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ABSTRACT 

Bast fibers are one of most widely used types of cellulosic natural fibers. Flax fibers, 

a specific type of bast fiber, have historically been used as reinforcements in composites 

because they offer competitive advantages, including environmental and economic benefits, 

over mineral-based reinforcing materials. However, the poor interfacial properties due to the 

hydrophilicity of flax fibers and the hydrophobicity of most polymer matrices reduce the 

mechanical performance of flax thermoset composites. On the other hand, the structure of 

flax fiber is more complex than synthetic fibers, which causes most of traditional mechanical 

tests from the transverse direction to evaluate the interfacial properties of flax composites are 

not valid. In this study, the physical and chemical properties of flax fibers, vinyl ester resin 

and their composites are investigated. A comprehensive understanding of flax fiber, vinyl 

ester systems and their composites has been established. 

Surface modifications to the flax fiber and chemical manipulations on vinyl ester 

systems have been studied to improve the interfacial properties of flax/vinyl ester 

biocomposites. A new chemical manipulation method for vinyl ester system has been 

invented. The specific interlaminar shear strength of alkaline treated flax/VE with 1.5% AR 

shows approximately 149% increase than untreated flax/VE composites. NaOH/Ethanol 

treated flax/VE with AR shows 33% higher in specific flexural modulus and 73% better in 

specific flexural strength than untreated flax/VE composites. In addition, AR modified 

alkaline treated flax composites performs approximately 75% better in specific tensile 

modulus and 201% higher in specific tensile strength than untreated flax/VE composites. 

Flax/VE composite with high elastic modulus, which is higher than their theoretically 

predicted elastic modulus, was achieved. The effects of thermal properties of flax fibers and 

vinyl ester resin systems on the interfacial properties of their biocomposites were also 

studied. The theory of modifying the thermal properties of flax and vinyl ester to improve the 
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interfacial adhesion has been proved by the study of the thermal residual stresses in their 

composites by XRD techniques.   
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CHAPTER 1. INTRODUCTION 

Bast fibers as reinforcements in polymer matrix composites offer a competitive 

advantage in terms of specific mechanical properties and the potential of biodegradability 

after service life over mineral-based reinforcing materials, e.g. glass fibers. Interest in using 

cellulosic fibers as reinforcements in biocomposites is increasing as these types of fibers are 

being extensively utilized in many automotive applications, including door panels, seat 

backs, interior dash and trim components as well as underbody shields and covers. The idea 

of using bast fibers composites in automotive industry is not a new one. In 1941, Henry Ford 

introduced the first composites in vehicles using hemp and wheat straw fibers as 

reinforcements. Since then different types of natural fibers have been utilized in many others 

industries, including garden furniture, consumer industry, aeronautic industry, and so on. 

BMW Group incorporated approximate 10,000 tons of natural fibers into its vehicles in 2004 

[1]. The consumption of the natural fibers composites in European Union was more than 

300,000 tons within automotive, construction, furniture, E-mobile, and consumer industries 

in 2010 [2], which is three-fold times than the prediction in 2005 [3]. Their use has been 

influenced by several eco-design factors, such as increased environmental and health 

concerns, social and economic impacts, which can reduce the energy consumption and 

support a desire for lighter-weight structures [4].  

Natural fiber reinforced composites offer many environmental and economic benefits 

as compared to synthetic fibers. However, there are several questions which should be well 

studied before the natural fibers composites can be widely accepted. It is imperative to fully 

understand the controllability of the fibers’ properties, the processing technology, the 

interfacial properties between fibers and matrix, moisture stability and flame retardant 

properties of the composites, and so on.  
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1.1. Importance of Interface in Composites 

The interface between a reinforcing fiber and matrix is depicted in Fig. 1.1 (a). In the 

interface region, the interaction between fibers and matrices can be chemical, mechanical 

(interlocking), physical (van der Waals bond) or the combination thereof [5]. Interfacial 

properties dedicate the mechanical performance of polymer composites and therefore play an 

essential role. In a composite, loads are applied to the matrix and transferred to the fibers 

through both the ends of fiber and the cylindrical surface of the fiber (Fig. 1.1 (b)) [6]. The 

interfacial adhesion between the fiber and the matrix determines the quality of load transfer 

in a composite. Therefore, a better interfacial bonding indicates a composite will possess 

better mechanical properties, such as interlaminar shear strength, delamination resistance, 

fatigue and corrosion resistance.  

 

Figure 1.1 Interface in a composite (a) [5] and the tensile load transfer in the interface (b) [6]. 

There are several experimental methods which can be investigated to evaluate 

interfacial shear strength, interfacial tensile strength, debonding energy, frictional forces, the 

degree of interfacial adhesion and the bonding condition. These mechanical tests include 

fiber pull-out, fiber push-out, critical fiber length, short beam shear, fiber indentation, micro-

debonding, transverse tension, polarized light microscopy and dynamic mechanical analysis 

[5]. Most of the mechanical tests to assess the interfacial properties are based on synthetic 

fiber reinforced composites, where the structure and geometry of the synthetic fibers are 

a b 
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uniform. However, there are significant differences in structure, geometry and constituents 

between synthetic fibers and natural fibers. Natural fibers have very complex structure which 

contain several types of natural polymer and are considered to be naturally occurring 

composites themselves. There are several interfaces which exist inside a natural fiber and 

some of the traditional mechanical tests for measuring the interfacial properties actually 

evaluate the combined results from both the interface in the composite and the interface 

inside the fiber, such as transverse tension. Thus in this study, only basic mechanical tests 

will be investigated, including short beam shear and fiber bundle pull-out, to assess the 

interfacial properties of flax composites. In addition, tensile and flexural tests in longitudinal 

direction will be used to evaluate the efficiency of load transfer inside the flax composites 

and to evaluate whether any of the treatments used to improve interfacial properties have an 

adverse effect on these general mechanical properties.  

On the other hand, the surface properties of reinforcing fibers do show strong effects 

on the interfacial properties of the composites. Therefore, different surface treatments have 

been well studied in synthetic fibers in the past to improve the interfacial properties of their 

composites. The techniques traditionally used to characterize the fiber surface are used to 

predict the interfacial adhesion between fibers and matrices. These experimental methods 

include electron spectroscopy for chemical analysis (ESCA), X-ray photoelectron 

spectroscopy (XPS), Fourier transform infrared analysis (FTIR), dynamic contact angles, 

scanning tunneling microscopy (STM), scanning electron microscopy (SEM) and thermal 

desorption [5]. In this study, different surface modifications on flax fibers and matrix 

manipulations are investigated to improve the interfacial adhesion between flax and vinyl 

ester (VE) matrix. In addition, the effects of thermal residual stresses on the interfacial 

properties of the flax composites are evaluated by X-ray diffraction (XRD) assisted with 

aluminum powders. 
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1.2. Flax Fiber as the Reinforcement 

Bast fibers are one of the major types of cellulosic fibers, which have a long and 

storied past. The earliest usage of bast fibers was 30,000 years ago in Upper Paleolithic Age 

[7]. Prehistoric hunter-gatherers twisted wild flax fibers and made cords to haft stone tools, 

weave baskets, or sew garments. Bast fibers have been widely used in textiles thousands of 

years ago in Egypt and China.  

Flax grown for fiber (linen) and grown for seed oil (linseed) has been planted in 

temperate regions, such as Netherlands, France, Spain, Russia, Belgium, China, India, 

Argentina, Canada, and United States. Linen flax is the oldest textile known and an important 

rule for the modern textile industry. The Flax Council of Canada (FCC) website provides 

comprehensive details of linseed flax. The plant can grow between 80 and 150 cm in about 

80 to 110 days, of which 75% of the plant's height can be used to produce fiber [3]. The 

physical properties of flax fibers are related to the components and internal structure of fibers.  

1.2.1. Structure of Flax Fibers 

A flax fiber consists of 70-85% cellulose, 11-20% hemicelluloses, 2-12% pectin, and 

about 2% lignin [8,9] with several minor extractives, such as fat, wax, protein, tannins, dyes, 

inorganic salts, etc. These constituents vary depending on the source of the fibers, growing 

conditions, plant age, and digestion processes [10]. The content of cellulose governs the 

properties of the fibers and dictates the performance of their composites. The non-cellulosic 

components are all amorphous polymers and reduce the strength and modulus of the 

cellulosic fibers [11]. Moreover, these constituents show a negative influence on cellulosic 

fiber reinforced composites. 

Cellulose is a linear hydrophilic glucan polymer of D-glucopyranose units (Fig. 1.2), 

which are linked together by β-(1-4)-glucosidic bonds [12]. A large amount of hydroxyl 
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groups are attached on the aromatic rings, which cause cellulose to be hydrophilic. The 

existance of OH groups in cellulose also leads to plenty of hydrogen bonds. Due to these 

hydrogen bonds and van der Waals forces, part of the cellulose molecules align together, 

highly ordered, and form crystalline regions. Meanwhile, the rest of molecules with a less 

ordered arrangement constitute the amorphous part. The superamolecular structure of 

cellulose determines its chemical and physical properties. The degree of polymerization (DP) 

is the key factor, which varies with the type of natural fiber: ramie has 6500 DP; cotton has 

7000 DP; flax has 8000 DP [10]. There are two forms cellulose existing in nature (cellulose I): 

cellulose Iα and celloluse Iβ [13]. Cellulose Iα only exists in some green algae [14,15] and 

cellulose Iβ exists in various species from plants to animals. Cellulose in different plant fibers 

has the same structure: cellulose Iβ. Cellulose Iβ crystallizes in monoclinic sphenodic 

structures with two chains in a parallel fashion [16,17]. Cellulose I can be transformed into 

cellulose II, cellulose III, or cellulose IV by different chemical or thermal treatments. In 

addition, these different forms of cellulose can be transformed back to cellulose I by 

treatments. Cellulose II is also a monoclinic structure, but its two chains are arranged in an 

antiparallel fashion.  Cellulose II is more thermal stable than cellulose I [18]. However, 

cellulose I shows better mechanical properties. 

 
Figure 1.2 The molecular structure 

of cellulose. 

Flax fibers are actually fiber bundles, which are complied by several single fibers. A 

single fiber (elementary fiber) can be considered as hollow composites: cellulose fibrils are 

the reinforcements; hemicellulose, lignin, and other amorphous components are matrices to 
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hold these fibrils together. There are several distinct layers in a single fiber (Fig. 1.3) [19] the 

center lumen, secondary wall (S3, S2, and S1), and primary wall from inside to outside. The 

primary wall is the first layer deposited containing hemicelluloses and cellulose during the 

cell growth encircling the secondary walls [20]. The secondary cell wall consists mainly of 

helically wound cellulose microfibrils. These microfibrils are made up of 30 to 100 cellulose 

molecules, with a diameter of about 10-30 nm, and provide mechanical strength to the fiber. 

S2 layer is thicker than S1 and S3 layers and contributes approximately 70% of the whole 

fiber’s Young’s modulus [10].  The microfibrillar angle between the fiber axis and the 

microfibril depends on the species, which is approximately 10° for flax. The spiral angel and 

S2 determine the mechanical properties of the fiber.  The outer layer, middle lamella, is 

constituted of pectin and lignin to compile and bound fiber bundles together to form the plant 

fibers. The existence of pectin and lignin reduce the mechanical properties of the fiber, which 

also affect the interfacial properties between fibers and matrices. On the other hand, matrix 

systems are usually much more hydrophobic. The inherent lack of compatibility between 

cellulosic fibers and polymeric matrices leads to poor dispersion of the flax fibers and to poor 

adhesion between the fibers and the matrices.  

 
Figure 1.3 The structure of a long plant fiber 

cell [19]. 

In Table 1.1 the ranges in mechanical performance of unidirectional flax thermoset are 

listed. These long flax fibers have been cleaned well, mechanically handled, and some of 
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them have been spun into yarns, which are easy to process into composites and increase the 

mechanical performance of their composites. In addition, different thermoset resins and 

different processing procedures were involved, which affect the properties of these flax fiber 

composites. However, the interfacial bonding plays an important role in the physical and 

mechanical properties of these flax fiber composites. 

Table 1.1 Unidirectional Flax Reinforced Thermoset Mechanical Performance [21] 

Composite 
Tensile Flexural Interlaminar 

Shear Strength 
(MPa) 

Vf 
(%) Modulus 

(GPa) 
Strength 
(MPa) 

Modulus 
(GPa) 

Strength 
(MPa) 

Flax/Polyester 14 140~143 15~17 170~198 22 28~31 
Flax/Epoxy 15 160 16 168~190 30 25~30 

Flax/Vinyl ester 14~24 143~248 - 95~135 10.5~21 34~37 

1.2.2. Surface Modified Flax Fibers/VE Composites 

To improve the interfacial properties of flax composites, different physical, chemical, 

or physico-chemical modifications are applied to the flax fibers. The physical methods, such 

as mechanical separation, stretching and rolling, solvent extraction, electric discharge, 

thermal treatment, steam explosion, and so on, can partially change the structural surface 

properties of flax fiber. Chemical modifications include alkaline treatment, coupling agents, 

bleaching, enzyme, peroxide, at et., to reduce non-cellulose components, decrease the 

hydrophilicity of flax fiber and improve chemical bonding between flax fiber and polymer 

matrices. Hydrothermal treatment and steam explosion with chemical solutions are two 

typical physico-chemical treatments applied to flax fibers to produce small, clean and fine 

fibers or fibrils, which increase the contact area between fiber and matrix.  

In a preliminary study [22], different types of physical and chemical modifications 

(including: hot water washing, NaOH treatment, 10% VE tetrahydrofuran (THF) coating, 

acetic anhydride treatment, acrylic acid treatment, silane treatment, and bleaching) on 

European linen flax were investigated to analyze their effects on the interfacial properties of 

unidirectional flax/VE composites. The comparisons of mechanical performance among 



 8 

untreated and treated flax/VE composites and unidirectional E-glass/VE composites were 

discussed.  

Dissolution, coating, or a combination of both can occur during surface treatments. 

Specifically, hot water treatment causes dissolution.  With hot water treatment in the 

preliminary study [22], the ash and protein substances were washed away from the surface of 

flax fiber to improve the adhesion between flax fiber and vinyl ester matrix. The 

NaOH/ethanol treatment also showed the same effect as the hot water treatment. In addition, 

alkaline treatment degrades lignin, and alters parts of the structure of cellulose lattices, but 

the hot water treatment does not cause either effect.  

The acetic anhydride treatment is a type of acetylation reaction, which can reduce the 

hydrophilicity of the flax fiber. In this study, acetic anhydride was reacted with hydroxyl 

group (–OH) of flax fiber, which results in the formation of acetate, thus increasing the 

hydrophobicity, as showed in Formula 1.1. This treatment promotes a pseudo coating on the 

surface of flax fiber. 

 
(1.1) 

 
During the acetylation, cellulose will start to hydrolyze when pH is lower than 5.5, which 

will decrease the weight of flax fiber (Formula 1.2). The product of hydrolyzation can react 

with acetic anhydride to form acetate that has very low molecular weight. 

  (1.2) 
 
The acrylic acid treatment is the combination of dissolution and coating, which 

involves dewaxing, delignification, bleaching and copolymerization. Several types of 

chemical reactions are equally probable during the surface treatment. The first method is 

grafting. Cellulose can react with acrylic acid to form acrylate, which reduces the 

Cellulose-OH +H3C

C
O

O

C
O

CH3 Cellulose-O
C
O

CH3 + H2O

(C6H10O5)n + nH2O nC6H12O6
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hydrophilicity of cellulose and forms water as the byproduct. The reaction between acrylic 

acid and cellulose is showed as Formula 1.3: 

 
(1.3) 

 
Meanwhile, another parallel reaction can occur during the first step. If the concentration of 

acrylic acid is too high, acrylic acid can polymerize to form oligomer, as shown in Formula 

1.4. Oligomer also can react with celluloses, which can increase the length of the branch and 

water is the byproduct (Formula 1.5). Both reactions will increase the amount of water.  

 

(1.4) 

 
(1.5) 

During evaporation of the unreacted acrylic acid and water there may be several kinds 

of chemical left: flax fiber without any grafting, flax fiber grafted acrylate, oligomers, and 

products from hydrolysis. There might be some residual hydrogen bonds in the treated flax 

fiber (Formula 1.6). FTIR can be used to detect the functional groups and verify the chemical 

reactions. The carbon double bonds of acrylic acid can also polymerize with vinyl ester resin 

when vinyl ester resin is infused during the processing composites panel. Silane treatment is 

similar with the acetic anhydride treatment, which also includes coating. In addition, the 

grafted silane increases the mechanical interlocking between the flax fiber and the vinyl ester 

matrix. 

 

(1.6) 

 

Cellulose-OH + H2C CH
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C
O
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Vinyl-ester-resin treatment treatment involves coating, which has no chemical 

reactions between vinyl ester resin and flax fiber. In this treatment, toluene solution was 

chosen first as it is a common solvent, which cannot break down flax fiber. Nevertheless, the 

polarity of toluene is much lower than THF, which is not helpful to disperse flax fiber. In the 

THF solution, flax fiber and vinyl ester resin were expected to have a higher degree of 

contact. The coated vinyl ester resin can increase the wettability between flax and VE during 

the composites’ process. 

Bleaching treatment is a traditional treatment for wood fibers, which reduces pectin 

and lignin. In this study, linseed flax fiber contents 16% lignin, which affects the properties of 

flax fiber and its composite significantly. The bleaching principle of sodium chlorite is still 

not clear in the literature. One assumption [23], which is accepted by many scientists, is that 

oxygen is the key to break down lignin. The other assumption [23] is Cl2 which oxides lignin. 

However, the bleaching of sodium chlorite will not break down small amount of flax fiber 

within a reasonable cost compared to hydrogen peroxide. 

The results of the surface treatments on the specific interlaminar shear strength and 

the comparisons among flax/VE composites and E-glass/VE composites are shown in Fig. 

1.4. The physical methods applied to the flax fibers were the hot water washing and the 10% 

vinyl ester resin coating. The chemical methods included: alkaline treatment (NaOH), 

coupling agents (acetic anhydride, acrylic acid, and silane treatment), and bleaching 

treatment (NaClO2). Compared with the untreated Flax/VE composites, all of the surface 

treatments investigated increased the specific interlaminar shear strength (ILSS) of the 

composites to a certain degree, which indicates that all the treatments improve the interfacial 

adhesion between flax fibers and VE matrix. Physical methods increase the mechanical 

interlocking between fibers and matrix. Chemical modifications build bridges by forming 

chemical bonds between fibers and matrix to improve the interfacial properties of the 
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composites. Moreover, most surface treatments show higher specific ILSS than E-glass/VE 

composites, except hot water washing and acetic anhydride treatment. However, different 

treatments affect other mechanical properties of their composites in different way. Moreover, 

the time-efficiency and the cost of these treatments are issues, which should be considered. 

 

Figure 1.4 Specific interlaminar shear strength 

comparisons among untreated and treated European 

flax/VE composites and E-glass/VE composites [22]. 

The mechanical properties of flax fiber/VE composites depend on the mechanical 

properties of flax fiber, the mechanical properties of the VE matrix, and the efficiency of load 

transfer. The specific tensile modulus and the specific flexural modulus of the flax/VE 

composites are shown in Fig. 1.5 and Fig. 1.6. It is clear that most of the physical and 

chemical treatments show negative effects on the mechanical moduli of the flax/VE 

composites, which are related to the structural variation of the flax fibers. This is due to the 

effects of chemicals in the treatments. For the physical methods, the solvent THF is a polar 

solvent, which can dissolve different type of hydrophobic and hydrophilic chemicals. The 
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carbon chain of flax fibers can relax and free-walk in THF solution, as well as the carbon of 

VE resin and acrylic resin. VE resin or AR is able to fill up the apparent surface flaws in flax 

fiber and results in better adhesion [18]. However, some coiled fibrils in flax fibers are 

loosened and exposed in THF solution during treatments [19]. These fibrils can contribute to 

uncoiling when a bending force is applied, which leads to the reduction in interfacial stress 

transfer. Moreover, the swelling and partial removal of non-cellulosic chemicals in flax fibers 

decreases the resistance of microfibrils to stretching [24]. 

 

Figure 1.5 Specific tensile modulus comparisons among 

untreated and treated flax/VE composites and E-

glass/VE composites [22]. 
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Figure 1.6 Specific flexural modulus comparisons 

among untreated and treated flax/VE composites and E-

glass/VE composites [22]. 

Different physical or chemical treatments on flax fibers can remove non-cellulose 

chemicals to improve the interfacial bonding between flax and VE. However, these treatments 

also introduce some damage to the fiber structure, which reduce the mechanical performance 

of flax/VE composites. Moreover, some of the physical or chemical treatments increase the 

total cost of flax/VE composites, and some of the chemical treatments are not 

environmentally friendly or can generate polluted by-products. Thus, a easy processing, cost-

saving and eco-friendly method to improve the interfacial properties of flax/VE composites 

needs to be developed and thus because the focus of this dissertation. 

1.3. Vinyl Ester System 

Surface treatments clean the fibers, increase the contact areas between fibers and 

matrices, or introduce chemical bonds between fibers and polymer matrices to improve the 

interfacial properties of the flax composites. On the other hand, the polymer matrix can also 
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be modified to improve the adhesion between fibers and matrices. In terms of liquid molding 

resins, the mechanical properties and cost of vinyl ester (VE) are intermediate to those of 

polyester or epoxy. VE offers better resistance to moisture absorption and hydrolytic attack 

than polyesters [24], which is because of fewer ester groups in the VE structure. These ester 

groups are readily hydrolyzed, leading to a significant moisture uptake in the cured 

composites [25].  

VE resins are oligomers with unsaturated terminal sites, which generated by the 

reaction between bisphenol-A and unsaturated carboxylic acid. Bisphenol-A is based epoxy 

oligomers and unsaturated carboxylic acids can be acrylic or methacrylic acid. In order to 

control the viscosity of VE resin system, styrene as a diluent is added [26,27]. Vinyl groups 

of styrene and the end acrylic or methacrylic groups of VE resin can crosslink to form a 

network by the free-radical copolymerization. The cure process of VE, which determines the 

mechanical properties of the final product, is influenced by reaction conditions, which 

include concentration of the monomers, initiators, and temperature [28]. Moreover, the curing 

process of VE is an exothermic reaction and for very thick VE bulks the exothermic 

temperature can be as high as 193ºC [29].  

The kinetics of curing vinyl ester has been studied using different techniques, such as 

FTIR, C13 NMR, DSC curing behavior, DMA, and TMA. The structure of VE network is 

considered to be heterogeneous, which has been proved by TEM [30] and AFM [31]. During 

the curing procedure of VE, the acrylate or methacrylate reacts slightly faster than styrene 

and ceases before VE fully cures. Meanwhile, styrene continues polymerizing during the 

entire curing process. The amount of conversion of styrene determines the density of 

crosslinking of VE [32], which affects the glass transition temperature and the free volume 

expansion coefficient. 
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1.3.1. Resin System Manipulation 

There are two categories of methods in resin modifications. The first type is focused 

on mixing certain compatibilizer with the resin to reduce the interfacial energy and improve 

the interfacial adhesion of multiphase polymer. The second type is focused on adding 

compounds or homopolymers into the resin system to change the route of the crosslinking to 

improve some mechanical properties of the final product, such as impact properties. 

The immiscible polymers blending together have been investigated for many years. It 

can be immiscible binary blends of some compatibilizers (usually homopolymers) to certain 

block copolymers or branched copolymers, which consist the same repeat units as the 

compatibilizers [33]. It also can be blending with compatibilizers, which have some identical 

parts with the thermoset resin and the rest are different but still miscible with the resin. 

Moreover, it can be mixing two immiscible polymers (block or graft copolymers) having 

some miscible blocks on both. The existance of the small amount of compatibilizers may 

reduce the phase separation of thermoset system, which leads to changes of internal stresses 

in the bulk polymers and improves the mechanical performance of the bulk. The internal 

stresses, especially the thermal residual stresses may introduce shape distortions, warpage, or 

micro-cracks into the bulk [34]. 

The second type of the resin manipulation is adding homopolymers (usually 

thermoplastics with low unsaturated bonds) to modify the path of the copolymerization of the 

original resin system. It may change the thermal residual stresses of the polymer, such as 

epoxy modified by polyester [35]. The internal stresses of cured epoxy depend on the amount 

of additional polyester. With the addition of 16 phr polyester, the internal stress was almost 

absent without any sacrifice of mechanical properties and heat resistance. The changes of 

internal stresses are shown by the shrinkage of curing. The effects of the internal stresses 

depend on the application of the material. Thermosets, such as vinyl ester, are typically used 
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as the matrices for fiber reinforced composites. These stresses can introduce product failures 

to the composites or help to improve the mechanical performance of their composites. 

Moreover, the additives can change certain physical property of the polymer, such as 

hydrophilicity. 

Acrylic resins (AR) are usually used as plasticizers in cellulose nitrate and chlorine-

containing binders for coatings. They show good flexibility and excellent adhesion. AR used 

in this study is the copolymer from n-butyl acrylate and vinyl isobutyl ether. The ester groups 

in AR can introduce higher polarity to the resin, which increases the hydrophilicty of AR. 

The more hydrophilic resin system should help increase the interfacial adhesion between flax 

and VE. In the preliminary study, AR was used as a coating to coat flax fibers’ surface and 

also mixed with VE resin to manipulate the resin system.  

Figure 1.7 shows the comparisons of specific interlaminar shear strength of untreated 

and treated cellulosic fibers with neat VE and modified VE with 1% AR. These results lend 

credence to the necessity to further explore the factors affect the mechanical properties of 

cellulosic fibers reinforced VE composites. It was observed in the preliminary testing that the 

chemical treatments investigated on unidirectional flax improved the interfacial bonding 

between fibers and VE matrix to a certain degree. The cleanliness of unidirectional cellulosic 

fibers affects the interfacial bonding significantly. However, the chemical treatments on 

hemp mat did not show the similar results, which it is due to the geometry and the 

architecture of the hemp mat affect the dispersion of VE. 

On the other hand, the resin manipulation showed the similar effects on both 

unidirectional flax and randomly-oriented hemp. The polarity of acrylic resin is in middle of 

cellulosic fibers and vinyl ester, which is the reason that acrylic resin was chosen as a 

compatibilizer to modify vinyl resin system. It means acrylic resin increases the interaction 

between the fibers and matrix. 
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However, if the polarity is the only reason acrylic resin improves the interfacial 

properties of the composites, 3% acrylic resin coating should increase the interfacial bonding, 

or at least showed similar performance as other treatments. However, the results of acrylic 

coating show the decreasing of the specific interlaminar shear strength for unidirectional flax 

composites. It indicates acrylic resin as a compatibilizer for vinyl ester may also change the 

residual stresses during the curing process, which affect the mechanical properties of the final 

product. 

 

Figure 1.7 Comparisons of specific interlaminar shear 

strength among untreated and treated cellulosic fiber 

VE composites [22]. 

1.4. Thermal Residual Stresses 

The thermal residual stresses at the interface between fibers and matrix and inside of 

the resin and fiber are the results of the chemical shrinkage and thermal cooling contraction 

[36,37]. There are two steps involved in the curing process of fiber reinforced thermoset 

composites. The first step is isothermal curing at a high temperature. During this step the 
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polymerization of the polymer matrix is the main chemical reaction, which causes the 

polymer to shrink and build up stiffness. Meanwhile, the fibers remain the same. The second 

step is thermal cooling from the curing temperature to room temperature. Due to the 

difference in thermal expansion coefficients of fibers and polymer matrix, polymer and fibers 

contract by different amounts. At the same time, the polymer may change its stiffness. 

The residual stresses exist on both the macroscopic and microscopic scales. Tensile 

residual stresses from the matrix may significantly decrease the strength of the polymer and 

lead to premature fracture of a composite structure. Compressive residual stresses may 

increase the interfacial bonding between fibers and polymer matrix [38]. Residual stresses are 

also important at the free edge of a laminate. These stresses can create matrix cracking of 

delamination initiation if their values are high. It is important to predict and measure the 

residual stresses for production, design and performance of composites materials. 

During polymerization, the chemical shrinkage stresses are introduced by the volume 

changes of polymer matrix. The chemical properties of the material and the procedure of 

curing determine the shrinkage stresses. There are two transitions, gelation and vitrification, 

which can be involved during the curing of the polymer matrix. Gelation is related with the 

formation of molecular networks. If the temperature of the isothermal curing is above the 

glass transition temperature, there will be only gelation for the polymer matrix. Gelation 

corresponds to the equilibrium elastic modulus. If the curing temperature is below the glass 

transition temperature, the polymer matrix will first gelate and then vitrify. Vitrification will 

occur when the curing temperature reaches the glass transition temperature, and it is related 

to the transition from a rubbery modulus to a glassy modulus [37]. 

The mismatch in the coefficients of thermal expansion (CTE) of the polymer and 

fibers can introduce thermal cooling stress. When the temperature of the system starts to 

decrease, both polymer and fiber start to contract. The contraction of polymer is restricted by 
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the bonded fibers, which leads the tension to the matrix. Meanwhile, the fibers are also 

compressed by the contraction of polymer matrix, which induces the compressive stress to 

the fibers. The properties of the fiber-polymer system, especially the interaction between 

fiber and matrix, decide the magnitude of these stresses [37]. These internal thermal residual 

stresses affect the quality of the interfacial adhesion of the fiber reinforced composites [39]. 

The interface condition can affect the toughness, stiffness and strength of the composites [40]. 

1.4.1. Measuring Methods 

There are numerous methods that have been developed to determine the residual 

stresses in the fiber reinforced polymer composites, including experimental methods and 

analytical methods. These techniques estimate the magnitude of the thermal residual stresses 

on the three levels: the meso/micro-level (micro-mechanical level) [41,42], the macro-level 

(macro-mechanical level) [43], and a global laminate level [44]. 

There are two categories in experimental methods: destructive and non-destructive 

methods. As the name mentioned, the specimens for the destructive methods will be 

destroyed in the testing, such as hole-drilling [45], first-ply test [46], and sectioning [47]. 

During the specimens’ preparation, the development of damage due to the cutting and drilling, 

which affect the performance of the composites, is still a challenge. 

The second category is non-destructive methods, including warpage/curvature 

measurements [48], the cure-reference method [49], Photo-elasticity [50], micro-Raman 

spectroscopy [51], electrical conductivity [52], and embedded sensors [53]. Warpage and the 

cure-reference methods are based on in-plane and out-of-plane deformations. Under certain 

strains or stresses, some materials’ properties change, such as the refraction of light, Raman 

peak position, and electrical conductivity. The thermal residual stresses of these materials can 

be measured by Photo-elasticity, micro-Raman spectroscopy, or electrical conductivity. For 
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those materials whose properties changes are hard to detect, embedded sensors can help to 

study the interlaminar or intralaminar stresses in the composites. Currently, strain gauges, 

fiber optic sensor, and embedded metallic particles are commonly used sensors. Strain gauges 

can provide accurate results during both heating and cooling process. Fiber optic sensors will 

not generate degradation of macro-level properties, but they can cause a stress concentration 

and affect the mechanical properties [54]. Embedded metallic particles usually combine with 

X-ray diffraction to measure the deformation induced by residual strains in the matrix.  

For analytical methods, thermal residual stresses in the composites have been studied 

on the macro-level and meso/micro-levels. Classical laminate theory is used to predict at the 

ply level. The unit cell [41] or representative volume element approach [42] has been 

investigated on the micro-level. In order to simplify the procedure, most micromechanical 

models assume a periodic arrangement of fibers and can be isolated. The unit cell has the 

same elastic constants and fiber volume fraction as their composite. The square and 

hexagonal arrangements of the fibers are commonly applied. 

1.4.2. X-ray Diffraction Stress Measurement 

In the early 1950’s, X-ray diffraction measurement was beginning to be applied in 

practical engineering problems, such as steels. With the development of techniques, 

diffractometers and the residual stress models, XRD measurements are now widely 

performed in any fine grained crystalline materials. However, thermoset matrices do not have 

a crystalline structure and do not show any diffraction from X-ray. So the method of 

embedded metallic particles in the thermoset matrix, combining with XRD, has been 

investigated in thermoset polymers and their composites. The embedded sensor can be 

aluminum, copper, silver, or nickel. Because the metal will be exposed to the thermal residual 

strains, it is important to select the metal which will not yield during the curing of polymer. 
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Aluminum particles, which are spherical or nearly spherical, can provide highest accuracy 

[55]. 

Embedded particles can show a change in the diffraction peak angle due to the 

residual strains in the polymer. The crystal lattice spacing d0 can be calculated using Bragg’s 

law: 

d0 = !
!"#$!!"#$$

 (1-1) 

where 𝜃!"#$$ is the measured peak position. There are two rectilinear coordinate systems 

used in x-ray diffraction stress measurements [56]. One is the laboratory coordinate system 

(principal system), which consists of the axes with respect to which diffraction measurements 

are made. The other one is the sample coordinate system (normal system). For an anisotropic 

elastic material stress can be calculated by Eqn. (1-2): 

σij =Cijkl εkl (1-2) 

for i, j, k and l = 1, 2, or 3 and elastic constants matrix Cijkl. Also, strain can be defined in 

terms of the stress components by Eqn. (1-3): 

εij =Sijkl σkl (1-3) 

where Sijkl is the elastic compliance matrix. For an isotropic elastic material, the elastic 

constants E and ν relate the stress and strain tensors by Eqn. (1-4) 

εij =
!!!
!
𝜎!" − 𝛿!"

!
!
𝜎!! (1-4) 

To relate strain in one coordinate system to that in another system, this is done through 

direction cosines ami and anj, and  

εmn=ami anj εij (1-5) 

where ami defines the consine of the angle between xi in the old coordinate system and xm in 

the new coordinate system. Thus the relationship between strain ε33 in the principal 

coordinate system and εkl in the normal system is calculated by Eqn. (1-6) 
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ε33=a3k a3l εkl (1-6) 

with  

aik=
𝑐𝑜𝑠𝜑  𝑐𝑜𝑠𝜓 𝑠𝑖𝑛𝜑 𝑐𝑜𝑠𝜓 −𝑠𝑖𝑛𝜓
−𝑠𝑖𝑛𝜑 𝑐𝑜𝑠𝜑 0

𝑐𝑜𝑠𝜑  𝑠𝑖𝑛𝜓 𝑠𝑖𝑛𝜑𝑠𝑖𝑛𝜓 𝑐𝑜𝑠𝜓
 (1-7) 

for the angle φ and ψ defined in Fig. 1.9. After substituting for a3k and a3l, the result is  

εφψ=ε11cos2φ sin2ψ +ε12sin2φsin2ψ + ε22sin2φsin2ψ +ε33cos2ψ 

+ε13cosφsin2ψ+ε23sinφsin2ψ 
(1-8) 

εφψ is measured at angles φ and ψ in Fig. 1.8 by XRD. The difference between dφψ, the value 

of d in the stressed sample and measured for the plane whose normal is at angle φ and ψ and 

the value of d0 for the unstressed state is related by Eqn. (1-9): 

𝜀!" =
𝑑!" − 𝑑!

𝑑!
 (1-9) 

V. Hauk [57] provides formulas for determining the principal stresses σ11, σ22, σ33 in 

polycrystal specimens while neglecting the shear stresses σ12, σ23, σ31. Application of these 

formulae to the present research is justifiable because of the low magnitude of the shear 

stresses in the specimens tested in this study. Here 11, 22, and 33 correspond to the directions 

(inside the inclusion) x, y and z. Knowing the X-ray elastic constant (XEC) 𝑆!!!" and !
!
𝑆!!!" 

and the stress-free lattice spacing d0 (which is measured on the filler powder), the strain 

measured in the direction by φ and ψ is given, in terms of the principal stresses by Eqn. (1-10) 

𝜀!" =
!!"!!!

!!
 = !

!
𝑆!!!! 𝜎!!𝑐𝑜𝑠!𝜑𝑠𝑖𝑛!𝜓 + 𝜎!!𝑠𝑖𝑛!𝜑𝑠𝑖𝑛!𝜓  + 𝜀!!𝑐𝑜𝑠!𝜓 +

𝑆!!!"(𝜎!! + 𝜎!! + 𝜎!!) 
(1-10) 

Dőlle [58] describes a method to calculate XEC using single crystal elastic constants S11, S12, 

and S66 for cubic symmetry. By using the Voigt and Reuss models, Dragoi [59] calculated the 

average XEC values (Voigt and Reuss) for Al (422).  
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The lattice spacings dφψ are obtained by changing the direction of the X-ray beam. The strain 

components εij (i, j = 1, 2, 3) in the specimen coordinate system can be calculated by Eqn. (1-

11): 

𝜀!" =
𝑑!" − 𝑑!

𝑑!
 

= 𝜀!!𝑐𝑜𝑠!𝜑𝑠𝑖𝑛!𝜓 + 𝜀!"𝑠𝑖𝑛2𝜑𝑠𝑖𝑛!𝜓 + 𝜀!!𝑠𝑖𝑛!𝜑𝑠𝑖𝑛!𝜓

+ 𝜀!!𝑐𝑜𝑠!𝜓 + 𝜀!"𝑐𝑜𝑠𝜑𝑠𝑖𝑛2𝜓 + 𝜀!"𝑠𝑖𝑛𝜑𝑠𝑖𝑛2𝜓 

(1-11) 

ε33 is calculated by Eqn. (1-12): 

𝜀!! =
𝜀!!!,!!! + 𝜀!!!",!!!

2  (1-12) 

ε11 and ε22 are obtained from the slopes of the sin²ψ plots at φ=0° and 90°. The stresses on the 

surface of aluminum particles can be calculated from the strain by using Hooke’s law, 

assuming the system is isotropic. The residual stresses in unidirectional composites can be 

evaluated using the Eshelby approach and a linear visco-elastic model of the laminated plate 

[55]. However, this technique can only provide the properties on the surface of the 

composites. In addition, the concentration of the particles needs to be high enough to acquire 

diffraction, but low enough to minimize the effect on the stress inside the composites. 

 

Figure 1.8 The diffraction plane and the coordinates of the 

specimen [55]. 
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1.4.3. Eshelby Method 

Eshelby developed a consistent theory of stresses and strains inside inclusions. 

Following the standard Eshelby procedure, the stresses inside an inclusion can be obtained 

[57] (Eqn. (1-13)): 

σinclusion = Cmatrix (S-I)[(Cinclusion – Cmatrix)S + Cmatrix]-1Cinclusion εT* (1-13) 

where σinclusion is the stress inside the filler; Cmatrix is the stiffness of the matrix; S is the 

Eshelby tensor; I is the identity matrix; Cinclusion is the stiffness of the inclusion; εT* is the 

differential thermal misfit. In addition, εT* can be calculated by Eqn. (1-14): 

εT* = (αmatrix – αinclusion)ΔT (1-14) 

where αmatrix is the CTE of the matrix; αinclusion is the CTE of the inclusion. The strain inside 

the inclusion is [59]: 

εinclusion = {S[(Cinclusion – Cmatrix)S + Cmatrix]-1Cinclusion – I}εT* (1-15) 

Eqn. (1-16) is the Eshelby tensor S for a spherical inclusion. 

S= 

!!!!!
!"(!!!!)

!!!!!!
!"(!!!!)

!!!!!!
!"(!!!!)

!!!!!
!"(!!!!)

!!!!!!
!"(!!!!)

                  0
!!!!!!
!"(!!!!)

                  0
      0                        0           
  0         0  

!!!!!!
!"(!!!!)

!!!!!!
!"(!!!!)

0 0

               !!!!!
!"(!!!!)

         0  

              0           !!!!!
!"(!!!!)

      0                        0           
  0               0  

        0                            0           
  0           0

                  0                                 0          
                  0                         0  

!!!!!
!"(!!!!)  

0
  

0 !!!!!
!"(!!!!)

 (1-16) 

where νf is the Poisson ratio of the inclusion [60, 61]. 

1.5. Research Objectives 

The interfacial properties of cellulosic fiber reinforced composites are essential rule to 

the mechanical performance of their composites. On the other hand, the mechanical 

properties of the composites indicate how good the interfacial adhesion between fibers and 
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matrices is. To accurately understand the interfacial behavior of the cellulosic fiber reinforced 

thermoset composites, all three aspects (fiber, resin and composites) should be studied on 

both chemical and physical/mechanical properties. From the chemical point, the interaction 

among the constituents of the cellulosic fibers as well as the interaction between these 

components and resin system should be assessed. Moreover, the interphase behavior of the 

modified resin system should be studied. On the physical/mechanical aspect, the thermal 

properties of the cellulosic fibers and resin system should be evaluated.  

Using XRD technique on the amorphous polymer composites to study the changes of 

internal stresses has been applied on synthetic fiber reinforced composites. However, it is 

usually helpful to comprehend the fracture mechanics and fatigue behaviors in those 

composites. The effects of thermal residual stresses on interfacial properties of natural fiber 

reinforced amorphous polymer composites have not been studied. Due to the unique structure 

and properties of natural fibers, there are some challenges, in both the experimental parts and 

the theoretical parts, which need to be investigated. 

The final composites will use the combination of chemical modification on fiber and 

resin system to provide better mechanical performance. The ideal chemical modification, 

either on cellulosic fibers or on the resin system, can reduce or eliminate the ineffective 

factors, as well as can effectively utilize all the components in the fiber-polymer system to 

achieve better mechanical performance. Moreover, the cost, time-efficiency, and 

environmental friendliness should be considered. With a full understanding of the factors 

(chemical and physical), which influence the interfacial properties of flax/VE composites, a 

general guide on how to improve the interfacial adhesion of flax/VE composites and their 

mechanical performance will be formed. In addition, based on the similarities of long 

cellulosic fibers, most of the physical and chemical factors and techniques studied on flax/VE 

composites can be applied on other unidirectional cellulosic fibers reinforced thermoset 
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composites, especially the thermal study on the interfacial properties of unidirectional 

cellulosic fiber composites. Changing the thermal residual stresses in cellulosic fiber 

composites to improve their interfacial properties and enhance their mechanical performance 

is a cost-saving, eco-friendly, straightforward method, which satisfies the demand of the 

natural fiber composites’ manufacturing and their markets. 
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CHAPTER 2. RESEARCH METHODOLOGY 

2.1. Test Matrix Development 

To evaluate the interfacial properties of unidirectional fiber reinforced polymer 

composites, the strength and stiffness in the transverse direction of the composites are usually 

assessed, which are widely used in the studies of synthetic fiber reinforced composites. The 

failure in the transverse direction of the unidirectional composites is due to the stress 

concentration around the fiber. However, there are several differences between flax fibers and 

synthetic fibers. As mentioned in section 1.1.1, the cellulose fibrils are combined together by 

hemicellulose and lignin, and the interfacial bonding between cellulose fibrils and 

hemicellulose and lignin are weak. In addition, there is a hollow lumen in a single flax fiber, 

which is considered as a void in its composites. By applying transverse mechanical tests to 

evaluate the interfacial adhesion between flax and VE, the test results can be affected by the 

debonding between cellulose fibrils and non-cellulose chemicals. Thus, the transverse tests 

cannot to be used to evaluate the interfacial properties of flax composites.  

On the other hand, the interfacial adhesion between flax and VE matrix is related to 

the chemical and physical properties of both flax fibers and VE matrix. Moreover, the 

mechanical performance of the flax/VE composites, such as tensile properties and flexural 

properties, are affected by their interfacial properties. In order to fully understand the 

interfacial properties of flax reinforced VE composites and estimate the ultimate properties of 

the composite, the physical and chemical properties of flax fiber, VE system and their 

composites should be studied. In addition, the effects of chemical modifications on both flax 

fiber and VE system need to be evaluated independently prior to creating a composite. 
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2.1.1. Analysis of Flax Fiber 

In order to achieve the ideal interfacial bonding between the cellulosic fibers and 

polymer matrix, the chemical and physical properties of flax should be fully understood. As 

mentioned in Chapter 1, flax fibers need to be cleaned by chemical or physical methods. 

Understanding the effects of the chemical or physical modifications on the chemical 

components and structure of flax fibers can help to find the optimal treatment to improve the 

mechanical performances of flax composites. Alkaline treatment is a common method to 

clean the surface of cellulosic fibers with a reasonable cost and simple procedure. The 

changes of the chemical components and crystal structures in flax should be understood. 

Optimizing the surface modification procedure on the flax fiber will be investigated. 

Moreover, the mechanical performance of untreated and treated flax fibers need to be 

investigated and the ultimate properties of flax composites can be evaluated, which can 

provide a guide for the future work. 

2.1.2. Analysis of VE Systems 

In order to understand the interaction between flax fibers and VE matrix, the physical 

and chemical properties of VE system should be studied. The role VE plays in the cellulosic 

fiber reinforced composites is similar to the glue which bonds all the fiber bundles together. 

For the cellulosic fibers, pectin, lignin, and hemicellulose are the natural glues which hold the 

cellulose fibrils together, and the mechanical properties of non-cellulosic constituents are 

much lower than those of VE. However, the interactions among pectin, cellulose, 

hemicelluloses and lignin will provide a guide to modify VE resin system to achieve better 

interfacial bonding. The optimal chemical modification of the VE system will be developed 

to achieve the ideal bonding between fibers and polymer matrix. One direction of chemical 

modification in VE system is increasing the hydrophilicity of the whole system to increase 
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the interaction between cellulosic fibers and matrix. The other direction is modifying the 

microstructure of VE to increase the mechanical interlocking between fibers and matrix. 

Acrylic resin modification has shown significant improvement on the mechanical properties 

of the composites. The effect of AR on VE system is the combination of both directions and 

the optimized amount of AR added into VE resin will be studied. Meanwhile, the curing 

kinetics of modified resin system will be investigated using differential scanning calorimetry 

(DSC). The coefficients of linear thermal expansion of neat VE and modified VE will be 

tested by dynamic mechanical analysis. The shrinkage of neat VE and modified VE will be 

studied by post-cure shrinkage tests and the behavior of the different phases in the modified 

resin system during the curing procedure will be revealed. In addition, the mechanical 

properties of modified resin system will be investigated, including tensile properties, flexural 

properties and impact properties. 

2.1.3. Analysis of Flax Composites 

To evaluate the improvements on the interfacial properties of chemical modifications 

applied on both flax and VE system, the mechanical performance of untreated and treated 

flax/VE with/without AR need to be studied. There are two goals of this section. The first 

goal is to measure residual stresses in the cellulosic fiber reinforced composites. As 

mentioned in the last section, the chemical modifications in VE system will change the 

microstructure of VE, which is directly correlated with the changes of the thermal residual 

stresses. The changes of the internal thermal residual stresses of unmodified and modified 

composites will be evaluated by XRD using the aluminum particle “sensor”, which will help 

explain the physical behavior of the interface between cellulosic fibers and polymer matrix. 

The thermal properties of cellulosic fibers and VE will be evaluated by dynamic mechanical 

analysis. The nominal particle concentration should be 4.6 mg/cm2 [58], which can provide 
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enough diffraction signals with minimized effect on the properties of the composites. The 

calculations of the residual strains and stresses in the composites will be performed assuming 

room temperature elastic properties and the visco-elastic Eshelby model for multiple 

inclusions will be applied.  

The second goal is to evaluate the effects of the thermal residual stresses on the 

interfacial adhesion between flax fibers and VE matrix. With the assistance of the properties 

of flax, VE and their composites, the relationship between thermal residual stresses and the 

interfacial properties of flax/VE composites will be builted. 

2.2. Materials Used in Study 

Unidirectional Chinese flax is water retted with the minimum mechanical handling 

from Harbin, China. The flax fiber was uncut, natural color, from the stalk with a density of 

approximately 1.42 g/cm3. Three more different types of cellulosic fibers are also 

investigated to help analyze the factors affected the interfacial properties of cellulosic fiber 

reinforced composites. Unidirectional European flax is uncut, natural color, combed, top part 

of the flax stem from Holland through General Bailey Homestead Farm, Greenfield Center, 

NY. Unidirectional Canadian linseed stalks are supplied by Composite Innovation Centre, 

Winnipeg, Manitoba, Canada. Unidirectional North American hemp was bleached as 

received. The resin system used for all grades was a vinyl ester resin Hydropel® R037-YDF-

40 from AOC resins, and 2-Butanone peroxide (Luperox® DDM-9) solution was used as the 

curing initiator, obtained from Sigma-Aldrich Co. Acronal® 700 L acrylic resin (AR) was 

obtained from BASF Aktiengesellschaft, Ludwigshafen, Germany, which is an acrylic resin 

(copolymer of n-butyl acrylate and vinyl isobutyl ether). THF (puriss. p.a., ≥99 % (GC)) and 

sodium chlorite (technical grade, 80%) were obtained from chemistry department, NDSU. 
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Aluminum powder (spherical, 99.9%) is purchased from Atlantic Equipment Engineers. The 

diameter of Al powder is between 1 µm and 3 µm. 

2.3. Fiber Analysis 

To accurately comprehend the effects of chemical treatments and the roles of different 

chemical constituents on the mechanical properties of the flax fibers, chemical analysis and 

tensile tests were performed on the untreated and NaOH/Ethanol treated flax fibers. In 

addition, the thermal properties of flax were evaluated. 

Alkaline treatment: The loomed flax fibers were immersed into 500 mL of 10 g/L 

sodium hydroxide ethanol (95%) solution at 78 °C for 2 h. The treated fibers were washed 

with distilled water until no color was left in the water. Then the fibers were dried in an oven 

for 24 h at 80 °C. 

VE resin solution treatments: two treatments were used, and in each case, the dried, 

NaOH treated flax fibers were manually separated and then immersed into either 3 wt.% 

VE/toluene solution and 3 wt.% VE/THF solution at room temperature for 1 h. The treated 

fibers were dried in an oven for 24 h at 80 °C. 

3% acrylic resin solution treatment: flax fibers were dried after alkaline treatments, 

followed by hand–separation and immersion into 3 wt. % acrylic resin/THF solution for 1 h 

at room temperature (23 °C, 50 % RH). The AR treated fibers were dried in an oven for 24 h 

at 80 °C. 

The purpose of the treatments used was to cause either a) dissolution or b) dissolution 

and coating. The alkaline treatment can reduce the proteins, waxes, ash, and minerals on the 

surface of fibers to improve the adhesion between the flax fiber and the vinyl ester matrix.  In 

addition, alkaline treatment partially degrades lignin and helps the cellulose I lattice to partly 

transform into a cellulose II lattice when the concentration of the alkaline solution is higher 
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than 9 % (wt). Cellulose I can also be transformed by thermal treatment into cellulose II, 

which has a more stable crystalline structure [21]. 

VE treatment involves coating, with no chemical reactions between the vinyl ester 

resin and the flax fiber. For this treatment, toluene solution was chosen initially, as it is a 

common solvent. Afterward, toluene was replaced with THF as the solvent because of its 

lower polarity. In the THF solution, flax fiber and vinyl ester resin were expected to have a 

higher degree of contact than toluene. Often, this increased affinity causes the coated vinyl 

ester resin to cross-link with VE resin during composite processing. AR treatment is similar 

to a VE treatment that coats the surface of flax fibers with acrylic resin using THF as the 

solvent. 

Bleaching is a conventional treatment for wood fibers that is used to reduce pectin and 

lignin. An often accepted theory [23] is that oxygen is the key to break down lignin. Another 

theory [23] is that Cl2 oxidizes lignin. Hydrogen peroxide is the most effective agent for flax 

fiber bleaching. However, NaClO2 is used predominantly because it is cost-effective over 

H2O2.  

2.3.1. Chemical Analysis 

Fiber composition was determined through a number of tests conducted by the 

Animal Sciences department at North Dakota State University. These included dry matter 

testing, neutral detergent solution and acid detergent solution characterization, and starch 

spectrophotometry. These allowed for the collection of percentage dry matter, as well as 

percentage cellulose, hemicellulose, lignin, starch, and ash. Dry matter determination was 

done according to AOAC standard 930.15, in samples were massed at room temperature, 

heated at 100 °C for 24 hours, cooled in a desiccator, and then massed a second time. Neutral 

detergent fiber, acid detergent fiber, and acid detergent lignin analysis were performed using 
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an ANKOM200/220 Fiber Analyzer according to methods spelled out in USDA Agricultural 

Handbook No. 379 [62]. Determination of starch was performed after an acid and enzymatic 

isolation using a micro-titre reading with a SPECTRAmax 340 Microplate Reader, as 

specified in literature [63]. 

The cleanliness of the untreated and treated flax was observed by stereoscopy with an 

inverted light and optical microscopy. Images were taken of fibers from both microscopes 

and using a macro-lens of a digital camera (8 megapixels). Two different chemical solutions 

were prepared to coat the surface of the untreated and treated flax to identify the effects of 

chemical treatments. Oil red 0 (0.4% in carbon tetrachloride) was used as a histochemical 

stain for the cuticle residue on fibers. Phloroglucinol stain was prepared a saturated solution 

of phloroglucinol in 20% HCl, which can detect the structure of lignin [64]. The untreated 

and treated fibers were immersed into the stains for 10 min and then washed with water until 

there is no color left in the water. The cuticles on the surface of the fiber can show red color, 

the lignin from the shive can show light red and the clean fiber is the natural color of the fiber 

(light yellow). Fourier Transform Infrared Spectroscopy (FTIR) was used for studying the 

functional group modifications. Three mid-infrared spectroscopy systems were used to assess 

similar samples to those stained with oil red.  These systems were:  a Thermo Scientific 

Nicolet 6700 FT-IR equipped with a SensIR Dura Scope, a Thermo Scientific Nicolet 870 

FT-IR integrated with a Continuum microscope, and a Smiths Detection IlluminatIR II 

attached to an Olympus BX51 microscope. FTIR spectra were obtained for all grades of flax 

fibers. A total of 32 scans were acquired at a resolution of 4 cm-1 between 4000 cm-1 and 650 

cm-1.  
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2.3.2. Thermal Properties 

The coefficient of thermal expansion (CTE) of the treated flax was measured by the 

thermomechanical analyzer 2940 in the center for nanoscale science and engineering. 

Thermomechanical analysis (TMA) measured the displacement in the cross-section of the 

treated flax fibers as a function of temperature under a controlled atmosphere. A small bundle 

of fibers with combed line-up was placed on the tip of the probe and the temperature is raised 

from 25 °C to 150 °C by 10 °C/min. Three measurements were applied to calculated the 

average of the CTE of the cross-section area. 

2.3.3. Mechanical Testing 

The tensile properties of single flax fiber bundle were tested on a micro/nano-scale 

load frame. Single flax fiber bundle was selected by hands assisted with the optical magnifier 

and then glued on the paper frame (Fig. 2.1). The diameter of the fiber bundle was evaluated 

by an optical microscope to calculated the crossection area. The speciments were mounted on 

the load frame and the two edges of the paper frame is cut off before the testing starts. The 

step displacement of the load cell can reach 33.2nm in minimum and its precision is 5±0.003 

lb. The testing strain rate is 0.001 and the test is stoped until the fiber bundle is failed. The 

elastic moduli and ultimate strengths of the flax bundles are calcuated according to the strain-

stress curves. A minimun of ten specimens were tested. 

 

Figure 2.1 The schematic of tensile 

speciment. 
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2.4. Resin System in Study 

2.4.1. System Manipulation 

To improve the interfacial bonding between fibers and VE matrix, acrylic resin (AR) 

was added into VE resin. AR is a highly viscous liquid that is used particularly in 

combination with cellulose nitrate. It is a copolymer of n-butylacrylate (C7H12O2) and vinyl 

isobutyl ether (C6H12O). 1% wt. and 1.5% wt. AR were added into VE resin and mixed 

before the peroxide initiator was added. 

2.4.2. Resin System Characterization 

The degree of cure or conversion in VE and AR modified VE were studied by 

differential scanning calorimetry (DSC). A DSC Q1000 from TA Instruments with an 

autosampler was used to measure the exothermic heat (heat per mass of material, J/g) when 

samples were subjected to a heat cycle from 0 to 180 °C by ramping at 10 °C/min. DSC was 

started just after preparing the mixture, which is because the total heat of reaction is 

measured from 0% to 100% conversion. The residual heat was measured after isothermally 

curing in an oven at 50 °C for 12 hrs and 48 hrs.  

The glass transition temperatures (Tg) of VE and VE with AR were measured by the 

heat-cool-heat processurdes and the heat cycle from 30 to 180 °C, which the heating rate is 

10 °C/min and the cooling rate is 5 °C/min. The second heating cycle was used to 

characterize the samples. Five measurements were applied to calculate the average changes. 

Tg of AR was measured by the heat-cool-heat processurdes from -80 to 100 °C. The heating 

rate and the cooling rate are same as the method for VE system.  

The shrinkages after the curing of VE and modified VE with AR were evaluated by 

measuring the volume changes before and after the curing. The liquid VE resin mixture was 

put into a square aluminum mold and the width, length and height of the liquid were 
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measured. Then, the geometries of the cured VE were measured to calculate the volume 

changes after curing. 

The cured VE and AR modified VE  were analyzed by FT-IR spectrocopy with the 

same parameters of the fiber testings to detected the changes in the polymer structure of VE 

system. The contact angle measurements were conducted in a facility of the Department of 

Coatings and Polymeric Materials (First Ten Angstroms FTA 125). A water drop was 

introduced on the fiber surface through a syringe.  A snap shot of the water drop on the fiber 

surface was captured immediately, and the contact angle was calculated from the water drop 

profile.  Five measurements were taken from each cured resin sample. The moisture 

resistance properties of the two different resin systems were assessed through water 

absorption tests, according to the ASTM D570 and ASTM D5229. Four specimens for neat 

VE and VE with 1% AR were prepared according to the dimension requirement in the ASTM 

standards. These specimens were immersed in distilled water at room temperature. The 

weight of each specimen was measured once per 24 hrs. The average moisture content M (%) 

was calculated by Eqn. (2-1): 

M (%) = !!!"
!"

 × 100 (2-1) 

CTEs of VE and VE with AR were measured by a TA Q800 dynamic mechanical 

analyzer (DMA) using tension film fixture. Four rectangular specimens with dimensions of 

15×7.8×2.69 mm for both neat VE and VE with 1% AR were prepared. The measurements 

were performed from 30 to 150 °C at a heating rate of 5 °C/min and a frequency of 1 Hz. In 

addition, the Tgs of both VE systems were evaluated by DMA with the dual cantilever 

fixtures. Four rectangular specimens (dimension: 46×10.6×3.71 mm) for each resin system 

were measured from 30 to 180 °C with a heating rate of 3 °C/min and a frequency of 1 Hz. 

The glass transition temperature was determined as the temperature at the maximum of the 
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tan δ vs. temperature curve. The storage modulus in the rubbery plateau region was 

determined at 30 °C above the glass transition temperature.   

Moreover, the tensile properties VE and VE with AR were evaluated according to 

ASTM D3039 using an Instron 5567 load frame and five specimens were prepared. The 

speed of the cross-head was approximately 1 mm/min. The specimens were tested until 

tensile failure. The specific tensile strength and specific tensile modulus were calculated. The 

flexural properties of the cured resins were measured by three-point bending tests, as 

specified in Procedure A of ASTM D790, using an Instron 5567 load frame. The speed of the 

cross-head was dependent on sample thickness, and was on an average, approximately 1 

mm/min. Five specimens were tested for each sample. The flexural strength and flexural 

modulus were calculated for each sample set. 

2.5. Composite Processing 

2.5.1. Composite Panels for Mechanical Testings 

Composite panels of untreated and treated flax/VE (with/without AR) were fabricated 

using a modified form of vacuum assisted resin transfer molding (VARTM). A caul plate was 

used underneath the vacuum bag to provide a uniform cross sectional area. This also created a 

test part with a smooth surface finish on both sides. In order to obtain similar fiber volume 

fractions, the VARTM process was aided by compressing the vacuumed flax with 2 metric 

ton. The processing setup is shown in Fig. 2.2. The manually aligned unidirectional fibers 

showed a deviation of 0° to 10° with respect to the lay-up direction. 
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Figure 2.2. A schematic of compression-aided 

VARTM process. 

2.5.2. Composite panels for X-ray diffraction 

Aluminum powder was dispersed into absolute ethanol by the high shear stirring to 

form the homogenous slurry, which the concentration is 0.5% wt. 5~6 g NaOH/Ethanol 

treated flax was quickly put into the slurry and taken out under the nitrogen atmosphere and 

then the fiber was dried in the nitrogen atmosphere at room temperature for 24 h. The 

composite samples were manufactured by the modified VARTM under a nitrogen 

atmosphere. 

2.6. Composites’ Characterization 

2.6.1. Chemical Analysis 

The untreated and treated Canadian flax/VE (with/without AR) composites were 

analyzed by optical microscope and FTIR to study the chemical interaction between the fiber 

and VE matrix. 4% Oil red stain in CCl4 was used to detect the ester group and FTIR spectra 

were obtained for all grades of composite materials processed.  

P = 2 Metric tons

Compression 
Molding Fixture

Vacuum Line

Flax Fibers

Caul Plate

Mold Surface
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2.6.2. Mechanical Testing 

Interlaminar shear strengths were assessed using short beam strength tests, according 

to ASTM D2344. Short beam shear tests were carried out in displacement control at a rate of 

approximate 1 mm/min on an Instron 5567 load frame. Five specimens for each sample were 

tested. Interfacial shear strengths between fibers and surrounding matrix were evaluated by 

fiber bundle pull-out tests [65]. Tests were conducted using an Instron 5567 load frame with 

a 2 kN load cell at a rate of 0.5 mm/min. The interfacial areas of the pulled fiber bundle were 

measured by an optical microscope. With pull-out perimeter, a modified Kelly-Tyson 

equation [22] is applied to calculate the interfacial shear strength τi (Eqn. 2-2) 

 
(2-2) 

where Fmax is the max load at pull-out, C is the fiber bundle perimeter, Le is the fiber 

embedded length, and A is the area of the top surface of the fibers, which is encapsulated in 

resin and must be included in the surface area calculations. In addition, the flexural analysis 

and the tensile mechanical testing were performed according the to the same testing 

parameters as in resin tests.  

Flexural properties were evaluated through three-point bending tests, according to the 

Procedure A of ASTM D790, on an Instron 5567 load frame. The speed of the crosshead was 

approximately 1.5 mm/min, which was determined by the dimension of the specimen. Five 

specimens were measured for every flax/VE composites.  

Tensile testing was performed according to ASTM D3039 with a five-specimen 

sample set using an Instron 5567 load frame. The speed of the crosshead was 1.0 mm/min. 

Each test was performed until tensile failure occurred. The tensile modulus of each specimen 

was re-calculated by the slop of stress-strain plot in the linear region where the displacement 

is measured by the extensometer. 

ACL
F

e
i +
= maxτ
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2.6.3. Moisture Resistance 

The moisture resistant properties were assessed through water absorption tests, 

according to ASTM Standard D570 and ASTM D5229. Three specimens for untreated, 

treated cellulosic fiber/VE with 1% AR were prepared. The dimension of specimens were 

prepared according to ASTM D790 for three-point bend testing. The specimens were 

immersed in distilled water at room temperature. The weight of each specimen was measured 

once per 24 hrs. 

Flexural analysis of the composites with 0 and 4%~5% (wt) water uptaking was 

performed through three-point bend testing as specified in Procedure A of ASTM Standard 

D790, using an Instron model 5567 load frame. The speed of the cross-head was 1.55 

mm/min. Three specimens were measured for each sample. The mean value and standard 

deviation of specific flexural strength and specific flexural modulus was calculated for each 

sample set. 

2.6.4. X-ray Diffraction 

The treated flax/VE (with/without AR) with Al powder composites were marked six 

angles (0°, 30°, 45°, 90°, 120° and 135°), which the longitudinal directional of the fiber is the 

direction of 0°. XRD spectra of different angles were taken using a Philips X’per MPD X-ray 

Powder Diffractometer. The XRD diffraction conditions are shown in Table 2.1. The 

radiation is generated from Cu-Kα, and λ of K-α1 is 1.54060 Å and λ of K-α2 is 1.54443 Å. 

The scan is started at the position (2θ) of 136.01° and stopped at the position (2θ) of 138.99° 

at room temperature, which the step (2θ) size is 0.0200°.  Peak separation of  aluminum  at 

(422) was carried out by least-square fitting by assigning Gaussian functions. The original 

aluminum powder was scanned using the same procedure. 
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Table 2.1 X-ray Diffraction Conditions 
Radiation Cu Kα1, λ=1.54060 Å 

Reflection (hkl) 422 
2θ range (°) 136~139 
Step size (°) 0.0200 

 
2.7. The Relationship Among All Characterization 

The Figure 2.3 list the test methods applied on flax fiber, VE resin systems and their 

composites in this study. All these tests used on flax, VE and their composites cover most 

physical and chemical factors related to the mechanical performance of the flax/VE 

composites and explain the functions of every factor and how to improve the quality of the 

flax/VE compostes by adjusting these factors. 

In the flax fiber section, chemical analysis, chemical stains and FT-IR are applied on 

untreated and treated flax to examine the effects of different chemical modifications on the 

fiber surface, such as the changes of chemical structure and crystallinity. TMA is used to 

obtain the coefficient of thermal expansion of flax, which helps to evaluate the thermal 

residual stresses in the composites and assess the effects of thermal residual stresses on the 

interfacial properties of flax/VE composites. The elastic properties of flax fiber are obtained 

by tensile tests, which also help to predict the elastic properties of the optimal flax/VE 

composites. 

In the VE resin part, DSC, shrinkage during the curing and DMA are investigated to 

evaluate the kinetics of the curing with and without modification. The glass transition 

temperatures of the different VE systems are assessed by DMA and DSC to evaluate the 

crosslink densities of these VE system. CTEs of different VE systems are obtained by DMA, 

which help to evaluate the thermal residual stresses in the flax/VE composites. FT-IR spectra 

examine the chemical structural changes in modified VE system. Contact angle tests and 

moisture absorption tests are applied to evaluated the wettability between flax and VE matrix. 



 42 

The results of tensile tests and flexural tests are used to confirm the changes in the crosslink 

densities of modified VE systems. 

In the composites’ section, chemical stains and FT-IR are used to check the chemical 

bonds between flax and VE matrix, which help to eliminate the possibility that AR forms 

chemical between flax fiber and VE matrix to increase the interfacial properties. The 

mechanical tests, including short beam shear tests, fiber bundle pull-out tests, flexural tests 

and tensile tests, evaluate the mechanical performance of flax/VE composites and assess the 

effects of chemical modification on both flax and VE resin. XRD measurements can 

determine the thermal residual stresses in the composites, which help to evaluate the effects 

of thermal residual stresses on the interfacial properties of flax. 
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Figure 2.3 The chart of the test methods used in the study.
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CHAPTER 3. CHEMICAL AND PHYSICAL PROPERTIES OF 

CHINESE FLAX 

3.1. Chemical Analysis and Thermal Properties 

The chemical contents of untreated and NaOH/Ethanol treated Chinese flax, bleached 

North American hemp and shive are shown in Table 3.1. There are higher amounts of ash, 

protein, lignin and fat substances in the untreated Chinese flax, which the content of cellulose 

is similar with other untreated linen flax from the literatures [66-68]. After the alkaline 

treatment, the amounts of the non-cellulose chemicals are decreased, which is because of the 

effects of alkaline treatment. During NaOH/Ethanol treatment the large fiber bundles are 

separated to smaller fiber bundles or even single fibers, which is due to the hydrolysis of 

pectin and degradiation of lignin. In addition, some non-cellulose substances are washed 

away, which provides cleaner and rougher fiber surface. The content of cellulose in bleached 

North American flax is 92.12%, which is higher than flax fibers and  untreated hemp is  

typically between 70.2% and 74.4% by weight [66-68]. The bleaching treatment can 

efficiently remove lignin than other treatments. Shive is the residual small parts from the 

shell of the stem after the mechanical separations and it is usually considered as the weak 

bonding point in the composites. There is a fairly small amount of shive in the untreated 

Chinese flax and the content of cellulose in shive is only less than half of that in flax and 

hemp. Constituent contents of European and Canadian flax are presented in Appendix A-1.  

The chemical constituents and the structure in Chinese, European, and Canadian flax 

and hemp are similar. The cellulose contents in Chinese and European flax are slightly higher 

than Canadian flax, which indicate that the mechanical properties of Chinese and European 

flax are superior than Canadian flax. Canadian flax is a linseed flax, which the length of the 

fiber is shorter than Chinese and European flax, which both are linen flax. On the other hand, 
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the spiril angle in flax is about 10 °, which is larger than that of hemp. The spiril angle of 

hemp is approximately 6~8 °, which implys that the mechanical properties of hemp is higher 

than flax. Due to the shortage of European and Canadian flax and adequate amount of 

Chinese flax, the majority of this study is based on Chinese flax. 

Table 3.1 Constituent Content of Chinese flax, North American Hemp and Shive 

Sample 
Dry 
Matter 
% 

Ash 
% 

Crude 
Protein 
% 

Cellulose 
% 

Hemi- 
-cellulose 
% 

Lignin 
% 

Crude 
Fat 
% 

Untreated CHN 
Flax 

94.21 1.93 5.33 72.00 8.15 6.52 1.04 

NaOH/Ethanol 
treated CHN Flax 

96.63 1.17 1.27 89.22 4.93 2.94 0.37 

Bleached NA 
Hemp 

95.35 0.3 0.42 92.12 3.61 2.11 0.19 

Fine Shive 90.84 9.35 7.83 30.53 12.34 2.05 0.29 
 
The results of the histochemical stains with oil red and phloroglucinol, which stain the 

flax cuticle and lignin but not the fiber, are shown in Fig. 3.1. The stereoscopy image of the 

untreated flax (Fig. 3.1 a) shows a lot of red stain staying on the flax and the cuticle on the 

fiber surface is clearly observed in the closer image (Fig. 3.1 b). The stereoscopy image of 

treated flax (Fig. 3.1 c) has several big pieces of oil red stain. However, there is no evidence 

shown that any lipid on the surface of flax from the closer view (Fig. 3.1 d). The red stains in 

the stereoscopy image are possibly from the plastic plate and are attached on the fibers. 

Moreover, the fiber bundle size of alkaline treated flax (Fig. 3.1 d) is smaller than that of the 

untreated fiber (Fig. 3.1 b), which indicates that the alkaline treatment can separate large fiber 

bundles into small fiber bundle or single fibers. In Figure B-1 the similar phenomenon is 

observed for Canadian linseed flax. Microscopic results confirmed the removal of the lipid-

containing cuticle and showed the effectiveness of the treatment, as hardly any cuticle was 

observed associated with the fibers after treatment. 

The non-cellulosic substances, such as pectin, was, ash, dye and so on, on the surface 

of flax can reduce the interfacial bonding between flax and VE. In addition, these non-
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cellulosic substances are very weak, which reduce the mechanical properties of flax/VE 

composites. Thus, a clean surface of flax can improve the interfacial adhesion between flax 

and VE and enhance the mechanical performance of flax/VE composites. Moreover, the 

smaller fiber bundle size can increase the contact area between flax and VE, which leads to a 

better interfacial bonding. The chemical analysis and oil red stain study can explain the 

chemical effects of surface treatments on flax and help to predict the interfacial properties of 

flax/VE composites. 

   

   

 
Figure 3.1 Chinese flax stained with oil red O for cuticle: a) stereoscope image of 

untreated; b) optical microscope image of untreated; c) stereoscope image of 

NaOH/Ethanol treated; d) optical microscope image of NaOH/Ethanol treated. 

The FTIR spectra of untreated and treated flax fiber are presented in Fig. 3.2. The 

spectrum of untreated flax fiber showed characteristic bands for cellulose. These bands 

a b 

c d 
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included a hydrogen bonded –OH stretching [24] at 3600 cm-1 to 2995 cm-1, the –CH 

stretching at 2906 cm-1 and 2844 cm-1, the –OH bending [24] at 1575 cm-1, the –CH2 bending 

at 1409 cm-1, the –CH bending at 1377 cm-1, and the C–O stretching at 1018 cm-1. The 

spectrum of all specimens showed the bands for cellulose.  

 

 
Figure 3.2 FTIR spectra of untreated and treated flax fiber showing (a) hydroxyl region, (b) –

CH stretching, functional groups of (c) carbonyl region, (d) cellulose II and (e) 

microcrystalline cellulose. 

The hydroxyl region is detailed in Fig. 3.2 a, showing the characteristic bands at 

3340 cm-1 which is from intramolecular hydrogen bond in cellulose. The spectra for the 
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untreated flax and bleached flax show prominent methylene stretching at the 2850 cm-1 and 

2920 cm-1 that represent the presence of waxy constituents [23]. Weak presence of these 

bands was observed in the NaOH/Ethanol treated, 3% VE THF treated, and 3% AR THF 

treated flax fiber spectra, showing the effectiveness of these treatments in eliminating waxes 

from the flax fiber structure. The spectra of 3% VE THF treated flax showed wide, low-

absorbance peaks from 3573 cm-1 to 2973 cm-1, which indicated a decrease in H-bonded –

OH. However, the 3340 cm-1 band showed a decrease in absorbance with VE THF and AR 

treatments and VE-N showed a broad peak for –OH stretching at 3600 cm-1 to 2995 cm-1. 

These spectral characteristics support alkaline treatment exhibiting a strong effect on the 

functional groups of cellulose [69]. The spectra in the 3000 cm-1 to 2900 cm-1 range obtained 

from untreated- and NaOH/Ethanol-treated flax are shown in Fig. 3.2 b. The band observed at 

2954 cm-1 in the untreated fiber spectra can be attributed to the –CH stretching in cellulose I 

[70]. The bands at 2966 cm-1 and 2944 cm-1 in NaOH/Ethanol treated flax are illustrative of –

CH stretching in cellulose II [68]. Hence, these distinct differences in spectra support the 

formation of cellulose II from cellulose I using the NaOH/Ethanol treatment in the flax fiber. 

The FTIR spectra representing bands from transient products of the surface treatments 

are shown in Fig. 3.2 c. As shown, the band at 1730 cm-1 exhibits an oxidation product that 

was absent in alkaline, 3% VE THF, and 3% AR THF treatments when compared with the 

untreated flax. This band signifies a C=O stretching in unconjugated ketones, carbonyls, or 

esters [71,72]. However, in bleaching treatment, the 1730 cm-1 band was present with a 

significant intensity. The spectrum of bleached fiber shows a peak at 1685 cm-1, which is 

illustrative of C=O stretching [72]. The presence of carbonyl group peak supported sodium 

chlorite oxidizing the hydroxyl groups in lignin to form carbonyl groups and reducing the 

color of flax fiber. A minor peak was observed at 1677 cm-1 that resulted from the C=O 

group of vinyl ester [70]. The 1636 cm-1 (adsorbed water) band was seen in the untreated and 
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bleached flax, but to a lower degree in alkaline treatment and other treatments used in this 

study. CH2 scissoring in cellulose II is a representative of cellulose II and amorphous 

cellulose and often detected in the spectra at about 1430 cm-1, was present in all treated and 

untreated fibers with a varying degree of absorbance. This band is exhibited by the crystalline 

region of the fiber. 

The bands at 1374 cm-1 (C–H deformation in cellulose II)	
  and 1160 cm-1 (C–O–C 

vibration from β-glycosidic link in cellulose II [72]) are shown in Fig. 3.2 d. These bands are 

understood to be representative of cellulose II. The spectra in Fig. 3.2 d showed the presence 

of these bands in all treated/untreated fiber, with bleaching treatment exhibiting higher 

absorbance over the other treatments. The representative microcrystalline cellulose bands are 

shown in Fig. 3.2 e. The bands of interest in this region are 896 cm-1 showing a C–O–C 

valence vibration of β-glycosidic link or deformation in cellulose II [72]. This band is 

exhibited by the amorphous region of the fiber. The 896 cm-1 band showed the lowest 

absorbance in treatments other than the baseline and bleaching, hence was supporting of the 

utilization of the surface treatments in increasing the overall crystallinity of the fibers. 

The analysis of FTIR spectra confirms the chemical effects of different surface 

modifications on flax. It also presents the chemical structure on the surface of flax, which can 

help to analyze the chemical interaction between flax and VE to determine the chemical 

structure on the interface between flax and VE. It will be discussed in section 5.1. 

CTE of flax fiber measured by TMA is the CTE of the cross section area αT. Figure 

3.3 is the test curve of the treated flax. The contraction in the region lower than 100 °C in the 

curve is close to linear and the region above 110 °C drop dramatically. However, the 

temperature during the curing of the composite is normally below 100 °C in this study, so the 

region from 40 °C to 80 ° is used to calculate αT of the treated flax. CTE αT of the treated flax 

is -29.91×10-5 ± 8.71×10-5 /°C. The mismatching of CTEs between flax and VE system can 
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introduce the thermal residual stresses to the composites during the curing, which can 

influence the interfacial properties of the composites. CTE of flax in the transverse direction 

will be used to calculate the thermal residual stresses in the composites in Chapter 6. 

 

Figure 3.3 The CTE curve of the treated flax measured 

by TMA. 

3.2. Elastic Properties 

3.2.1. Estimation of the Elastic Properties of the Flax Fiber Bundle 

Flax fiber is made up by several different natural polymers, which is similar to the 

polymer composites. Cellulose fibrils are the reinforcement, which govern the merchanical 

properties of the flax fiber, and other constituents are the polymer matrices to hold the fibrils 

together. The elastic properties of pure cellulose fiber are reported in Table 3.2. For the 

unidirectional composites, the elastic modulus in longitudinal direction can be calculated by 

the Eqn. (3-1), 

Ec=EfVf+EmVm (3-1) 

However, flax fiber is the composite with a hollow center and a 10° spiral angle. The 

reinforcement - cellulose fibrils are fairly short, which can be considered as short fibers 

aligned to the same direction (Fig. 3.4). These factors should be taken into account to 
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calculate the elastic properties of flax fiber and therefore the equations above are not valid. 

The hollow center can be treated as the void in the composite. Halpin and Tsai [73] have 

developed a generalized equations to calculate the elasticity for micromechanics analysis, 

which is quite accurate. The Halpin-Tsai equation can be written as 

𝑀
𝑀!

=
1+ 𝜉𝜂𝑉!
1− 𝜂𝑉!

 (3-2) 

where  

𝜂 =

𝑀!
𝑀!

− 1

𝑀!
𝑀!

+ 𝜉
  (3-3) 

ξ is the shape factor, as the fiber with circular cross section the value of ξ is 2 for transverse 

modulus and ξ is 1 for shear modulus. M can be EL, ET or GLT; Mf represents Ef or Gf; and 

Mm stands for Em or Gm. Poisson raito is calculated by Eqn. (3-4) 

𝜈!" = 𝜈!𝑉! + 𝜈!𝑉! (3-4) 

To consider the effect of the spiral angle θ the state of stress on a unidirectional flax fiber is 

shown in Fig. 3.4, where x is the longitudinal direction and also the test direction. The elastic 

modulus on the test direction can be calculated by the following: 

1
𝐸!

=
cos 𝜃  !

𝐸!
+
sin 𝜃  !

𝐸!
+
1
4 (

1
𝐺!"

−
2𝜈!"
𝐸!

) sin 2𝜃  !  (3-5) 

Moreover, there should have some voids in the fiber “composite” and it introduces V0 to the 

calculations and 𝑉! + 𝑉! + 𝑉! = 1. In this way, the matrix volume fraction can be obtained 

by 𝑉!! = 𝑉! + 𝑉!. Thus, the correct elastic modulus of the matrix is 

𝐸′! =
𝐸!𝑉!
𝑉! + 𝑉!

 (3-6) 

𝜈′! =
𝜐!𝑉!
𝑉! + 𝑉!

 (3-7) 
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The hemicellulose-lignin matrix can also be assumed as randomly-orientated short fiber 

“composite” and its elastic properties (hemicellulose-lignin “composite”) are obtained by the 

following equations: 

𝐸! =
3
8𝐸! +

5
8𝐸! (3-8) 

𝐺! =
1
8𝐸! +

1
4𝐸! (3-9) 

The density of flax fiber is close to the density of cellulose. In the following calculation the 

fiber volume fraction is assumed it is equivlent the content of cellulose. Thus, the fiber 

volume fraction of untreated flax is 72% and 89.22% for NaOH/Ethanol treated flax. The 

spiral angles of 0° and 10° are both taken into account because the alignment of fibrils is 

changed into parallel to the load direction, which the spiral angle is 0°. In addition, there are 

two cases are considered: 1) There are some voids and defects in the untreated flax and it is 

assumed about 5%; 2) There are no voids in the untreated and treated flax fiber, which means 

there are no pores or defects in the fiber. 

 

Figure 3.4 The cross section area of a 

flax fiber (left) and state of stress on a 

flax fiber (right). 
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Table 3.2 Elastic Properties of Cellulose, Hemicellulose and Lignin[8,74] 

Sample EL 
(GPa) 

ET 
(GPa) 

GLT 
(GPa) νLT 

Cellulose  134.00 27.20 4.40 0.1 
Hemicellulose 8.00 4.00 2.00 0.2 
Lignin 4.00 4.00 1.50 0.33 

 
The estimated elastic properties of untreated and treated flax calculated according to 

Halpin-Tsai equations are presented in Table 3.3. The elastic modulus of untreated flax in the 

literature is generally between 27.6 GPa and 38 GPa [66,75-78], which is lower than the 

theoretical elastic modulus of untreated flax with voids. The content of voids in the 

theoretical result is only 5%. However, the content of voids in untreated flax in practice may 

be higher than 5％. In addition, the growing defects (kinks) in the tested flax fiber can reduce 

the elastic modulus. In this theoretical results, it is assumed alkaline treatment will not affect 

the properties of the flax “composite”. However, alkaline treatment can only remove partial 

of lignin and hemicellulose and open the fiber bundles. Thus, the elastic properties of treated 

flax in practice should be lower than the theoretical results. However, the highest elastic 

modulus of treated flax is approximate 85 GPa [8]. It is because the elastic modulus of tested 

flax fiber can be increased in the longitudinal direction during a tensile test. The spiral angle 

is reduced to 0° in a tensile test and the tested results can be close to the elastic modulus of 

the longitudinal direction (EL in Table 3.3).  

As mention in Chapter 2, the transverse properties of flax/VE composites are difficult 

to evaluate accurately and the mechanical performance of their composites are related to load 

transfer through the interface. Thus, the mechanical properties can indicate the quality of 

interfacial adhesion between flax and VE. The theoretical elastic properties of flax will be 

used in Chapter 6 to obtain the optimal elastic properties of flax/VE composite, which 

assumes perfect interfacial adhesion between flax and VE and there are no voids and 
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misalignment of flax. These optimal elastic properties will assist in evaluating the effects of 

thermal residual stresses on the interfacial properties of flax composites. 

Table 3.3 The Estimated Elastic Properties of Flax 

 Untreated Flax 
with Voids 

Untreated Flax 
without Voids 

NaOH/Ethanol 
Treated Flax 
with Voids 

NaOH/Ethanol 
Treated Flax 

without Voids 
Vf (%) 72.00 72.00 89.22 89.22 
Vm (%) 23.00 28.00 5.78 10.78 
V0 (%) 5.00 0 5.00 0 

E’m (GPa) 3.97 4.83 2.65 4.94 
G’m (GPa) 1.46 1.78 0.97 1.81 
ν’m 0.21 0.26 0.13 0.25 

E (θ=10°, 
GPa) 49.91 51.73 59.02 62.39 

EL (θ=0°, 
GPa) 97.59 97.83 119.84 120.09 

ET (GPa) 14.79 16.08 19.08 22.03 
GLT (GPa) 3.11 3.34 3.54 3.96 
νLT 0.13 0.14 0.10 0.12 

3.2.2. Experimental results of tension testing 

It has been observed that the alkaline treatment can remove the pectin and separate 

the fiber bundles. The imges of the fibers for the tensile tests (Fig. 3.5) confirmed the changes 

of the fiber bundle: the average diameter of untreated flax is around 150 µm and the diameter 

of NaOH/Ethanol treated flax is between 50 µm and 100  µm. The wide range of  the treated 

fiber’s diameter indicates that the removal of lignin and hemicellulose from flax is uneven 

during alkaline treatment, which leads to the testing results falling in quite a wide range. 

The experimental elastic moduli of untreated and treated flax are shown in Fig. 3.6. 

The tensile moduli are calculated from the region before the fibers were broken. It is 

observed that the Young’s modulus is increased with the decreasing of the fiber cross-section 

area. It is because there are more non-cellulose components to bind cellulose fibrils together 

in the flax with the large cross-section area, which reduce the elastic properties of flax. 
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Figure 3.5 Optical microscopy images from the fibers for the tension: (a) untreated 

flax; (b) NaOH/Ethanol treated flax. 

The elastic moduli of treated flax are higher than those of untreated fibers, but not 

significant. The amount of tested fibers is not large enough to show a clear trend. The lowest 

elastic modulus of untreated flax is 6.12 GPa, which is less than half of the theoretical 

transverse modulus of untreated flax with 5% void. There are several factors caused the low 

performance. The tested fiber with lower modulus may contain a larger amount of non-

cellulose components or voids than others. There are some growing defects on the tested 

region. In addition, the fibers were glued on the paper frames, which can reduce the test 

results. During a tensile testing, the glue, which is also a type of polymer, has some elastic 

and plastic deformation/elongation. It was taken as a part of the total deformatiom/elongation 

of flax fiber during the elastic modulus calculation. Thus, the tested results are lower than the 

real elastic modulus. However, the highest tensile modulus of untreated flax is 39.21 GPa, 

which is only 10 GPa lower than the theoretical results. The highest tensile modulus of 

treated flax measured is 42.45 GPa, which is only 68% of the theoretical result. This is 

mostly due to the affect of alkaline treatment. Alkaline treatment cleans the flax fibers and 

separate the large fiber bundles into smaller bundles. Meanwhile, the treatment introduces 

some voids to the fiber bundle and leave some loose fiber bundles, which have lower tensile 

properties. 

a b 
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Figure 3.6 Experimental elastic moduli of flax: a) untreated flax, b) 

NaOH/Ethanol treated flax. 

  

0	
  

5	
  

10	
  

15	
  

20	
  

25	
  

30	
  

35	
  

40	
  

45	
  

0	
   0.005	
   0.01	
   0.015	
   0.02	
   0.025	
   0.03	
   0.035	
  

Te
ns
ile
	
  M

od
ul
us
	
  (G

Pa
)	
  

Fiber	
  Cross-­‐sec7on	
  Area	
  (mm2)	
  

0	
  

5	
  

10	
  

15	
  

20	
  

25	
  

30	
  

35	
  

40	
  

45	
  

0	
   0.002	
   0.004	
   0.006	
   0.008	
   0.01	
   0.012	
  

Te
ns
ile
	
  M

od
ul
us
	
  (G

Pa
)	
  

Fiber	
  Cross-­‐sec7on	
  Area	
  (mm2)	
  

a 

b 



 57 

CHAPTER 4. CHEMICAL AND PHYSICAL PROPERTIES OF VE 

SYSTEMS 

Resin system manipulations show some effects on cured resin, such glass transition 

temperature, crosslink density, CTE, hydrophilicity and elastic properties. These factors also 

affect the final properties of flax composites, especially the interfacial properties. The 

hydrophilicity of VE affects the wettability between flax and VE, which directly relates to the 

interfacial adhesion of flax composites. CTEs of VE and flax are used to evaluate the thermal 

residual stresses in flax composites, which can increase or decrease the mechanical 

interlocking between flax and VE. The changes of CTE are related to the changes of Tg and 

crosslink density in VE systems. The elastic properties of VE influence the mechanical 

properties of flax/VE composites. Thus, the study of different VE systems can help to 

evaluate the interfacial properties of flax/VE composites. 

4.1.   Curing Kinetics of VE Systems 

The degree of cure or coversion of VE system can be calculated by Eqn. (4-1): 

𝛼! =
∆𝐻!"# − ∆𝐻!"#

∆𝐻!"#
≡

∆𝐻!
∆𝐻!"#

 (4-1) 

where αt is denotes the degree of cure at curing time t (hr), ΔHt is the liberated heat during 

time t, ΔHres is the residual heat after time t, and ΔHrxn is the total heat of reaction. Figure 4.1 

shows the typical DSC temperature scans of unmodified and modified VE systems, which 

were uncured or isothermally cured at 50 °C for 12 and 48 hours. The integrated area of the 

exothermic peak was determined as the liberated heat in the DSC scan. The total heat of 

reaction (ΔHrxn) and the residual heat after curing (ΔHres) were obtained. With 48 hours of 

curing at 50 °C, unmodified and modified VE systems had achieved 100% curing. Table 4.1 

presents the degree of cure or conversion of neat VE, VE with 1% AR and VE with 1.5% AR 
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at 50 °C for 12 hours. The degree of cure in VE system increases with the increasing of AR 

added into VE resin. It indicates AR additive can improve the mobility of carbon chain in VE 

in the vitrification, which leads to modified VE systems have higher curing degree. 

  

Figure 4.1 DSC curves at 10 °C/min of neat VE system curing (a) and VE with 1% AR 

system (b) that have been cured at 50 °C for 0 hour, 12 hours and 48 hours. 

Table 4.1 The Degree of Cure or Conversion of Unmodified and Modified VE Systems at 
50 °C 

Sample 
Curing time t 

(hr) 
ΔHres 
(J/g) 

ΔHrxn 
(J/g) The degree of cure 

Neat VE 12 6.59 353.00 98.13 
VE with 1% AR 12 1.46 328.00 99.55 

VE with 1.5% AR 12 0.09 291.50 99.97 
 

DSC describes the thermal equilibrium thermodynamics in the form of energy 

transfer—heat, throughout a process occuring at constant pressure. Table 4.2 lists the DSC 

curves of AR, neat VE, VE with 1% AR and VE with 1.5% AR. The absence of crystalline 

melting transitions indicates that these compounds are amorphous and not prone to 

crystallize. The jump in the 𝐶! = 𝑓(𝑇) DCS curve indicates a second-order transition as the 

glass transition, in which there is no heat of transition. Thus, Tg is characterized by the heat 

capacity jump or heat capacity increase at the glass transition (ΔCp). The glass transition 

temperature of VE with 1 % AR shows 10 °C increasing compared to the neat VE system. In 

addition, Tg of VE with 1.5 % is slightly increase than the neat VE system. The higher glass 

transition temperatures in modified VE systems usually indicates modified VE systems have 

a b 
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higher crosslink density. The crosslink densities of different VE systems will be discussed in 

section 4.3. The curing reaction of VE system is a copolymerization of styrene and vinyl ester 

(divinyl/vinyl monomers) and vinyl ester acts like the crosslinking reagent. Thus, the amount 

of vinyl ester in VE system is determined by the crosslink density of cured VE. Acrylic resin 

can increase the mobility of carbon chain of VE resin, which may lead to higher crosslink 

density in the cured VE, which results higher glass transition temperature of modified VE 

system. The higher Tg and higher crosslink density can increase the elastic modulus of cured 

VE resin. Thus, the elastic properties of flax/VE with AR should be higher than unmodified 

composites. 

Table 4.2 The Glass Transition Temperatures of AR and VE Systems 

Sample AR Neat VE VE with 1% AR VE with 1.5% AR 

Tg (°C) -35.82 121.85 131.24 125.63 
 

The shrinkages after curing of neat VE, VE with 1% AR and VE with 1.5% AR are 

presented in Table 4.3. The shrinkage of neat VE is the lowest and its volume after curing 

decreases approximately 10%. On the other hand, the shrinkage of VE with 1% AR has 

highest volume change after curing. After the amount of AR added into VE resin increases to 

up 1.5% wt, the change of volume is reduced to 10.91%, which is close to the neat VE 

system. The shrinkages after curing are related to the thermal expansion of VE system and 

the thermal residual stresses generated by curing in the matrix. The difference of the 

shrinkages among the three VE systems indicates that AR additive changes CTEs of the VE 

systems, which will be discussed more in Chapter 6. 

Table 4.3 The Shrinkages after Curing of Different VE Systems 

Sample 
Volume before Curing 

(mm3) 
Volume after Curing 

(mm3) 
Shrinkage 
(%) 

Neat VE 142912.73 128563.86 10.04±0.37 
VE with 1% AR 146178.24 127575.88 12.73±0.17 

VE with 1.5% AR 144433.99 128669.81 10.91±0.65 
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4.2. FT-IR Spectroscopy 

The FTIR spectrum of AR is shown in Fig. 4.2. The two small peaks at 2930 cm-1 and 

2860 cm-1 are from C–H stretching and the sharp peak at 1730 cm-1 comes from C=O group. 

There is no evidence showing there is C=C bond existing in AR. The FTIR spectra of neat 

VE and VE with 1% AR are shown in Fig. 4.3. In the neat VE spectrum, C–H stretching 

(2899 cm-1, 2807 cm-1), carbonyl group (1706 cm-1), C–H bending of CH2 group (1450 cm-1), 

and C–O (1114 cm-1) were observed. The comparison of these two spectra indicated the 

presence of common chemical groups, e.g., the peaks from 2954 cm-1 and 2869 cm-1 are from 

C–H stretching, the peak at 1731 cm-1 is from carbonyl group, the peak at 1479 cm-1 is from 

C–H bending of CH2, and the peak at 1160 cm-1 is from C–O. All these peaks showed a shift 

to a higher wavenumber and with a higher absorbance in the spectrum of VE with 1% AR. 

The peak shift can be caused by the similarity in functional groups of VE and AR and 

because of the modification of carboxyl and carbonyl behavior of AR by other functional 

groups present. A sharp peak was also observed at about 1444 cm-1 in the spectrum of VE 

with 1% AR, which is representative of C–H bending of CH3 from AR. These FT-IR spectra 

prove that AR participates the polymerization of VE resin, which confirms the results from 

DSC. In addition, AR introduces more ester groups to the network of VE, which can increase 

the hydrophilicity of the VE system and improve the wettability between flax and VE resin. 

Thus, the existing of AR can improve the interfacial bonding between flax and VE, which is 

confirmed by the interfacial study of flax/VE composites in Chapter 5. However, the changes 

in the structure of the VE polymer chain cannot be predicted by FT-IR spectra.  
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Figure 4.2 FT-IR spectrum of AR. 

 

Figure 4.3 FT-IR spectra of neat VE and VE with 1% AR 

(1A-VE). 
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4.3. Thermal Properties of VE Systems 

The coefficients of linear thermal expansion (CLTE) of neat VE, VE with 1% AR and 

VE with 1.5% AR in the region between 40 °C to 80 °C are listed in Table 4.4 measured by 

DMA. The thermal expansion of VE is not linear because there are two phases in the VE 

structure, which have different CTE. In this study, the composites are cured at room 

temperature and during the curing, the temperature of the panel raises a little. However, the 

temperature of the curing panel is lower than 80 °C. Thus, CLTEs of VE systems are 

evaluated from the region under 80 °C. CLTE of modified VE system are both higher than 

neat VE, which indicates AR added into VE system increase the sensitivity to the temperature. 

Meanwhile, DMA plot of modified system is more linear than neat VE, which is because AR 

reduces the separation of the two phases in VE and help two regions mix together. The 

effects of CTEs of different VE systems on the interfacial properties of flax/VE composites 

are discussed in Chapter 6. 

Table 4.4 The Linear Coefficients of Thermal Expansion of VE Systems 

Sample CLTE (40 °C to 80 °C) μm/m�°C 

Neat VE 19.66±0.89 
VE with 1% AR 21.46±0.16 

VE with 1.5% AR 22.65±0.12 
 

DSC and DMA measure the glass transition temperature using different principles and 

Tg measured by DMA are more than 10 °C higher than those using DSC (Table 4.5). The 

peak position and transition breadth of the tan δ of each resin were determined using the 

crosslink density [79] in DMA and DSC measures the changes in heat flow in the transition 

region. The difference of glass transition temperature between neat VE and VE with 1% AR 

is smaller than DSC results. However, both measurements show the same trend of Tg values 

relating to AR ratios.  
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The crosslink density is an important factor related to the physical properties of cured 

VE, which higher crosslink density indicates higher elastic modulus. The crosslink density 

(νe) is calculated by Eqn. (4-2), which is derived from the theory of rubber elasticity: 

𝐸! = 3𝜈!𝑅𝑇 (4-2) 

where E’ is the storage modulus of thermoset in the rubbery plateau region, R is the gas 

constant, and T is the absolute temperature. The storage modulus in the rubbery plateau 

region is changed slightly with the temperature changes. The rubbery plateau region is 

approximate 30 °C above Tg. The storage modulus (E′) and tan δ curves of the cured neat 

VE and VE with 1.5% AR are presented in Fig. 4.4. There are two phases in neat VE system, 

but there is only one phase shown in VE with 1.5% AR. With the increase of AR, the two 

phases’ separation is decreased until disappeared. Crosslink densities of neat VE, VE with 1% 

AR and VE with 1.5% AR are presented in Table 4.5. It is observed that crosslink densities of 

modified VE systems are higher than that of neat VE, which indicates that acrylic resin also 

serves as the crosslinking reagent and leads to higher crosslinking during the curing of VE. In 

addition, higher crosslink density indicates higher elastic modulus of VE, which is confirmed 

in next section 4.4. On the other hand, AR additive does not show negative effects on the 

mechanical performance of VE resin and flax/VE composites. 
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Figure 4.4 Storage modulus and tan δ versus temperature for neat VE 

and VE with 1% AR: a) storage modulus; b) tan δ. 

Table 4.5 Dynamic Mechanical Properties and Crosslink Densities of Different VE Systems 

Sample 
Tg 
(°C) 

E’ 
(MPa) at 30 °C 

E’ 
(MPa) at Tg+30°C 

νe 
(×10-3 mol/cm3) 

Neat VE 144.84±4.60 4221.50±248.19 18.45±4.69 1.69±0.43 
VE with 1% 

AR 145.45±3.89 3891.00±281.21 25.34±0.83 2.26±0.07 

VE with 
1.5% AR 147.25±0.43 4497.67±41.40 26.63±0.31 2.36±0.03 

 

(a) 

(b) 
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4.4. Mechanical Performances of VE Systems 

The results of the tensile tests of neat VE and VE with 1% AR are shown in Fig. 4.5. 

The tensile modulus of neat VE is 1.06±0.07 GPa and the tensile modulus of modified VE is 

1.27±0.20 GPa. The additive AR increases the tensile modulus of VE system slightly, which 

agrees with the results of DMA. Higher crosslink density leads to higher elastic modulus. In 

addition, the increasing in their tensile strength is much clear, which the tensile strength of 

modified VE (42.97±2.87 MPa) is about 40% higher than that of neat VE (30.85±3.05 MPa). 

From the plots of tensile tests (Fig. 4.6), the neat VE system exhibited a clear ductile 

behavior. The specimens failed in plastic deformation after a short linear elastic portion. Neat 

VE is more plastic and shows a lower modulus than modified VE. The significant changes in 

the tensile properties were observed in VE with 1% AR system. The stress-strain curves still 

exhibited yielding and plastic deformation. However, there was a distinct transition from 

ductile to brittle behavior as a result of adding AR, as shown by the shape of the stress-strain 

curves.  

 

Figure 4.5 Comparisons of tensile properties of neat VE and modified VE: 

a) tensile modulus; b) tensile stregnth.  
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Figure 4.6 Stress-Strain curves of VE systems: a) neat VE, and b) VE with 1% AR. 

The flexural properties of both VE systems are presented in Figure 4.7. The flexural 

modulus of modified VE resin (1.40±0.02 GPa) is slightly higher than that of neat VE 

(1.32±0.04 GPa). AR additive changes the behavior of VE from more ductile into more 

brittle, which has been confirmed by the results of tensile tests. Thus, the flexural modulus of 

modified VE performs higher than that of neat VE. However, the flexural strength of both VE 

systems are similar with each other, which are around 47 MPa.  In the flexural testing, the 

compressive load generated by bending leads to the fracture in VE. Thus, the changes in 

crosslink density of VE does not show significant improvement on the flexural strength of 

VE with 1% AR. 

 

Figure 4.7 Comparison of flexural properties of neat VE and VE with 1% 

AR: a) flexural modulus; b) flexural strength.  
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4.5. Moisture Resistance of VE Systems 

Figure 4.8 is a captured image by the camera to evaluate the water drop angle attached 

on the surface. The angle is formed by the tangent of the water drop and the resin surface. 

There is approximate 2 degree difference between neat VE and VE with 1% AR (Fig. 5.9). It 

indicates that the additive AR slightly increases the hydrophilicity of VE system, which 

improves the wettability between flax and VE matrix. In the chemical structure of AR there 

are large amounts of ester groups and carbonyl groups, which increase the hydrophilicity of 

the whole VE system. It is confirmed by their FT-IR spectra. Thus, AR additive improves the 

interfacial bonding between flax and VE matrix, which is confirmed by the study of 

interlaminar properties of flax/VE composites in Chapter 5. 

 

Figure 4.8 The image of the contact angle test. 

 

Figure 4.9 The contact angle comparison 

of neat VE and VE with 1% AR. 
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The moisture resistant properties of neat VE and modified VE systems are presented 

in Fig. 4.10. The moisture uptaking of VE with 1% AR is about 0.1% higher than neat VE 

after 10,000 hrs testing. The evidence proves that AR increases the hydrophilicity of VE 

system, which could increase the adhesion between flax and VE. The testing environment, 

such as temperature and humidity, can significantly affect the moisture absorption of the 

specimens, which led to a dramatic change in the results. However, this change did not affect 

the trend of the results.  

Although water absorption profiles present a clear trend, it is interesting to determine 

and compare the values of water diffusivity in both systems. Table 4.6 is the water diffusivity 

of neat VE and VE with 1% AR. Water diffusivity D was calculated from the initial slope of 

the water absorption profiles shown in Fig. 4.10 using Eqn. (4-3): 

D = !
!"

( !
!!

)2(
!!!!!!!
!!! !!

)2 (4-3) 

where h is the thickness of the specimen, Mm is the maximum water uptake of the specimen, 

𝑀!!𝑎𝑛𝑑  𝑀!! are the weights of the specimen at time t1 and t2, respectively. The value of t1 

and t2 were chosen in the linear regime in Fig. 4.10. Water diffusivity of neat VE is smaller 

than that of VE with 1% AR. This can be attributed to the effect of AR. 

 

Figure 4.10 Moisture absorption of neat VE 

and VE with 1% AR. 
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Table 4.6 Water Diffusivity in neat VE and VE with 1% AR 

Sample Mm (%) (10,733 hrs) D (×10-6 mm2/s) 

Neat VE 0.9829 3.8558 
VE with 1% AR 1.1470 5.3814 
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CHAPTER 5. CHEMICAL AND PHYSICAL PROPERTIES OF 

FLAX/VE COMPOSITES 

5.1. Chemical Anaylsis 

The steroscopy images of untreated and alkaline treated Canadian flax VE composites 

with oil red stain are presented in Fig. 5.1 a) and b). The oil red stain, which stained the vinyl 

ester material, indicated that the fibers became impregnated with vinyl ester resin even at a 

considerable distance from the resin and the movement of resin along the fibers. This 

movement prevented a pure source of fiber from being present for infrared analysis. Another 

attempt was made to look at isolated but resin-impregnated fibers stretched across and 

stretched over a circular opening of a microscope stage mount and secured at the ends with 

tab (Fig. 5.1 c) and d)).  In this case, the total reflection mode was attempted.  Spectra 

obtained in this way had very poor signal/noise and were not usable. 

                                

                                     

Figure 5.1 Canadian linseed flax in vinyl ester resin: a) stereoscope image of 

untreated flax/VE with oil red O; b) stereoscope image of NaOH/Ethanol treated 

flax/VE with oil red O; c) digital camera image of a fiber bundle prepared in resin 

a b 

c d 
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for IR; d) optical microscope image of fiber bundle with attached resin for IR. 

The spectra in Fig. 5.2 were taken using a DuraScope ATR device, which shows neat 

VE, alkaline treated Canadian flax/ VE and alkaline treated Canadian flax/VE with 1% AR. 

All of the strong major band positions are marked. The spectra are dominated by bands from 

the two resins masking those of the flax fiber except in the O-H stretch region around 3371 

cm-1. The spectra in Fig. 5.3 were taken using a dedicated ATR microscope with samples 

positioned on IR reflecting slides. A stacked plot of infrared spectra is from alkaline treated 

Canadian linseed flax fiber in VE with 1% AR that was obtained with the IllminatIR II 

system.  These spectral data were collected using a 25 µm x 25 µm aperture, which permitted 

analysis of fibers with less associated resin.  

 

Figure 5.2 Infrared spectra comparison of neat VE, NaOH/Ethanol treated flax/VE and 

NaOH/Ethanol treated flax/VE with 1% AR. 

In Figure 5.3 the comparison is among that of untreated clean isolated Canadian 

linseed fiber, without any evidence of waxes or aromatics, to that of isolated NaOH/Ethanol 

treated fibers in VE with 1% AR.  The latter spectrum appears to indicate about equal 

portions of the resin to cellulosic fiber.  The spectrum of the treated fiber imbedded in VE 
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with 1 % AR takes on the look of that of the resin by itself.  The largest change in going from 

untreated clean flax fiber to resin-imbedded fiber appears to be the loss of O-H stretch 

vibrations.  This finding might indicate just the suppression of hydrogen bonding or could 

indicate the formation of covalent bonding between cellulose and the resin.   

 

Figure 5.3 Stacked plot of infrared spectra of untreated flax, treated flax/VE with 1% AR and 

VE with 1% AR. 

5.2. Mechanical Properties 

In this section, the results of different mechanical tests are presented by the specific 

results, which are normalized the densities of flax/VE composites. The density of flax 

changes before and after the chemical modification. In addition, the fiber volume fraction of 

different composite panels is varied. The range of the fiber volume fraction of flex/VE 

composites is between 45% and 50%. The density of different composite panels is changed 

with their fiber volume fraction. Thus, the specific results reduce the effects of the density 

change in untreated and treated fiber and take the variation of fiber volume fraction into 
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account. The densities and fiber volume fraction of different flax/VE composites are 

presented in Appendix C. 

5.2.1. Interfacial Properties 

The interfacial properties of flax/VE composites are evaluated by short beam shear 

tests and fiber bundle pull-out tests. The results of short beam shear tests of flax/VE 

composites are presented in Fig. 5.4 and Table 5.1 to compare the interlaminar properties of 

the flax/VE composites. Interlaminar shear strength (ILSS) is a function of fiber to matrix 

bonding. Higher ILSS values indicates better interfacial adhesion between fiber and matrix. A 

successful short beam test is in which the failure initiates at the interface between fiber and 

matrix. And the tight tolerances should be maintained in the specimen dimensions. There is 

barely any clear failure on the surface of the specimens observed. Comparing the untreated 

and treated flax composites, it is observed that both surface treatments on flax and resin 

manipulations improved the interlaminar shear strength. This implies that all treatments 

enhance the adhesion between fiber and matrix. 

It is observed that the interlaminar shear strength of treated flax/VE is 226% higher 

than that of untreated flax/VE and the specific ILSS of treated flax/VE is 216% higher than 

that of untreated flax/VE. The differences between untreated and treated flax composites are 

due to the effect of alkaline treatment. Alkaline treatment removes the non-cellulosic 

chemicals, which provides rough surface of flax, and sparates the big fiber bundles into 

smaller fiber bundles, which increases the contact area between fiber and matrix. All these 

effects increase the mechanical interlocking between flax and VE. In addition, alkaline 

treatment exposes more cellulose molecules on the fiber surface, which increases the chances 

to form hydrogen bonds between cellulose and VE. Both mechanical interlocking and 

hydrogen bonds can increase the interlaminar shear strength of the composites. 
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The interlaminar shear strengths of treated flax/VE with 1% wt. AR and treated 

flax/VE with 1.5% wt. AR both show slightly increasing than treated flax/VE. AR as an 

additive increases the hydrophilicity of VE system according to the results of moisture 

absorption and contact angle tests, which can reduce the repulsion between flax and VE. 

However, there is no evidence that there is any type chemical bonds existing between flax 

and VE with AR from the spectra of FT-IR of flax composites. Thus, AR does not introduce 

or form any chemical bonds with flax to increase the interfacial properties of the composites. 

The misalignment of fiber bundles in the composites can increase the standard deviation of 

the tests’ results. Moreover, the variation of the fiber volume fraction in different composites 

introduces some differences in the final results.  

 
Figure 5.4 Comparison of specific interfacial shear 

strength of different types of flax/VE composites. 

Fiber bundle pull-out tests were also performed to assess the quality of interfacial 

bonding between fiber and matrix. The results of the fiber bundle pull-out tests of 

flax/VE are shown in Table 5.1 and Fig. 5.5. The interfacial shear strength of treated 

flax/VE is slightly higher than untreated flax/VE and the similar situation for the results 

with AR additive. However, the trend is not as clear as the results of ILSS of their 

composites. The fiber bundles used for the pull-out tests were selected carefully and most 
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of the fiber bundles are very clean. Thus, the treatment does not show significant effects 

on the interfacial shear strength. In addition, only limited amount of fiber bundles were 

surrounded by abundance of resin, which reduces the possibility to form voids. On the 

other hand, the errors generated during the microscopy measurements can introduce 

larger standard deviation to the final results. However, without considering the standard 

deviations, the trend of the interfacial shear strength is similar to that of the interlaminar 

shear strength. 

 
Figure 5.5 Comparison of interfacial shear stength of 

Chinese flax/VE composites. 

Table 5.1 Interfacial Properties Comparison of Chinese Flax/VE Composites 

Sample 

Interlaminar 
Shear 
Strength 
(MPa) 

Density 
(g/cm3) 

Fiber Volume 
Fraction 
(%) 

Interfacial 
Shear 
Strength 
(MPa) 

Untreated CHN Flax/VE 9.46±0.69 1.27±0.01 41.72 10.04±0.98 
Untreated CHN Flax/VE 

with 1% AR 12.63±0.90 1.28±0.02 44.00 11.79±1.96 

Untreated CHN Flax/VE 
with 1.5% AR 9.27±1.01 1.21±0.04 39.18 - 

EtO-Na+ treated CHN 
Flax/VE 21.44±1.35 1.33±0.03 44.28 11.75±1.08 

EtO-Na+ treated CHN 
Flax/VE with 1% AR 22.30±1.39 1.32±0.02 44.65 12.77±2.68 

EtO-Na+ treated CHN 
Flax/VE with 1.5% AR 24.28±0.96 1.30±0.01 40.24 - 
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5.2.2. Flexural Properties 

Flexural properties of composites are functions of fiber strength, matrix strength and 

the efficiency of load transfer. The correct failure should take place by breaking of fibers and 

not by interlaminar shear (which is discussed in the 5.2.1). The compression failure is the 

main failure mode observed on the surface of the specimens. The debonding failure is also 

detected on some specimens. The specific flexural properties of untreated and treated flax/VE 

with/without AR are presented in Fig. 5.6 and the actual values are shown in Table 5.2, 

measured by three-point bending tests.  

The actual and specific flexural moduli of the flax composites are similar to the 

results of fiber bundle pull-out tests and the trend is not significant. The flexural moduli of 

the composites are related to the structural variation in the flax fiber cells. The swelling and 

partial removal of non-cellulosic chemicals in flax fibers decrease the resistance of 

microfibrils to stretching [78]. NaOH/Ethanol treated flax/VE with AR (1% and 1.5%) 

perform the best in specific flexural modulus and the composites with 1% AR shows the 

highest, which indicates AR increases the interfacial bonding between fiber and matrix.  

The trend of flexural strength of flax/VE composites is very clear, which is similar to 

the results of short beam shear tests. The treated flax composites perform much better than 

untreated flax composites, which is because of the effects of alkaline treatment. Untreated 

flax/VE with AR composites show slightly increasing in the flexural strength, which is 

because AR additive increases the wettability between fiber and matrix. However, there is no 

increasing in flexural strength of treated flax/VE with AR. The interface between flax fiber 

and orientation of microfibrils plays an important role. Some coiled fibrils in flax fibers are 

loosened [17] during the alkaline treatment and these fibrils can contribute to uncoiling when 

a bending force is applied, which leads to the reduction in interfacial stress transfer. On the 

other hand, compression failure dominates in the flexural tests. The local microbuckling of 
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fibers would be the same amount in modified or unmodified flax/VE composites. Thus, the 

improvement in flexural strength is not significant in treated flax/VE with AR. 

 

 

Figure 5.6 Comparison of specific flexural properties of 

Chinese flax/VE composites: a) specific flexural modulus; b) 

specific flexural strength. 
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Table 5.2 Flexural Properties Comparison of Chines Flax/VE Composites 

Sample 
Flexural 
Modulus 
(GPa) 

Flexural 
Strength 
(MPa) 

Density 
(g/cm3) 

Fiber Volume 
Fraction 
(%) 

Untreated CHN 
Flax/VE 19.89±1.66 138.61±15.20 1.29±0.02 45.12 

Untreated CHN 
Flax/VE with 1% AR 20.13±1.64 156.76±6.08 1.28±0.02 44.00 

Untreated CHN 
Flax/VE with 1.5% AR 20.67±1.43 143.36±7.51 1.21±0.04 39.18 

EtO-Na+ treated CHN 
Flax/VE 23.51±1.43 249.38±38.06 1.32±0.03 40.91 

EtO-Na+ treated CHN 
Flax/VE with 1% AR 27.11±0.61 233.62±16.67 1.32±0.02 44.65 

EtO-Na+ treated CHN 
Flax/VE with 1.5% AR 25.02±1.95 242.32±22.59 1.30±0.01 40.24 

 

5.2.3. Tensile Properties 

Tensile properties are analyzed to correlate the effects of both fiber loading and 

processing methodology upon unidirectional flax fiber composites. The results of tensile tests 

of flax composites are presented in Fig. 5.7 and Table 5.3. The specific tensile modulus of 

untreated flax/VE is the lowest, which is similar to its specific tensile strength. It means all 

the surface treatments and modifications improve the tensile performance of flax/VE 

composites.  

 Untreated flax/VE with AR composites perform better than untreated flax/VE in 

tensile modulus and specific tensile modulus. The specific tensile modulus of untreated 

flax/VE with 1% AR shows approximate 24% higher than that of untreated flax/VE. It 

indicates AR additive helps the load transfer between matrix and fiber by increasing the 

interfacial adhesion between fiber and matrix, which is confirmed by the results of ILSS that 

AR improves the interfacial properties of flax composites. Moreover, AR additive increases 

the elastic modulus of VE according to the results from the study of resin system. Thus, the 

tensile modulus of flax/VE with AR composites can be increased with AR. However, treated 

flax/VE with 1% AR composites show the similar specific tensile modulus to that of treated 
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flax/VE, which all are close to the specific tensile modulus of untreated flax/VE with AR 

composites. In tensile tests, the properties of flax fiber dominate the tensile performance of 

their composites. The chemical treatment applied in this study has minimum effects on the 

properties of flax. The flax fiber bundle structure is varied during the alkaline treatment [80]. 

Some chemical modifications on the surface of flax can damage fibers, such as the 

hydrolysation of cellulose during the treatment, which have been proved in the previous work 

[65]. The similarity in specific tensile modulus of modified composited is because of the 

minimum changes in the flax properties. In addition, the variation of fiber orientation in 

different composites’ panel can affect their mechanical performance. The standard deviation 

of treated flax/VE with 1% AR is quite large, which indicates the existance of misalignment 

of flax or voids in their composites. On the other hand, the specific tensile modulus of treated 

flax/VE with 1.5% AR shows the best performance, which is about 30% higher than other 

modified flax composites. This increase confirms the effect of AR on the mechanical 

properties of VE. 

The trend of the specific tensile strengths of flax composites is similar to the trend of 

their ILSS and specific flexural modulus. The specific tensile strengths of treated flax 

composites are higher than those of untreated flax composites. NaOH/Ethanol treated 

flax/VE performs 67% higher than untreated flax/VE in specific tensile modulus. In addition, 

The specific tensile strength of NaOH/Ethanol flax/VE with 1% AR shows approximate 

135% increasing compared to that of untreated flax/VE with 1% AR. These significant 

increase in specific tensile strength is because alkaline treamtent can change the crystallinity 

of cellulose [19]. The crystal structure changes of cellulose during alkaline treatment has 

been proved by the FT-IR spectra. The specific tensile stength of treated flax/VE with 1.5% 

AR shows slightly decrease compared to treated flax/VE with 1% AR. However, the standard 

deviations of tensile results are in a wide range. The misorientation of flax fiber during 



 80 

composites’ processing can increase the variation of the tests’ results. In addition, the fiber 

volume fraction of different flax composites varied and some of the changes in the 

composites’ density are inconsistent with their fiber volume fraction, which is due to the 

changes of the voids in the composites. 

 

 

Figure 5.7 Comparison of specific tensile properties of Chines 

flax/VE composites: a) specific tensile modulus; b) specific tensile 

strength. 
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Table 5.3 Tensile Properties Comparison of Chinese Flax/VE Composites 

Sample 
Tensile 
Modulus 
(GPa) 

Tensile 
Strength 
(MPa) 

Density 
(g/cm3) 

Fiber Volume 
Fraction 
(%) 

Untreated CHN Flax/VE 21.13±1.77 55.69±7.48 1.27±0.05 50.34 
Untreated CHN Flax/VE 

with 1% AR 26.14±2.61 71.01±7.18 1.27±0.03 45.71 

Untreated CHN Flax/VE 
with 1.5% AR 30.63±5.74 76.80±16.07 1.27±0.04 46.82 

EtO-Na+ treated CHN 
Flax/VE 28.63±1.61 94.39±8.74 1.29±0.07 45.59 

EtO-Na+ treated CHN 
Flax/VE with 1% AR 29.46±7.09 175.71±26.98 1.33±0.01 46.40 

EtO-Na+ treated CHN 
Flax/VE with 1.5% AR 38.61±2.97 115.86±7.89 1.32±0.02 45.13 

 

5.3. XRD Results 

Flax/VE (unmodified and modified) composites containing isolated small spherical 

filler particles (Al powders) were prepared. The concentration of Al powder ethanol solution 

was selected after preliminary experiments. In the preliminary study, 0.1%, 0.3% and 0.5% 

Al/ethanol slurries were prepared to distribute Al uniformly into alkaline treated flax. The 

treated flax fibers with Al powder were processed into composites panels, which were used 

for X-ray diffraction. A 0.5% Al ethanol slurry provided XRD signals, which the intensity 

was strong enough to distinguish the small changes of X-ray diffraction angles. On the other 

hand, the small spherical Al particles in the composites were very small amounts, so the Al 

powder’s contribution to the stress state of the specimen can be neglected. The spherical Al 

particles were evenly distributed in the flax/VE composites to form the intralaminar 

composite architecture. The XRD spectra of Al powder in treated flax/VE with 1% AR from 

different angles (φ and ψ) are presented in Fig. 5.8. The direction φ=0° was chosen parallel to 

the fibers’ direction and φ=90° was the transverse direction. Three ψ angles were selected 

between 0° to 45° for each φ angle. It is observed that the differences of 2θ from (422) plan 

from different measured angles (φ and ψ) are fairly small and the peak separation was carried 
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out by least-squares fitting by Gaussian functions. The lattice spacing d0 for different angles 

are listed in Table 5.4, which the lattice spacings d0 were calculated using Bragg’s law.  

                       

 
Figure 5.8 X-ray diffraction spectra of pure Al powder (a) and treated flax/VE at 

φ=0° and ψ=30° (b). 

Table 5.4 The Lattice Spacings of Flax/VE Composites at Different Angles for Al 

Sample Sin2ψ d0 (Å) 
φ=0° φ=90° 

Flax/VE 
0.00 0.8269 0.8269 
0.25 0.8268 0.8269 
0.50 0.8268 0.8270 

    

Flax/VE with 
1% AR 

0.00 0.8270 0.8267 
0.25 0.8269 0.8269 
0.50 0.8268 0.8270 

 

5.3.1. Sine Squared Psi Method 

Hauk [81] gives formulas to determine the principal stresses σ1, σ2 and σ3 in 

polycrystalline specimens and the shear stresses σ12, σ23 and σ31 are neglected. In this study, 

11, 22 and 33 correspond to the direction inside the inclusion x, y and z respectively. The 

strain measured in the direction defined by φ and ψ is given by Eqn (1-8) and (1-10). 

Eqn. (1-10) can be written as: 

𝜎!! − 𝜎!! =
1

!
!!!

!!"

𝜕𝜀!!!,!
𝜕𝑠𝑖𝑛!𝜓  (5-1) 

where 
!!!!!,!
!!"#!!

 is the slope of the 𝜀!!!,! vs. 𝑠𝑖𝑛!𝜓 plot.When φ=0 and ψ were varied, Eqn. 

(1-10) can be written as: 

a b 
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𝜎!! − 𝜎!! =
1

!
!!!

!!"

𝜕𝜀!!!",!
𝜕𝑠𝑖𝑛!𝜓  (5-2) 

where 
!!!!!",!
!!"#!!

 is the slope of the 𝜀!!!",! vs. 𝑠𝑖𝑛!𝜓 plot. In addition, 𝜎!! can be written as: 

𝜎!! =
!!!!,!!!!!!

!!
!!!!!"(!!!!!)

𝑆!!!" + !
!!!

!!"
 (5-3) 

The principal strains and principal stresses can be calculated by equations (5-1)-(5.3). But 

this method is not valid if the 𝜀!,! vs. 𝑠𝑖𝑛!𝜓 plots are oscillatory. 

5.3.1.1 X-ray elastic constants 

X-ray elastic constants (XEC) can be obtained using single crystal elastic constants 

S11, S12 and S66 for cubic symmetry. The following equations can be obtained for the Voigt 

and Reuss models [54]: 

Voigt: 
𝑆!! =

2𝑆!! − 2𝑆!" − 𝑆!! 𝑆!! + 2𝑆!" + 5𝑆!"𝑆!!
2(3𝑆!! − 3𝑆!" + 𝑆!!)

 (5-4) 

!
!
𝑆!! =

5(𝑆!! − 𝑆!")𝑆!!
2(3𝑆!! − 3𝑆!" + 𝑆!!)

 (5-5) 

Reuss: 
𝑆!! ℎ𝑘𝑙 = 𝑆!" + (𝑆!! − 𝑆!" −

𝑆!!
2 )

ℎ!𝑘! + 𝑘!𝑙! + 𝑙!ℎ!

(ℎ! + 𝑘! + 𝑙!)!  (5-6) 

!
!
𝑆!! ℎ𝑘𝑙 = 𝑆!! − 𝑆!" − 3(𝑆!! − 𝑆!" −

𝑆!!
2 )

ℎ!𝑘! + 𝑘!𝑙! + 𝑙!ℎ!

(ℎ! + 𝑘! + 𝑙!)!  (5-7) 

where h, k and l are Miller’s indices. The single crystal elastic constants S11, S12 and S44 [77] 

and the average XEC calcuated by Voigt and Reuss models and for Al are presented in Table 

5.5. 

Table 5.5 Single Crystal Elastic Constants and XEC for Al powder 

Inclusion S11 
(10-3 GPa-1) 

S12 
(10-3 GPa-1) 

S44 
(10-3 GPa-1) 

S1(hkl) 
(10-3 GPa-1) 

!
!S2(hkl) 

(10-3 GPa-1) 
Al (422) 15.8 -5.8 35.8 -4.9 19.0 

 
The stress and the strain measured at φψ direction can be calculated by Eqn (5-8) and (5-9): 

𝜎!" = 𝜎!!𝑐𝑜𝑠!𝜑𝑠𝑖𝑛!𝜓 + 𝜎!!𝑠𝑖𝑛!𝜑𝑠𝑖𝑛!𝜓 + 𝜎!!𝑐𝑜𝑠!𝜓 (5-8) 
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𝜀!" = 𝜀!!𝑐𝑜𝑠!𝜑𝑠𝑖𝑛!𝜓 + 𝜀!!𝑠𝑖𝑛!𝜑𝑠𝑖𝑛!𝜓 + 𝜀!!𝑐𝑜𝑠!𝜓 (5-9) 

5.3.2. Least Squares Method 

The least squares method can be applied to Eqn. (1-8) and (1-10) to obtain least 

squares values of the principal stresses and principal strains. If there are shear stresses and 

strains existing in the system, the least squares method can be applied. If there are no shear 

stresses and strains, the linear squares method can be used. The 𝜀!" vs. sin2ψ plots should be 

non-oscillatory when this method is appled. 

5.3.3. Aluminum Filler 

The normal strain ε33 was obtained from the average between εφ=0, ψ=0 and εφ=0, ψ=90. 

The least squares method was applied to determine the slope of the line on εφψ vs. sin2ψ plot. 

ε11 and ε22 were calcuated from the slopes of εφψ vs. sin2ψ plot at φ=0° and 90° respectively. 

Figure 5.9 presents the plots of εφψ vs. sin2ψ of differen flax/VE composites. 

         

             
Figure 5.9 Plots of  εφψ vs. sin2ψ of different flax/VE composites: a) φ=0° and b) φ=90° 

are from flax/VE; c) φ=0° and d) φ=90° are from flax/VE with 1% AR. 
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X-ray elastic constants at (422) plan obtained in 5.3.1 are used to calculate Young’s modulus 

E and Poisson ratio ν values of Al by Eqn. (5-10) and (5-11): 

𝑆! = −
𝜈
𝐸 (5-10) 

!
!
𝑆! =

1+ 𝜐
𝐸  (5-11) 

As a result, E is 71 GPa and ν is 0.351. Assuming the material is isotropic, the stresses were 

calucated from the strains by generalized Hooke’s law. Table 5.6 presents the strains and 

stresses inside Al inclusions.  

Table 5.6 Strains and Stresses inside Al Powders 

Sample ε11 
(10-6) 

ε22 
(10-6) 

ε33 
(10-6) 

σ11 
(MPa) 

σ22 
(MPa) 

σ33 
(MPa) 

Al in Flax/VE 719.86 -547.12 31.85 50.50 -16.09 14.34 
Al in Flax/VE with 1% AR 374.54 -327.06 47.38 25.56 -11.31 8.36 

 

5.3.4. Stresses from Matrix 

There are no external stresses applied on the composite, so the stresses inside the Al 

inclusion are related to the thermal residual stresses generated by the matrix. It can be seen 

that the residual stress 𝜎!"#$%&'( depends on both matrix and the inclusion properties and the 

residual strain due to the thermal expansion misfitting can be expressed as: 

𝜀! = (𝛼! − 𝛼!)∆𝑇 (5.14) 

where 𝛼! stands for the coefficient of thermal expansion of the matrix, 𝛼! is the coefficient 

of thermal expansion of the inclusion, and (𝛼! − 𝛼!) denpends on the direction. 

After obtaining the stress state inside the Al inclusion, the stresses in matrix can be 

assessed. Eshelby’s inclusion theory is one of the most often applied theorical methods to 

evaluate the stresses in matrix. In Eshelby model, the ellipsoidal inclusions are randomly 

distributed within the matrix and the stress in the inclusion is uniform. Using the condition of 

microstress balance expressed in Eqn. (5.15), 
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1− 𝑓 < 𝜎! > +𝑓 < 𝜎! >= 0 (5.15) 

where f is the fraction of inclusion I in a matrix M. Using the principal of equivalent 

inclusion and traction forces at the interfaces, the stresses generated from matrix can be 

calculated. The stress transfer factors as a matrix with three components along the first 

diagonal should be considered.  

𝜎!" = 𝑘𝜎! (5.16) 

where  

𝑘 =
𝑘!! 0 0
0 𝑘!! 0
0 0 𝑘!!

 (5.17) 

The stress transfer factors are related to the properties of matrice and inclusions. 

Assuming the matrix is homogeneous and isotropic, Hauk [81] gave the figures which 

provide the relation between stress transfer factor vs. logarithm of ratio Young’s moduli 

log(Ematrix/Einclusion). According to the figures, 𝑘!! is 1.9, 𝑘!!  𝑎𝑛𝑑  𝑘!! are -0.3. The stresses 

from VE matrices can be calculated by Eqn. (5.16). The strains in matrix were calculated by 

generalized Hooke’s law. Table 5.7 is listed the stresses and strains from both VE and VE 

with 1% AR. In the next chapter, the effects of these stresses and strains in the matrix will be 

discussed. 

Table 5.7 Stresses and Stains from VE and VE with 1% AR 

Sample σ11 
(MPa) 

σ22 
(MPa) 

σ33 
(MPa) 

ε11 
(10-6) 

ε22 
(10-6) 

ε33 
(10-6) 

VE in Flax/VE 26.58 53.63 -47.79 0.023 0.058 -0.075 
VE in Flax/VE with 1% AR 13.45 37.72 -27.87 0.0075 0.034 -0.038 

 

5.4. Moisture Resistance 

The results of the moisture absorption study in Chapter 4 show that AR increases the 

moisture uptake of VE system. The moisture resistance of natural fiber composites is 

important for their application and degradation. Thus, the moisture absorption of flax/VE 
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composites needs to be investigated in future studies. The following section discusses the 

moisture resistance of flax/VE composites and their flexural behaviors with small amount of 

moisture uptake. 

5.4.1. Moisture Absorption 

Water absorption profiles for the untreated and treated flax/VE with 1% AR 

composites are presented in Fig. 5.10 and the immersed time is 1896 hrs. The fiber volume 

fraction of flax/VE with 1% AR composites was controlled about 47%. The water uptake of 

untreated flax composites is approximate 6% more than alkaline treated flax composites. 

NaOH treatment cleans the surface of fibers, which leads to better adhesion between fiber and 

matrix and better water resistance for the composites. Table 5.8 is the water diffusivity of 

untreated and treated flax fiber reinforced composites. Water diffusivity of NaOH treated flax 

composites was lower than those of untreated flax composites. This can be attributed to the 

good adhesion between fiber and matrix and the lower fiber volume fraction.  

Table 5.8 Water Diffusivity in European Flax/VE Composites 

Sample Mm (%) (1896 hrs) D (×10-6 mm2/s) Vf (%) 

Untreated EU flax/VE with 1% AR 20.60 4.66 47.44 
EtO-Na+ treated EU flax/VE with 

1% AR 14.99 3.02 46.97 
 

 
Figure 5.10 Water uptake with time of EU flax/VE with 1% AR 

composites. 
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5.4.2. Water Desorption of Composites 

Figure 5.11 shows the results of water desorption of untreated and NaOH treated 

flax/VE with 1% AR composites, which are consistent with the results of water absorption. 

Untreated flax composites lost the largest amount of moisture during the testing, which is 

about 20.08%. NaOH treated flax composites lost about 15.23%. The trend of the water 

desorption results is consistent with the results of the moisture absorption tests. 

 
Figure 5.11 Water desorption with time of untreated, NaOH treated EU 

flax/VE with 1% AR. 
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The specific modulus of flax composites with 4~5% water uptake shows approximate 

75% decreasing than the original dry flax/VE. The specific modulus of NaOH/Ethanol treated 

flax/VE-AR with 4~5% water uptake reduces about 77% than the dry samples. The reduction 

of treated flax composites is slightly higher than untreated flax composite. Alkaline treatment 

increases the contact area between fiber and matrix, which provide good interfacial bonding 

in the composite. However, the fiber is highly hydrophilic, especially after the hydrophobic 

substances, such as wax, has been removed by alkaline treatment. With the same amount of 

water absorption, the damage on the fiber and interface is higher than untreated flax 

composites. 

The drop in flexural strength of the flax composites after moisture absorption is 

smaller than flexural modulus of the composites. The specific flexural strength of untreated 

flax composites with 4~5% water uptake is 46% lower than the original ones and NaOH 

treated flax composites with 4~5% water uptake shows about 43% decreasing compared to 

the dry samples. However, with approximate 5% water uptake the flexural properties of flax 

composites are reduced at least close to 50%. The dramatic drop of the flexural properties 

with 4~5% water uptake can limit the application of flax/VE composites. In the future study, 

the improvement of moisture resistance should be investigated. 

Table 5.9 Comparison of Flexural Properties of flax/VE Composites with Moisture Uptake 

Sample 

Original 4%~5% Water Uptake 
Specific 
Flexural 
Strength 

MPa/(g/cm3) 

Specific 
Flexural 
Strength 

GPa/(g/cm3) 

Vf 
100% 

Specific 
Flexural 
Strength 

MPa/(g/cm3) 

Specific 
Flexural 
Strength 

GPa/(g/cm3) 

Vf 
100% 

Flax/VE with 
1% AR 216.98±19.75 28.75±1.23 49.10 116.92±9.61 7.17±0.22 47.44 

NaOH/Ethanol 
treated Flax/VE 

with 1% AR 
264.32±14.12 26.95±1.98 47.06 149.15±6.12 8.73±0.46 46.94 
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Figure 5.12 Specific flexural properties of flax composites with different amount of 

water absorption: a) specific flexural modulus; b) specific flexural strength. 
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CHAPTER 6. EFFECTS OF THERMAL RESIDUAL STRESSES ON 

THE INTERFACIAL PROPERTIES OF COMPOSITES 

6.1. Optimal Elastic Properties of Flax/VE Composites 

In Chapter 3, the theoretical longitudinal elastic modulo of untreated and treated flax 

with/without voids have been calculated. The Young’s modulus of neat VE is 3.66 GPa 

according to the information from AOC resins. The fiber volume fraction of flax/VE 

composites for tensile tests in this study is listed in Appendix C. Thus, assuming the 

interfacial bonding between flax and VE is perfect and there are no voids or misalignment of 

flax, the optimal/ultimate elastic modulus of flax/VE composites can be calculated using Eqn. 

(6-1). The theoretical longitudinal elastic moduli of different flax/VE composites are 

presented in Table 6.1.  

Ec=EfVf+EmVm (6-1) 

Table 6.1 Theoretical Elastic Moduli of Flax/VE Composites with Different Fiber Volume 
Fraction 

Sample 
Elastic Modulus 

(GPa) 
Fiber Volume Fraction 

(%) 
Untreated flax with voids 49.91 - 

Untreated flax without voids 51.73 - 
NaOH/Ethanol treated flax with voids 59.02 - 

NaOH/Ethanol treated flax without voids 62.39 - 
Neat VE 3.66 - 

Untreated flax with voids/VE 24.80 45.71 
Untreated flax without voids/VE 25.63 45.71 

Untreated flax with voids/VE 25.31 46.82 
Untreated flax without voids/VE 26.17 46.82 

Untreated flax with voids/VE 26.94 50.34 
Untreated flax without voids/VE 27.86 50.34 

NaOH/Ethanol treated flax with voids/VE 28.64 45.13 
NaON/Ethanol treated flax without voids/VE 30.16 45.13 

NaOH/Ethanol treated flax with voids/VE 28.90 45.59 
NaON/Ethanol treated flax without voids/VE 30.44 45.59 

NaOH/Ethanol treated flax with voids/VE 29.35 46.40 
NaON/Ethanol treated flax without voids/VE 30.91 46.40 
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The experimental results of elastic modulus of flax/VE are list in Table 6.2. The 

elastic modulus of  untreated flax/VE is about 21% lower than the theoretical result of 

untreated flax with voids/VE composites and 24% lower than the theoretical results of 

untreated flax without voids/ VE composites. However, the tested elastic modulus of 

untreated flax/VE with 1% AR is approximately 2% higher than the theoretical result of 

untreated flax without voids/VE composites. For alkaline treated flax composites, the 

experimental results of elastic modulus of NaOH/Ethanol treated flax/VE are lower than the 

theoretical results. The tested tensile modulus of NaOH/Ethanol treated flax/VE with 1% AR 

is equivalent to the theorectical result of alkaline treated flax with voids/VE composites and 

only about 5% lower than the theorectical elastic modulus of alkaline treated flax without 

voids/VE composites. Moreover, the longitudinal Young’s moduli of alkaline treated flax/VE 

with 1.5% AR composites is approximately 28% higher than the theroretical result alkaline 

treated flax without voids/VE composites. AR additive can increase the crosslink density and 

the elastic modulus of VE resin, which has been confirmed by the results of DMA and tensile 

tests in Chapter 4. However, if the increase in elastic modulus in NaOH/Ethanol treated CHN 

Flax/VE with 1% AR is because that AR improves the elastic modulus of VE resin, Young’s 

modulus of VE with 1.5% AR should be 18.02 GPa, which is more than five times increase 

compared to the elastic modulus of VE. Moreover, the increase in elastic modulus is limited 

by chemical components in VE resin, which has been confirmed by other researchers [80]. 

On the other hand, the interfacial properties of alkaline treated flax/VE with 1.5% AR shows 

better performance than other composites (Chapter 5). Therefore, the effects of AR additive 

in the composites are not only increasing the elastic properties of VE and the wettability 

between flax and VE (proved in Chapter 4), but improving the interfacial bonding, especially 

the mechanical interlocking between flax and VE matrix, by changing the thermal residual 

stresses in the composites. 
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Table 6.2 Experimental Elastic Moduli of Flax/VE Composites 

Sample 
Elastic 
Modulus 
(GPa) 

Fiber Volume 
Fraction 
(%) 

Untreated CHN Flax/VE 21.13±1.77 50.34 
Untreated CHN Flax/VE with 1% AR 26.14±2.61 45.71 

Untreated CHN Flax/VE with 1.5% AR 30.63±5.74 46.82 
NaOH/Ethanol treated CHN Flax/VE 28.63±1.61 45.59 

NaOH/Ethanol treated CHN Flax/VE with 1% AR 29.46±7.09 46.40 
NaOH/Ethanol treated CHN Flax/VE with 1.5% AR 38.61±2.97 45.13 

 

6.2. Residual Stresses in Flax/VE Composites 

The stresses calculated in the Al powder are assumed to be equivalent to the residual 

stresses in the matrix generated by the curing (Eqn. (6-2)), which are equivalent to the results 

in Table 5.7. 

𝜎!"!"#$%&'( = 𝑘𝜎!!"#$%&'( (6-2) 

The thermal strains generated from the matrices are calculated by generalized Hooke’s law, 

which are also equivalent to the results in the Table 5.8. Coefficients of thermal expansion of 

VE and VE with 1% AR have been measured by DMA in Chapter 4. The principal residual 

stresses and strains in different VE systems and their CTEs are presented in Table 6.3. It is 

observed that the residual stresses σ11R and σ22
R in VE with 1% AR show decrease compared 

to those residual stresses in neat VE system. σ11R is parallel to the longitudinal direction of 

the flax fiber, which is not related to the interface between fibers and matrix. σ22
R is one of 

the transverse directions, which is related to the misfitting of thermal expansion between flax 

and VE matrix. σ33
R is not only generated by the thermal expansion in the composites, but 

related the external loading during the processing of the composites panels. Moreover, the 

external force applied on 33 direction is about 1 metric ton, which introduces a large 

influence on σ33
R. Thus, σ22

R is the one which can explain the relationship between thermal 

residual stresses and interfacial adhesion in the flax/VE composites. These residual stresses 

are related to the interaction between VE and Al inclusions and are the local stresses around 
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Al. Accordingly, the residual stresses around flax fiber are determined by the interaction 

between flax and VE. 

AR additive increase the coefficient of thermal expansion of cured VE system, which 

is 21.46 μm/m�°C. CTE of Al inclusion is 22.4 μm/m�°C and is close to CTE of modified 

VE system. It is known that the thermal residual stresses are generated by the mismatching of 

CTEs of VE and Al inclusion. The increase in CTE of modified VE reduces the difference in 

thermal expansion/contract between VE and Al inclusion. Thus, both residual stresses σ11R 

and σ22
R in VE with 1% AR show decrease compared to neat VE system. 

Table 6.3 Coefficients of Thermal Expansion in the Flax/VE composites 

Sample αM 
(μm/m�°C) 

σ11
R 

(MPa) 
σ22

R 

(MPa) 
σ33

R 

(MPa) 
ε11

R 

(10-6) 
ε22

R 

(10-6) 
ε33

R 

(10-6) 

VE in Flax/VE 19.66 26.58 53.63 -47.79 0.023 0.058 -0.075 
VE in Flax/VE 

with 1% AR 21.46 13.45 37.72 -27.87 0.0075 0.034 -0.038 

 

6.3. Effects of Thermal Residual Stresses on the Interfacial Properties in Composites 

CTE of treated flax in transverse direction is -299.1 μm/m�°C, which was measured 

by TMA in Chapter 3. Flax fibers shrink in transverse direction when the temperature raise, 

which is opposite to VE resin and Al inclusion. Thus, AR additive actually enlarge the 

difference of CTE between VE and flax in transverse direction. There are three steps in the 

curing process of VE system. In the first step, the initiator (peroxide) generates the free 

radicals to start the polymerization in VE resin. The second step is the growth of the polymer 

chains, which the temperature of the system starts to raise because this chemical reaction is 

an exothermic process. The third step is the termination of the chains’ growth and the 

temperature of VE system is still much higher than room temperature. After VE cured, the 

temperature of the composite panel starts to decrease to the room temperature. During the 

cooling process, VE matrix starts to shrink in all directions and flax fiber begins to expand in 

transverse directions. The thermal behaviors of flax fiber and VE on the interface during the 
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cooling are sketched in Fig. 6.1. The blue arrows indicate the direction of the expansion of 

flax fiber during the cooling and the red arrows stand for the direction of the contraction of 

VE. 

In the section 6.2, the changes of residual stresses in unmodified and modified VE at 

the local area surround Al inclusion were discussed. AR additive increases the CTE of 

modified VE system and reduces the mismatching between VE and Al inclusion, which 

causes the reduction of residual stresses in the matrix. It helps to predict that the residual 

stresses in the matrix around flax fibers increases in the modified VE. As Fig. 6.1 shown, the 

local stresses on the interface of flax VE should be compressive stresses, generated by the 

thermal expansion/contraction behavior. These thermal residual compressive stresses push 

flax fibers and VE matrix towards each other and increase the mechanical interlocking, which 

improves the interfacial adhesion between flax and VE. 

 
Figure 6.1 The thermal behaviors 

of flax and VE on the interface. 

AR additive increases the coefficient of thermal expasion of VE, which enlarges the 

thermal contraction of VE system during the cooling. The compressive stresses on the 

interface of flax/VE with AR composites can also increase, which causes stronger mechanical 

interlocking between flax and VE. The interlaminar shear strength and elastic moduli of 

flax/VE with AR composites are higher than others confirms the improvement on the 
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interfacial adhesion between flax and VE (Chapter5). However, the interfacial properties of 

flax/VE composites in this study are discussed at room temperature. If the specimens are 

tested at an elevated temperature, the interfacial properties of flax/VE composites should 

decrease because of the decrease of thermal residual stresses in transverse direction. 

Considering the effects of the coefficients of thermal expansion of flax and VE 

system, it is easy to predict the mechanical interaction between flax and VE on the interface 

of their composites. By changing CTE of VE can simply improve the interfacial adhesion of 

flax/VE composites. There are several methods to measure the coefficient of thermal 

expansion of VE system and they are simple and cost saving. It provides a direction from 

mechanical aspect to manipulate resin system to enhance the interfacial properties of the flax 

composites. 

 
Figure 6.2 The thermal behaviors 

of fiber and polymer matrix on 

the interface. 

On the other hand, if both the reinforced fiber and polymer matrix contract with the 

decrease of temperature (Fig. 6.2), increasing the coefficient of thermal expansion of polymer 

matrix to generate compressive thermal residual stresses can also improve the interfacial 

properties of their composites. If both the reinforced fiber and polymer matrix expand with 

the decrease of temperature, reducing the CTE of polymer matrix to produce compressive 
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thermal residual stresses can improve the interfacial adhesion of its composites. However, 

this method is constricted by the application temperature of the composites. 
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

In this work, the physical and chemical properties of Chinese linen flax were assessed 

and the effects of different chemical modifications to the surface of flax on their composites 

were evaluated. A systematic profile of Chinese linen flax was provided. In addition, the 

techniques that can be applied to study cellulosic fibers for the purpose to use as 

reinforcement to composites was provided. A new method to manipulate the vinyl ester 

system with acrylic resin was developed, which can improve the mechanical properties of 

flax/VE composites, especially the interfacial properties. Moreover, the approach to 

manufacture flax/VE composites, which has high elastic properties and good interfacial 

properties, was invented. The combination of alkaline treamtent on flax fiber and AR 

manipulated VE have excellent interfacial properties and mechanical performance. The 

specific interlaminar shear strength of alkaline treated flax/VE with 1.5% AR shows 

approximately 149% increase than untreated flax/VE composites and about 15% higher than 

alkaline treated flax/VE composites. NaOH/Ethanol treated flax/VE with AR shows 33% 

higher in specific flexural modulus and 73% better in specific flexural strength than untreated 

flax/VE composites. In addition, AR modified alkaline treated flax composites performs 

approximately 75% better in specific tensile modulus and 201% higher in specific tensile 

strength than untreated flax/VE composites. The experimental elastic modulus of flax/VE 

with 1% AR was shown close to the theoretical elastic modulus of flax/VE composites. The 

tested elastic modulus of flax/VE with 1.5% AR is even higher than the theoretical results. 

Both types of flax/VE composites show better performance on the interfacial properties. 

Moreover, alkaline treatment, the chemical modification applied on flax surface, is a cost 

saving method and the VE manipulation is very easy to apply.  
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The study of residual stresses in the composites by X-ray diffraction technique 

provided a new method to evaluate the interfacial properties of cellulosic composites and 

show the effects of thermal expansion/contraction of both fiber and resin on their interfacial 

adhesion. There are plenty of studies which show how chemical bonding, wettability and 

processing methods influence the mechanical performance of cellulosic fibers. However, this 

is the first time the thermal properties of flax and VE were taken into account to analyze the 

interfacial properties. This provides a more comprehesive information about the physical and 

chemical factors, which can affect the interfacial properties of unidirectional cellulosic fiber 

reinforced thermoset composites. 

The theory of changing (increase or reducing) the coefficient of thermal expansion of 

VE system by adding AR can be applied to other thermoset resin systems. With the 

knowledge of the thermal properties of cellulosic fiber and resin system, a cost, time-

efficency modification method can be easily developed. However, the precondition of the 

resin manipultation is that the modification shows minimum affect on the mechanical 

properties of the resin system. 

For the future work, the thermal properties study on other cellulosic composites 

should be investigated. With enough experimental results on thermal properties and 

interfacial properties, the theoretical model between the thermal properties and interfacial 

properties in the cellulosic fiber composites should be developed. Finally, the study of 

moisture resistantance of cellulosic composites should be investigated, which play an 

important rule on the application and service life of cellulosic composites.  
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APPENDIX A 

Table A-1 Constituent Content of European Flax and Canadian Flax 

Sample 
Dry 
Matter 
% 

Ash 
% 

Crude 
Protein 
% 

Cellulose 
% 

Hemi- 
cellulose 
% 

Lignin 
% 

Crude 
Fat 
% 

Untreated European 
Flax 97.43 1.19 2.39 80.42 9.85 2.30 0.22 

NaOH/Ethanol 
treated European 

Flax 
95.85 0.62 0.70 90.37 5.63 0.79 0.09 

Untreated Canadian 
Flax 93.30 2.36 4.08 66.99 10.29 6.13 2.44 

NaOH/Ethanol 
treated Canadian 

Flax 
95.77 1.38 1.53 84.19 4.99 6.15 0.50 
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APPENDIX B 

   

                           

Figure B-1. Fiber from Canadian linseed flax stained with oil red O for cuticle. Upper left: 

stereoscope image of untreated; upper right: light microscope image of untreated; lower left: 

stereoscope image of NaOH-treated; lower right: light microscope image of NaOH-treated.  

The presence of red-stained cuticle covering bast fibers is prevalent on the untreated fibers, 

whereas NaOH removes most all the cuticle exposing fibers and fiber bundles.  The red color 

in treated fibers in the stereoscope image is mostly oil red stain that has not washed out. 
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APPENDIX C 

Table C-1 Density and Fiber Volume Fraction of Various Flax/VE Composites 

Density test Density 
(g/cm3) 

Fiber Volume 
Fraction  

Untreated Flax fiber 1.42±0.02  
Untreated Flax/VE (ILSS) 1.27±0.01 41.72% 

Untreated Flax/VE (tensile) 1.27±0.05 50.34% 
Untreated Flax/VE (3-point bend) 1.29±0.02 45.12% 

Untreated Flax/VE with 1% AR (ILSS, 3-point bend) 1.28±0.02 44.00% 
Untreated Flax/VE with 1% AR (tensile) 1.27±0.03 45.71% 

Untreated Flax/VE with 1.5% AR (ILSS, 3-point bend) 1.21±0.04 39.18% 
Untreated Flax/VE with 1.5% AR (tensile) 1.27±0.04 46.82% 

NaOH/Ethanol treated Flax/VE (ILSS) 1.33±0.03 44.28% 
NaOH/Ethanol treated Flax/VE (tensile) 1.29±0.07 45.59% 

NaOH/Ethanol treated Flax/VE (3-point bend) 1.32±0.03 40.91% 
NaOH/Ethanol treated Flax/VE with 1% AR (ILSS, 3-

point bend) 
1.32±0.02 44.65% 

NaOH/Ethanol treated Flax/VE with 1% AR (tensile) 1.33±0.01 46.40% 
NaOH/Ethanol treated Flax/VE with 1.5% AR (ILSS, 3-

point bend) 
1.30±0.01 40.24% 

NaOH/Ethanol treated Flax/VE with 1.5% AR (tensile) 1.32±0.02 45.13% 
10% VE resin THF treated Flax/VE (ILSS) 1.32±0.04 45.34% 

3% AR THF treated Flax/VE (ILSS) 1.26±0.01 50.89% 
            

 


