinyl ester composites when high moisture 

content fibres were used and suggested that water became a physical barrier between 

the fibres and the matrix. It should be noted that the macroscopic pores shown in Figure 

3.5c cannot be seen in SEM images due to the high magnification. 

 

 
 

Figure 3.6a. SEM image of the surface of C-D composite. 
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Figure 3.6b. SEM image of the surface of C-50 composite. 

 

 
 

Figure 3.6c. SEM image of the surface of C-95 composite. 

 

3.3.4.  Mechanical properties 

Figure 3.7 shows typical stress-strain curves for all the composites with the 

experimental setup and tensile and flexural test specimen. It can be seen that after a first 

linear region, the slope of the curve decreased substantially and the relation between the 

stress and strain remained fairly linear until a sudden failure occurred. This shows that 

after a certain point, the materials lose some rigidity. This behaviour can be attributed 

to the complex microstructure of plant fibres. During a tensile test carried out in the 

direction of the fibre axis, the cellulose fibrils orientate towards the direction of load, 
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which can cause an increase in stiffness (although not observed in the composites) and 

then they start sliding one with respect to the others [39], and the primary cell walls 

collapse leading to delamination between fibre cells [40]. These phenomena are 

believed to be responsible for the decrease in the rigidity of the materials during tensile 

loading. It is interesting to note that, as the moisture content of the fabrics increased, 

the inflection point at which the rigidity change was occurred at a lower stress value 

due to the plasticizing effect of water that enhanced sliding and delamination of 

cellulose fibrils. As it was explained by Stamboulis et al. [19], water molecules 

penetrate the cellulose network and they may attach by chemical links to group in the 

cellulose molecules forcing them apart and allowing them to move more freely, 

destroying some of the rigidity of the cellulose structure. 

 

Figure 3.7. (a) Experimental setup, (b) tensile and flexural specimen, (c) stress-strain 

behaviour of the composites under tensile loading. 
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However, the resin does not absorb as much moisture as the fibres, as it is shown 

in Chapter 6 of this Thesis, since the resin is mostly a hydrophobic material. Having a 

fibre volume content of 40%, thus a resin volume content of 60%, and given the 

enormous differences in water uptake between flax fibres and epoxy resin, it is expected 

that main contribution to the loss of rigidity to be caused mainly by the fibres. 

Tensile properties of the composites are summarized in Figure 3.8. Young’s 

modulus decreased continuously as the moisture content in the fibres increased. In 

addition, the tensile strain at break found for the composites was, in order of increasing 

moisture content: 1.87% (Dry), 1.93%, 2.09%, 2.23% and 2.64% (95% RH). The 

softening effect of water on these kinds of fibres produce an increase in the breaking 

strain and a decrease in the tensile modulus of the composites as it was found by 

Stamboulis et al. [19] in tensile tests of single flax fibres. Furthermore, moisture can 

also plasticize the polymer matrix and interact with it chemically (hydrolysis) [41, 42], 

usually decreasing its mechanical performance. Although the difference in tensile 

strength between the best and worst material was small (6%), an optimum tensile 

strength was found for the composite manufactured with fabrics conditioned to 50% 

RH. 

 

 
 

Figure 3.8. Tensile properties of the composites. 
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The overall performance of the composites depends on the properties of the fibre, 

the matrix, the fibre-matrix interface, and the composite microstructure given by the 

fibre volume fraction and void content. To understand the effect of moisture content in 

the fibres on the composites overall mechanical behaviour, it is necessary to identify 

the influence of water molecules on each individual component. In the first place, 

moisture increases the tensile strength of plant fibres, as it was reported by many authors 

[19, 26, 40], which was mainly attributed to a plasticizing effect advantageous to the 

strength of cellulose fibres generated by the availability of free water molecules. For 

example, Stamboulis et al. [19] reported that after being humidified at 90% RH, green 

flax fibres increased their tensile strength by about 20%. Chen et al. [26] and Chung 

and Yu [43] also found a small increase of the tensile strength as the moisture content 

increased, on bamboo strips and moso bamboo, respectively. 

Finally, moisture present in the fabrics led to the formation of voids in the final 

composite, especially in composites made with fabrics conditioned to more than 50% 

RH as it was shown in the optical microscopes (Figure 3.5). The detrimental effect of 

voids on the mechanical performance of composites was widely probed and can be 

found in the literature [44-46]. In addition, some cracks were found in the epoxy matrix 

in the C-95 composites, which can also weaken the material.  

Summarizing, moisture increases flax fibre tensile strength, but it reduces the 

fibre-matrix adhesion, plasticizes the matrix and is detrimental for the composite 

microstructural quality as it enhances the void formation and matrix cracking. 

Therefore, the optimum moisture content in the fibres exists in which the balance 

between all these phenomena give the maximum tensile strength for the composite. 

Flexural properties of the composites are presented in Figure 3.9. Flexural 

strength of the composites slightly decreased with the moisture content in the fabrics 

from “dry” to 70% RH while the composite manufactured with the most humid fabrics 

showed a significant loss in flexural strength. Apparently, the gain in tensile strength of 

the flax fibres due to their increased moisture content has a less significant effect on the 

overall flexural properties of the composites, and it is surpassed by the negative effects 

of moisture on the fibre-matrix interface and microstructural quality. In addition, in this 

type of loading configuration, just half of the fibres are loaded under tension, while the 

other half suffer under compressive loading. In accordance with the results obtained for 

Young’s modulus, the flexural modulus decreased as the moisture in the fabrics 
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increased, and a steep drop in this property was observed for the C-95 composite. The 

steep drop of properties found can be correlated to the steep moisture uptake observed 

in the fabrics conditioned at 95% RH where they showed moisture gain almost double 

that shown by the fabrics conditioned at 70% RH. 

 

 

 

Figure 3.9. Flexural properties of the composites. 

 

 

3.4. Conclusions 
 

This work presented a study on the effect of moisture content in flax fibre fabrics 

prior to manufacturing epoxy reinforced composites, on the overall quality of the 

composites. Dimensional stability of flat panels was greatly affected since severe 
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warpage was observed for parts made with fabrics taken from 70% RH and 95% RH 

environments. The microstructure of the composites was also affected by the high 

moisture content in the fabrics and thus the fibre-matrix interface became weaker and 

porosity was increased. Water molecules present in the fibres caused positive and 

negative effects on the tensile properties of the composites. The plasticizing effect of 

water molecules on flax fibre microstructure and deformation mechanisms significantly 

increased the strain at break and decreased Young’s modulus. In addition, an optimum 

strength was found for the composites made with fabrics conditioned at 50% RH, given 

that water molecules increased the tensile strength of the fibres but at the same time 

they had a detrimental effect on the fibre-matrix interface and overall microstructural 

condition. In terms of flexural properties, a continuous decreasing trend was observed 

in both strength and modulus which suggests that, for this loading configuration, the 

positive effect of water in fibre tensile strength could not compensate for the negative 

effects resulting from microstructural changes in the composites. A steep drop in 

properties (Young’s modulus, flexural strength and modulus) was found when the 

composites were manufactured with fabrics conditioned at 95% RH. This was 

consistent with the moisture absorption data, which showed that moisture uptake of the 

fabrics was almost linear from 10% RH to 70% RH, but beyond the 70% threshold (at 

95% RH), the moisture uptake almost doubled. 

 

3.5. Chapter summary  

In this chapter, moisture absorption behaviour of the flax fibres were signified. 

The composites were manufactured with five differently humidified flax fibres using 

vacuum infusion process. After preparing the composite samples, the effects of moisture 

absorption rate under different relative humidities (RH) were characterized by the 

mechanical testing such as tensile strength, tensile strain, tensile modulus, flexural 

strength, and flexural modulus. In addition, optical microscopy and SEM analysis also 

performed to characterize the differently moisturized flax fibre composites. 

The next chapter provides the dynamic responses of the flax fibre composites 

those are manufactured with differently humidified flax fibres. 
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Chapter 4. Dynamic response of flax fibre composites manufactured 

at different relative humidities 
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Abstract 

Development of environment-friendly natural fibre composites has been a 

recent trend. However, due to the fact that natural fibres permit a high level of moisture 

absorption from the surroundings, it can lead to weak bindings and degradation of 

composite properties. This study presents an experimental study on the dynamic 

performance of flax fibre composite beams manufactured at different relative humidity 

(RH) levels. Five types of flax fibre reinforced composite materials were made under 

different RH values, i.e., dry, 35%, 50%, 70% and 95% RH, and beam samples were 

prepared using the composite. Impact hammer testing was conducted to measure the 

natural frequencies and damping of the beams. It was found that for the first three 

modes, while the resonant frequencies are very close for most samples, there is a clear 

drop of frequencies for the composite fabricated at 95% RH. Along with an increase of 

the RH level, the damping ratios for all the three modes have reported a slight increase, 

but the variation is not significant. 

 

 

Keywords: composite material; natural fibre; dynamics; modal testing. 
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4.1. Introduction 

A composite is a multiphase material formed by combining two or more 

dissimilar materials during manufacture to provide an aggregate property that cannot be 

met by any of its constituent alone [1]. It offers some advantages including high strength 

to weight ratio, corrosion resistance, high fatigue strength, etc. Composite materials 

have been used in many industries for more and more high-technology applications such 

as in the aerospace, wind turbines, military, automotive, marine and underwater, and 

even in sports. The development of new biodegradable materials using renewable 

resources has become a recent trend due to the growing concern of environmental 

issues. For example, natural fibre-reinforced polymer composites have been developed 

to replace synthetic composites and various traditional materials such as plastic, 

polymer or some metals and metal based alloys [2, 3]. Researchers all over the world 

put a significant effort on manufacturing environment-friendly natural fibre composites, 

which have potential applications in construction, sporting industries, automobile 

components, and biomedical applications [4]. 

Natural fibres are sourced from plants or animals [5]. The plants produce cellulose 

fibres held together by the lignin and hemicellulose matrix. These natural fibres include 

flax, jute, hemp, sisal, ramie, kenaf, coir and many others [6]. Comparing with synthetic 

fibres, there exist some good properties and superior advantages of natural fibres, such 

as the relatively low weight, low cost, less damage to processing equipment, good 

relative mechanical properties such as tensile modulus and flexural modulus, improved 

surface finish of moulded parts composite, renewable resources, easy availability, 

flexibility during processing, biodegradability, enhanced energy recovery, and minimal 

health hazards such as reduced dermal and respiratory irritation [1,7–10]. Composites 

made with natural fibre reinforcement are biodegradable, recyclable and can generate 

significantly lower CO2 emissions due to their lightweight. Therefore, automotive or 

other machine parts that are manufactured by natural fibres require less energy to 

operate [11, 12]. Even with these advantages, natural fibre reinforced composites have 

some drawbacks such as high moisture absorption, variability in quality, low strength 

and limited durability [13]. In view of it, there are continuous studies to improve the 

performance of natural fibre composites. 

Among the natural fibres, flax is one of the most widely utilised bio-fibres [14], 

and also widely researched [15, 16]. Flax fibres are produced from the stems of flax 
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bast plant. Flax fibres are cost-effective and offer specific mechanical properties such 

as tensile strength in the range of 641 ± 314 or 1795 ± 1127 MPa, and Young’s modulus 

of 24 ± 11 or 76 ± 40 GPa, with large variability both within studies and between studies 

[17]. As a comparison, the general-purpose boron-containing E-glass fibres have a 

tensile strength of about 3100-3800 MPa and Young’s modulus of 76-78 GPa [18]. 

Composites made of flax fibres with thermoplastic, thermoset, and biodegradable 

matrices have exhibited good mechanical properties [14]. However, the structure of 

natural fibres permits moisture absorption from the surroundings which causes weak 

bindings between the fibre and polymer. Like other natural fibres, highly hydrophilic 

nature of the flax fibres and moisture sensitivity of their composites are the main 

disadvantages as indicated by some researchers [19, 20]. During manufacturing the 

composites, sometimes hydrophilic natural fibres and hydrophobic thermoplastic and 

thermoset matrices require the physical and chemical treatments due to their 

incompatibility. This is required to increases the adhesion between the fibre and the 

matrix [8,12,14]. So humidity and water absorption behaviour of the natural flax fibres 

always play a significant role during the manufacturing of their bio-composites [21]. 

Several studies [8, 22–27] reported the effect of moisture content on the properties of 

natural fibre and their composites. Stamboulis et al. [25] studied the moisture absorption 

of two types of flax fibres (green and duralin) at different levels of relative humidity 

(RH). It was found that the moisture content of both green and duralin flax fibres 

increases with increasing the RH. But the moisture content of green flax is, however, 

higher than that of duralin flax fibres for all the RH. Nilsson [26] reported that the 

moisture content in the fibre has a great influence on the stiffness. Davies and Bruce 

[27] investigated the environmental RH on the tensile properties of flax and nettle 

fibres. It was found that the tensile moduli of flax fibres are dependent on the 

environmental RH [27]. Both static and dynamic moduli of flax fibres decreased with 

an increase in RH. The stiffness of the fibres generally increases with decreasing RH, 

which is in good agreement with the results that the static modulus falls with increasing 

RH. It is interesting to see that the dynamic modulus is around 12 GPa higher than the 

static modulus [27]. 

Composite structures are with orthotropic properties caused by the special 

formation of multiple laminate layers. Due to the complexity of the failure modes of 

composites comparing with classical materials, engineers have to consider a variety of 
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phenomena during the design to satisfy the demands for performance, safety, and 

reliability. Since composite structures have been widely used in various high-end 

engineering applications where sensitivity to structural vibration is a serious concern, 

studies on the vibrational behaviour of composite structures have received considerable 

attention. However, the anisotropic physical properties of composite beams make the 

vibration analysis difficult [28]. There is no simple approach for dynamic analysis of 

composite beams considering all kinds of couplings [29]. To facilitate engineering 

analysis and design for the application of composite structures, it is required to 

understand the dynamic performance and the free vibrations as many vibration-related 

problems for structures are caused by resonance. The dynamic parameters such as the 

natural frequencies and damping are of substantial importance. The natural frequency 

defines how the structure will respond to dynamic loading, while the damping 

determines how fast the response of the structure will decay with the time [14]. If the 

structure is excited at or near one of the modal frequencies, even a small amount of 

input force can cause a very large vibration response. It is thus dangerous since 

structural damage due to severe vibration is very likely at resonance. It is important to 

identify and quantify the resonant frequencies and damping to better understand any 

structural dynamic problem. Also, for the development of natural fibres-reinforced 

composite materials in high performance applications, further information about their 

dynamic properties such as damping is required [30, 31]. 

For natural fibre-reinforced composite, the dynamic performance is also affected 

by water absorption. Mazuki et al. [32] found that the absorbed water influenced the 

dynamic mechanical properties of the kenaf fibre-reinforced composites vastly. Yan 

and Chouw [33] studied the dynamic and static properties of a flax fibre-reinforced 

polymer tube confined with coir fibre-reinforced concrete. It was reported that the 

natural frequency and dynamic modulus of elasticity of the flax fibre-reinforced 

polymer tube were decreased due to the confinement of plain concrete and carbon fibre-

reinforced concrete but the dynamic Poisson’s ratio and damping ratio were increased 

with this confinement. Parhi, Bhattacharyya, and Sinha [34] analysed the hygrothermal 

effects on the dynamic performance for multiple delaminated composite plates and 

shells. They found that the natural frequencies were decreased but the amplitude of 

dynamic displacements was increased and stresses were also affected by the higher 

moisture content and temperature. Saravanos and Hopkins [35] investigated analytically 
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and experimentally about the effects of delamination on the dynamic characteristics of 

the composite laminates with damping. They found that composite laminate 

configuration influenced the delamination effect on the dynamic properties. Natural 

frequencies were changed with rapid and substantial damping changes but the 

interfacial friction has no significant effects on it. On the other hand, Cawley and Adams 

[36] studied the dynamic flexural properties of anisotropic carbon fibre-reinforced 

plastic and glass-reinforced plastic composite beams. Inconsistency could be caused 

between the measured and predicted effective flexural moduli of the beams by the 

anisotropy of the composites. It was occurred by the high aspect ratio which can make 

the deformation insignificant during the simple bending of the beams. 

Despite the practical importance of the dynamic performance of bio fibre 

composite materials, the published research work in this field is scarce, especially on 

the influence of relative humidity in the manufacturing process. Limited research is 

available to address the vibration behaviour of flax fibre composite material. In view of 

the demand, this chapter aims to investigate the dynamic behaviour of flax fibre 

composite beams to understand the influence of humidity on the vibration frequency 

and damping. 

 

4.2. Material and experiments 
 

4.2.1.  Material preparation  

Commercially available unidirectional flax fabric supplied by Lineo with a 

density of 180 g/m2, and R-180 Part-A epoxy resin (from Nuplex industries (Aust) Pty 

Ltd), were used to fabricate the flax fibre reinforced composite materials. The matrix 

was mixed with H180 standard hardener (from Nuplex) before infusion. TR 102 regular 

wax (from Nuplex) was used to release the mould. The fabric, stored in an environment 

condition of 65% RH and 23 °C, was cut into rectangular pieces (230 mm × 270 mm), 

weighted, and placed inside a TD300F dehumidifier oven (Thermoline Scientific) at 60 

°C to make it dry. The weight loss was monitored every 20 min until equilibrium was 

reached. 

In order to assess the influence of the moisture content on the performance of the 

material, composite samples were made according to a number of relative humidity 

(RH) levels, including dry, 35%, 50%, 70% and 95% RH. The RH levels of the fabrics 

were achieved using a model CH700 V Angelantoni humidity chamber. The composites 
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were manufactured by the vacuum assisted resin infusion technique using ten layers of 

fabric reinforcement, which were conditioned at 25 °C at different relative humidity 

levels in the humidity chamber (35, 50, 70, 95 % RH). To guarantee that the composites 

were prepared with the correct moisture content in the fabrics, the following procedures 

were carried out: 

 Cut the fabric layers to needed dimensions (230 mm × 270 mm) and dry them 

inside the dehumidifier oven; 

 Place the fabric layers inside the humidity chamber at the desired value of RH 

for 24 h; 

 Wax an aluminium flat mould and prepared all the infusion materials (bag, peel 

ply, flow media, hoses) to the correct dimensions; 

 Withdraw the fabrics from the humidity chamber and quickly place them on the 

aluminium mould;  

 Lay the peel ply and the flow media over the fabrics and seal the vacuum bag to 

the mould at two sides, attach the hoses (resin and vacuum ports) also there. In 

this way, the other two longer sides of the bag remain widely open. It should be 

noted that although this procedure takes no more than 15 minutes, the fabrics 

can lose or gain moisture, depending on the moisture gradient between the 

fabrics and the environment. 

 Place the mould inside the humidity chamber at the desired RH level for another 

24 hours, for the fabrics to reach the corresponding equilibrium value for the set 

RH;  

 Remove the mould from the humidity chamber and seal the two open sides 

instantaneously (in less than one minute), to ensuring that the fabrics are kept at 

the desired moisture content; and  

 Carry out the resin infusion immediately with a vacuum pump and at room 

temperature. The pressure is -100 kPa. Time for each infusion is between 10-15 

minutes. 

 In addition, composites using dry fabrics were also made. In this case, fabrics 

were dried in the oven for 4 h at 60 °C, and then placed in the mould, the infusion 

set up was prepared and the vacuum bag was completely sealed to the mould. 

Vacuum was applied and the stack of fabrics was dried in the oven for another 

3 h under full vacuum at 45 °C. Since the preform was under vacuum and there 
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was no risk of moisture absorption, the resin was infused 15 minutes after the 

mould was withdrawn from the oven, allowing the system to cool down and 

reach the room temperature. 

 All composites were cured under full vacuum at room temperature for 24 h and 

then post cured for 8 h at 60 °C. The resultant thickness of the composite panels 

was around 3 mm. Beam samples with a nominal dimension of 250 mm × 25 

mm × 3 mm, as shown in Figure 4.1, were prepared from the composite panels 

by means of a TROTEC Speedy 300 laser cutting machine to the required shape 

and dimensions, with three samples for each material group. On each type of 

beam sample, the thickness was measured using a Vernier on eight different 

locations. The resultant average thickness of each type of beam sample and the 

standard deviation (SD) on this measurement are listed in Table 4.1. The fibre 

volume fraction for each type of composite is also listed in Table 4.1, which 

was determined by using the following equation [37]: 

 

𝐹𝑖𝑏𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

=  
(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑏𝑟𝑖𝑐 𝑙𝑎𝑦𝑒𝑟𝑠 × 𝑎𝑟𝑒𝑎𝑙 𝑤𝑒𝑖𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑎𝑥 𝑓𝑎𝑏𝑟𝑖𝑐)

(𝑓𝑖𝑏𝑟𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)
      (1) 
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Figure 4.1. Composite beam samples. 

       
       

Table 4.1. Resultant average thickness of each type of beam sample and the standard 

deviation on this measurement. 

 

Material Thickness (mm) Standard deviation Fibre volume fraction (%) 

C-D (Dry) 3.004 0.029 38.9 

C-35 (35% RH) 3.045 0.029 38.4 

C-50 (50% RH) 2.986 0.016 39.1 

C-70 (70% RH) 3.011 0.039 38.8 

C-95 (95% RH) 2.951 0.045 39.6 
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In this study, the number of fabric layers is 10, the areal weight of the flax fabric 

is 180 g/m2, the fibre density of flax is taken as 1.54 g/cm3 [38], and the composite 

thickness used is as listed in Table 4.1. The variation of moisture in the composite was 

taken into account in the calculation by using the specific composite thickness values. 

It can be seen that an average fibre volume fraction is about 39%, and the value for each 

sample is quite close. The SD is 0.45%. The influence of RH values on the fibre volume 

fraction is thus not too significant. 

In summary, five types of flax fibre-reinforced composite materials were prepared 

under different RH values, i.e., dry, 35%, 50%, 70%, and 95% RH. Accordingly, the 

composite samples made under these RH conditions are referred to as C-D, C-35, C-50, 

C-70, and C-95 in this study. In a previous study [21], the authors have investigated the 

effect of moisture in flax fibres on the overall quality of epoxy/flax bio-composites, 

especially on some basic mechanical properties such as the stiffness in terms of Young’s 

modulus and flexural modulus, fracture strain, tensile strength and flexural strength, etc. 

Microstructural analysis was also done by using optical microscopy and SEM, and it 

was found that highly humid fabrics (95% RH) generate post-processing deformation 

of finished parts and also lead to poor microstructural quality such as voids and matrix 

cracks. The current study can be considered as an extension of the previous article, with 

a focus on the dynamic testing with different humidified flax fibre composites. 

 

 

4.2.2.  Hammer testing  

Impact hammer testing was conducted to identify the dynamic properties of the 

composite beams. It is a fast and convenient approach to determine the modal properties 

of structures. The dynamic parameters including the natural frequencies, modal 

damping ratios and mode shapes of a test structure can be identified from the hammer 

testing. A PCB Piezotronics model 086C03 ICP instrumented hammer was used to 

impact the beam under test. A medium impact tip (white plastic) was selected; thus, the 

beam samples can be excited over a medium frequency range up to nearly 1000 Hz 

(within -3 dB). The impact force was measured by the embedded ICP quartz force 

sensor mounted on the striking end of the impact hammer. A PCB model 352C33 

piezoelectric ICP accelerometer was mounted on the free end of the cantilever beam to 

measure the vibration response of the structure upon the hammer impact. Adhesive 

mounting with bee wax was employed to form temporary installation on the beam. A 
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Prosig P8004 data acquisition system and DATS software were used for data acquisition 

and signal processing of the impact hammer testing. The resultant frequency response 

function (FRF) was an inertance calculated in terms of the frequency response of the 

acceleration relative to the excitation Force. In the testing, it is assumed that the 

measured inertance at any point on a structure can be represented mathematically as a 

summation of the individual modal inertance contributions from all the modes present 

in the analysis bandwidth. 

The flax fibre composite beams were clamped at one end onto a desk with a C-

clamp to form a cantilever beam. The overhang length of the cantilever was 225 mm. 

Seven node points were selected on the beam to carry out rover hammer impact testing, 

with an equal space of about 30 mm. The accelerometer was mounted on the first node 

which was close to the tip of the cantilever beam. The experimental setup is shown in 

Figure 4.2. On each node point, the hammer impact testing was conducted for three 

times and an average of the FRF was obtained by the DATS Impact Hammer module 

to remove random noise. In such a way, a set of FRFs of the structure was measured. 

For each beam sample, three sets of hammer testing were conducted. Since there were 

three beam samples prepared for each type of material, there were nine sets of hammer 

testing data for each type of composite. The mean values and SDs of key modal 

parameters were obtained to make the results statistically reliable.  

 

 
 

Figure 4.2. Setup of the impact hammer testing. 
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4.3. Results and discussions 

As a continuous structure, a beam sample has an infinite number of degrees of 

freedom, which means there is an infinite number of modes. But in reality, it is possible 

to measure only a small subset of the FRFs on a structure via modal testing. In this 

study, only seven node points were selected to measure the FRFs. From this small subset 

of FRFs, the modes within the frequency range of the measurements can still be 

accurately determined. Modal parameters were then identified by curve fitting a set of 

FRFs for a beam sample. A typical FRF is shown in Figure 4.3. From the FRF curve, 

the major resonant frequencies can be identified, the corresponding damping ratios can 

be calculated, and the mode shape at each mode can be determined through curve fitting. 

In this study, only the first three modes were analysed. The frequency bands around the 

first 3 significant modes (peaks) were selected, and multiple degrees of freedom option 

was used for the analysis and curve fitting. Figure 4.3(b) shows an example of the 

analysis results with the fitted FRF superimposed on top of the measured FRF.  

 
 

 
(a) 

 
(b) 

 

Figure 4.3. Example of (a) measured and (b) fitted frequency response functions. 
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The identified modal parameters including the mean natural frequencies and 

damping ratios for the first three modes and the corresponding SD as well are 

summarized in Table 4.2 for all the five types of composite materials with different RH 

levels. The variations of the measured first three mean natural frequencies of the beams 

versus RH values are also illustrated in Figure 4.4, while the variations of the 

corresponding damping ratios are shown in Figure 4.5. 

 

Table 4.2. Key modal parameters identified from the hammer testing for the (a) first 

mode, (b) second mode, and (c) third mode. 

(a) 
 

 Material 

1st mode: frequency (Hz)   1st mode: damping (%) 

Mean  SD   Mean  SD 

C-D (Dry) 25.2 0.338 
 

1.91 0.297 

C-35 (35% RH) 25.5 0.159 
 

1.99 0.302 

C-50 (50% RH) 25.1 0.139 
 

1.97 0.638 

C-70 (70% RH) 25.2 0.448 
 

2.32 0.684 

C-95 (95% RH) 24.8 0.700   2.08 0.339 

 

(b) 

  Material 

2nd mode: frequency (Hz)   2nd mode: damping (%) 

Mean  SD   Mean  SD 

C-D (Dry) 204.8 2.539 
 

1.23 0.181 

C-35 (35% RH) 208.1 0.782 
 

1.51 0.220 

C-50 (50% RH) 203.1 0.928 
 

1.54 0.070 

C-70 (70% RH) 203.3 1.803 
 

1.49 0.102 

C-95 (95% RH) 200.8 7.049   1.56 0.514 

 

(c) 

  Material 

3rd mode: frequency (Hz)   3rd mode: damping (%) 

Mean  SD   Mean  SD 

C-D (Dry) 574.8 1.91 
 

1.24 0.362 

C-35 (35% RH) 589.0 1.99 
 

1.31 0.245 

C-50 (50% RH) 572.3 1.97 
 

1.28 0.242 

C-70 (70% RH) 573.3 2.32 
 

1.19 0.145 

C-95 (95% RH) 566.7 2.08   1.37 0.366 
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Figure 4.4. Vibration of the measured first three resonant frequencies (mean) of the 

beams versus RH values. 

 

 
 

Figure 4.5. Variation of the measured first three damping ratios (mean) of the beams 

versus RH values. 
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It can be seen from the modal results that for the composite manufactured under dry (C-

D), the first three natural frequencies are 25.2 Hz, 204.8 Hz, and 574.8 Hz, respectively. 

For the composite samples manufactured under 35% RH (C-35), 50% RH (C-50), and 

70% RH (C-70) conditions, the resonant frequencies are also quite close. As to the 

composite fabricated under the condition of 95% RH (C-95), there is a clear drop of all 

the three resonant frequencies. Actually, the densities of all the 5 types of composite 

samples are almost the same, but with the increment of the RH value, the flexural 

modulus of the composite drops, which is listed in Table 4.3. For the C-95 composite, 

the drop of the flexural modulus is relatively significant. Such a drop of the flexural 

modulus could be the main reason for the decline of the resonant frequencies for the C-

95 material. It is interesting to note that for the modal damping, along with an increase 

of the RH level, the damping ratios for all the three modes show a slightly increasing 

trend, but the variation is not significant. For the first mode, the damping ratios are close 

to 2%, and for the higher modes, a drop of the damping ratios was observed. This 

phenomenon indicates that all the materials have slightly better damping at the first 

resonant frequency. There is no significant difference in terms of damping properties 

for all the materials used. 

 

Table 4.3. Density and flexural modulus of elasticity of the composites. 

 

Material Density (gm/cc) Flexural modulus (GPa) 

C-D (Dry) 1.225 16.2 

C-35 (35% RH) 1.262 15.96 

C-50 (50% RH) 1.265 15.71 

C-70 (70% RH) 1.264 15.18 

C-95 (95% RH) 1.255 11.81 

 

 

It should be noted that in the hammer testing process, the vibration response of 

the cantilever beam was measured by using an accelerometer attached to near the tip of 

the beam. Such a measurement setup inevitably added an extra mass to the beam tip and 

affected the measurement results. Specifically, the modal frequencies of the beam were 

influenced. A mass loading on the beam would result in a lower value for a modal 

frequency. Therefore, to obtain an accurate set of modal parameters, the mass loading 

effect should be eliminated mathematically or by using non-contact vibration 

measurement sensors such as a laser Doppler vibrometer. Nevertheless, since the same 
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accelerometer was used for the hammer testing for all the beam samples in a similar 

configuration, for the purpose to assess the influence of the HR level during 

manufacturing on the dynamic performance of composite materials, qualitatively the 

relative comparison between different samples is believed to be still unaffected in terms 

of a general trend. Further, attachment of an accelerometer on the beam sample should 

not bring up noticeable change to the damping. Therefore, the conclusions from the 

experimental results should be trustable.  

 

4.4. Conclusions 

The following conclusions can be drawn from this study: 

 Impact hammer testing was conducted to measure the natural frequencies and 

damping of the composite beam samples. Cantilever beams were formed by 

clamping the composite beams at one end. Modal parameters were identified by 

curve fitting with a measured set of FRFs.  

 It was found that for the first three modes, while the resonant frequencies are 

very close for most samples, there is a clear drop of frequencies for the 

composite fabricated at 95% RH (C-95). Along with an increase of the RH level, 

the damping ratios for all the three modes have reported a slight increase, but 

the variation is not significant. 

 The composites manufactured with the dry fibres possess the better vibration 

properties than the same with 95% RH value. Therefore, dry flax fibre 

composites are preferable in different engineering applications instead of 

composites manufactured with high humidified flax fibres. 

 
 

4.5. Chapter summary  

This chapter provides a detail discussion about the dynamic behaviour of the 

humidified flax fibre composites. These composites were fabricated by using 

unidirectional flax fabric and epoxy resin through the vacuum infusion process. The 

composites were manufactured under five different RH values, i.e., dry, 35%, 50%, 

70% and 95% RH. The dynamic parameters such as resonant frequency and damping 

ratio were selected to measure by using the impact hammer testing and the frequency 

response functions were determined through the curve fitting. The response obtained in 
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this chapter has showed that dry fibre composites performed better dynamic properties 

than the composites manufactured with 95% RH conditioned flax fibres. On the other 

hand, to estimate the performance of flax composites prior to manufacturing with 

different RH conditioned flax fibres, the modelling technique could be a better 

alternative to reduce the time consuming experimental process. As a result, analytical 

modelling approaches are proposed to estimate the mechanical properties of the 

composite materials manufactured with differently humidified flax fibres in the next 

chapter. 
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Chapter 5. Analytical modelling to estimate mechanical properties of 

flax fibre composites at different relative humidities 
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Abstract 

This study investigates the experimental results with the geometric and 

displacement potential function (DPF) approach to predict the mechanical properties of 

composites made by vacuum infusion with epoxy resin and flax fibre fabrics exposed 

to different relative humidities (RH). As vegetable fibres absorb moisture in different 

RH environments, the moisture content in the fabrics changes and the properties of the 

composites are affected. The tensile properties measured experimentally were 

compared against analytical results, and a strong agreement was found. Almost similar 

values were found for the experimental strain at break and the results predicted by the 

geometric function, but the predicted strain at break was lower when DPF was used. 

Overall, the good conformity between the experimental, analytical and displacement 

potential function formulation for predicting mechanical properties ensures the practical 

applicability of this study. The formulations established in this work could, therefore, 

be utilized to analytically solve laminated composites under specific boundary 

conditions in structural applications. 

 

 

 

Keywords: Laminates; Mechanical properties; Analytical modelling; Mechanical 

testing. 
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5.1. Introduction 

Natural fibres are the important constituents for manufacturing composite 

materials because of their potential advantages. The main motivation to use these fibres 

is lower cost, environment-friendly and renewable in nature, good specific strength and 

low density as compared to synthetic fibres. Synthetic fibres are used in composites for 

many engineering applications as they possess excellent mechanical properties. 

However, growing environmental concerns about the increasing rate of greenhouse 

gases and global warming forced the researchers to rethink about the natural fibre based 

composites in practical usage.  

The mechanical properties of composite materials depend on several parameters, 

such as the type of matrix and fibres used, the orientation of the fibres, fibre volume 

fractions, and the properties of the fibre-matrix interface. Despite the fact that synthetic 

fibre composites have better mechanical properties, numerous specific mechanical 

properties of natural fibre composites are comparable to those of synthetic fibre 

composites. Natural fibre composites are widely used in automotive, sports, packaging 

and space industries or even in construction and household appliances [1-5]. Therefore, 

knowing the mechanical properties of natural fibre composites is important to take a 

decision in their applications. However, natural fibres are highly hydrophilic by nature 

and they absorb moisture from the environment when they are in use. A previous study 

[6] has shown that the moisture present in the natural fibres before processing the 

composites influences the final microstructures and properties of the bio-composite 

materials. The authors showed that the tensile strength increased with the increasing 

rate of moisture absorption of the flax fabrics. However, this rate was continued until a 

certain RH value (50% RH), and after this optimum value, the strength decreased 

continuously as the moisture in the fabrics kept increasing. Particularly, from 70% to 

95% RH environments, the weaker interface of the fibre-matrix was evident because of 

the higher moisture absorption and pores and micro-cracks were found during their 

microstructural analysis. They concluded that strain at break increased due to the 

plasticization effect of water molecules on the fibres and the matrix, and the tensile 

modulus decreased accordingly with increasing RH values. Considering the moisture 

absorption behaviour of the fibres and the detrimental effect on the characteristic 

properties of the natural fibre based composites, these materials are mainly used in 

indoor structures of different engineering applications. Moudood et al. [7] characterized 
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the performance of flax fibre reinforced bio-epoxy composites subjected to 

distinct environments: underwater immersion, warm and humid environment and 

freezing-thawing cyclic conditions. The composite samples immersed in water reduced 

their strength and modulus almost 9 and 57%, respectively when compared to the as 

manufactured samples. However, only 0.8% and 3% reduction was found on the tensile 

strength and modulus of the specimens exposed to 75% RH and 45 oC. In addition, they 

found that freeze-thaw cycling has a negligible effect on the composite properties. 

Recently, different analytical, mathematical and numerical methods are being 

used by researchers to estimate the mechanical properties of the natural fibre reinforced 

composites. Moreover, Ahmed et al. [8] reported that for a specific problem, accurate 

analytical solutions are always better than any approximate, i.e. numerical solutions. 

Modelling techniques are significant strategies for predicting the performances of 

natural fibre based composites. The overall behaviour of a composite structure as a 

function of its characteristics properties could be predicted by the modelling techniques. 

These methods are, in many ways, time and cost saving as compared to the costly and 

tedious mechanical testing of the composite materials. For example, Regazzi et al. [9] 

proposed the modelling of hydrothermally aged flax fibre reinforced composites. Their 

experimental results were perfectly matched with the simulated data as long as no 

irreversibility occurred. The less significant deviation between the simulated and 

experimental data was found at 35 °C while the more significant deviation was found 

at 50 °C. However, Afsar et al. [10] reported that the composite structures are mainly 

subjected to mixed type boundary conditions: load and displacement. Numerical 

techniques such as finite difference and finite element methods can be used to explain 

the mixed boundary value problems of these materials but the analytical solutions of 

the problems could confirm more accuracy of the results. 

A comparatively new approach, i.e. the displacement potential function deals with 

both analytical and numerical solutions of two-dimensional elasticity problems under 

mixed boundary conditions. Based on the finite-difference technique, the displacement 

potential function approach could save 87% computational work for the two-

dimensional problems as compared to the conventional method of finite element [11]. 

As the displacement potential function is mainly used for the orthotropic lamina [12], 

therefore, this formulation needs more modification and expansion in order to deal with 

more practical issues to address the elasticity problems of laminated composites [10]. 
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The main focus of this chapter is to characterize the mechanical properties of the 

flax/epoxy composite using geometric and analytical techniques. The tensile properties 

measured experimentally are selected for validation of those models. 

 

5.2. Materials and Methods 

 

5.2.1.  Materials 

Lineo, France provided the unidirectional (UD) flax fibre fabric (FlaxPLY UD, 

180 gm/m2). During the vacuum infusion method, the R-180 Part A epoxy resin and H 

180 hardener both produced by Nuplex Industries (Aust) Pty Ltd. was used. 

Furthermore, during the manufacturing process, TR 102 wax (TR industries, USA) was 

used. 

 

5.2.2.  Sample processing 

The vacuum infusion method was used to manufacture the composite samples 

where ten layers of flax fabrics were used. Flax fibre fabrics have been processed at 25 

°C and at a distinctive relative humidity (RH) (35, 50, 70, 95% RH) in a humidity 

chamber. At first, an oven was used to desiccate the flax fibre fabrics (size: 230 × 270 

mm) for 4 hours and 60 °C to ensure identical initial moisture content. Then, with all 

the infusion materials (vacuum bag, peel ply, flow media, hoses) a waxed aluminium 

flat mould was prepared. Ten layers of fabrics were quickly placed on the mold after 

withdrawing them from the humidity chamber. The peel ply and flow media were used 

to cover these layers on the mold that was completely sealed on two sides by the vacuum 

bag where the hoses (for resin and vacuum ports) were connected. The other two sides 

were left wide open. With all the vacuum infusion set up, the flax fabrics placed on the 

mould were kept for another 24 h in the humidity chamber so that the fabrics might 

reach the equilibrium value of the set RH levels. After 24 h, the mould was taken out 

from the chamber and the rest of the two ends have been closed immediately in order 

to ensure that the fabrics contained the moisture content that was desired and the resin 

infusion was performed immediately afterwards.        

In addition, dry flax fibre fabrics (dried in the oven for about 4 hours at 60 °C) 

were also used to manufacture composites. By doing this, the fibres were absolutely 

dried and kept on the mould with the infusion set up and the vacuum bag was completely 
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closed to the mould. The system was dried for an additional 3 h under full vacuum at 

45 °C. The resin was infused 15 minutes after removal of the mold from the oven to 

allow it to cool down at the room temperature (there has been no risk of absorption of 

moisture since the bag was sealed and the hoses were clamped). The resin infusion 

process and some images of the tensile samples are shown in Figure 5.1. Finally, the 

composite samples have been cured under full vacuum (−100 kPa) at room temperature 

for 24 h and post-cured at 60 °C for another 8 h according to the recommendations 

provided in the resin datasheet. 

 

5.2.3.  Mechanical testing 

A laser cutter was used to cut the tensile specimens from the composite panels 

following the ASTM D3039/D3039 M recommendations (sample size: 250×15×3.2 

mm) and the Instron 3367 universal testing machine was used for tensile testing of the 

samples. 

 

5.3. Prediction of strain using the geometric function 

Let the strain of the composite be defined as an even function where the 

percentage of moisture content in the composite is cos 𝜃 where, 0≤ 𝜃 ≤ 90°, as the 

moisture content varies from 0% to 100%. Thus, 𝜃 =
9

10
𝑅𝐻. From the characteristics 

of strain data obtained from the experiments, let the function be 

  

𝜀 = 𝐴 + 𝐵 𝑐𝑜𝑠 𝜃     (1) 

 

It should be noted that a sin function or some other functions could also be used, 

however, using trial and error method the function that closely matches the 

characteristics of the data is considered here. Now, by setting the boundary conditions 

as 
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Figure 5.1. (a) Schematic illustration of the processing of flax/epoxy composites 

using vacuum infusion, (b) Vacuum infused composite plate and (c) Tensile test 

specimen. 

 

 

at 𝜃 = 0, 𝑅𝐻 = 0%, 𝜀 = 𝜀𝑚𝑖𝑛 

 

Thus,      𝜀𝑚𝑖𝑛 = 𝐴 + 𝐵 cos 0 

 

𝐴 + 𝐵 = 𝜀𝑚𝑖𝑛 

 

Again at 𝜃 = 90°, 𝑅𝐻 = 100%, 𝜀 = 𝜀𝑚𝑎𝑥.  

 

Thus,      𝜀𝑚𝑎𝑥 = 𝐴 + 𝐵 cos 90° 

 

𝜀𝑚𝑎𝑥 = 𝐴 

 

𝜀𝑚𝑖𝑛 = 𝜀𝑚𝑎𝑥 + 𝐵 

 

∴ 𝐵 = −(𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛) 
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Thus,    𝜀 = 𝜀𝑚𝑎𝑥 − (𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛) cos 𝜃 

 

Again, let us define the modulus as  

𝐸 = 𝐶 + 𝐷 𝑐𝑜𝑠 𝜃      (2) 

Now, at 𝜃 = 0, 𝑅𝐻 = 0%, 𝐸 = 𝐸𝑚𝑎𝑥.  

 

Thus,      𝐸𝑚𝑎𝑥 = 𝐴 + 𝐵 cos 0 

 

𝐴 + 𝐵 = 𝐸𝑚𝑎𝑥 

 

Again at 𝜃 = 90°, 𝑅𝐻 = 100%, 𝐸 = 𝐸𝑚𝑖𝑛.  

 

Thus,      𝐸𝑚𝑖𝑛 = 𝐴 + 𝐵 cos 90° 

 

𝐸𝑚𝑖𝑛 = 𝐴 

 

𝐸𝑚𝑎𝑥 = 𝐸𝑚𝑖𝑛 + 𝐵 

 

∴ 𝐵 = (𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛) 

 

Thus,    𝐸 = 𝐸𝑚𝑎𝑥 + (𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛) cos 𝜃    (3a)  

 

In the same way,  

  

   𝜎 = 𝜎𝑚𝑖𝑛 + (𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛) sin 𝜃    (3b) 

 

5.4. Prediction of strain using a displacement potential function 

The bending-extension coupling stiffness matrix becomes zero when a 

symmetrically laminated composite is subjected to an in-plane loading [13], on the other 

hand, both the mid-plane strains and the global strains become equal. In a global 

coordinate system, the average stress-strain relationship under plane stress for 

unidirectional (UD) laminated composite plate can be expressed as [13]: 

 

[

𝜎𝑥

𝜎𝑦

𝑥𝑦

] =
1

ℎ
[
𝐴11 𝐴12 0
𝐴12 𝐴22 0

0 0 𝐴66

] [

𝜀𝑥

𝜀𝑦

𝛾𝑥𝑦

],       (4) 
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where, 𝜎𝑥 and 𝜎𝑦 represent the normal stress components in x and y-directions, 

respectively, while 𝜏𝑥𝑦 represents the shear stress on x-y plane. 𝜀𝑥 and 𝜀𝑦 signify normal 

strain in x and y-directions, respectively, on the other hand 𝛾𝑥𝑦 denotes shear strain. The 

components of the stiffness matrix [𝐴] can be defined as [13]:  

 

𝐴11 = ∑[𝑄11𝑐4 + 𝑄22𝑠4 + 2(𝑄12 + 2𝑄66)𝑠2𝑐2]𝑘(ℎ𝑘 − ℎ𝑘−1)

𝑛

𝑘=1

 

 

𝐴12 = ∑[(𝑄11 + 𝑄22 − 4𝑄66)𝑠2𝑐2 + 𝑄12(𝑐4 + 𝑠4)]𝑘(ℎ𝑘 − ℎ𝑘−1)

𝑛

𝑘=1

 

 

𝐴22 = ∑[𝑄11𝑠4 + 𝑄22𝑐4 + 2(𝑄12 + 2𝑄66)𝑠2𝑐2]𝑘(ℎ𝑘 − ℎ𝑘−1)

𝑛

𝑘=1

 

 

𝐴66 = ∑[𝑄11 + 𝑄22 − 2𝑄12 − 2𝑄66)𝑠2𝑐2 + 𝑄66(𝑠4 + 𝑐4)]𝑘(ℎ𝑘 − ℎ𝑘−1)

𝑛

𝑘=1

 

 

Here, 𝑄11 =
𝐸1

(1−𝜈12𝜈21)
, 𝑄12 =

𝜈12𝐸1

(1−𝜈12𝜈21)
, 𝑄22 =

𝐸2

(1−𝜈12𝜈21)
, 𝑄66 =  𝐺12 and 

(ℎ𝑘 − ℎ𝑘−1) is the thickness of the kth ply of the laminate; the thickness of the whole 

laminate is denoted by h; θ is the fibre orientation of a lamina with respect to the x-axis, 

𝑠 = sin 𝜃, 𝑐 = cos 𝜃. For the present problem, the angle is θ = 0, as the laminate is 

unidirectional. E1 and E2 are the moduli of elasticity in x and y-directions, respectively; 

and G12 is the in-plane shear modulus of a lamina. The major and minor Poisson's ratios 

are denoted by 𝜈12 and 𝜈21, respectively. 

The equilibrium equations for the plane elasticity problems based on the Cartesian 

coordinate system while body forces are absent are given by [14] 

𝜕𝜎𝑥

𝜕𝑥
+

𝜕𝜏𝑥𝑦

𝜕𝑦
= 0 

 

𝜕𝜎𝑦

𝜕𝑦
+

𝜕𝜏𝑥𝑦

𝜕𝑥
= 0 

(8) 

(6) 

(7) 

(5) 

(9) 

(10) 
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The stress-strain relationship under plane stress, Eq. (4) can be written in terms 

of displacements as 

𝜎x =
1

ℎ
[𝐴11

𝜕𝑢𝑥

𝜕𝑥
+ 𝐴12

𝜕𝑢𝑦

𝜕𝑦
] 

 

𝜎𝑦 =
1

ℎ
[𝐴12

𝜕𝑢𝑥

𝜕𝑥
+ 𝐴22

𝜕𝑢𝑦

𝜕𝑦
] 

 

xy =
1

ℎ
𝐴66 [

𝜕𝑢𝑥

𝜕𝑦
+ 𝐴22

𝜕𝑢𝑦

𝜕𝑥
] 

Replacing the above strain-displacement equations given by Eqs. (11 to 13) into 

Eqs. (9 and 10) yields [15]: 

 

𝐴11

𝜕2𝑢𝑥

𝜕𝑥2
+ (𝐴11 + 𝐴66)

𝜕2𝑢𝑦

𝜕𝑥𝜕𝑦
+ 𝐴66

𝜕2𝑢𝑥

𝜕𝑦2
= 0 

 

𝐴22

𝜕2𝑢𝑦

𝜕𝑦2
+ (𝐴12 + 𝐴66)

𝜕2𝑢𝑥

𝜕𝑥𝜕𝑦
+ 𝐴66

𝜕2𝑢𝑦

𝜕𝑥2
= 0 

 

Theoretically, to deal with the mixed boundary value elastic problems of 

composite materials the above equations (Eqs. 14 and 15) can be used efficiently. 

However, to avoid difficulty in attaining an analytical solution of two functions that are 

satisfying two second-order partial differential equations (PDE) (Eqs. 14 and 15) 

simultaneously, a displacement potential function (DPF) approach is introduced to 

reduce the number of equations and to avoid complexity. A displacement potential 

function is a functional representation for displacement which identically satisfies the 

compatibility condition and allows the equilibrium equation to define the governing 

equation. A stress function formulation is generally more cumbersome than DPF. The 

main reason for incorporating this function is simplicity. A new DPF, 𝜓(𝑥, 𝑦) is defined 

in terms of displacement components in the present study. To reduce the number of 

equations for ux and uy in Eqs. (14) and (15) a single function ψ(x, y) can be used and 

thus the number of unknowns will be reduced to one. Hence only one equation will then 

be sufficient to obtain this unknown function ψ(x, y), yet the function should satisfy 

both the equations [16]. These two displacement components can be stated as: 

(11) 

(12) 

(13) 

(14) 

(15) 
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𝑢𝑥 =
𝜕2𝛹

𝜕𝑥𝜕𝑦
 

 

𝑢𝑦 = −
𝐴11

𝐴12 + 𝐴66

𝜕2𝛹

𝜕𝑥2
−

𝐴66

𝐴12 + 𝐴66

𝜕2𝛹

𝜕𝑦2
 

The above relation between ux, uy and ψ(x, y) readily satisfies the equation (14) 

and the second equilibrium equation (Eq. 15) can be reduced by substituting Eqs. (16a 

and 16b) into Eq. 15 as:   

 

𝜕4𝛹

𝜕𝑥4
+ [

𝐴22

𝐴66
−

𝐴12
2

𝐴11𝐴66
−

2𝐴12

𝐴11
]

𝜕4𝛹

𝜕𝑥2𝜕𝑦2
+

𝐴22

𝐴11

𝜕4𝛹

𝜕𝑦4
= 0 

 

Eq. 17 is a fourth-order PDE with a single unknown. This implies to the reduced 

solution to the mixed boundary value problem. By using Eq. 6, the stress-strain 

relationship in terms of displacements (Eqs. 11 to 13) can be written as:   

 

𝜎𝑥 =
𝐴66

ℎ(𝐴12 + 𝐴66)
[𝐴11

𝜕3𝛹

𝜕𝑥2𝜕𝑦
− 𝐴12

𝜕3𝛹

𝜕𝑦3
] 

 

𝜎𝑦 =
1

ℎ(𝐴12 + 𝐴66)
[(𝐴12

2 + 𝐴12𝐴66 − 𝐴11𝐴22)
𝜕3𝛹

𝜕𝑥2𝜕𝑦
− 𝐴22𝐴66

𝜕3𝛹

𝜕𝑦3
] 

 

xy =
𝐴66

ℎ(𝐴12 + 𝐴66)
[𝐴12

𝜕3𝛹

𝜕𝑥𝜕𝑦2
− 𝐴11

𝜕3𝛹

𝜕𝑥3
] 

Thus the solution to displacement and stress components can be obtained 

through solving Eq. 17. 

 

5.4.1.  The analytical solution to the problem 

A unidirectional (UD) laminated composite panel consisting of n number of 

plies is shown in Figure 5.2. The thickness of the panel is h. The left end of the panel 

is rigidly fixed while the two longitudinal ends are stiffened. The other end is subjected 

to a uniform tensile load 𝜎𝑥
0. The length of the panel is b and the width is a. The 

(16a) 

(16b) 

(17) 

(18) 

(19) 

(20) 
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conditions on the stiffeners are mathematically formulated by the fact that there is no 

displacement along the length of the stiffened edges under the action of load and the 

stress in the direction perpendicular to the stiffener is zero. Thus, the boundary 

conditions of the problem are given by: 

(1) ux (x, 0) = ux (x, a) = 0; 0  x  b 

 

(2) y (x, 0) = y (x, a) = 0; 0  x  b 

 

(3) ux (0, y) = uy (0, y) = 0; 0  y  a 

 

(4) x (b, y) = x
0, 𝑥𝑦 (b, y) = 0; 0  y  a 

 

 
 

Figure 5.2. A UD laminated composite sample under uniform tensile loading. 

 

 

For a UD rectangular laminated composite panel, having one end fixed, lateral 

edges are stiffened and another end is under axial loading, then let the displacement 

potential function be 

 

𝛹 = ∑ 𝑋𝑚 cos 𝛼𝑦

∞

𝑚=1

 (21) 



134 | P a g e  

 

where, 𝑋𝑚 is a function of 𝑥 only and 𝛼 =
𝑚𝜋

𝑎
 and a is the width of the panel. 

Substituting Eq. 21 into Eq. 17 yields a fourth-order partial differential equation 

with a constant coefficient:  

𝑋𝑚
′′′′ − 𝐵𝑋𝑚

′′ 𝛼2 + 𝐶𝑋𝑚𝛼4 = 0 

 

where, 𝐵 =
𝐴22

𝐴66
−

𝐴12
2

𝐴11𝐴66
−

2𝐴12

𝐴11
 and 𝐶 =

𝐴22

𝐴11
 

 

The general solution of Eq. 22 can be written as: 

 
𝑋𝑚 = 𝐴𝑚𝑒𝑛1𝑥 + 𝐵𝑚𝑒𝑛2𝑥 + 𝐶𝑚𝑒𝑛3𝑥 + 𝐷𝑚𝑒𝑛4𝑥 

 

where, 𝑛1, 𝑛2 = 𝛼√𝐵±√𝐵2−4𝐶

2
  and  𝑛3, 𝑛4 = −𝛼√𝐵±√𝐵2−4𝐶

2
 

 

Let us define the uniform tensile load x
0 applied at the edge x = b (length of the 

panel) in terms of Fourier series as   

 

𝜎𝑥 = 𝜎𝑥
0 = ∑ 𝐸𝑚 sin 𝛼𝑦𝑑𝑦 = −

4𝜎𝑥
0

𝑚𝜋
 [𝑓𝑜𝑟 𝑚 = 1, 3, 5, … . ∞],

∞

𝑚=1

 

 

where, 𝐸𝑚 =
2

𝑎
∫ 𝜎𝑥

0𝑎

0
sin 𝛼𝑦𝑑𝑦 = −

4𝜎𝑥
0

𝑚𝜋
   

 

Thus, the final form of this equation will be  

 

[

𝑛1 𝑛2 𝑛3 𝑛4

𝑃1 𝑃2 𝑃3 𝑃4

𝑄1 𝑄2 𝑄3 𝑄3

𝑅1 𝑅2 𝑅3 𝑅4

] {

𝐴𝑚

𝐵𝑚

𝐶𝑚

𝐷𝑚

} = {

0
0

�̅�𝑚

0

} 

where,  

 

 𝑃1 = 𝐴11𝑛𝑖
2 − 𝐴66𝛼2 , 𝑄1 = (𝐴11𝑛𝑖

2𝛼 − 𝐴12𝛼3)𝑒𝑛𝑖𝑏 , 𝑖 = 1, 2, 3 and 4 

 

𝑅1 = (𝐴11𝑛𝑖
3 − 𝐴12𝑛𝑖𝛼2)𝑒𝑛𝑖𝑏 and  �̅�𝑚 = −

𝐸𝑚ℎ(𝐴12+𝐴66)

𝐴66
 

 
 

(22) 

(23) 

(24) 

(25) 
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5.5. Results and discussion 

The analytical results for flax/epoxy laminated composite, obtained from the 

above mentioned methods are compared with the data obtained from the experiments 

are presented in this section. Table 5.1 shows the useful properties of flax/epoxy 

composites. Some of the elastic properties of the flax/epoxy composite lamina are found 

experimentally (𝐸1) and from that some others (𝐸2, 𝐺12, 𝜈12, 𝜈21) are calculated at 

different relative humidities (Table 5.1). As the accuracy of the DPF method depends 

on the number of terms of the Fourier series being added, the solution is obtained by 

varying the number of terms. Thus, for m = 35 is found to give the accuracy of up to 

four decimal places. Therefore, all the results presented hereafter correspond to m = 35. 

The iterations for DPF method have been done using a user-defined C++ program. 

 

 

Table 5.1 Predicted mechanical properties of flax/epoxy composites based on 

experimental data. 

 

RH (%) E1 (GPa) E2 (GPa) G12 (GPa) 𝝂𝟏𝟐 𝝂𝟐𝟏 

0 23.741 8.274 5.020 0.375131 0.130737 

35 22.529 8.058 4.886 0.375604 0.134343 

50 22.436 8.156 4.947 0.375366 0.136454 

70 20.950 8.058 4.886 0.375604 0.144468 

95 17.667 8.215 4.983 0.375242 0.174484 

 

 

The authors approximated the tensile behaviour of the flax/epoxy composites in 

one of their previous studies [6]. They found that Young’s modulus was inversely 

proportional to the moisture content present in the flax fibres, but the tensile strength 

was increased until certain humidity of the fibres in the composites and after that, the 

strength started to decrease again. Composites processed with 50% RH conditioned 

fibre fabrics delivered optimum tensile strength in that study. In addition, fracture strain 

of the composites at dry, 35% RH, 50% RH, 70% RH and 95% RH was found 1.87%, 

1.93%, 2.09%, 2.23% and 2.64% respectively. The tensile properties are illustrated in 

Figure 5.3.  
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Figure 5.3. Tensile properties of the flax fibre reinforced epoxy composite [6]. 

 

 

The strength of the flax fibre reinforced epoxy composites for different RH 

percentage can be approximated by multiplying the modulus and strains of the 

composites and results are compared to the experimental and analytical solutions 

(Figure 5.4). The strength curves are similar in nature but different in magnitude. The 

experimental and analytical strength curves are almost identical. However, strengths 

found by multiplication of modulus and strain have higher magnitude because the 

mechanical behaviour was not entirely linear elastic. This means that the fractured 

occurred at a strain value much higher than the one that corresponds to the end of the 

linear behaviour.  
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Figure 5.4. Prediction of tensile strength by analytical and experimental results for 

different RH.  

 

The tensile modulus results are also compared to the analytical model (Figure 

5.5). The analytical modulus curve is in the decreasing trend. At 0% RH, the modulus 

is a maximum and exponential reduction in modulus values are found during 

approaches to maximum humidity.  
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Figure 5.5. Prediction of tensile modulus by analytical and experimental results for 

different RH.  

 

 

The tensile strain with different RH is illustrated in Figure 5.6. The analytical 

solutions by geometric approach match very well with the experimental data. The 

tensile strain was increased with higher RH values. However, the tensile strain curve 

for experimental data has two distinctive parts before and after the optimum 50% RH. 

On the other hand, strain curve measured by displacement potential function has an 

almost similar pattern as like analytical and experimental results but significantly less 

in magnitude. This can be explained as the effect of the boundary condition, i.e., the 

stiffeners at two lateral edges that have been applied to solve the problem in DPF 

(Figure 5.2). This was a limitation of the method used for DPF [17]. As the stiffeners 

are used, the displacement at the lateral edges is zero. This restricts the elongation of 

the panel like the experimental one. 
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Figure 5.6. Strain prediction by analytical, experimental and displacement potential 

function for different RH. 

 

 

 The DPF formulations can be applied to any composite. Figure 5.7 shows the 

strain at the tip of the panel under uniform load on panels manufactured under different 

RH values with the boundary conditions mentioned above. As the two lateral edges are 

considered to be stiffened, shown in Figure 5.2, the situation readily leads to the 

boundary condition (1) of section 5.4.1. Thus, the figure essentially shows the zero 

displacements at the top and bottom edges. This also shows that the maximum 

displacement of the panel is at the vertically mid-position where the effect of the 

stiffener is the least. Another remark can be made from Figure 5.7 as well is that the 

higher RH value causes more elongation. It is also quite clear from Figure 5.6 and 

Figure 5.7 that the modulus reduces faster with an increase in RH. A very less and 

consistent increase (5%) was found from 0 to 70% RH for the strain at break during 

DPF formulation, however, this increase was more than 14% from 70 to 95% RH value. 

The authors elaborated in details the reason behind this increase in their previous study 

[6]. They found that consistent moisture absorption by the fibres from 0 to 70% RH but 

the absorption was doubled in-between the 70% to 95% RH environment. The water 
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molecules were plasticized inside the fibre microstructure. Elongation at break was 

increased significantly due to the deformation mechanisms. The swelling of the fibres 

due to moisture absorption fill the gap between the fibres and the matrix which might 

result in higher tensile strengths until 50% RH. However, the fibre-matrix interface and 

overall microstructures confirmed the deterioration of the bio-composites even at this 

optimum RH value.  

 

 
 

Figure 5.7. Longitudinal strain at the tip of the flax/epoxy tensile samples. 

 

 

The results are also compared with a cross-ply synthetic fibre composite 

(glass/epoxy symmetric laminated panel) (Figure 5.8). It shows similar characteristics 

to that of Figure 5.7 except that it is drawn for glass/epoxy cross-ply laminate at the 

various position of the panel and hence x/b = 1 shows the displacement at the tip of the 

panel. In comparison to Figure 5.7, the displacements at other position along the x-axis 

are also depicted in Figure 5.8 and due to the boundary condition 3, the displacement 

at the left edge (at x/b = 0) is zero as it is fixed. It also shows that along the length the 

displacement increases towards the tip where the force is applied. 
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Figure 5.8. Longitudinal displacement for glass/epoxy cross-ply laminated panel at 

different position of the panel [17].  

 

 

5.6. Conclusion 

The present study establishes a successful comparison of the experimental and 

simulated results for flax fibre/epoxy composites manufactured with flax fabrics 

conditioned at a different relative humidity (RH). The test results presented by the 

different plotted graphs are very promising. From the above discussions, data and 

figures, some distinctive conclusions can be outlined those are: 

 The elastic property of the flax/epoxy composite deteriorates with the increase 

of relative humidity (RH) since moisture content increases with the RH value.   

 The modulus of elasticity reduces more significantly with the higher RH 

environments but consistent reduction observed at the lower values.  

 The optimum RH for the flax/epoxy should be 50% as it gives the maximum 

strength with a little sacrifice of modulus.  
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 The experimental results almost conform to the analytical methods which give 

the experimental values a good ground to be relied on. 

Finally, in contrast to the experimental method a cross-ply and angle-ply 

laminate can give a better understanding of the material property and its applicability in 

real life. 

 

5.7. Chapter summary  

This chapter presents a few modelling approaches to predict the mechanical 

properties of flax/epoxy composites manufactured with flax fibre fabrics exposed to 

different relative humidities (RH). The geometric and displacement potential function 

approach were selected to estimate the properties. Experimentally determined tensile 

properties were correlated with analytical results and a strong agreement was 

established. As a result, the formulations identified in this study could be used under 

specific boundary conditions in structural applications to analytically solve the 

laminated composites. 

Considering the environmental degradation of the natural fibre composites, in 

the next chapter, the durability and mechanical performance of the flax fibre composites 

under a number of extreme environmental conditions are investigated. 
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Chapter 6. Environmental degradation of flax fibre composites 
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Abstract 

The growing usage of bio-composite materials in different engineering 

applications demands a thorough understanding of their performance during their 

service. Extreme environmental conditions, such as warm, humid, and freezing 

environments, among others, can degrade the mechanical properties of the bio-

composites when they are exposed to harsh environmental conditions. In addition, the 

use of these composites in underwater applications can also shorten their life cycle. In 

this work, the durability and mechanical performance (tensile and flexural behaviour) 

of flax/bio-epoxy composites exposed to different environmental conditions were 

evaluated. These conditions were chosen to replicate those found outdoors that can 

affect the durability of these materials: water immersion, warm humid environment and 

freeze-thaw conditions. Moisture and water absorption behaviour were evaluated and 

the water content (or exposure time) was related to the physical changes and mechanical 

properties. Results show that the mechanical properties of flax/bio-epoxy composites 

are clearly degraded by water ageing when they are compared to the “as manufactured” 

composites. The tensile strength and modulus is decreased approximately by 9% and 

57%, respectively for water saturated (immersed in water until saturation) samples 

compared to as manufactured samples. On contrary, this reduction rate is only 0.8% and 

3%, respectively in case of humidity saturated (exposed to humid environment until 

saturation) samples. Furthermore, water incurred more severe effects on the flexural 

properties of the composites, since their flexural strength and modulus is decreased by 

64% and 70%, respectively, as compared to as manufactured samples. It was found, 

however, that these properties can be partially regained after drying the water aged 

composites. Warm humid environments and freezing-thawing cycles have a very little 

effect on the bio-composites.  

 

 

Keywords: Flax fibre composites; Physical properties; Mechanical testing; Vacuum 

infusion. 
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6.1. Introduction 

The environment is a major global concern nowadays due to the increasing rate 

of greenhouse gas emissions. Traditional metals, metal-based alloys or synthetic 

materials are usually responsible for emitting carbon dioxide (CO2) gas during their 

processing and usage. In this context, researchers are interested in environment-friendly 

materials, such as bio-composites, and consider these as a possible replacement of metal 

and metal-based alloys or synthetic fibre composites. Bio-composites possess 

satisfactory mechanical properties and are inexpensive, lightweight and structurally 

efficient materials [1]. Alternatively, high-performance composites, where synthetic 

fibres, such as glass and carbon fibres are used, have a wide range of applicability from 

household to aerospace industries. However, recycling problem and their dependency 

on large volumes of fossil fuels for processing, generate environmental hazards on 

earth.       

The natural fibre composites are potentially environmentally superior to synthetic 

fibre i.e., glass reinforced composites in most applications, as the specific properties of 

the natural fibre composites are higher than those of glass in certain circumstances. 

Several mechanical properties of natural fibre composites could be compared with glass 

fibre composites. In addition, natural fibre composites are also the best choice for 

commercial purposes [2-4]. Therefore, different interior parts and accessories are 

manufactured by natural fibre reinforced bio-composites in the production industries, 

especially in the automotive, construction and packaging industries [5]. However, bio-

composites are mainly used for indoor applications due to their low durability and 

immediate degradation problem in the harsh and humid environment during outdoor 

usage. The lignocellulosic chemical composition and microstructure of the vegetable 

fibres are responsible for moisture absorption from the surrounding environment. This 

behaviour causes weakening of the fibre-matrix bonding which might result in lower 

mechanical properties and poor dimensional stability. The highly hydrophilic nature of 

vegetable fibres and the moisture sensitivity of their composites are the main 

disadvantages in applying these composites for exterior usage [6, 7]. Therefore, it is 

important to consider the moisture absorption behaviour of the bio-composites in moist 

and humid environments for their potential applications. 

The temperature and humidity of the surrounding environment and nature of the 

fibre used in the composites influence the water and moisture absorption behaviour of 
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the bio-composites. The water molecules spread within the composites via the moisture 

diffusion mechanism inside the matrix. In general, the diffusion behaviour of the 

polymeric composites is differentiated as Fickian, pseudo-Fickian and non-Fickian. For 

example, Assarar et al. [8] concluded that the water absorption behaviour of the flax 

fibre reinforced epoxy composites was Fickian at room temperature and absorbed 

13.5% moisture at saturation level. Different studies [8, 9] have stated that water 

diffusion is mainly assisted by three main mechanisms. Firstly, as defects generate into 

the matrix, such as cracks and pores and diffusion of water molecules occur inside the 

micro gaps and pores. The second cause of water diffusion is due to the capillary 

transport of water molecules along with the fibre/matrix interface. Finally, the micro-

cracks are transported to the matrix due to the fibre swelling. The moisture absorption 

behaviour of natural fibre composites has been studied by many researchers. For 

example, the water absorption behaviour of flax fibre composites was compared with 

jute fibre composites indicating that jute composites absorbed more moisture content 

(MC) than the flax fibre bio-composites. The saturated moisture contents were 9.61% 

for flax and 14.41% for jute bio-composites after forty days of water immersion at room 

temperature [10]. Berges et al. [11] reported on the moisture absorption trend of 

unidirectional (UD) flax fibre-reinforced epoxy laminates. They found that the diffusion 

kinetics of UD flax/epoxy composites follow a one-dimensional Fickian behaviour 

when exposed to hygrothermal conditioning at 70°C and 85% relative humidity (RH). 

Chilali et al. [12] also compared the water uptake behaviour of the flax fibre reinforced 

thermoplastic and thermosetting composites when they are immersed underwater for 

different time durations. The water absorption tendency was found to be the same for 

two different conditions of the flax composites. The amount of absorbed water increased 

linearly at the beginning, but the absorption slowed down as the saturation level was 

reached. However, flax composites with a thermosetting resin (epoxy) absorbed more 

water than the composites with the thermoplastic resin (acrylic).    

The environmental degradation problem of bio-composites is a critical issue that 

must be considered for their potential use in engineering applications. Scida et al. [13] 

found that the tensile properties of the flax composites are influenced by hygrothermal 

ageing.  At 90% RH and 20°C, the reduction of Young’s modulus was 33% for the first 

3 days and reduced by 55% after 38 days. Environmental degradation of the flax bio-

composites was studied by testing the interfacial strength of a single flax fibre/epoxy 
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micro-composite. The shear strength of the composites was reduced by 60% after 135 

hours when immersed underwater. The interfacial strength decreased due to the 

swelling of the fibres at the fibre-matrix interface. In addition, polysaccharides (pectin 

and hemicellulose) present at the middle lamella of the fibre, act as matrix materials 

which cover the cellulose microfibrils within the fibre. These polysaccharides contain 

high polar components which accelerate the generation of hydrogen bonds with the 

absorbed water [6]. Assarar et al. [8] also reported poor fibre-matrix interface of the 

water absorbed composites after analyzing their acoustic emission test results.  

Moudood et al. [14] reported the effects of moisture present in the fibres prior to 

manufacturing flax-epoxy bio-composites. Composite panels, manufactured with flax 

fibres taken from 70% and 95% RH environments, showed severe warpage. The fibre-

matrix interface became weaker due to the high moisture content in the fibres and 

porosity was increased in the microstructure of the composites. Although the fibre-

matrix interface was affected, the optimum tensile strength was found in composites 

made with 50% RH conditioned fabrics and, below and above that value, the tensile 

strength of the composites decreased. They indicated that the water molecules in the 

fibres plasticized and deformed, which increased the strain at break and resulted in the 

decreased Young’s modulus. 

Researchers studied a lot of different methods to reduce moisture absorption 

tendency of the natural and bio-based fibres which are also responsible to reduce the 

moisture absorption effects of the natural and cellulosic fibre reinforced composites. 

Pothan and Thomas [15] studied the hybridization and chemical modification effects on 

banana fibre reinforced polyester composites. They found that banana/polyester 

composites absorbed less water when these composites were hybridized with glass 

fibres and water uptake was inversely proportional with the increase of glass fibre 

content. They further showed that water uptake was minimum for the silane treated 

banana fibre reinforced composites. Similar results were found by Dhakal et al. [16] 

when flax/epoxy composites were hybridized with carbon fibres, then the moisture 

absorption rate was 85% less than the UD flax/epoxy composites and 65% less than the 

cross-ply (CP) flax/epoxy composites. Both the tensile and flexural properties were 

increased more than 50% for the flax fibre composites hybridized with carbon fibres 

than the UD and CP flax/epoxy composites. In a different study [17], surface 

modification of the flax fibres with vinyltrimethoxy silane (VTMO) and maleic 
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anhydride-polypropylene (MAPP) was investigated where polypropylene (PP) was 

used as the matrix material to manufacture the composites. They reported that untreated 

flax/PP composites absorbed 38% more water than the silane and MAPP treated 

composites. All the tensile, flexural, and impact properties of the treated flax/PP 

composites were higher than the untreated composites. Increased mechanical property 

indicated that chemical covalent bond strongly connected the flax fibres and PP 

matrices and therefore, superior compatibility was found by the MAPP treatment. 

The acceptance of natural fibre reinforced composites for useful engineering 

applications is dependent on their durability. Flax fibre reinforced composites could be 

exposed to a range of harsh environments such as humidity, basic, acid and alkaline 

solutions, temperature, freeze-thaw, thermal cycles, UV rays, etc. in practical 

applications [18]. Therefore, it is significant to study the durability and performance of 

flax fibre reinforced composites for their proper selection in practice. This chapter deals 

with the effects of water saturation (WS), humidity saturation (HS) and freeze-thaw 

(F/T) cycling on the physical and mechanical properties of the flax/bio-epoxy 

composites. The water saturated and completely dried (WSD) and water saturated and 

freeze-thaw (WSF/T) samples are manufactured and tested to understand the feasibility 

of using the bio-composites in different environments. The mechanical properties are 

also compared to the “as manufactured (AM)” composites. Finally, the degradation of 

the bio-composites is discussed with enhanced exposure time. 

 

6.2. Experimental procedure 
 

6.2.1.  Materials 

The unidirectional (UD) flax fibre fabrics (FlaxPLY UD, 180 gm/m2) were 

procured from Lineo, France and a bio-epoxy resin (Greenpoxy 56, Sicomin) was used. 

Up to 56% of the molecular structure of this bio-epoxy resin has been extracted from 

plant origin. A multi-purpose hardener (series SD 8605) was used, leading to a total of 

37% of bio-based content in the mixture. TR 102 regular wax (TR industries, USA) was 

used to free the mould surface from impurities. 
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6.2.2.  Preparation of samples 

Moisture content in flax fibres changes with laboratory conditions (temperature 

and humidity). Therefore, in order to obtain composite samples with identical moisture 

content in the fibres, a drying step prior to manufacturing was performed. Ten layers of 

fabrics (300 mm × 300 mm) were dried in the oven for 4 h at 60 oC, then placed on the 

mould (a flat aluminum plate). The vacuum infusion set up was prepared and the 

vacuum bag was completely sealed to the mold (Figure 6.1). Vacuum was applied, and 

the stack of flax fabrics was dried in the oven for another 3 h under full vacuum at 45 

oC. The resin was infused 15 minutes after the mould was withdrawn from the oven, 

allowing the system to cool down and reach the laboratory temperature. 

All composites were cured under full vacuum at room temperature for 24 h and 

then post cured for 8 h at 60 oC, according to the recommendation provided by the resin 

technical data sheet. The test samples were cut from the panels by means of a laser 

cutter device to the required shape and dimensions given by the standards used for the 

mechanical characterization. 

The average thickness of the as manufactured composite samples was 2.5 mm. 

The void content of the AM composites was negligible, as shown in Figure 6.1c and 

the adhesion between fibres and matrix was very good, as shown in the SEM image 

(Figure 6.1 d). The volumetric fibre fraction in the composites was 0.50, estimated with 

Eq. (1), where: n is the number of fabric layers, δ is the areal weight of the fabrics (180 

g/cm2), ρ is the flax fibres density (1.45 g/cm3) and t is the panel thickness (cm). 

 

Fibre volume fraction = (n δ)/(ρ t)      (1) 

 

Neat resin samples were also manufactured by pouring the same formulated resin 

into rectangular aluminum moulds to obtain test coupons for studying the effect of the 

different environmental conditions on the resin material.  

 

 

6.2.3.  Environmental degradation tests 
 

6.2.3.1.  Water absorption tests 

Water absorption was measured by immersing the test samples into the distilled 

water at room temperature. The specimens were withdrawn from the water and wiped 

dry to remove the surface moisture before the weight and thickness measurements. Then 
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the samples were weighed periodically using an analytical scale accurate to 100 g. To 

calculate the correct thickness, the sample thickness was measured at three different 

positions and finally, the average thickness was determined. After collecting the 

specimen weight and immersion time data, the relative water absorption (WA) was 

calculated using Eq. (2): 

 

𝑀𝑟(𝑡) =
𝑊𝑡−𝑊0

𝑊0
× 100         (2) 

Where, 𝑀𝑟(𝑡) is the relative WA of the specimen at each time t, 𝑊𝑡 is the 

specimen weight at each time, 𝑊0 is the initial specimen weight. The WA tests were 

stopped after 30 days. 

 

 
 

 

Figure 6.1. (a) Schematic diagram to process flax/bio-epoxy composite by vacuum 

infusion, (b) Composite plate manufactured by vacuum infusion method and flexural 

and tensile samples, (c) Optical micrograph of the “as manufactured” composites, (d) 

SEM image of the fibre-matrix interphase of the “as manufactured” composites. 
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One set of the WS samples were completely dried (WSD) to estimate the residual 

properties of samples that have been fully saturated but dried afterwards. The drying 

process was performed in a dehydrating oven at 40 °C for three days (until no changes 

in the weight were observed). This drying cycle (low temperature-long time) was 

chosen to avoid possible damage to the mechanical properties of the bio-composite at 

higher temperatures. 

 

6.2.3.2.  Humidity tests 

The tensile and flexural test specimens from each batch were conditioned in a 

climate chamber (CH700 V, Angelantoni) at 75% RH and 45 °C. These specimens were 

periodically removed from the chamber to measure the weight and dimensional changes 

at certain periods of time. After 30 days, weighing of the samples was terminated as the 

weight reached at saturation point or in other words, the weight gain due to moisture 

absorption was nearly constant. 

 

6.2.3.3.  Freeze/Thaw (F/T) cycling tests 

The samples were exposed to F/T weathering tests. F/T cycling was done 

according to the ASTM D7031-04 standard recommendations. In the weathering test, 

two types of F/T cycling were considered. For the first type, F/T cycling was performed 

on the as manufactured (AM) specimens for 1, 5 and 10 cycles. One complete F/T cycle 

for AM specimens consists of two stages: at first, the samples were placed in a freezer 

for 24 h at a temperature of -18 °C. Next, the samples were removed from the freezer 

and allow them to thaw at room temperature for another 24 h. For the second type, water 

saturated (WS) samples were subjected to 1, 5 and 10 F/T cycles. One complete F/T 

cycle for WS specimens consists of two stages: the water saturated samples were kept 

inside the freezer for 24 h and then they were thawed in the water at room temperature 

so that the water content remained in the samples at the saturation level. The mechanical 

performance of the materials under freezing process at the most favourable condition 

(AM samples) and the most unfavourable condition (WS samples), where maximum 

moisture content existed in the microstructure was determined by this type of tests. 

 

6.2.4.  Mechanical properties characterization 
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6.2.4.1.  Tensile testing 

The tensile test was carried out using an Instron 3367 testing machine (serial no. 

68296) according to ASTM D3039/D3039 M. Test specimens were cut by a laser cutter 

from the composite plates (parallel to the fibre direction). The test specimen dimensions 

were 250  15  2.5 mm. The crosshead displacement rate was set at 2 mm/min. The 

tensile modulus was calculated over the axial strain range of 1000-3000 microstrain. 

All strength and modulus values were calculated by taking the average of five samples 

for each weathering condition. 

 

6.2.4.2.  Flexural testing 

ASTM D790-03 standard was followed for the flexural test using the same Instron 

3367 testing machine. Calculations of flexural strength and modulus were performed 

according to the recommendations provided by the same standard. The test specimen 

dimensions were 80  12.7  2.5 mm. Three-point bending tests were performed where 

the test span was taken as 60 mm and the crosshead displacement rate was set at 2.4 

mm/min. Five samples were tested for each weathering condition and the average value 

for each property was reported. 

 

6.3. Results and discussion 

 

6.3.1.  Moisture absorption and dimensional stability 

The main constituents of the plant fibres are cellulose, hemicellulose, pectin and 

lignin. Cellulose is the main constituent of the flax fibre. More than 75% of the total 

mass of the fibre contains cellulose. Celluloses consist of the hydroxyl (OH) groups 

which permit moisture or water absorption by establishing hydrogen bonds with the 

water molecules. The water absorption of the cellulose microfibrils depends on their 

crystallinity. Nakamura et al. [19] reported that the bound water volume in the cellulose 

decreases when the rate crystallinity increases and the moisture diffusion within 

cellulose occur mainly in the amorphous phase. Hemicellulose and lignin constitute the 

major part of the amorphous phase and act as the key participants to absorb and store 

moisture. Pectin is located at the middle lamella and the S2 layer of the fibre structure. 

Pectin consists of highly polar carboxyl (COOH) groups which have the ability to 

generate hydrogen bonds with the absorbed water molecules. On the other hand, these 
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fibres are particularly porous and have surfaces which can be vastly exchanged. 

Therefore, when the fibres are placed in a humid environment, they can absorb moisture 

and be stored inside the free volume of the structure. The saturated water and moisture 

content (MC) of the bio-epoxy matrix and flax/bio-epoxy composites exposed to 

different environmental conditions is illustrated in Figure 6.2. The water immersed 

samples clearly absorbed more water than the samples exposed to other environmental 

conditions. 

 

 

 

Figure 6.2. Moisture content absorbed by WS epoxy and flax/bio-epoxy composites 

at different environmental conditions: WS, humidity saturated (HS), freeze/thaw (F/T) 

environments. 

 

Furthermore, Sgriccia et al. [20] reported that the saturated water absorption of 

the water immersed flax-epoxy composites (thickness 3 mm) was 17.2%. In this study, 
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the WS composite samples absorbed slightly more than 11% water, whereas the other 

samples (HS, F/T and WS epoxy) absorbed less than 2.5% moisture after 21 days to 

reach an equilibrium state. Several studies [9, 21] reported that the moisture absorption 

rate increases with the increased fibre volume fraction in case of natural fibre (hemp 

and jute) reinforced composites, which makes sense due to the hydrophilic nature of 

these fibres. Constant fibre volume fraction was used for all samples during the 

experiments. Therefore, only the environmental conditions are the driving force for a 

different rate of water absorption. It is evident that composites absorbed the highest MC 

when they were immersed in water. Although the HS samples were saturated within a 

high humidity environment (75% RH), still their absorption rate is much lower than the 

WS samples. The HS samples absorbed more than 70% less moisture than those of WS 

samples (Table 6.1). 

 

Table 6.1 Maximum moisture content absorption at different environmental 

conditions 

 

Materials Maximum moisture content (%) 

 HS WS F/T cycle 

Flax/bio-epoxy 2.57 11.18 1.84 

Bio-epoxy 1.46 1.55 0.192 

 

 

In F/T cyclic weathering, the composites absorbed a very little amount of MC. 

The maximum MC was only 1.8% even after 10 cycles in the F/T environment. Khanlou 

et al. [22] stated that the moisture exists in the environment could be condensed on the 

cold surface of the composites during the transformation of the freezing phase to the 

thawing phase. As a result, both dew and rainfall could wash away on the sample surface 

and eventually few moistures could also be absorbed. The bio-epoxy resin absorbed 

1.55% of water at saturation level since it is derived from the plant sources [23]. It could 

be roughly estimated from the 11.18% of WS composites that around 9.63% of saturated 

water was absorbed by the flax fibres. Further details on this phenomenon will be 

explained later in the section 6.3.2. 

The physical changes of the bio-composite could also be evaluated by measuring 

the thickness of the samples periodically, to estimate the dimensional stability of these 
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composites. The swelling thickness of the bio-composites in environmental conditions 

could be calculated by the following equation: 

 

𝑓𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (𝑡) =
𝑇𝑓,𝑡−𝑇𝑓,0

𝑇𝑓,0
 × 100        (3) 

 

Where, fswelling (t) is the thickness swelling ratio, 𝑇𝑓,𝑡 is the bio-composite thickness 

exposed to the environment, and Tf,0 is the AM bio-composite thickness. 

 

Table 6.2 Swelling rate of WS bio-epoxy and flax/bio-epoxy composite samples at 

WS, HS and F/T environments. 

 

Days Average thickness change, fswelling (%) 
 

Flax/bio-epoxy WS bio-epoxy 

  WS HS F/T   

2 4.72 1.70 0.06 0.01 

10 9.25 1.84 1.31 0.20 

20 10.64 3.49 1.96 0.34 

30 10.91 3.53   0.40 

 

 

Table 6.2 illustrates the physical changes as measured from the thickness of the 

bio-composites and the bio-epoxy matrix under different environmental conditions until 

saturation reached over the time periods. The swelling thickness of the WS composite 

samples which were submerged underwater is higher (almost 11%) than the swelling 

data of the other samples (HS, F/T and WS bio-epoxy). In other words, the pattern of 

swelling thickness curves has a similar trend to the MC absorption plots as shown in 

Figure 6.2. The hydrophilic nature of the flax fibres due to the cellulosic constituents 

in the fibre cell wall attracts water molecules and the cohesion of water molecules with 

cellulose micro-fibrils results in moisture generation inside the cell walls that causes 

swelling of the flax fibres, as well as the composite samples. It is evident that WS bio-

epoxy resin swelled less than 0.5% since bio-epoxy has no lignocellulosic fibres in it. 

Masoodi and Pillai [21] reported this situation in their research. As the fibres swelled 

significantly higher than the bio-epoxy matrix, so the swelling of the fibres applies 

pressure on the resin materials within the fibre-matrix interface. As a result, the 

stretching of the matrix materials takes place which incurs more spaces for the fibre 
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swelling. This process proceeds until opposing stress from the matrix material equalizes 

the applied stress of the fibres. As a consequence, microcracks in the fibres and at the 

fibre-matrix interfaces are generated. Dhakal et al. [9] reported that the water diffusion 

process inside the composites occurs through these micro-cracks and pores and the 

diffusion rate of the water molecules is enhanced by the capillary movement along with 

the fibre-matrix interface. The water molecules are harmful to the interfaces which 

might cause debonding and eventually degrade the composite quality. 

The HS and F/T samples swelled 3.5 and 1.9% respectively. This means that 

limited swelling occurred in these samples but even this amount of physical change 

might affect the dimensional stability and the mechanical properties of the bio-

composites which are explained in the following sections. 

 

6.3.2.  Analytical models 

The water absorption behaviour and diffusion kinetics in the composites are 

described by several analytical models. Fick’s and Langmuir’s models are widely used 

among them. As such, Chilali et al. [24] reported that water diffusion inside the natural 

fibre composites are generally described by the Fick’s diffusion theory whereas the 

anomalous diffusion processes can be predicted by using Langmuir’s model. 

 

6.3.2.1.  Fick’s model 

Fick’s law can be expressed as the following equation when the composite sample 

has a uniform initial distribution of thickness h and equal initial surface conditions [25]: 

 

𝑀𝑡

𝑀∞
= 1 −

8

𝜋2
∑

1

(2𝑛 + 1)2
𝑒𝑥𝑝 [−

(2𝑛 + 1)2𝜋2𝐷𝑡

ℎ2
]

∞

𝑛=0

 

Where 𝑀𝑡 is the water uptake at time t, 𝑀∞ is the weight of water uptake when 

the sample is totally saturated, n is the summation index and D is the coefficient of 

diffusion in the composite. 

Initially, absorption increases linearly with √𝑡. Shen and Springer [26] simplified 

the above equation by identifying two cases. For 
𝑀𝑡

𝑀∞
 ˂ 0.6, the equation reduces to: 

 

(4) 
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𝑀𝑡

𝑀∞
=

4

ℎ
√

𝐷𝑡

𝜋
 

 

In the second case, when 
𝑀𝑡

𝑀∞
 > 0.6, the equation related to absorption can be 

written as:  

 

𝑀𝑡

𝑀∞
= 1 − 𝑒𝑥𝑝 [−7.3 (

𝐷𝑡

ℎ2
)

0.75

] 

 

The average coefficient of diffusion, D can be calculated from Eq. (5) [9]: 

 

𝐷 = 𝜋 (
𝑘ℎ

4𝑀∞
)

2

 

Where k is the initial slope of a plot of the Mt  versus √𝑡. Due to finite dimensions 

of the composite samples, diffusion through the edges is also required to be considered. 

Therefore, the corrected diffusion coefficient, 𝐷𝑐 is calculated according to Eq. (8) for 

the rectangular composite samples:  

 

𝐷𝑐 = 𝐷 (1 +
ℎ

𝐿
+

ℎ

𝑊
)

−2

 

 

Where L and W are the length and width of the samples. 

Figure 6.3 illustrates the comparison of experimental and analytical water 

absorption behaviour of the flax/bio-epoxy composites and WS epoxy under different 

environmental conditions. Equations (5) and (6) of Fick’s model are used to plot the 

solid curves which represent the theoretically predicted water absorption. Apart from 

the WS epoxy curve, the WS and HS composite samples clearly follow the Fickian 

diffusion behaviour: linear rise found at the initial stage, absorption rate decreased 

afterwards and finally, saturation level reached with the steady-state. These results are 

in good agreement with Assarar et al. [8]. The experimental data of the WS composite 

samples almost coincide with the Fickian theoretical model but the experimental data  

(5) 

(6) 

(7) 

(8) 
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Figure 6.3. Water uptake curve obtained by experimental tests and analytical 

modelling for composites and WS epoxy matrix. 

 

 

for the HS flax-epoxy composites diverged from the theoretical curve. In the case of 

WS bio-epoxy, the experimental values coincide appropriately at the initial linear stage, 

but the data also diverge from the theoretical curve as time progresses. The coefficients 

of diffusion are summarized in Table 6.3. It is seen from the previous studies [9, 24] 

that fibre volume fraction plays an important role in diffusion coefficient measurement. 

The diffusion coefficient increases with the increased fibre volume fraction for hemp 

and flax fibre composites. In this study, constant fibre volume has been used to 

manufacture all the samples. Understandably, the WS composite samples contain higher 

saturated water than the other two types and their diffusion coefficient is also higher 

than the WS bio-epoxy samples. As discussed previously, cellulose is mainly 

responsible for higher saturated water and diffusion coefficient during immersion tests. 

However, the diffusion coefficient of the HS composite samples is higher than those of 

WS samples. In the humidity test, samples were conditioned at 45 °C and 75% RH, but 



161 | P a g e  

 

the water immersion tests were performed under room temperature. Therefore, higher 

temperature and moisture might cause higher diffusion coefficient for the HS samples. 

Dhakal et al. [9] showed that the diffusion coefficient of the hemp fibre composites 

increases with elevated temperatures. Micro-cracks are formed after fibre swelling in 

the fibre-matrix interfaces of the HS composite samples due to high temperature and 

moisture in the environment. This formation might increase the diffusion of water 

molecules through micro-cracks in the interface which eventually helps to increase the 

diffusion coefficient. 

 

Table 6.3 Diffusion coefficient and corrected diffusion coefficient with saturated 

water absorption data. 

 

Materials 
 

 
 

 
 

WS flax/bio-epoxy 11.18 1.52 1.09 

HS flax/bio-epoxy 2.57 2.17 1.56 

WS bio-epoxy 1.55 0.39 0.28 

 

 

6.3.3.  Effects on mechanical properties 

 

6.3.3.1.  Tensile testing 

A comparison of tensile strength and Young’s modulus of the flax/bio-epoxy composite 

at different environmental conditions are displayed in Figure 6.4. The AM samples 

have the highest ultimate tensile strength (360 MPa) and modulus (28.7 GPa). The 

tensile strength found in this work was similar to that one reported by Poilâne et al. [27] 

(357 MPa) for unidirectional (UD) flax-epoxy composites made by compression 

moulding with prepregs, leading to a fibre volume content of 60%. Sawi et al. [28] also 

found similar values (307 MPa) for UD flax-epoxy composites made with prepregs by 

compression moulding and autoclave. However, it should be noticed that these values 

for tensile strength fall in the upper limit of the values reported in the literature. As with 

synthetic fibre composites, the properties of natural fibre composites depend on many 

variables: the fibres, matrix, interphase and interface, void content (that is usually 

related to manufacturing methods), fibre volumetric content (also affected by the 

manufacturing procedure) and of course, the fabric architecture and stacking sequence. 

𝐷 × 10−6   
mm2/s  

𝐷𝑐 × 10−6   
mm2/s  

𝑀∞(%) 
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Figure 6.4. Tensile behaviour of flax/bio-epoxy composites at different 

environmental conditions. 

 

 

In addition, vegetable fibres have an inherent variability in properties, depending 

on the growth conditions of the plant, extraction methods used, the moisture content in 

the fibres, among other factors. In our case, we manufactured UD composites by 

vacuum infusion which allowed us to obtain a fairly high fibre volume fraction of 

approximately 0.5 and very small void content, as it was shown in Chapter 3 of this 

Thesis (the exact same manufacturing procedure as for dry fibre composites in Chapter 

3 was used in this study, so the porosity level should be the same). These factors and 

the fact that our composites were tested in the direction of the fibres and all plies were 

oriented in that direction, led us to tensile strength values falling on the upper limit of 

the broad range of values reported in the literature. 

Both strength (328 MPa) and modulus (12.4 GPa) were reduced for the WS 

samples. The tensile stiffness of the WS samples was reduced by more than 50% than 

the AM samples, but the strength decreased by only 9%. Despite the fact that water 
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causes fibre-matrix debonding and matrix microcracking degrades the interface and 

interphase, the swelling of the fibres increases the fibre-matrix friction. Therefore, the 

reduction rate of the tensile strength is much less than Young’s modulus of flax/bio-

epoxy composites which was also explained by Munoz and Garcia [29]. The tensile 

strength of the WS samples was slightly decreased after drying but the WSD samples 

regained almost the same tensile modulus (28.5 GPa) of the AM samples. This confirms 

that the damage generated to the composites’ microstructure by the water absorption 

process (fibre debonding, microcracks, etc.) is irreversible, as expected, and since fibres 

shrink, the strengthening effect caused by the fibres swelling and pushing onto the 

matrix disappears (which can explain the extra loss in tensile strength after drying). 

Newman [30] reported that fibre swelling occurred when composites are immersed 

underwater and the matrix material around the fibres is stressed due to this fibre 

swelling. Some of the stresses are released during the molecular relaxation process of 

the matrix material. When the fibres shrink during a drying stage, the matrix loses the 

bonding with the flax fibres and a gap is generated between the fibres and the matrix. 

In addition, fibre breakage, micropores and cracks on a fibre surface are generated due 

to the deterioration of the fibre-matrix interface. As a result, the strength of the 

composite is reduced [8, 13]. However, the softening and plasticization caused by water 

present in the material disappear almost completely when water is removed applying a 

drying stage [31]. 

HS samples exhibited a tensile strength and Young’s modulus similar to those of 

the AM samples (365 MPa and 27.7 GPa), although HS samples contained around 2.5% 

MC. Apparently, the exposure to the humid environment did not have a significant 

detrimental effect on the performance of the composites.  

The tensile strength decreased after the F/T tests but not substantially (9% after 

10 cycles). The minor loss in strength could be associated with the small water 

absorption caused by water condensation on top of the specimens’ surface. In the same 

way, Young’s modulus did not change significantly either. Freezing and thawing water 

saturated samples did not cause any additional damage to the materials’ properties. It 

was thought that the cyclic expansion-contraction of water present inside the 

microstructure could further damage the materials, but it was not the case. Either the 

water molecules were not grouped as free water able to form water crystals, or if that 
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phenomenon did happen, the extra damage caused by F/T cycles was insignificant 

compared to the damage caused by immersion in water.  

The tensile strain at break increased more than 50% for the WS samples in 

comparison to that of the AM and WSD samples. This can be explained by the softening 

and plasticizing effects of water on the vegetable fibres described by Stamboulis et al. 

[32]. The HS samples showed an intermediate strain at break value because the water 

content in those samples was lower than in the WS ones but higher than in the AM ones. 

Once again, freezing and thawing AM and WS materials did not affect the material 

behaviour significantly (Table 6.4).  

 

Table 6.4 Tensile strain of the flax/bio-epoxy composites at different environmental 

conditions. 

 

Conditions Elongation at 

break (%) 

AM 2.1 ± 0.05 

WS 3.2 ± 0.07 

WSD 1.9 ± 0.11 

HS 2.5 ± 0.05 

F/T-1 cycle 2.2 ± 0.13 

F/T-5 cycle 2.1 ± 0.14 

F/T-10 cycle 2.0 ± 0.06 

WSF/T-1 cycle 3.1 ± 0.17 

WSF/T-5 cycle 2.8 ± 0.25 

WSF/T-10 cycle 2.9 ± 0.04 

 

 

The tensile properties of the bio-epoxy matrix are shown in Figure 6.5. Water 

molecules cause hydrolysis and plasticization of the matrix which degrades its 

mechanical properties. Interestingly, the loss in tensile strength is more significant for 

the neat matrix than for the composites, although the water uptake is much lower. This 

is consistent with the hypothesis given before, explaining the two opposite effects of 

water on the tensile strength of the composites. In the case of the neat matrix, the 

strengthening mechanism caused by fibre swelling against the matrix interface does not 

exist. As it was observed for the composites, the residual strength after drying the matrix 

was lower (about 9%) than the AM strength, suggesting that some permanent damage 

was caused by the hydrolysis. Young’s modulus decreased due to plasticization and the 

drying stage was effective in restoring its original value. However, a decreasing trend 
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was observed for the strain at break (Table 6.5), which could be related to the damage 

caused in the matrix by hydrolysis. 

 

 
 

Figure 6.5. Tensile behaviour of the bio-epoxy matrix at different environmental 

conditions. 

 

 

 

Table 6.5 Tensile strain of the bio-epoxy matrix exposed to different environments. 

 

Conditions 
Elongation at 

break (%) 

AM 3.80 ± 0.07 

WS 3.15 ± 0.56 

WSD 2.54 ± 0.41 

HS 2.34 ± 0.48 

F/T- 10 cycle 2.48 ± 0.02 
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6.3.3.2.  Flexural testing 

The flexural properties of the flax/bio-epoxy composites are summarized in 

Figure 6.6. The trends are similar to those observed for the tensile properties, with a 

couple of interesting differences. 

 

 
 

Figure 6.6. Flexural behaviour of flax/bio-epoxy composites at different 

environmental conditions. 

 

 

- Water immersion, i.e. WS samples, decreased the flexural strength significantly 

(64%). This could be associated with a premature failure caused by the degradation of 

the interface and interphase and the plasticization effect caused by water molecules. In 

the case of flexural testing, shear stresses can cause debonding of fibre-matrix interfaces 

and successive layers of the composite. On the compressed area of the cross section of 

the composite beam under 3-point bending, compressive stresses cause fibres and 
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laminae buckling and reducing the effective loaded area, thus, increasing the stresses 

on the section. The severe loss in flexural modulus (almost 70%, see Figure 6.6) of the 

material decreases significantly its resistance to buckling, magnifying this detrimental 

phenomenon.  

- Drying the WS samples did restore most of their flexural strength (residual 

strength almost 90% of AM strength). This suggests that the previously described 

mechanisms are induced by water molecules present in the microstructure, so these 

phenomena must be intimately related to a plasticization effect, which causes a severe 

loss in flexural modulus reducing significantly the buckling resistance of the composite 

laminate. 

Flexural properties of the bio-epoxy matrix exposed to different environmental 

conditions are illustrated in Figure 6.7. 

 

 

 

Figure 6.7. Flexural properties of the bio-epoxy matrix at different environments. 
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6.4. Conclusions 

The applicability of the flax/bio-epoxy composite in engineering structures under 

different environmental conditions was focused in this study. An assessment of the 

durability of bio-composites was the main driving force of this research. This study 

could lead the research on environmental degradation problem of the flax/bio-epoxy 

composites to estimate the effects of exposure time on their properties. Flax/bio-epoxy 

composites were exposed to different environmental conditions: water immersion, high 

humidity and freeze/thaw cycling. The overall performance of the bio-composites and 

the detrimental effects of the different exposure conditions were analyzed by the water 

and moisture absorption behaviour, dimensional stability, and mechanical properties 

characterization (flexural and tensile). The water absorption trend was partially Fickian 

for the samples immersed in water at room temperature and these samples were the most 

affected and degraded. Exposing the composites to a warm and humid environment 

slightly reduced the mechanical properties of the bio-composites but this reduction was 

not significant. Almost no detrimental effects on the composites’ performance were 

found for the freeze/thaw cycles on the bio-composites. The results obtained in this 

study suggest that flax/bio epoxy composites can be used in most environmental 

conditions, excluding underwater applications which cause severe damage to the 

properties of the material. If this type of material is accidentally immersed in water for 

a long period of time, drying the composites for up to three days will almost completely 

restore the flexural strength and modulus, and also Young’s modulus, but the tensile 

strength will be reduced irreversibly.  

 

6.5. Chapter summary  

In this chapter, a few environmental conditions are considered to evaluate the 

performance of the flax fibre composites. This study confirmed that the mechanical 

performance of flax/bio-epoxy composites is heavily degraded by their water 

immersion when compared to the “as manufactured” composites. In case of humidity 

saturated samples, very less tensile property reduction was observed. However, the 

decreased properties of the water aged composite samples could be regained partially 

by drying them. In addition, freezing-thawing cycles have negligible effects on the 

performance of this bio-composite. 
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Chapter 7. Conclusions and future works 
 
 
 

This study has extended the conceptual framework of investigating the 

environmental effects on the flax fibre reinforced composites. A correlation has been 

established between the relative humidity in the room where the reinforcing fabrics are 

stored and the moisture content of the flax fibres. The effect of the moisture content on 

the microstructure and the mechanical and dynamic properties of the flax/epoxy 

laminated composite has been analysed. Several modelling approaches have been 

proposed to predict the mechanical properties of composites manufactured with fibres 

having different moisture content. Accelerated weathering tests have been carried out 

to evaluate the durability and degradation of the flax composite exposed to different 

outdoor environmental conditions. The general conclusions of this study with future 

research directions are discussed in the following sections. 

 

7.1. Conclusions 

The overall goal of this research is to perform theoretical and experimental 

investigations of environmental effects on flax fibre reinforced composites. An 

extensive literature review has been carried out to discover the research gap and 

questions. This literature survey is composed of the state-of-the-art of the natural fibre 

composites. Flax fibre composites are the main point of interest along with their 

prospect and acceptability, moisture absorption affinity, and degradation over time. 

This study could open a window to minimize the shortcomings of the environmental 

effects on the flax fibre composites in order to increase their usage in many engineering 

applications. The following concluding remarks can be drawn through this study: 

In the second chapter, a comprehensive and structured literature survey is 

outlined. The moisture absorption behaviour of the fibre and the composite in different 

environments has effects on their properties. The moisture diffusion mechanism in both 

fibres and composites follows one dimensional Fickian law at high humidity and 

temperature, except at 100% relative humidity (RH). The fibre orientation in the 

composites also affects the absorption rates. The composites absorb less water and 

moisture while the fibres are oriented perpendicular to the thickness direction and 

absorb more when the fibres are at 45° with respect to their thickness. The moisture 
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absorbed flax fibre composites sometimes possess higher mechanical properties as 

compared to the composites with dry fibres. In the flax composites, gaps in the 

fibre/matrix interface could be filled by the fibre swelling due to added moisture 

absorption. Therefore, increasing the friction rate between them consequently increases 

the interfacial strength and tensile strength. However, flexural properties (strength and 

modulus) decrease with increasing moisture absorption rates of the composites. Fibre 

swelling occurs and thus, the increase in interfacial strength still exists as in the tensile 

case, but the composites subjected to bending failure due to buckling caused by the 

severe loss of stiffness (flexural modulus), and therefore, a continuous decreasing trend 

is observed for this property as the moisture content in the fibres increases. Although 

moisture absorption behaviour has some positive effects on tensile properties of the 

composites, however, their microstructural analysis confirms the deterioration of the 

composite quality leading to micro cracks, pores, voids, poor interface, etc. into their 

microstructures. 

Flax fibre reinforced epoxy composites were manufactured with fibres 

conditioned at different relative humidities and therefore, having different moisture 

content. These composites are characterized and results are discussed in chapter 3. 

High moisture absorption at elevated RH level affects the manufactured composites 

panels. Dimensional stability of flat composite plates was significantly affected as 

severe warpage was experienced when the flax fabrics were drawn from the 70% RH 

and the 95% RH environments. During drying and post curing processing stages where 

the composite plates were forced to remain flat inside a hydraulic press reduced the 

warpage degree, however, could not totally solve this problem. Furthermore, the 

composite microstructure is influenced by the elevated moisture content of the flax 

fabrics, thereby weakening the fibre-matrix interface and increasing porosity. The flax 

fibres containing water molecules in the composite samples have both positive and 

negative impacts on their tensile properties. The plasticizing effect of water molecules 

present into their microstructures enhances the deformation mechanisms, and therefore, 

the strain at break increases and the tensile stiffness decreases with the increasing rate 

of RH values. The tensile strength is increased until 50% RH and after this optimum 

level, the strengths are decreased until 95% RH environments. The flexural strength and 

modulus are decreased continuously with the increasing rate of moisture absorption at 

different RH values. When the composites manufactured with flax fabrics at 95% RH 
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value, a sharp reduction is evident for the flexural strength, flexural modulus and 

Young’s modulus of the composite samples, suggesting that fibres should not be stored 

in very humid environments. 

High moisture absorption by the flax fibres and their composites is a drawback 

which influences the mechanical properties and dynamic performance of the fibre 

reinforced composites. After conducting the impact hammer testing for measuring 

natural frequencies and damping ratios of the composite beams manufactured at 

different RH values, their dynamic performance is evaluated in chapter 4. The modal 

parameters (1st mode, 2nd mode and 3rd mode) are identified by curve fitting with a 

measured set of frequency response functions. It was found that for the first three 

modes, while the resonant frequencies are very close for most samples, there is a clear 

drop of about 7-8% for the composites fabricated at 95% RH. Along with an increase 

of the RH level, the damping ratios for the first mode show a decreasing trend, from 

3.59% for the dry sample to about 1.2% for the 70% RH sample (1.64% for the 95% 

sample). It indicates that the dry fibre composite has much better vibration damping 

property. 

The geometric and displacement potential function (DPF) approaches were 

formulated to predict the mechanical response of composites manufactured with fibres 

having different moisture content, and these models were validated with the tensile 

properties measured experimentally. The simulation results are outlined and presented 

in chapter 5. A strong agreement is observed between experimental and theoretically 

predicted results. The approximated elastic modulus measured by using analytical 

models demonstrates a declining trend. Modulus is maximum for the dry composites 

and reduces with the increasing rate of RH values. A consistently exponential reduction 

is found up to the maximum RH value (95% RH). On the other hand, the analytically 

estimated tensile strain is increased with the increasing rate of RH values. This 

increment has two distinctive parts before and after the 50% RH value. This is consistent 

as the experimentally measured optimum tensile strength was found at 50% RH value. 

In the case of using DPF, a similar trend is observed for the tensile strain data but the 

magnitudes are much lower than the analytical results. This is due to the applied 

stiffeners used at the two lateral edges of the composite panels, which is a boundary 

condition considered for this formulation. Therefore, zero displacements are found at 
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the top and bottom edges during DPF formulations and maximum displacement of the 

panel is at the vertically mid-position where the effect of the stiffener is the least.  

The challenges associated with flax fibre reinforced composites during their 

usages in outdoor applications are elaborated in chapter 6. Several environmental 

conditions (water immersion, warm humid and freeze-thaw cycling) are selected to 

investigate the durability and mechanical performance of the flax fibre composites. The 

“as manufactured (AM)” composite samples are compared with the other samples 

exposed to different environmental conditions. The water absorption at equilibrium (full 

saturation) is 11.18% when the samples are immersed under (WS) water but samples 

exposed to humid conditions (HS) absorb only a maximum of 2.57% of water. Both WS 

and HS samples follow the Fickian diffusion behaviour during the water absorption. 

The AM composite samples possess better mechanical properties as compared to the 

samples exposed to the different environmental conditions. About 9% and 57% lower 

tensile strength and modulus are observed for the WS samples when compared to the 

AM samples. However, this reduction is only 0.8% and 3%, respectively when HS 

samples are compared to the same. Furthermore, water immersion reduces both flexural 

strength and modulus severely when compared to the AM samples. The fibre softening 

and plasticization of fibres and matrix caused by water molecules present in the 

composite microstructure, coupled to the degradation of the interface and interphase are 

responsible for the loss in mechanical properties. Other factors that affect flexural 

strength are the shear stresses developed under 3 point bending that cause delamination 

between successive layers of the composites, and premature failure due to buckling, 

which is enhanced by the severe degradation of the flexural modulus. This study also 

confirms that these properties can be partially recovered after drying the water aged 

composites. Except for the tensile strength, the flexural strength, flexural modulus and 

Young’s modulus could be retrieved by drying the composites if immersed in water. 

The effects of freezing-thawing cycles on the bio-composites are negligible. Therefore, 

this study suggests that flax/bio-epoxy composites are suitable to use in most 

environmental conditions, except underwater. This study may guide the research on 

flax/bio-epoxy composites dealing with the environmental degradation issues to assess 

the impacts of exposure time on their characteristics. 

The overall conclusions can be drawn from this research work are: 
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The inherent moisture absorption tendency of the flax fibres is detrimental for the 

composite quality. Moisture absorption increases with the increasing rate of RH values.  

The tensile strength of the flax fibre reinforced composites increases with 

increasing moisture content in the fabrics and optimum strength is found for moisture 

content of 6.1%, which was obtained at 25 oC and 50% RH. The optimum value exists 

due to the balance between the positive effect of the increase in fibre-matrix friction 

given by fibre swelling and detrimental effects of fibre softening and overall 

deterioration of the composite microstructure. 

The composites manufactured with dry fibre fabrics have the best damping 

vibration properties compared to the composites manufactured with different 

humidified fibres. This is confirmed in measuring the dynamic performance of the 

composites using the impact hammer testing method.  

The analytical models show good agreement with the experimental results. 

Therefore, the developed models could be used to predict the tensile properties of the 

flax fibre reinforced composites manufactured by fibres with different relative 

humidities. 

Flax fibre reinforced composites can be used in most environmental conditions 

but the underwater applications of this type of composite are not suitable. This could 

cause serious harm to their mechanical properties. The flexural properties and the tensile 

stiffness can be almost recovered by drying the composites if immersed in water 

accidentally. 

 

 

7.2. Future research directions 
 

Flax is the most widely exploited fibre for manufacturing in fibre reinforced 

composites. A number of potential applications and superior properties compared to 

other plant fibres make them distinctive in the composite research. The future research 

directions to further explore the potentiality of flax fibre reinforced composites are 

summarized below:  

 

 The shear response of flax fibre reinforced composites manufactured with fibres 

at different relative humidities. 
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This study could be an interesting property characterization to incorporate. 

Tensile, flexural, dynamic responses have been investigated. As such, the shear 

response of the humidified flax fibre composites can be used to explore the 

potentiality of this composite in different engineering structures. 

 

 Investigation of the effects of additional synthetic reinforcement in the outer 

layers of flax composites. 

 

Since moisture absorption tendency limits the applicability of the flax fibre 

reinforced composites, it is expected that a synthetic fibre layer on the outer side 

of the composite could reduce the water absorption rate of this composite and 

subsequently increase the mechanical properties. Therefore, analysing the 

composite properties using two different reinforcements could lead to a further 

improvement in limiting moisture absorption rate of composites.  

  

 Effects of fibre treatment on the water absorption properties of the flax fibre 

reinforced epoxy composites. 

 

Although few studies are available about natural fibre treatment, still, this area 

needs more attention. In general, fibre treatment reduces the moisture absorption 

tendency of the natural fibre reinforced composites. This study will enhance the 

minor existence of knowledge in this field. How flax fibre treatment improves 

the moisture absorption rate of the flax composites could be the main point of 

interest. This study could be compared to the other natural fibres treatment 

research to outline a trend of moisture absorption with proper fibre treatment. 

Furthermore, treated fibre volume fraction could be altered in the flax fibre 

composites to investigate the effects of moisture absorption-desorption rate in 

the different environmental conditions. 

 

 Water and moisture absorption behaviour and degradation of composites 

manufactured with fibres having different moisture content. 
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Generally, it is assumed that composites manufactured with dry fibre fabrics 

could possess better strength and modulus. However, dry fibre reinforced 

composites would have a stronger tendency to incorporate water molecules in 

their microstructures than composites made with already humidified fibres. 

Therefore, in real conditions, it could be possible that the composites made with 

dry fibres are not the ones that are better for outdoor applications since their 

stability could be lower than composites made with fibres having some moisture 

content beforehand. This study could be a significant work to add in this field. 
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Appendix A 
 

   
           

Figure A1. Different steps of manufacturing flax fibre epoxy composites using vacuum infusion method. 
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Appendix B 

 

Developed C++ code used for displacement potential function approach 

 

//********************************************************/ 

/* This program is to calculate the parameters */ 

/* Ux, Uy, Sigma(xx), Sigma(yy), Taw(xy) for */ 

/*   Composites   */ 

//********************************************************/ 

 

#include<iostream.h> 

#include<conio.h> 

#include<math.h> 

#include<fstream.h> 

#include<complex.h> 

 

void main () 

{ 

clrscr(); 

 

ofstream outfile("out.txt"); 

ofstream outux("ux.txt"); 

ofstream outuy("uy.txt"); 

ofstream outsigx("sigx.txt"); 

ofstream outsigy("sigy.txt"); 
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ofstream outsigxy("sigxy.txt"); 

 

// Reading the data from user 

 

float e1[20], e2[20], n12[20], n21[20], g12[20], theta[20],th; 

float q11=0.0, q12=0.0, q22=0.0, q66=0.0; 

float a11=0.0, a12=0.0, a22=0.0, a66=0.0; 

int n=0; 

float t=1.0; 

 

long double ux[20], uy[20], uya, uyb, sigx[20], sigxa, sigxb; 

long double sigy[20], sigya, sigyb, sigxy[20], sigxya, sigxyb; 

 

 

cout<<"Enter the number of ply in the laminate:\t"; 

cin>>n;        // Reading number of ply 

 

int i,j,k; 

 

for(i=0; i<n; i++) 

{ 

// cout<<"Enter E1 for ply "<<i+1<<" : ";   // Reading E1, E2, 

n12, n21 and G12 
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 e1[i]=38600; 

// cout<<"Enter E2 for ply "<<i+1<<" : "; 

 e2[i]=8270; 

// cout<<"Enter n12 for ply "<<i+1<<" : "; 

 n12[i]=.26; 

 n21[i]=e2[i]*n12[i]/e1[i]; 

// cout<<"Enter G12 for ply "<<i+1<<" : "; 

 g12[i]=4140; 

 cout<<"Enter Theta for ply "<<i+1<<" : "; 

 cin>>th; 

 theta[i]=th*M_PI/180; 

 

/********************************/ 

/* Creating matrix [A] */ 

/********************************/ 

 

 q11 = e1[i]/(1-n12[i]*n21[i]); 

 q12 = n12[i]*e2[i]/(1-n12[i]*n21[i]); 

 q22 = e2[i]/(1-n12[i]*n21[i]); 

 q66 = g12[i]; 

 

 float co = cos(theta[i]); 

 float si = sin(theta[i]); 
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 a11 = a11+q11*pow(co,4)+q22*pow(si,4)+2*(q12+2*q66)*pow(si*co,2); 

 a12 = a12+(q11+q22-4*q66)*pow(si*co,2)+q12*(pow(co,4)+pow(si,4)); 

 a22 = a22+q11*pow(si,4)+q22*pow(co,4)+2*(q12+2*q66)*pow(si*co,2); 

 a66 = a66+(q11+q22-2*q12-

2*q66)*pow(si*co,2)+q66*(pow(si,4)+pow(co,4)); 

} 

 

outfile<<"a11="<<a11<<"\ta12="<<a12<<"\ta22="<<a22<<"\ta66="<<a66; 

 

 

/****************************************/ 

/* calculation for B and C  */ 

/****************************************/ 

 

long double B=0.0, C=0.0; 

 

B = (a22/a66)-(pow(a12,2)/(a11*a66))-((2*a12)/a11); 

C = a22/a11; 

 

outfile<<"\nB = "<<B<<"\tC = "<<C<<endl; 

 

 

 



185 | P a g e  

 

/****************************************/ 

/* calculation for m1, m2, m3, m4 */ 

/****************************************/ 

 

long double alpha=0.0;    // alpha=m*p/a 

float z=1.0; 

int io=0; 

 

complex m[5]; 

long double P[5], Q[5], R[5]; 

 

float n1=n; 

 

float a=3.0, b=9.0, p=1000.0*3.0/n1,x=0.0,y=0.0;// a=width, b=length and p=applied 

load. 

 

long double Em=0.0, Emm=0.0; 

 

long double P2=0.0, P3=0.0, P4=0.0, P5=0.0, Q2=0.0, Q3=0.0, Q4=0.0, Q5=0.0, 

R2=0.0, R3=0.0, R4=0.0, R5=0.0; 

long double Q33=0.0, Q44=0.0, Q55=0.0, R33=0.0, R44=0.0, R55=0.0; 

long double R444=0.0, R555=0.0; 
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long double Am=0.0, Bm=0.0, Cm=0.0, Dm=0.0, lim=11.0; 

 

for(x=0.0; x<=b+0.05; x+=0.9) 

{ 

if(x>(b-0.2)) 

 lim=201.0; 

io=0; 

outux<<endl<<"x/b = "<<x/b<<endl; 

outuy<<endl<<"x/b = "<<x/b<<endl; 

outsigx<<endl<<"x/b = "<<x/b<<endl; 

outsigy<<endl<<"x/b = "<<x/b<<endl; 

outsigxy<<endl<<"x/b = "<<x/b<<endl; 

 

 

for(y=0.0; y<=a+0.05; y+=0.2) 

   { 

   long double uxx=0.0, uyy=0.0, sigxx=0.0, sigyy=0.0, sigsxy=0.0; 

 

 

    for(z=1.0;z<=lim; z+=2.0) 

 { 

 alpha = z*M_PI/a; 

 outfile<<"Alpha = "<<alpha; 
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/****************************************/ 

/* calculation for Em, Emm  */ 

/****************************************/ 

 Em = (2*p/(z*M_PI))*(1.0-cos(z*M_PI)); 

 Emm= -Em*n*t*a*(a12+a66)/a66;   // t=thickness of each ply 

 

 outfile<<"\nEm = "<<Em<<"\tEmm = "<<Emm<<endl; 

 

 m[0] = alpha*sqrt((B+sqrt(B*B-4*C))/2); 

 m[1] = alpha*sqrt((B-sqrt(B*B-4*C))/2); 

 m[2] = -alpha*sqrt((B+sqrt(B*B-4*C))/2); 

 m[3] = -alpha*sqrt((B-sqrt(B*B-4*C))/2); 

 m[4] = 0.0; 

 

 for(i=0; i<4; i++) 

  { 

  outfile<<"\nm"<<i+1<<" = "<<m[i]; 

  } 

 

/****************************************/ 

/* calculation for P1, P2, P3, P4 */ 

/****************************************/ 
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 P[0] = a11*pow(real(m[0]),2)-pow(alpha,2)*a66; 

 P[1] = a11*pow(real(m[1]),2)-pow(alpha,2)*a66; 

 P[2] = a11*pow(real(m[2]),2)-pow(alpha,2)*a66; 

 P[3] = a11*pow(real(m[3]),2)-pow(alpha,2)*a66; 

 P[4] = 0.0; 

 

 for(i=0; i<4; i++) 

  { 

  outfile<<"\nP"<<i+1<<" = "<<P[i]; 

  } 

 

/****************************************/ 

/* calculation for Q1, Q2, Q3, Q4 */ 

/****************************************/ 

 

 Q[0] = (a11*pow(real(m[0]),2)*alpha+pow(alpha,3)*a12)*exp(real(m[0])*b); 

 Q[1] = (a11*pow(real(m[1]),2)*alpha+pow(alpha,3)*a12)*exp(real(m[1])*b); 

 Q[2] = (a11*pow(real(m[2]),2)*alpha+pow(alpha,3)*a12)*exp(real(m[2])*b); 

 Q[3] = (a11*pow(real(m[3]),2)*alpha+pow(alpha,3)*a12)*exp(real(m[3])*b); 

 Q[4] = Emm; 

 

 for(i=0; i<5; i++) 
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  { 

  outfile<<"\nQ"<<i+1<<" = "<<Q[i]; 

  } 

 

/****************************************/ 

/* calculation for R1, R2, R3, R4 */ 

/****************************************/ 

 

 R[0] = 

(a11*pow(real(m[0]),3)+real(m[0])*pow(alpha,2)*a12)*exp(real(m[0])*b); 

 R[1] = 

(a11*pow(real(m[1]),3)+real(m[1])*pow(alpha,2)*a12)*exp(real(m[1])*b); 

 R[2] = 

(a11*pow(real(m[2]),3)+real(m[2])*pow(alpha,2)*a12)*exp(real(m[2])*b); 

 R[3] = 

(a11*pow(real(m[3]),3)+real(m[3])*pow(alpha,2)*a12)*exp(real(m[3])*b); 

 R[4] = 0.0; 

 

 for(i=0; i<4; i++) 

  { 

  outfile<<"\nR"<<i+1<<" = "<<R[i]; 

  } 
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/****************************************/ 

/* Solution for Am, Bm, Cm, Dm */ 

/****************************************/ 

 

 P2=P[0]*real(m[1])-P[1]*real(m[0]); 

 P3=P[0]*real(m[2])-P[2]*real(m[0]); 

 P4=P[0]*real(m[3])-P[3]*real(m[0]); 

 P5=P[0]*real(m[4])-P[4]*real(m[0]); 

 

 Q2=Q[0]*P[1]-Q[1]*P[0]; 

 Q3=Q[0]*P[2]-Q[2]*P[0]; 

 Q4=Q[0]*P[3]-Q[3]*P[0]; 

 Q5=Q[0]*P[4]-Q[4]*P[0]; 

 

 R2=R[0]*Q[1]-R[1]*Q[0]; 

 R3=R[0]*Q[2]-R[2]*Q[0]; 

 R4=R[0]*Q[3]-R[3]*Q[0]; 

 R5=R[0]*Q[4]-R[4]*Q[0]; 

 

 Q33=Q2*P3-Q3*P2; 

 Q44=Q2*P4-Q4*P2; 

 Q55=Q2*P5-Q5*P2; 
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 R33=R2*Q3-R3*Q2; 

 R44=R2*Q4-R4*Q2; 

 R55=R2*Q5-R5*Q2; 

 

 R444=R33*Q44-R44*Q33; 

 R555=R33*Q55-R55*Q33; 

 

 Dm = R555/R444;     // calculation of Dm 

 Cm =(R55-R44*Dm)/R33;                    // calculation of Cm 

 Bm =(R5-R4*Dm-R3*Cm)/R2;               // calculation of Bm 

 Am =(R[4]-R[3]*Dm-R[2]*Cm-R[1]*Bm)/R[0]; // calculation of Am 

 

 outfile<<"\nAm="<<Am<<"\nBm="<<Bm<<"\nCm="<<Cm<<"\nDm="<<Dm<<

endl; // output for Am, Bm, Cm, Dm 

 

 long double eq1,eq2,eq3,eq4; 

 

 eq1=real(m[0])*Am+real(m[1])*Bm+real(m[2])*Cm+real(m[3])*Dm; 

 eq2=P[0]*Am+P[1]*Bm+P[2]*Cm+P[3]*Dm; 

 eq3=Q[0]*Am+Q[1]*Bm+Q[2]*Cm+Q[3]*Dm; 

 eq4=R[0]*Am+R[1]*Bm+R[2]*Cm+R[3]*Dm; 
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 outfile<<"eq1 = "<<eq1<<endl<<"eq2 = "<<eq2<<endl<<"eq3 = 

"<<eq3<<endl<<"eq4 = "<<eq4<<endl; 

 

 uxx = uxx+(-

(real(m[0])*Am*exp(real(m[0])*x)+real(m[1])*Bm*exp(real(m[1])*x)+real(m[2])*Cm

*exp(real(m[2])*x)+real(m[3])*Dm*exp(real(m[3])*x))*alpha*sin(alpha*y)); 

 uya = -

a11/(a12+a66)*(pow(real(m[0]),2)*Am*exp(real(m[0])*x)+pow(real(m[1]),2)*Bm*ex

p(real(m[1])*x)+pow(real(m[2]),2)*Cm*exp(real(m[2])*x)+pow(real(m[3]),2)*Dm*ex

p(real(m[3])*x))*cos(alpha*y); 

 uyb = 

a66/(a12+a66)*(Am*exp(real(m[0])*x)+Bm*exp(real(m[1])*x)+Cm*exp(real(m[2])*x)

+Dm*exp(real(m[3])*x))*pow(alpha,2)*cos(alpha*y); 

 uyy = uyy+uya+uyb; 

 sigxa = -

a66/(t*n*a*(a12+a66))*a11*(pow(real(m[0]),2)*Am*exp(real(m[0])*x)+pow(real(m[

1]),2)*Bm*exp(real(m[1])*x)+pow(real(m[2]),2)*Cm*exp(real(m[2])*x)+pow(real(m[

3]),2)*Dm*exp(real(m[3])*x))*alpha*sin(alpha*y); 

 sigxb = -

a66/(t*n*a*(a12+a66))*a12*(Am*exp(real(m[0])*x)+Bm*exp(real(m[1])*x)+Cm*exp(

real(m[2])*x)+Dm*exp(real(m[3])*x))*pow(alpha,3)*sin(alpha*y); 

 sigxx = sigxx+sigxa+sigxb; 

 sigya = -1/(t*n*a*(a12+a66))*(a12*a12+a12*a66-

a11*a22)*(pow(real(m[0]),2)*Am*exp(real(m[0])*x)+pow(real(m[1]),2)*Bm*exp(real

(m[1])*x)+pow(real(m[2]),2)*Cm*exp(real(m[2])*x)+pow(real(m[3]),2)*Dm*exp(real(

m[3])*x))*alpha*sin(alpha*y); 
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 sigyb = -

1/(t*n*a*(a12+a66))*a22*a66*(Am*exp(real(m[0])*x)+Bm*exp(real(m[1])*x)+Cm*e

xp(real(m[2])*x)+Dm*exp(real(m[3])*x))*pow(alpha,3)*sin(alpha*y); 

 sigyy = sigyy+sigya+sigyb; 

 sigxya = -

a66/(t*n*a*(a12+a66))*a12*(real(m[0])*Am*exp(real(m[0])*x)+real(m[1])*Bm*exp(

real(m[1])*x)+real(m[2])*Cm*exp(real(m[2])*x)+real(m[3])*Dm*exp(real(m[3])*x))*p

ow(alpha,2)*cos(alpha*y); 

 sigxyb = -

a66/(t*n*a*(a12+a66))*a11*(pow(real(m[0]),3)*Am*exp(real(m[0])*x)+pow(real(m[

1]),3)*Bm*exp(real(m[1])*x)+pow(real(m[2]),3)*Cm*exp(real(m[2])*x)+pow(real(m[

3]),3)*Dm*exp(real(m[3])*x))*cos(alpha*y); 

 sigsxy = sigsxy+sigxya+sigxyb; 

 

 } 

 

   ux[i0]=uxx; 

   uy[i0]=uyy; 

   sigx[i0]=sigxx; 

   sigy[i0]=sigyy; 

   sigxy[i0]=sigsxy; 

 

   i0+=1; 

 

   } 
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for(i=0; i<16; i++) 

 { 

 outux<<ux[i]/b<<endl; 

 outuy<<uy[i]/a<<endl; 

 outsigx<<sigx[i]<<endl; 

 outsigy<<sigy[i]<<endl; 

 outsigxy<<sigxy[i]<<endl; 

 

 } 

 

} 

 

 

for(i=0; i<n; i++) 

 { 

 cout<<"\nFor ply "<<i+1<<":\nE1 = "<<e1[i]<<"\nE2 = "<<e2[i]<<"\nn12 = 

"<<n12[i]<<"\nn21 = "<<n21[i]<<"\nG12 = "<<g12[i]<<"\nTheta = "<<theta[i]<<endl; 

 outfile<<"\nFor ply "<<i+1<<":\nE1 = "<<e1[i]<<"\nE2 = "<<e2[i]<<"\nn12 = 

"<<n12[i]<<"\nn21 = "<<n21[i]<<"\nG12 = "<<g12[i]<<"\nTheta = "<<theta[i]<<endl; 

 } 

 

} 
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Reuse permissions of the published journal articles for Chapters 

2, 3, 4 and 6 

  



196 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



197 | P a g e  

 

 

  



198 | P a g e  

 

 

  



199 | P a g e  

 

 

 


